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Abstract

From 2006 to 2009, over 2,500 measurements ofgaegrface fugacity of GGFCO,) in the
Scotia Sea were collected from a new Centre foemiasion of Air Sea Interactions and
fluXes (CASIX) underwayCO, instrument onboard RREmes Clark Ros3 his novelfCO,
timeseries contributes to alleviating the paucityf@O, data in the Southern Ocean. A key
component of this work was a 1,400 km repeat ti@nsecupied in austral spring 2006,
summer 2008 and autumn 2009. An at-sea intercosgrafvas conducted to determine the
accuracy and suitability of the CASIX instrumentr foceanicfCO, measurements and
contributions to global databases. The first desjpanate measurements of the Scotia Sea
were made in summer 2008. A distinct Winter Waagel was observed and used to provide
sea surface carbonate parameters for the precedinigr (2007), completing the seasonal
dataset. Upper Circumpolar Deep Water representedlaminous reservoir of dissolved
inorganic carbon (DIC) and nitrate in the Antarc@iccumpolar Current (ACC), outcropping
at the Southern ACC Front and the Southern Boundesa result, low pH and carbonate ion
concentrations in sub-surface waters forced a lsegsonal amplitude in aragonite saturation,

which may hasten the onset of ocean acidificatiothé Scotia Sea.

A strong relationship existed between sea ice,eidge phytoplankton blooms ar@O..
Moderate sea ice advance and early retreat setoogitions most favourable for bloom
development and biological carbon uptake. Resida@sonal deficits in DIC during the
summer thaw indicated that calcium carbonate pitatipn had taken place in the sea ice
brines. Combined with biological carbon uptakes teea ice carbon pump’ created substantial
fCO, undersaturation in the meltwaters. An ‘island mefésct’ and extensive diatom blooms
downstream of South Georgia created a strong sutimgesink for atmospheric Gf 15.1

+ 5.7 mmol nf d*. Substantial seasonal depletion in DIC promoteduiitake of 1.3 0.5 Tg

C from the atmosphere during summer 2008, which thasstrongest region of biological
carbon uptake to date in ice-free waters of thetfgn Ocean. On an annual basis, the Scotia
Sea from 62.6to 49.5S represented a large sink for atmospherie ®.2+ 2.1 mmol nf

d'. The data presented here firmly establish the i&c®ea as a ‘mosaic’ of archetypal
Southern Ocean environments. The region can baedmed as a natural mesocosm in order
to infer future distributions of air-sea @@uxes, pH and aragonite undersaturation for the

contemporary and future Southern Ocean.
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1. | ntr oduction

1.1. Context

Human (anthropogenic) activity is rapidly changthg concentration of certain gases in the
atmosphere, such as carbon dioxide {C©hlorofluorocarbons, methane and nitrous oxide.
Prior to the Industrial Revolution in the “Ll&entury, atmospheric concentrations of ,CO
fluctuated naturally between 180 ppm (parts pefionilor pmol mol?) during glacial periods
and 300 ppm during interglacial periods, for astahe last 650,000 years (Siegenthaler et al.,
2005). However, since this time there has beenfgignt anthropogenic perturbation to this
natural cycle. Combustion of fossil fuels, cememinofacturing and changes in land use have
led to an unprecedented increase in the concemirafi atmospheric COto about 388 ppm
today (Dr. Pieter Tans, NOAA/ESRL (www.cmdl.noaa/fgond/ccgg/trends)). Of the 340-
420 Pg C (Pg = 18 g) emitted to the atmosphere during this peridd &stimated that only
45% has remained in the atmosphere (IPCC, 2008.r&mainder has been removed by the
oceanic biosphere, through the physical and biokdgtarbon pumps (section 1.5.4) and the
terrestrial biosphere, therefore mitigating the @pheric increase and associated global

warming.

A leading motivation to understand the marine carbycle is the importance of the oceans as
a dynamic reservoir that regulates the concentraifdCQG; in the atmosphere. Oceanic uptake
of CO, acts as a buffer to the increasing atmospherig €@centrations as most of the £0
that diffuses into the oceans reacts with the stawa form a series of inorganic carbon
species (section 1.5.2). Global ocean carbon obasens indicated that since the
industrialisation of 1800 the oceans have absod®88d of the anthropogenic G@missions
(Sabine et al., 2004). Recently, studies have aidit a reduction in oceanic gQptake
(Sabine et al.,, 2004; Canadell et al., 2007; Ler®w al., 2007), however contradicting
results highlight the difficulty in forecasting tue changes to the climatically dynamic carbon
cycle (Zickfeld et al., 2007; Law et al., 2008; kKheld et al., 2008).

Although the oceanic uptake of G@ill dampen the extent of global warming, the effef
increased C@on ocean chemistry is leading to ocean acidificaiiCaldeira and Wickett,
2003; Feely et al., 2004; Orr et al., 2005). Thelewon of the oceanic carbon sink and how it

21



will evolve in the future are important issues caming climate change and ocean

acidification.

In the early 1980s it was established that the I&oat Ocean had a larger influence on
atmospheric C@concentrations compared to other ocean basinsn{&ato and Toggweiler,
1984; Siegenthaler and Wenk, 1984). This is a apreyece of the distinct interleaving between
the surface and the deep ocean at high latitudesygh water mass ventilation and formation,
imprinting the biogeochemical traits of high lat&u surface waters on the deep ocean
(Sarmiento and Gruber, 2006). The unique circutlatid the Antarctic Circumpolar Current
(ACC) is a pivotal component of this surface-tojuleecean framework, exchanging heat,
momentum and carbon between the atmosphere amtedpeocean and forming a link between
the major ocean basins. Sea ice dynamics driveteeurning circulation through deep and
bottom water formation (Sarmiento et al., 1998) aniking and upwelling, over complex
seafloor topography, enhances ventilation of watasses in the ACC (Naveira Garabato et al.,
2007). Accompanied by low temperatures and windedri deep mixing, these processes
facilitate the physical uptake (section 1.5.4.2) aamoval of atmospheric GQ@o the deep sea,

which is the dominant mechanism for uptake of apbgenic CQ (Watson and Orr, 2003).

Observing the long-term trends of oceanicd® crucial to monitor the evolution of the
global oceanic carbon sink. Repeat sections ane series stations have proven to be
essential components to this research issue,tkrge of the Joint Global Ocean Flux Study
(JGOFS) time-series stations (BATS (Bates et 8b6), HOT (Feely et al., 2002; Feely et al.,
2006) and KERFIX (Jeandel et al., 1998)) and va@aonbbserving ship routes (Schuster and
Watson, 2007). Several different methods (oceaerobions, ocean models and atmospheric
inversions) have estimated the global oceanic catlptake as around 2 Pg Clyte Quéré
and Metzl, 2003; Takahashi et al., 2009).

To date, numerous investigations have generateshgixe databases of air and sea surface
partial pressure of CQpCO,) measurements over the global ocean (IOCCP, ZDékighashi

et al., 2009). Using an interpolation method, tbenputed climatological distribution of the
air-seapCO, difference ApCO,) showed that the Southern Ocean (62F(acted as a sink of
0.06 Pg C yt for the reference year 2000 (Takahashi et al.9p0Uhis is an order of
magnitude less than the 0.60 Pg C predicted for the reference year 1995 (Takahashi. e
2002). This decrease from 24% to 4% of the glok@} €ink is dominated by increased data
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coverage in the sea ice region, where summer ba@bgarbon uptake is heavily counteracted
by winter CQ release through deep water upwelling (Takahashl.e2009). This highlights
the complexities of the Southern Ocean, in termscaffistraining the CO sink with
comparatively sparse observations compared to atlcean basins, e.g., North Atlantic
(Schuster and Watson, 2007) and the North PacMaddrikawa et al., 2005), and the
influence of sea ice, upwelling and biological preses.

It is firmly established that the Southern Oceastfithe formation and mixing of the densest
waters of the oceanic overturning circulation, vhis linked to the climatically vulnerable
deep ocean ventilation and g@ptake (Watson and Orr, 2003; Naveira Garaba#b. €2007,
Meredith at al., 2008). An improved understandifighe contemporary marine carbon cycle
of the Southern Ocean is critical to better comstrhe uptake of anthropogenic €O
(Takahashi et al., 2009), and transport of carlmothé deep ocean, and to better predict the
effects of future C@emissions on marine organisms (Royal Society, 2005)

From low productivity waters of the ACC flowing inom Drake Passage to areas of high
productivity associated with sea ice retreat (Ketbal., 2005; Smith and Comiso, 2008),
hydrographic fronts (Comiso et al., 1993; Tynaralet 1998; Strass et al., 2002; Ward et al.,
2002; Holm-Hansen et al., 2004b; Shim et al., 2G0&) submarine arcs and islands (Moore
and Abbot, 2000; Strass et al., 2002; Holm-Hansexh. £2004b; Korb and Whitehouse, 2004;
Korb et al., 2004; Korb et al., 2008; Dulaiova &t 2009; Ardelan et al;., 2010), the Scotia
Sea is a mosaic of archetypal Southern Ocean emagnts. The region is important for the
mixing of deep water masses of the ACC with regeméntilated waters from the Weddell

Sea (Hoppema et al. 1995; Hoppema et al., 1998; &tal., 1999; Naveira Garabato et al.,
2007) that become incorporated into the global mamzerturning circulation (Carmack and

Foster, 1975; Naveira Garabato et al., 2002a). @arich deep waters upwell within the ACC

and are transported south- and northwards befakeng close to the Antarctic continent, as

dense bottom waters, or north of the Polar Franingrmediate waters (Speer et al., 2000).

The region around South Georgia is one of the miosébgically active in the Southern Ocean,
as the enhanced phytoplankton biomass supporté anid valuable fisheries (Atkinson et al.,
2001). Frequented by the UK research fleet, theti&cBea is an ideal ‘mesocosm’ to
investigate the myriad of processes that affectctir@emporary marine carbon cycle of the

Southern Ocean, in the context of dynamic physieglimes and valuable biological
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environments. Previous international research &ffa@.g., Geochemical Ocean Section Study
(GEOSECS), JGOFS and the World Ocean CirculatiopeEment (WOCE) have improved
the understanding of the processes that influemeaiptake of atmospheric G the ocean
(Craig, 1972; Craig, 1974; Wallace, 2001). Follogvion from these, two UK research
endeavours are the CARBON-OPS project: www.bodekézarbon-ops/ and the British
Antarctic Survey (BAS) Discovery-2010 programme:
http://www.antarctica.ac.uk/bas_research/our_rebdarevious_research/gsac/discovery 202

0.php.

The operational UK air-sea carbon flux observatiapability, CARBON-OPS, mission was
to collect surface watggCO, measurements in waters frequented by ships dikheesearch
fleet (Hardman-Mountford et al., 2008). Integraltibhis was the development of autonomous
pCO, instruments, commissioned by the Centre for olagem of Air-Sea Interactions and
fluXes (CASIX), Plymouth Marine Laboratory and Dz (section 2.5.4). The objective of
the Discovery-2010 programme was to understands#esonal structure and function of
different food webs, in contrasting regions of proility, and to infer the effects on the
transfer of CQ from the atmosphere to the deep ocean. This whs tealised through high
frequency surface sampling and deep hydrographtmses along a 1,400 km transect across
the Scotia Sea (section 2.3). The transect was peatuin austral spring (November-
December) 2006, summer (January-February) 2008aatumn (March-April) 2009. Winter
(September) 2007 conditions were inferred from ipatars measured within the Winter
Water during summer (2008). The transect traveteealigh numerous archetypal Southern
Ocean environments: sea ice, meltwaters, hydrogrdpimts, high-nutrient low-chlorophyll

(HNLC) waters, open ocean regimes of the ACC atehse phytoplankton blooms.

In October 2006, a new CASIX underwp€O, system was installed on the BAS research
vessel RRSJames Clark Rossntegrating carbon measurements into the Disge264.0

programme (Fig. 2.2). Since then, sea surf#€€, has been measured on 20 cruises in the
Scotia Sea region from 2006-2009 (Table 2.1), éstabg a new seasonal timeseries. The
first deep carbonate measurements of the ScotiavBeamade during the second occupation
of the transect. The combination of sea surf#€®, data and deep carbonate vertical profiles
presented a unique opportunity to investigate thema carbon cycle of the Scotia Sea from a

seasonal and inter-annual perspective.
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1.2. The Southern Ocean
1.2.1. Antarctic Circumpolar Current

The Southern Ocean is characterised by a uniguelairon dominated by the Antarctic
Circumpolar Current (ACC). The ACC flows continuguaround the Antarctic continent for
about 25,000 km with a volume flow in the orderl8D-140 Sv through Drake Passage (1 Sv
= 1¢ m* s%) (Rintoul et al., 2001). This unbounded flow albthe transfer of heat, dissolved
constituents and plankton around Antarctica andvéenh the three major ocean basins
(Nowlin and Klinck, 1986). The eastward flow of tAEC is dynamically linked to the global
overturning circulation, through the movement of thajor water masses in the ACC (Fig.
1.2).
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Figure. 1.1. Meridional overturning circulationtime Southern Ocean (Speer et al., 2000). Key
water masses are identified: Sub-Antarctic Mode aNdSEAMW), Antarctic Intermediate
Water (AAIW), Upper Circumpolar Deep Water (UCDWNorth Atlantic Deep Water
(NADW), Lower Circumpolar Deep Water (LCDW) and Anttic Bottom Water (AABW).

1.2.2. Water masses

Global ocean circulation is governed by the vertarad horizontal movement of large water
masses. Individual water masses can be identifieldtiaaced throughout the global ocean by

distinct characteristics, such as temperature atidity, retained from surface conditions
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present at the source at the time of formation.ddppater masses are usually composed of
water from the mixed layer and water above the peent thermocline. Antarctic Surface
Water (AASW) has a surface temperature €Gand a sub-surface potential temperature
minimum @nin) of about 2°C as a result of the winter mixed layer not beimgyinally eroded
during the summer. The dominant water mass in th&h®rn Ocean is Circumpolar Deep
Water (CDW) that occupies mid-levels of the ACC.\WDs formed from North Atlantic
Deep Water (NADW), a dense water mass produce@ ¢tothe northern limits of the Atlantic
that flows along the ocean basin into the Soutlean. CDW can be distinguished into two
main types; Upper Circumpolar Deep Water (UCDW)responding to a potential
temperature maximun®Bgay and an oxygen minimum, and Lower Circumpolar Dééguter
(LCDW), corresponding to a salinity maximum. Manfytbe sloping isopycnals associated
with the strong flow of the ACC reach shallower thepin the south (about 88) and provide

a mechanism for UCDW and LCDW to reach the sur{&setoul et al., 2001). This provides

a pathway for the nutrient-rich deep water to ettiereuphotic zone (section 1.4.1).

The poleward transport and shoaling of CDW is apdrtant component of the overturning
circulation in the Southern Ocean (Fig. 1.1). AsDWZ upwells it is entrained into the AASW
through vertical mixing. These surface waters aamdported north and east in the wind-
driven Ekman layer until it sinks again as Antardhtermediate Water (AAIW) north of the
Polar Front (Speer et al.,, 2000). Upwelled LCDW toares to flow south towards the
Antarctic continent where the water properties beeanfluenced by ocean-atmosphere-ice
processes. Here the dense Antarctic Bottom WataB{&) is formed, as the water sinks out
of the upper ocean due to increased density framicgeformation and wind-driven cooling
(Gill, 1973; Carmack and Foster, 1975; Weiss ¢t1&8l79). AABW is the most widespread of
all water masses as it has been found in all thmegr ocean basins. These water mass
interactions set up a north-south circulation pattdnat consists of two opposing, rotating
cells: deep water is imported into the Southerna@ciom the north and intermediate and
bottom water is exported out of the Southern O¢Saeer et al., 2000). A detailed discussion
of the hydrographic and biogeochemical traits ofmeoof the principle water masses is

presented in Chapter 4.
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1.2.3. Fronts

The transport of the ACC is not uniform over thatla@es but is concentrated into several
circumpolar jets or fronts, which are seen as m®ed gradients in the sloping isopycnal
surfaces. The fronts are often defined by nearasartriteria such as temperature, salinity,
oxygen and concentrations of nutrients. The suréageession may not always be above the
sub-surface current, which is the important parttleé front in terms of transport and

delimiting biogeochemical zones.

Figure. 1.2. The Southern Ocean and average cirglampxtent of the hydrographic fronts,
from north to south, the sub-Antarctic Front, theldP Front, the Southern Antarctic
Circumpolar Front and the Southern Boundary adagtedh Orsi et al. (1999). The
boundaries of the Antarctic Circumpolar Current #ne Polar Front and the Southern

Boundary.

There are many different definitions of the ACC nfit® based on different water mass
characteristics and the spatial and temporal viitialn the surface expressions due to the
meandering nature of the fronts. Early hydrograeictions identified a band of converging

27



water in the Southern Ocean, which was called thtawktic Convergence (Deacon, 1982).
Based on Ekman drifts in the upper ocean and wpeked data, a second feature was
identified to the south of the wind stress maximeailed the Antarctic Divergence ( Deacon,
1982; Rintoul et al., 2001). More recently, the wengence was classified as the Polar Front,
forming a band of converging water called the P&leontal Zone (PFZ), separating sub-
Antarctic waters to the north from Antarctic watéosthe south (Whitworth and Nowlin,
1987). The PF is a circumpolar jet with velocitiasthe order of 0.5-1.0 ms(Belkin and
Gordon, 1996). It is identified by the northernnt@rus of a 22C temperature minimum layer
at 100-300 m depth.

Further south, the southern ACC front (SACCF) isniified by the limit of &mnax > 1.8 °C
deeper than 500 m and salinity greater than 34of&aa salinity maximum deeper than 800
m (Orsi et al., 1995). A third front is the Southdoundary of the ACC (SB), replacing the
older term of the Antarctic Divergence (Orsi et 4B95). The oceanic region from the PF to
the SB is the Antarctic Zone (AAZ) (Pollard et &Q002). In the Atlantic sector, the SB lies
just north of the Weddell-Scotia Confluence (WS&)¢d band of weakly stratified, relatively
homogenous water that extends from the tip of theaktic Peninsula to about I
(Patterson and Sievers, 1980; Whitworth et al. 41 9®d separates the eastward-flowing ACC
to the north and the Weddell Gyre to the southi(€tral., 1995).

This SB is characterised by the southern termifusl@DW. Closest to Antarctica is the
narrow, wind-driven Antarctic Coastal Current thimws westwards around the continent.
These definitions provide a guide for the idenéfion of the Southern Ocean fronts, however
as the fronts meander, fragment and coalesce tleadaristics are likely to exhibit
longitudinal and temporal variations (Sokolov andtBul, 2007). The vertical hydrographic

and biogeochemical characteristics of the prindigats is presented in Chapter 4.

1.2.4. Geographical zonation
1.2.4.1. Southern Ocean sectors

The Southern Ocean (defined here as the area sbtitte Polar Front) can be divided into
several geographic sectors defined by longitudeigdret al., 1998); the Atlantic Ocean

sector (60W-20°E), the Indian Ocean sector (20°8) and the Pacific Ocean sector (90-
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16C°E). In the Atlantic sector, two smaller oceanicioag are the Scotia Sea (6025060-
24°W) and the Weddell Sea (65<& 60W-30°E). Regions of the open ocean in all sectors
can be defined on the basis of sea ice coveragegQAet al., 1998). The marginal ice zone
(MIZ) refers to the region between the ice edge thedice free open ocean (Chapter 5). The
seasonal ice zone (SlZ) is the region bound by l&tiéudinal limits of maximum and

minimum sea ice extent (Chapter 7).

1.2.4.2. The Scotia Sea

The Scotia Sea is a relatively small ocean basthenAtlantic sector of the Southern Ocean
(Fig. 1.3).
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Figure. 1.3. The Scotia Sea showing the averagaitots of the hydrographic fronts, from
north to south: the sub-Antarctic Front (SAF), B@ar Front (PF), the Southern ACC Front
(SACCF) and the Southern Boundary (SB) adapted fideredith et al. (2003a). Some
important topographic features are identified: MeairEwing Bank (MEB), the North East
Georgia Rise (NEGR), the North West Georgia Ris&/(®R), North Scotia Ridge (NSR) and
the South Scotia Ridge (SSR). The 1000, 2000 aff 80isobaths are marked.
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The northern, southern and eastern extents of #isen kare bound by rugged bathymetry,
which has been implicated in the biological and gatgl characteristics of this region.

Running from the north to the south east of tharbasthe Scotia Ridge, a submarine arc
extending from Tierra del Fuego, at the southepnafi South America, to the Antarctic

Peninsula with land mass protrusions at South Gaoog the North Scotia Ridge (NSR), and
the South Orkney Islands on the South Scotia RiS§R).

To the west, the Scotia Sea is open to Drake Passhgre the ACC fronts are at their
narrowest meridional extension that spread out upenwesterly passage across the basin.
The flow of the PF and SACCEF is strongly constrdibg the bathymetry of the NSR (Thorpe
et al.,, 2002; Meredith et al., 2003a; Meredith let 2003b; Smith et al., 2010) (Fig. 1.7),

further discussed in Chapter 6.

1.2.4.3. The Weddell Sea

The Weddell Sea, south of the WSC in the Atlangictar, is dominated by a cyclonic gyre,
bound to the west and south by the Antarctic centirbut open to the north and east for
interaction with waters of the ACC (Fig. 1.3). Thetion of the prevailing winds and the
resulting gyre leads to diverging flow and sigrafit upwelling. The Weddell Sea is an
important region for ventilation of deep waters dadgenerally regarded as the principal
source of AABW (Gill, 1973; Carmack and Foster, 3p7TCDW from the ACC is advected

into the gyre to the east and is locally referiedds Warm Deep Water (WDW), which can be
distinguished by maxima in temperature, salinitytrients and dissolved inorganic carbon
(Deacon, 1979; Whitworth and Nowlin, 1987; Gouretskd Danilov, 1993; Hoppema et al.,
1997; Schroder and Fahrbach, 1999). The geochemprcglerties of the deep and bottom
waters can be used as tracers to investigate cantake through the MOC in the Southern
Ocean (Weiss et al., 1979; Hoppema et al., 1998eika Garabato et al., 2002a).

Deep and bottom water formation occurs over theadatic continental shelf, which leads to
large modifications to the CDW injected into thereyythrough ocean-ice-atmosphere
interactions (Schréder and Fahrbach, 1999). Thelyngentilated deep and bottom waters
overspill the South Scotia Ridge and flow througk WSC into the Scotia Sea to become
incorporated into the deep current of the Soutltait (Locarnini et al., 1993; Orsi et al.,
1999; Naveira Garabato et al., 2002a; MereditH.e2@08). These processes transport carbon
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into the deep ocean and signify the role of the WéddSea in the ventilation of the global

ocean.

1.3. Mixed layer processes

The mixed layer, or mixing layer, refers to watefsthe upper ocean with relatively low
vertical density gradients (Brainerd and Gregg,5)9%he homogeneity of the mixed layer is
due to turbulence within the upper water columm assult of wind stress and heat loss at the
sea surface (Donlon and Robinson, 1997). The depthe mixed layer is influential for a
range of factors, including sea surface temperamae exchange, nutrient supply and light
availability. Beneath the mixed layer the tempeamtdecreases rapidly with depth to form a
permanent thermocline. During the winter reducea s@face temperatures and rough sea
states cause a deepening of the mixed layer, em@n tb the permanent thermocline. With
the onset of spring, increasing sea surface termpesaand calmer conditions allow the water
column to become stratified forming a shallow sceféayer and capping off the remnant of
the winter mixed layer beneath. These processed teathe characteristic potential
temperature profiles of the AASW, with the distirtzt, of the Winter Water beneath the

summer mixed layer (Fig. 4.2).

Deepening of the mixed layer occurs when turbuleacmdes the stratification that was
initially present at the base of the mixed layerixiNg processes tend towards a more
homogenous water column and can be distinguishedhbydifferent magnitudes of the
processes, from slow molecular diffusion to rapicbtilent mixing. Turbulent mixing acts on
the bulk water at a faster rate compared to madeatiffusion, and is the dominant mixing
process in the oceans. Turbulence is associatédseneral factors ranging from waves, wind-
driven surface currents (Chen et al., 1994) andinflaence of undulating bathymetry to
density-driven convection currents (Donlon and Rebn, 1997) and eddies. The strength of
the turbulence and degree of stratification wifieaf the extent to which the mixed layer is

eroded and deepened.

In high latitude oceans two principal processesease the density of surface waters: the
rejection of saline brines during sea ice formatéma cooling from cold winds blowing over
the sea surface (Foster, 1972). As the densityriddse water is increased the system becomes
gravitationally unstable and the water sinks outha upper layers, transporting dissolved
constituents into the underlying water column (Raag et al., 2007).
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1.4 Marine productivity

1.4.1. Elements of life

All oceanic organisms are composed of the majanelds carbon (C), hydrogen (H), nitrogen
(N), oxygen (O) and phosphorous (P), and silicoi) {5 some species (Falkowski et al.,
2003). The free-floating phytoplankton are the dweni primary producers in the ocean that
utilise light to synthesise organic compounds frG@, during photosynthesis. Solar energy
drives photosynthesis using the dominant photogittipigment chlorophyll-a. Respiration is
the reverse process where organic compounds asbatised to release energy, forming £LO
as a by-product. Photosynthesis can only be camigdduring periods of daylight whereas

respiration continues both day and night.

Phytoplankton have certain minimum requirementshese elements (nutrients) in order to
form organic matter. Nitrogen is usually sourcemirirdissolved nitrate (N£), nitrite (NG,

or ammonia (NH); phosphorous is sourced from either dissolvedamigy phosphorous or
from one of the inorganic species, such as orthspitate (PG). Certain phytoplankton
groups such as diatoms require silicon, which isioled from a variety of dissolved silicate
compounds, such as silicic acid (Si(QHMicronutrient (trace element) requirements ideu
iron (Fe), manganese (Mn), cobalt (Co) and copg@el),(which are essential to life processes
but exist in seawater in trace quantities. Iroansessential element for phytoplankton in the
electron transfer reactions of the photosynthegithyways (Strzepek and Harrison, 2004) and
the action of nitrate reductase enzymes (Lalli Radsons, 1997). The concentrations of all of
these elements in seawater depend on the ratecbdgymthesis, respiration, decomposition,

advection, upwelling and atmospheric deposition.

Sea surface concentrations of nitrate (Fig. 1.4)@osphate in the Southern Ocean are higher
compared to surface waters of the rest of the ¢lob@an. There is a similar pattern for the
distribution of silicate (Fig. 1.5). This can becaanted for by consideration of the meridional
overturning circulation patterns (section 1.2.)eBtructure of fronts and upwelling of CDW
and deep vertical mixing in the ACC brings highrrarit concentrations to the surface waters,
southwards of 606. As the Ekman transport moves these waters nartsy nitrate and
silicate are utilised by organisms in the upperaog¢esetting up northward gradients of these
nutrients in the AASW.
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Figure. 1.4. Map of the annual mean nitraien¢l kg') concentration in the upper water
column (50 m) of the Southern Ocean based on theCB/Gouthern Ocean Atlas 1998
(Conkright et al.,, 2002). The distribution of phbage is predominantly the same as for
nitrate, but at 1/1Bof the concentration based on the Redfield r&iedfield, 1963), so is not

presented.

The vertical distributions of nitrate, phosphatel ailicate across the ACC are presented and

discussed in Chapter 4.
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Figure. 1.5. Map of the annual mean silicaten¢l kg') concentration in the upper water
column (50 m) of the Southern Ocean based on theCB/@outhern Ocean Atlas 1998
(Conkright, 2002).

1.4.2. Phytoplankton productivity and distribution

Primary production is the net biological carbonalket by phytoplankton, determined from the
gross primary production (photosynthesis) corrected respiration. Rates of primary
production are useful tools in predicting the bimigeflux of organic carbon into the deep
ocean. Regions of low primary production are edfiti in recycling organic matter and

therefore contribute to a low carbon export outhe upper ocean (Sarmiento and Gruber,
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2006). Current estimates of annual primary producin the Southern Ocean have varied
widely from close to zero to 170 g Cmin open ocean and coastal regions, respectively
(Wefer and Fischer, 1991; Arrigo et al., 1998; Bliedet al., 1998).

1.4.3. Limits to growth
1.4.3.1. High-nutrient low-chlorophyll (HNLC) cotidins

Oceanic regions where essential nutrients are presehigh concentrations, usually have
associated high productivity, and are termed etimWaters that have low concentrations of
one or more of the essential macronutrients and fownary production are termed
oligotrophic. A paradox situation arises in regiafshigh concentrations of macronutrients
where primary productivity is too low to depleteth at the end of the growing season. These
regions are referred as high-nutrient low-chlordblyNLC) waters (Martin et al., 1990; de
Baar, 1994; Johnson et al., 1997; Boyd et al., 1B89d et al., 2001).

The Southern Ocean is the largest HNLC region a@u¢hé persistence of high levels of
macronutrients (Figs. 1.4 and 1.5) and large aotaslatively low phytoplankton biomass.
This consideration is particularly important duethe formation of deep water masses in the
Southern Ocean (section 1.2) and, therefore, tikac®i nutrient distributions are strongly
influential in determining the chemical propert@sthe deep ocean. Several hypotheses have
been proposed to explain the HNLC conditions of 8wmuthern Ocean: deficits in trace
elements such as dissolved iron (Martin, 1990)yffigent light for phytoplankton growth
(Sakshaug et al., 1991; Tranter, 1982) and grgaiagsure from zooplankton (Dubischar and

Bathmann, 1997), which are discussed below. Theeeffof temperature are also considered.

1.4.3.2. Iron

The hypothesis that iron is a limiting micronutti@m HNLC regions has been well established
through numerous natural and artificial iron enmemt experiments (de Baar et al., 1995;
Boyd et al., 2000; Gervais and Riebesell, 2002;Belyal., 2004; Coale et al., 2004; de Baar
et al.,, 2005; Boyd et al., 2007). A wider implicati of iron fertilisation is the increased
efficiency of the biological (organic carbon) purapd enhanced uptake of atmospheric, CO
(Watson et al., 2000; Boyd et al., 2004; Bakkealgt2007; Jouandet et al., 2008).
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Iron is a reactive micronutrient and is rapidly mmad from the ocean by biological utilisation
and chemical scavenging by sinking particles (Samtoi and Gruber, 2006). The sources of
iron to surface waters of the Southern Ocean ar®siheric deposition of dust particles
(Duce and Tindale, 1991; Johnson, 2001), upwebingd turbulent diffusion (Hoppema et al.,
2003; Blain et al., 2007), the interaction of wateasses with sediments and advection
(Nolting et al., 1991; Johnson et al., 1999; Sarudihelmy et al., 2002; Dulaiova et al.,
2009; Ardelan et al., 2010), melting sea ice, (darBet al., 1990; Martin, 1990; Loscher et al.,
1997; Sedwick and DiTullio, 1997; Lannuzel et &Q08), icebergs (Smith et al., 2007,
Geibert et al., 2010) and a minor contribution frogarothermal vents (Jickells et al., 2005;
Tagliabue et al., 2010).

As atmospheric dust deposition has been reportetheagjoverning factor in surface iron
concentrations, the low levels of iron in the SeuthOcean are therefore explained by the low
dust inputs (Duce and Tindale, 1991; Jickells et2805; Meskhidze et al., 2007). This is
largely a result of the westerly winds circulatioger the Southern Ocean having little
interaction with the land masses of South Amer&fiica and Australia and suggests that
oceanic sources of iron are dominant in the SontErean. The vertical distribution of iron
in the ocean is typical to that of other nutriemigh relatively low concentrations in the upper
ocean and high concentrations in deep waters (8atmiand Gruber, 2006). Increasing
concentrations with depth means that upwelling aedical mixing in the Southern Ocean
will supply iron to the surface waters. Howeveg thtio of iron to nitrate in upwelled waters
is usually insufficient to fulfil the biological gelirements due to the low solubility and short
lifetime of the bio-available iron (Jickells et,&005).

1.4.3.3. Light

Organic matter production is predominantly due liotpsynthesis, which requires sunlight. If
the light supply is inadequate for photosynthesien respiration will be the dominant process
and there will be no biological carbon uptake. Efare, phytoplankton productivity is limited
to the upper ocean (euphotic zone) where therafigient light for photosynthesis. During
the polar autumn and winter, the sun is either @tbse low on the horizon resulting in low
irradiance and light limitation to phytoplanktona¢v Oijen et al., 2004). Stormy conditions,
typical of high latitudes during the winter, inHilhight penetration through the formation of

deep mixed layers. Sea ice cover, in winter, angtqutankton self-shading during the
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growing season, also act to inhibit light penetratin these regions. These factors would lead
to light limitation (Aumont and Bopp, 2006; Mitchelt al., 1991), although it is unlikely to be
the dominant limiting factor (Boyd et al., 2007).

1.4.3.4. Grazing

Zooplankton grazing in the upper ocean has a de#ett on phytoplankton concentrations.
Metal enrichment experiments in the Scotia and Vké@®&Eas suggested that in late spring and
summer grazing was a dominant control of phytoglamicommunities (Buma et al., 1991).
This hypothesis was further examined by monitotimgin situ affect of copepod and salp
populations in a phytoplankton bloom (Dubischar &athmann, 1997). When conditions
favoured rapid phytoplankton growth there was aetil@ag in the response of the slower-
growing zooplankton. Hence, zooplankton only acted reduce the population of
phytoplankton after bloom conditions had alreadgrbattained. Therefore, with the exception
of salp blooms and krill swarms, zooplankton gelyeraave a minor grazing impact on
Southern Ocean phytoplankton (Atkinson et al., 2@0M references cited therein). An
outcome of phytoplankton ingestion is the productal faecal pellets (particulate organic
carbon), which sink out of the upper ocean andrdmrit to the flux of organic carbon to the

deep ocean (section 1.5.4.1).

1.4.3.5. Temperature

Temperature is a controlling factor on phytoplamkggowth as photosynthetic rates increase
exponentially with increasing temperature, withiceatain range to which cells are adapted
(Reay et al., 2001). It would seem reasonable édipt that rates of primary production in the

Southern Ocean would increase along the tempergtat®ents in this region. However, high

chlorophyll-a concentrations have been detectedsaca wide range of surface seawater
temperatures (Smith and Nelson, 1986; Kang e2801; Korb et al., 2005), suggesting that
temperature is not a principle limiting factor ohyfoplankton biomass (Arrigo and van

Dijken, 2004).

1.4.3.6. Co-limitation between potential factors

Iron has been shown to be the principle limitingtdéa for phytoplankton biomass in the

Southern Ocean, however co-limitation between @mod light, and sometimes silicate (for
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diatoms) and grazing, is likely. The iron hypotisestates that low iron concentrations lead to
a shift towards smaller phytoplankton cells to @ase the surface area to volume ratio and
reduce the iron stress (Morel et al., 1991; Feetell., 2003). Phytoplankton of smaller cell
sizes and reduced growth rates are more easilyedrby zooplankton (Timmermans et al.,
2001). The involvement of iron in the photosyntegsathway means that iron requirement is
a function of light availability (Raven et al., 19Sunda et al., 1997; Boyd et al., 1999;
Maldonado et al., 1999). It is therefore likely pdplankton communities limited by one
factor become stressed when another factor beclmiésg.

1.4.4. Exceptions to HNLC conditions

1.4.4.1. Productive waters of the Southern Ocean

Figure. 1.6. Sea surface chlorophyll-a (mg)momposite (1997-2007) during austral summer
from the Sea-viewing Wide Field-of-view Sensor (B#&S) ocean colour satellite
(http://oceancolor.gsfc.nasa.gov/SeaWiFS/).

Alleviation of the HNLC conditions occurs by rembwd one of the limiting factors. In the
broad HNLC belt of the Southern Ocean, high pragitgtoccurs within the vicinity of fronts
(Bathmann et al., 1997; Boyd et al., 1995; Strasal.e2002), at the sea ice edge and in the
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wake of icebergs (Smith and Nelson, 1985; Korblet2805; Smith et al., 2007) and in the
wake of islands and submerged topographic fea{@emiso et al., 1993; Moore and Abbot,
2000; Strass et al., 2002; Holm-Hansen et al., 209%ell et al., 2005; Blain et al., 2007;
Pollard et al., 2007; Sokolov and Rintoul, 2007rtKet al., 2008). Investigation into these
areas helps to understand the processes that aldtvt@te the HNLC conditions and promote
phytoplankton productivity (Fig. 1.6).

1.4.4.2. Frontal zones

Enhanced chlorophyll-a concentrations have beevcadsd with frontal mixing zones (Strass

et al., 2002; Smetacek et al., 1997; Moore et1899b). Fronts are associated with sloping
isopycnals, upwelling and eddy mixing, which pravighthways for nutrients to be mixed into

the surface waters (Moore and Abbott, 2002; NavE&iaaabato et al., 2002b; Pollard et al.,

2002; Strass et al., 2002; Hoppema et al., 2008)ddien advected downstream (de Baar et
al., 1995; Moore et al., 1999b; Daly et al., 208&wes et al., 2008).

Correlations between dissolved iron and chloropayttoncentrations have been used to
explain increases in primary production at the Af@@ts in the Scotia Sea due to advected
iron enriched water masses within the frontal Royd et al., 1995; de Baar et al., 1995;
Loscher et al., 1997; van Leeuwe et al., 1997;dralet al., 2002; Strass et al., 2002) and the
uplifting isopycnals bringing nutrient-rich UCDWtmthe upper ocean (Ldscher et al., 1997;
Tynan, 1998; Pollard et al., 2002; Hoppema et241Q3). Phytoplankton blooms observed at
6°W in the region of the PF coincided with elevatexhiconcentrations (up to 4 nM), which
are likely to be sourced from South Georgia andNbgh Scotia Ridge (de Baar et al., 1995;
Korb et al., 2004). Sediment trap data have indatdahat primary production at the major
fronts facilitates increased export of POC througk organic carbon pump (Wefer and
Fischer, 1991).

1.4.4.3. Seaice

Sea ice in the Southern Ocean exerts a major mfkieon phytoplankton productivity.
Retreating ice edges, polynyas and icebergs arenoonsites of elevated phytoplankton
biomass (Smith and Nelson, 1986; Moore et al., b98&ng et al., 2001; Korb et al., 2005;
Smith et al., 2007) due to factors including thedurction of a meltwater stratified surface

layer (Smith and Nelson, 1985; Holm-Hansen and iilic 1991; Sakshaug et al., 1991;
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Lancelot et al., 1993), release of ice algae thtt as an inoculum (Smith and Nelson, 1985;
Ackley and Sullivan, 1994) and the release of badable iron (de Baar et al., 1990; Matrtin,

1990; Sedwick and DiTullio, 1997; Lannuzel et &008). However, blooms are not

systematically found at retreating ice edges duangtral spring and summer (Boyd et al.,
1995; Bakker et al., 1997; Bathmann, 1998). Thaioeace of ice edge blooms in the Scotia
Sea is discussed in Chapter 5 (section 5.5) an@t€ha (section 7.14).

1.4.4.4. Islands

Extensive phytoplankton blooms in the Southern @@a often associated with topographic
features such as islands and seamounts (Moore &08Pb; Moore and Abbot, 2000; Comiso
et al., 1993; Korb et al., 2004; Holm-Hansen et2005; Tyrell et al., 2005; Blain et al., 2007;
Pollard et al., 2007; Sokolov and Rintoul, 2007)e3e are sites of natural iron fertilisation
where there is permanent interaction between watasses and the land, such as the
upwelling and advection of waters in the ACC thaivdn been in contact with shallow
topography (de Baar et al., 1995; Loscher et &971 Bucciarelli et al., 2001 ; Hoppema et
al., 2003; Coale et al., 2004; Blain et al., 2007).

In addition to effects on downstream chlorophylé@ncentrations, the bathymetry around
South Georgia (Thorpe et al., 2002; Meredith et28103a; Meredith et al., 2003b; Meredith et
al., 2005), Kerguelen (Park and Gamberoni, 1998)the Crozet islands (Pollard and Read,
2001) has substantial effects on the circulatiorthef region. This is generally called the
‘island mass effect’. Previous investigations iBmuthern Ocean island blooms have
confirmed natural iron fertilisation downstreamtbé Crozet islands (Planquette et al., 2007;
Pollard et al., 2007) and Kerguelen (Blain et 20Q7; Bucciarelli et al., 2001) and substantial
biological carbon uptake within the blooms thatnfo(Bakker et al., 2007; Jouandet et al.,
2008).

The island of South Georgia is situated on the M&Rin the AAZ of the Scotia Sea, between
the PF to the north and the SACCF to the southised.2.4.2). The high-speed fronts and
the wider, slower moving waters of the ACC are ydxd in the vicinity of South Georgia,
due to the underlying bathymetry (Thorpe et alQ2Meredith et al., 2003a; Meredith et al.,
2003b; Smith et al., 2010) (Fig. 1.7). Waters & B+ approaching the western face of South
Georgia are deflected northwards due to the inflaeof the NSR, before returning to an
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easterly course. Similarly, the southwestern apgrad the SACCF is directed along the shelf
edge to the east, after which it continues in astegly course. Waters off the northwest shelf
of South Georgia become enclosed in an area ofeveaiculation and have longer residence
times compared to the faster flowing waters witthe PF and the SACCF (Thorpe et al.,
2002).
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Figure 1.7. The island mass effect around Southr@ieqSG) demonstrated using flow
patterns from the FRAM model (Trathan et al., 198@) drifter buoy data (Meredith et al.,
2003a), adapted from Korb et al. 2004. The locatiohthe Maurice Ewing Bank (MEB),

Northwest Georgia Rise (NWGR), the Northeast GeoRjse (NEGR) and Shag Rocks (SR)
are indicated. Bathymetry depths up to 500 m (dpey) and depths up to 2,500 m (light

grey).

Large and intense phytoplankton blooms regularlguodor 4 to 6 months in the wake of
South Georgia (Atkinson et al., 2001; Korb and \&hiuse, 2004; Korb et al., 2004;
Whitehouse et al., 2008). The circulation featufs the PF and SACCF promote
macronutrient resupply and iron enrichment to téese waters by the upwelling of CDW or
from sub-surface waters in contact with shelf sediits (Holm-Hansen et al., 2005).

Mechanisms for potential iron enrichment to thefawe waters include inputs from the
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SACCF (Thorpe et al., 2002; Meredith et al., 2003ixculation over elevated bathymetry
such as the Northwest Georgia Rise and upwellirdeeper water from the ACC (Meredith et
al., 2003a; Ward et al., 2002; Whitehouse et 8082.

The enhanced productivity downstream of South Gappntrasting with upstream HNLC
conditions (Korb and Whitehouse, 2004), in conjiorcivith physiological assessments of the
phytoplankton communities (Holeton et al., 2005rlKet al., 2008), provides strong evidence
for iron fertilisation (Moore and Abbott, 2002; Kworet al., 2004). In comparison to the
biological carbon uptake associated with the Kelejuand Crozet blooms, a first assessment
of the affect of the extensive phytoplankton bloodmvnstream of South Georgia on the
marine carbon cycle of the Scotia Sea is presant€thapter 6.

1.5. The marine carbon cycle

1.5.1. The contemporary marine carbon cycle

The marine carbon cycle is a dynamic and complexpament of the global carbon cycle. It is
vital to have a clear understanding of the mariado@n cycle in order to better predict how
the cycling of carbon will respond to increasingnaspheric levels of COand climatic
changes. The global oceans represent the largastvoér of carbon (~38,000 Pg C, Fig. 1.8)
and therefore exert a dominant control on atmospIi@D, levels over timescales of millennia
(Zeebe and Wolf-Gladrow, 2001).

During the pre-Industrial period (prior to the yd&00) no direct carbon measurements were
made and hence the ocean carbon cycle at this hiase been inferred from indirect
geochemical evidence with reference to presentcddyon cycle dynamics. During at least the
last 11,000 years the concentration of,.G®the atmosphere has been relatively stable with
inter-annual variations in the order of 20 ppm &laad Prentice, 2004). As the global ocean
overturning circulation operates on timescaleshafua 1,000 years and GQ@ir-sea exchange
has timescales of about 1 year (Broecker and PEI®R), the ocean must have been in a
dynamic steady state with the atmosphere duringptieelndustrial period (Fig. 1.8). Pre-
industrial sea surfagaCQO; is estimated to have comparable spatial and teshpariability as

the current oceanigCO, measurements with a flux across the air-sea atterdf about 70 Pg

C yr! (Sarmiento and Gruber, 2006). Model estimates ggeghat prior to 1800, oceans in
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the northern hemisphere were a sink for atmospl@ic whereas the Southern Ocean was a

net source of C&to the atmosphere (Sarmiento and Gruber, 2006).
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Figure 1.8. The global carbon cycle (IPCC, 2009meld from Sarmiento and Gruber (2002).
Black arrows and values indicate natural carborefu(Pg C yr) and reservoirs (Pg C) and

red arrows and values show the anthropogenic irmprin

Increases in atmospheric €6ince the Industrial Revolution have driven theastto uptake

CO, from the atmosphere, steering surface seawatarttsathermodynamic equilibrium with
the atmospheripCO, (Fig. 1.8). The results of numerous investigatishew that the role of
the contemporary ocean in the global carbon cycleow a net sink for C£of 1.5-2.0 Pg C

yr! (Takahashi et al., 2009, and references citecither

1.5.2. The carbon dioxide system in seawater

The carbon dioxide system in seawater is one ofrtbst important chemical equilibria in the
ocean, and can be described using four variables:fugacity of CQ (fCO,), dissolved
inorganic carbon (DIC), total alkalinity (TA) andHp These parameters can be determined by

direct or indirect methods that differ in both thecuracy and precision of data collection
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(Millero, 1995). Knowledge of any two of the fouanameters is sufficient to determine the

other two to get a full appreciation of the whotelmon dioxide system.

Exchange of C@between the atmosphere and surface ocean takaspiél thepCO; in the
seawater and overlying air is in thermodynamic ldaguum. The amount of dissolved
(aqueous) CQis proportional to th@CO, exerted by seawater. THEO, is determined from
pCO, and the C@equation of state to account for the non-idealreabdf CQ in the gas phase
(section 2.5.5). Th&CO, is generally about 1% lower tha@€O, (Zeebe and Wolf-Gladrow,
2001). The difference IfCO; in the surface ocean and overlying marine AfCQO,) is used
with wind speed and the gas transfer velocity toutate the flux of CQ across the air-sea
interface. The flux calculation process and differgas transfer velocity formulations are
discussed in section 2.15.

When CQ dissolves in seawater it becomes hydrated,(&f)) and then forms carbonic acid
(H.COs) from the reaction with seawater. Most of the ocaib acidrapidly dissociates to
produce bicarbonate (HG®and a hydrogen ion (Bland again to produce carbonate (&0
and another H Free H can then react with carbonate to yield more bizaate. As a result,
enhanced C@ uptake in the ocean increases the concentratibnd,60; HCOs, H',

decreases the concentration of £@ith a net effect of lowering the pH.

CO,(g) [~ CO,(aq) Equation 1.1.
CO,(ag) + H,O(l) & - H,CO,(ag) Equation 1.2.
H,CO,(aq) ~I* - H"(ag) + HCO; (aq) Equation 1.3.
HCO; (ag) ~I* -~ H*(aq) + CO. " (aq) Equation 1.4.

The notations (g), (agq) and (l) indicate the stdtthe species, i.e. a gas, aqueous solution and

a liquid, respectively.

44



The thermodynamics of the carbonate system havea bewmoughly investigated and the

equilibrium relationships between the various carbmxide species are well defined (DOE,

2007):

K, =[CO, ]/ fCO,(g) Equation 1.5.
K, =|H " (ag)||[HCO; (ag)|/ [cO,] Equation 1.6.
K, =|H*(ag)||co? (ag)|/ |[HCO; (ag)| Equation 1.7.

whereKj is the equilibrium constant for the solubility 60, andK; andK; are the first and
second dissociation constants of carbonic acid.,J@€presents the combined concentration
of COy(aq) and HCOs(aq), which are not differentiated by the equililoni constants. The
square brackets represent the total stoichiometdocentrations of the species. The

temperature dependency of the £&&Ystem reactions in seawater is very strong (ER).

TEMPERATURE DEPENDENCE OF CARBON-SYSTEM COEFFICICENTS
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Figure 1.9. Plot of the COsolubility (Ko, mol kg*) and the equilibrium constants of the first
(Ky, mol kg') and secondK,, mol kg') mechanisms of the carbonic acid dissociation

pathway as a function of temperature (SarmientoGdber, 2006).
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Dissolved inorganic carbon (DIC), or total gQexists in seawater in three major forms:
bicarbonate (HC®), carbonate (C¢) and aqueous GQCO»(aq)), which includes carbonic
acid (HCOy):

DIC =|HCO; (ag)| + |cO? (ag)| +[cO,(ag)] Equation 1.8.

Due to the presence of the carbonate equilibrissaved CQ gas is present in only small
amounts in seawater. The bicarbonate and carbamagerepresent the greatest reservoir of
DIC in seawater. At pH 8.2, about 88% of the carlsoHCQOy, 11% is CG@ and about 0.5%

is in the form of dissolved COThe analytical techniques for the determinatibbtC are

described in section 2.8.1.

Total alkalinity (TA) is a description of the chardpalance of seawater that measures the
concentration of all bases that can be protonateshgl an acid titration to the carbonic acid
endpoint (Millero, 2007):

TA=[HCO; (ag)| + 2/co? (ag)| + 2|B(OH); (ag)| + [OH ™ (ag)] + [HPO?Z (ag)| +
2PO? (ad)] + [Sio(OH); (ag)] + [NH, (ad)] + [HS (ag)] + ... -
[H*(aq), -[HsG (ag)] - [HF (ag)] - [H,PO, (aq)] - ...
Equation 1.9.

The ellipses (...) represent additional minor awidase species that are either unidentified or
exist in trace amounts. For seawater, the most iiapb bases are [HGQ, [COs*] and
[B(OH)4]. The analytical techniques for the determinat@nTA are described in section
2.8.2. The concentrations of the major ions varghwsalinity however, their relative

proportions remain almost constant.

The final parameter of the carbonate system iddte# hydrogen ion concentration, reported

as pH:

pH =-log,, [H *J Equation 1.10.
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The definition of pH is complicated by the chemigabperties and the ionic activity of
seawater and therefore different pH scales wergene Three pH scales are commonly used,
based on buffer solutions of artificial seawateaifsison, 1973): free pH (p}i total pH (pH)

and seawater pH (piy):

pH. =-log,, [H *JF Equation 1.11.
pH; =-log,, ([H +]F + I_HSO4_] ) Equation 1.12.
PHgws = — 100y, ([H +]F + I_HSO4_] + [HF] ) Equation 1.13.

The total scale, pH is a measure of total [[Hand includes a contribution from hydrogen

sulphate and will be used to discuss pH distrimgim the Scotia Sea (Chapters 2 and 7).
1.5.3. Distribution of carbon in the ocean

The incentive to better understand the marine cadyale is the importance of the oceans in
controlling the concentration of GOn the atmosphere, thus influencing the climatsteay.

An initial consideration is the distribution @CO, in the sea surface as it is the air-sea
interface that is the dynamic link between the afjph@ric and oceanic reservoirs. Air-sea
exchange of C®is a comparatively slow process, it takes abonto#iths to equilibrate a 40
m mixed layer (Zeebe and Wolf-Gladrow, 2001) anddaeover- and undersaturationfGO,

can readily occur in seawater relative to the rastetble atmospheric G@ontent.

The surface watgrCO, of the global oceans varies geographically anda®ally from about
150 to 550upatm, which is 50-60% above and below the curreabgl mean atmospheric
value of about 388 ppm (Dr. Pieter Tans, NOAA/ESRL
(www.cmdl.noaa.gov/gmd/ccgg/trends)). Therefore thirection of the air-sea GQOlux is
dominated by changes in ocearp€0O,. Global and regional air-sea @Qluxes were
calculated for a nominal year 2000 (Fig. 1.10) éweal an average annual global oceanic
uptake of 1.42 Pg C yr(Takahashi et al., 2009).
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Figure 1.10. Global climatology of the mean anraieisea CQ@ flux (g C mi? yr) based on
interpolation ofApCQO; for the reference year 2000 (Takahashi et al.9200

Global climatological air-sea GOluxes calculated for austral summer in the rafeeeyear
2000 show regions of strong G@Qptake in the Southern Ocean, particularly in Atlantic
sector (Fig. 1.11a). This indicates that thes@oregare net sinks for atmospheric £&hd,
given the time of year, this has been attributegdpminantly to biological carbon uptake
(Takahashi et al., 2009). This pattern is in markedtrast to the equatorial Pacific, where
there is net outgassing of G@s a result of upwelling of sub-surface Gfriched waters and
intense solar heating of the newly formed surfacdevs. Other net COsource regions
include the tropical Atlantic and Indian oceanstlghout the year. The high latitude oceans
are regions of intense G@ptake during the summer through the action ofpigsical and

organic carbon pumps (Fig. 1.11a).
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Figure 1.11. Global climatology of the mean air-$8@ flux (g C m? month?) in (a)
February and (b) August based on interpolationAp€O, for the reference year 2000
(Takahashi et al., 2009).

During winter in the Southern Ocean, continued Upmgand deep vertical mixing entrains
DIC-rich waters at the surface, with the net effefteliminating this C@ uptake. A
circumpolar band of moderate source waters develbpbout 685 during austral winter (Fig.
1.11b). This represents G@utgassing from supersaturated waters, espedaiheath the
seasonal sea ice cover. Poleward of the &fdrrce band, sea ice is present for longer and the
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CO; flux is largely inhibited by the sea ice barrierdatends to zero. As the sea ice recedes
during spring and summer, photosynthetic activéguces the sea surfap€O, and drives

strong CQ uptake in the seasonally ice-free waters (Chaptarsd 7).

The pCO, of the mixed layer is in exchange with €@ the atmosphere and is largely
controlled by changes in temperature, salinity, @I alkalinity. The efficiency of the ocean
to absorb C@is related to how much G&an be converted to DIC. This is measured by a
buffering capacity described by the Revelle Fa¢R¥) as given by Egn. 1.14 (Revelle and
Suess, 1957):

RF = (d?coz pCOJ

(aDI%IC)

The Revelle Factor is defined as the ratio of thative change ipCO, (0pCO./ pCO,) to the
relative change in DICODIC/ DIC) (Zeebe and Wolf-Gladrow, 2001). In the global ace

Equation 1.14.

Revelle Factors are governed by atmospheric €@hcentrations and temperature and are
typically between 8-15 (Broecker et al., 1979). iEfiere, the relative change pCO; is larger
than the relative change in DIC. Waters with low&k Factors are four times more efficient
at taking up CQ@ than waters with very high Revelle Factors. Higlitlde waters are
characterised by high Revelle Factors in the oold0-15 (Sabine et al., 2004), mainly due to
the temperature dependency of solubility of,GBqgn. 1.5) in seawater (Fig. 1.9).

Processes affecting the carbonate system in thenoaee CQ uptake and release (physical
carbon pump), photosynthesis (organic carbon pumggpiration and the formation and
dissolution of calcium carbonate minerals (carbematmp) (Zeebe and Wolf-Gladrow, 2001).
These processes produce an uneven distribution@irbthe ocean and set the rates at which

carbon moves between the oceanic and atmospheeovmars (Fig. 1.8).
1.5.4. The oceanic carbon pumps
1.5.4.1. The biological carbon pumps

The biogenic production of organic matter and cadte minerals in the upper ocean and their

subsequent transport to depth are referred toeasitiogical carbon pumps (Fig. 1.1). The
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photosynthetic fixation of COby phytoplankton and the flux of particulate orgaoarbon
(POC) to depth is referred to as the organic cappnonp (Eppley, 1972). This mechanism of
biological carbon uptake utilises aqueous,@CO,(aq), Eqn. 1.1) and generates a,GdKk in
the upper ocean. The efficiency of the organic @arpump is largely controlled by the
availability of light and important nutrients (siect 1.4).

Biological Pumps
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Figure 1.12. Schematic of the physical (solutionjnp, the organic carbon pump and the
calcium carbonate (CaGP'counter’ carbon pump (Heinze et al., 1991), adddrom IPCC
(2007). Abbreviations used: POC, particulate orgaarbon.

Calcification (Egn. 1.15) and the subsequent trartsgf calcium carbonate (CaGQminerals
to depth is referred to as the carbonate ‘coumptemp. In contrast to the organic carbon pump,
this mechanism utilises bicarbonate (HGC@&qgn. 1.15) and releases €@ the upper ocean,

reduces the alkalinity and acts as a potentialcgon short timescales (Elderfield, 2002).

a’* (aq) + 2HCQ; (ag) £ — CaCQ(s) + CO,(aq) + H,O (1) Equation 1.15.

The CaCQ formed is one of two crystalline forms, calcite aragonite. The aragonite

crystalline structure is thermodynamically lessbiaand is about 50% more soluble in
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seawater compared to calcite (Mucci, 1983). Thresums of organisms dominate the
carbonate pump in the open ocean through the favmaf calcium carbonate exoskeletons:
(1) coccolithophores are phytoplankton that prodaneouter sphere of calcite plates, (2)
foraminifera are heterotrophic zooplankton thatrekec calcite shells and (3) pteropods are
heterotrophic zooplankton that produce shells efldss stable CaG(hase aragonite. The
pteropods are one of the major calcifyers in thetlsern Ocean that contribute to the Southern
Ocean biological pump and to the export flux ofocarates from the upper ocean to the deep
sea (Fabry, 1990).

The degree of saturatio) of CaCQ in the ocean is defined as the ratio of the i@titvity
product of calcium (Cd(aq)) and carbonate (G&(aq)) over the stoichiometric solubility

product (K,-2“%) for either calcite or aragonite:

o - (|ca @) |cos (aq)] )

CaCo,
KSp

Equation 1.16.

When the ocean is supersaturated with respect @DCK2 > 1), the formation of calcareous
material is favoured. Conversely, if the ocean bee® undersaturated with respect to CaCO
(Q < 1), then dissolution of calcareous material caour. Saturation states are typically low
at high latitudes as the solubility of CagC@creases with decreasing temperature and
increasing pressure. Oceanic surface waters arersatprated with respect to calcite and
aragonite. At decreasing temperatures and incrggsassure, the solubility of both carbonate
mineral phases increases. In the water column,déyeth at which seawater becomes
undersaturated with respect to Cad® called the carbonate saturation horizon. Thgela
variations in the distribution of the carbonateusation horizon are primarily a consequence

of variations in the distribution of carbonate i¢Bsarmiento and Gruber, 2006).

As DIC is utilised during photosynthesis and caeifion, the carbonate equilibria
thermodynamically shift to produce free €@om the DIC pool (Egns. 1.2-1.4). These
reactions deplete DIC, utilise’tnd subsequently increase the pH in surface wéays4.4).

The sinking of cold, saline water provides a metbhédransport of POC and PIC from the

surface waters to the deep ocean (Fig. 1.1), wbé&Ceis returned to the marine carbon cycle
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through remineralisation and dissolution at defitbdfield et al., 1963). Remineralisation of
organic matter reduces the concentration of catieoteading to the distribution of carbonate
in the ocean being opposite to that of the macr@anis i.e. high in surface waters and low in
the deep ocean (Sarmiento and Gruber, 2006). Caubwith relatively slow ventilation,
deep waters become DIC-rich and carbonate poatjvrelto surface waters.

Relative to the variability in DIC, alkalinity haauch smaller variations (Fig. 6.9). The main
processes controlling the distribution of alkalniih the ocean are freshwater inputs (sea ice
melt and precipitation), freshwater removal (seafarmation and evaporation), the carbonate
pump in the upper ocean and the dissolution ofcdrdonate minerals at depth (Lee et al.,
2006). As a result, alkalinity is typically lowen surface waters compared to deep waters.
Identifying the processes that control the distiiiru of alkalinity is becoming increasingly
important for understanding the effects of anthggroc CQ uptake on the ocean carbonate

chemistry (Feely et al., 2004).

The organic carbon pump can represent a mechanfsmensoval of carbon from the
atmosphere, relative to timescales of anthropogesiturbations. Under dynamic steady state
conditions, the removal and transport of POC tqdeaters is balanced by outgassing of,CO
from upwelled waters. However, an increase in thgawic carbon pump can represent a
mechanism of carbon sequestration if the POC isreg out of the upper ocean, away from
strong upwelling regions. Export of the particulaterganic carbon (PIC) through the
carbonate pump represents a mechanism of longdarbon removal through dissolution and
sedimentation at depth.

1.5.4.2. The physical carbon pump

The physical (solution) pump refers to the thermmadgic uptake of C@at the air-sea
interface and the physical processes that trangiporthe deep ocean (Watson and Orr, 2003).
As surface seawater is transported to high latgutdddecomes cooled, which enhances the
thermodynamic uptake of G@hrough the response of the equilibrium constéfgsK; and

K, section 1.5.2) to cooler water (Fig. 1.9). Thggital pump acts as a sink of atmospheric
CO, through the juxtaposition of increased £€ncentrations of the sinking water, which
have been in contact with the present day atmosplaed the lower COconcentrations of

upwelled water, which were exposed to pre-Indudeigels of CQ (Sabine et al., 2004).
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1.6. Anthropogenic C9O

Since the beginning of the Industrial Revolutioa tiatural carbon cycle has undergone large
perturbations through anthropogenic emissions of @@CC, 2007). Oceanic uptake of €O
acts as a buffer to the increasing atmospherig €@centrations through the reactions of the
carbonate equilibria (section 1.5.2). Using glob#C measurements (Key et al., 2004) and a
tracer-based separation technique, it is estimidu@id118+ 19 Pg of anthropogenic Gas
accumulated in the ocean between 1800 and 1994n¢Sab al., 2004). This uptake is not
uniform throughout the global ocean and high ingaat in the North Atlantic and in the
Southern Ocean in the region of°S0(Fig. 1.13) are attributed to water mass fornmatio

transporting anthropogenic G@to the ocean interior (Fig. 1.9).
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Figure 1.13. Column inventory of anthropogenic,G®the global ocean (mol fi) (Sabine et
al., 2004).

Based on the anthropogenic £@ventory estimates of Sabine et al. (2004), therage

Revelle Factor (Eqn. 1.14) of the global ocean am@&fhas increased by about one unit
compared to pre-Industrial values. This indicates CQ uptake by the contemporary ocean
is less efficient than the pre-Industrial oceanddcrease in the buffering capacity of the
oceans is accompanied by depletion in carbonatelaastased pH leading to ‘the other £LO

problem’ of ocean acidification (Doney et al., 2D09
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1.7. Ocean acidification

Although oceanic uptake of anthropogenic @il mitigate the extent of global warming, the
direct effect of CQ@ on ocean chemistry has significant impacts of nearecosystems.
Numerous investigations have indicated that oceamthropogenic COuptake and the
concomitant modifications to the carbonate systeect{on 1.5.2) have adverse consequences
for calcifying organisms (Royal Society, 2005). &sion of anthropogenic GOrom the
atmosphere increases the DIC through the producfidmcarbonate (Eqn. 1.17), leading to a
reduction in the carbonate ion concentration, desmd pH and a lowering of the calcium

carbonate saturation state:
CO, + H,0+CO;” L - 2HCO; Equation 1.17.

If the sea surfacéCO, concentrations continue to increase alongsideathespheric C®
increase, a doubling of the pre-Industrial atmosph€0, concentration will result in a 30%
reduction in carbonate ion concentration in thfamgr ocean (Sabine et al., 2004). These
changes on the ocean carbonate chemistry havedglted to increased impacts of ocean
acidification (Orr et al., 2005; Royal Society, 300
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Figure 1.14. The vertical distribution of anthropoic CQ (umol kg') as a function of
latitude along a north-south transect (insert maghe Atlantic ocean (Sabine et al., 2004),
adapted from Feely et al. (2004). The present deg éolid line) and pre-Industrial (red
dashed line) saturation horizons for aragonitesacavn.
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The uptake of anthropogenic @®@as resulted in the shoaling of the aragoniteratatun
horizon by several hundred meters (Feely et aD420f present trends in anthropogenicL£LO
continue, then surface waters of the Southern Owvgldilbecome undersaturated with respect
to aragonite. This would first occur during the teinwhen sea surfad€0O, levels are highest
due to cold temperatures (Fig. 1.9) and verticatimgi into the sub-surface waters supplied
with upwelled DIC-rich CDW (section 1.2). These wirtime sea surface conditions are

discussed for the Scotia Sea in Chapter 7.

The effects of anthropogenic GQptake on calcifying organisms are not well untberd.
Investigations into calcification under differenO&€conditions have indicated that the rate of
calcification in numerous organisms is reduced umdievated C@levels (see summaries in
Feely et al., (2004) and Fabry et al. (2008) aridremces therein). However, contradicting
results suggest that uncertainties still exishis airea (Iglesias-Rodriguez et al., 2008). Based
on the majority of the laboratory analyses (Riebegeal., 2000) and mesocosm experiments
(Engel et al., 2005), evidence suggests that thectdeffects of increased seawat€O,
include a decrease in the marine rates of caltifinan response to the subsequent reduction
in carbonate ion concentration, calcium carbonateration state and pH (Riebesell et al.,
2000). In accordance with the carbonate reactiochamr@sm (Eqn. 1.11) this would reduce the
production of natural COfrom the ocean, with significant implications ftlhe marine

ecosystem (Royal Society, 2005).

Uptake of anthropogenic GMas led to a reduction in average surface oceabypibout 0.1
units, corresponding to an increase ih ¢ about 30% (Orr et al., 2005). Under the IPCC
emission scenarios (Houghton, 2001), average surd@ean pH could decrease by 0.3-0.4
units from the pre-Industrial values by the endhe century (Caldeira and Wickett, 2003).
Combining predicted future changes to surface oa@ahonate chemistry, forced with the
IPCC 1S92a “business as usual” £€mission scenario (Orr et al., 2005), and globaldgd
DIC data (Key et al., 2004), the Southern Oceanthsaf about 60S will become
undersaturated with respect to aragonite by 2050 €Oal., 2005). The aragonite saturation
horizon could shoal from its current average debtabout 730 m (Fig. 1.14) to the surface of
the Southern Ocean (Fabry et al., 2008). It is ipted that Southern Ocean surface waters
will reach aragonite undersaturation when seaw@t€ reaches about 450-5¢@&tm (Fabry

et al., 2008; McNeil and Matear, 2008).
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Field and laboratory data are limited on the responf calcification in pteropods under
conditions of high C@and decreased aragonsaturation state, although ongoing research
hopes to address this (Bednarsek, in preparat&inpresent, a laboratory study has shown
that high CQconditions and the subsequent decreasing araggatiieation state promotes the
dissolution of the thin aragonite shells (Feelnlet 2004; Orr et al., 2005). With the shoaling
of the aragonite saturation horizon, pteropodf©ienSouthern Ocean could become one of the
first major planktonic calcifyers to be exposecttiically low concentrations of carbonate

surface waters.

1.8. The Scotia Sea and the marine carbon cycle

Furthering the understanding of the marine carbatecand the long-term removal of carbon
is paramount in order to better predict the effeoctsfuture emissions on the marine
ecosystems of the Southern Ocean. The difficultgaistraining the Southern Ocean L£O
sink can only be alleviated by increased data @gesrwith temporal requirements of autumn
and winter data, and spatial requirements of the ise regions. Experimental evidence
suggests that the effects of increased, ©@® ocean carbon chemistry is leading to ocean
acidification (Riebesell et al., 2000; Engel et, &005). Limited investigations have been
carried out to assess thresitu occurrence of ocean acidification in the oceamiirenment,
despite several studies that consider the futusetoaf ocean acidification in the Southern
Ocean (Feely et al., 2004; Orr et al., 2005; Mcldadl Matear, 2008).

The contribution of the Scotia Sea to the overtgrgirculation and global uptake of €3
routed in the transport, mixing and ventilationddferent water masses, from Drake Passage
and the Weddell Sea, in the ACC (Carmack and Fok®8a15; Naveira Garabato et al., 2002a).
Hydrographic sections have already evaluated th@gihg roles of the North Atlantic in the
uptake and storage of carbon (Brown, 2008). Desglite numerous high resolution
hydrographic data in the Scotia Sea (Naveira Ganafitaal., 2002a; Naveira Garabato et al.,
2007; Meredith at al., 2008), the requirement fertical distributions of carbon is yet to be
fulfilled.

Many questions regarding the role of sea ice incimbon cycles of the polar oceans remain

unsolved. The sea ice carbon pump hypothesis, etefiom observations in Arctic sea ice,

states that inorganic carbon is rejected in broh@sng sea ice formation and that dissolution
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of carbonate minerals leads to enhanced G@ake during ice melt (Rysgaard et al., 2007,
Rysgaard et al., 2009). Carbonate minerals haven letected in Antarctic sea ice
(Papadimitriou et al., 2007; Dieckmann et al., 200®wever the affect of carbonates on the

marine carbon cycle in the Southern Ocean issgidculative.

Regions of high productivity associated with recgdsea ice (Korb et al., 2005; Smith and
Comiso, 2008), hydrographic fronts (Comiso et 8093; Tynan et al., 1998; Strass et al.,
2002; Ward et al., 2002; Holm-Hansen et al., 20@lim et al., 2006) and submarine arcs
and islands (Moore and Abbot, 2000; Strass e2@02; Holm-Hansen et al., 2004b; Korb and
Whitehouse, 2004; Korb et al., 2004; Korb et alQ&, Dulaiova et al., 2009; Ardelan et al;.,
2010) establish the Scotia Sea as sustaining otigeahost active biological carbon pumps.
Natural iron fertilisation and biologically medidtearbon uptake has been identified in the
intense phytoplankton blooms at the sub-Antarcilands of Crozet (Bakker et al., 2007;
Planquette et al., 2007) and Kerguelen (Blain gt24l07; Jouandet et al., 2008). A similar
‘island mass effect’ is observed at South Georgidghe circulation is tightly constrained by
bathymetry (Thorpe et al., 2002; Meredith et abQ2a; Meredith et al., 2003b; Smith et al.,
2010). Waters downstream of South Georgia are astahg most productive in the Southern
Ocean, where extensive blooms regularly occur (&t et al., 2001; Korb and Whitehouse,
2004; Korb et al., 2008; Whitehouse et al., 20@8®).a result, this region is associated with
strong carbon sinks in the Southern Ocean (Schlgzeal., 2002; Takahashi et al., 2009),
which has yet to be acutely quantifiedibysitu carbon measurements.

This thesis attempts to address these issues. th#aSSea is a model ‘mesocosm’ to
investigate the processes that affect the maringooacycle of the Southern Ocean. The sea
surfacepCQO, data and vertical carbonate chemistry data colteotdboard RRSames Clark
Ross from 2006-2009 are presented. The cross feriiisabf the Discovery-2010 and
CARBON-OPS programmes enabled the collection ofr o200 sea surfacggCO,
measurements across a mosaic of archetypal oceamimnments of the Southern Ocean
(Fig. 8.1). This established a new surface wate®, timeseries to alleviate the paucity of
pCO, data in this region. The new CASIX underwayO, instrument is acutely tested during
an at-sea intercomparison, subsequently launchingdaitional instrument into the oceanic
pCO, community (Chapter 3). Vertical carbonate chemigtrofiles are presented alongside
hydrographic data in order to identify the prineiptater masses, hydrographic fronts and the
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contemporary carbonate characteristics of the &&@ia, from the surface to the deep ocean
(Chapter 4). Passage through sea ice cover allavedique analysis of changes in the
carbonate chemistry of Antarctic sea ice duringshmmer thaw (Chapter 5). In comparison
to the substantial biological carbon uptake in bh@oms downstream of the sub-Antarctic
islands of Kerguelen and Crozet, a first assessroénhe affect of the extensive South
Georgia phytoplankton blooms on the marine carbgeiecof the Scotia Sea is presented
(Chapter 6). The novel seasoff@D, data allowed an assessment of the controls omé#nme
carbon cycle from the transition from winter £€€burce to summer GQink and provided an
insight into how the annual marine carbon cycletrid Southern Ocean might respond to
future climate change (Chapter 7).
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2. Methodology

2.1. Abstract

In October 2006 a new Centre for observation of2ea Interactions and fluXes (CASIX)
underway partial pressure of carbon dioxig€@,) system was installed on the British
Antarctic Survey (BAS) research and supply vesR&8S James Clark Rosgrom 2006 to
2009, sea surfagaCO, data was collected on 14 research cruises in ¢bdaSSea, Southern
Ocean. A 1,400 km transect across the Scotia Seanitated in spring 2006, with repeat
occupations in summer 2008 and autumn 2009 as gfarthe BAS Discovery-2010
programme: integrating Southern Ocean ecosystetosthie Earth System. During summer
2008, the carbonate system was analysed throughntieaition of dissolved inorganic carbon
and total alkalinity, through which a suite of atlwarbonate parameters (pH, carbonate ion
concentration and aragonite saturation) and sehdamiogeochemical changes could be
calculated. The methodologies used for sample ctadle, analysis of carbonate data and
acquisition of satellite data from 2006 to 2009 mresented. The methodology demonstrated
that the carbonate data collected and analysedadsop this research are of comparable

accuracy and precision to those described by iatermal guidelines.
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2.2. Introduction

A 1,400 km transect across the Scotia Sea (Fig. Wak occupied during cruise JR161 in
spring (November-December) 2006, JR177 in sumnatugry-February) 2008 and JR200 in
autumn (March-April) 2009 as part of the British tArctic Survey (BAS) Scotia Sea
FOODWEBS, a component project of the Discovery-2ffidgramme: integrating Southern
Ocean ecosystems into the Earth System:

http://www.antarctica.ac.uk/bas_research/our_rebdarevious_research/gsac/discovery 201

0.php.
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Figure 2.1. A schematic of the Scotia Sea showirgg &pproximate location of the repeat
transect (dashed line) and the extended transettedline) from JR177. Some important
topographic features are identified: Antarctic henia (AP), South Orkney Islands (SOI),
South Scotia Ridge (SSR), South Sandwich Islan@d)(Slorth Scotia Ridge (NSR), South
Georgia (SG), Northwest Georgia Rise (NWGR), NatteGeorgia Rise (NEGR), Georgia
Basin (GB), Maurice Ewing Bank (MEB) and the Falida Islands (Fl). Antarctic
Circumpolar Current (ACC) fronts are shown scheaoadlly, adapted from Meredith et al.
(2003a): the Southern Boundary (SB, Orsi et aB5)9Southern ACC Front (SACCF, Thorpe
et al., 2002) and the Polar Front (PF, Moore et1899). Depth contours are at 1000, 2000

and 3000 m (GEBCO, 2001).
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In October 2006 a new Centre for observation of3ea Interactions and fluXes (CASIX)
underway partial pressure of carbon dioxig€@,) system was installed on the BAS research
and supply vessel, RREames Clark Rosfig. 2.2). Since then sea surfgug@O, data has
been collected on 20 cruises in five sub-regionthefSouthern Ocean (Table 2.1). Of these,
14 cruises have taken place in the Scotia Seapibotestudy, three core seasonal cruises and
ten secondary cruises.

Figure 2.2. The RRSames Clark Rosshowing the outline of the CASIX underwaZO,

system.

The objective of the Discovery-2010 programme weasriderstand the seasonal structure and
function of different food webs, in contrasting i@t of productivity, and to infer the effects
on the transfer of carbon dioxide (@Qdrom the atmosphere to the deep ocean. This was
realised through high frequency surface samplirdygeep hydrographic stations. Sea surface
pCO, measurements were made during all three core sa&lasouises, from the CASIX
underwaypCO, system (JR161, JR177 and JR200) and a Universiast Anglia (UEA)
underway pCO, system (JR177). In the following chapter, the rodtiogies used for
seawater sample collection, carbonate analysesemuisition of satellite data from 2006 to
2009 will be described.
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Table 2.1. Cruises of RREmes Clark Ross the Southern Ocean from 2006 to 2009 with

underwaypCO, data.
Cruise Region(s) Year Dates Comments
JR152/159 Scotia Sea 2006 2 Oct-20 Oct Pilot study
JR161 Scotia Sea 2006 20 Oct-1 Dec Spring corserui
JR163/164 Scotia Sea 2006 5 Dec-2 Jan Secondasg cru
JR157/166 Falkland Plateau 2007 4 Jan — 22 Jan
JR158 Scotia Sea 2007 22 Jan-22 Feb Secondary cruise
Antarctic Peninsula
JR165/170 Drake Passage 2007 22 Feb-16 Apr
Antarctic Peninsula
JR167/168 Scotia Sea 2007 16 Apr-12 May Secondaryec
JR209 Falkland Plateau 2007 20 Oct-24 Oct
JR184 Scotia Sea 2007 30 Oct-29 Nov Secondaryecruis
JR193/196 Scotia Sea 2007 29 Nov-07 Dec Secondary cruise
Antarctic Peninsula
JR185 Scotia Sea 2007 18 Dec-21 Dec Secondarecruis
JR177 Scotia Sea 2008 02 Jan-17 Feb Summer case cru
pCO; intercomparison
JR179 Drake Passage 2008 22 Feb-11 Apr
Antarctic Peninsula
JR186 Scotia Sea 2008 11 Apr- 25 Apr Secondargerui
JR218 Falkland Plateau 2008 6 Nov-10 Nov
JR187 Scotia Sea 2008 14 Nov-3 Dec Secondary cruise
JR194/197 Antarctic Peninsula 2008 12 Dec-31 Dec Secondary cruise
Scotia Sea
JR188 Scotia Sea 2009 31 Dec-7 Jan Secondary cruise
JR224 Falkland Plateau 2009 11 Jan-19 Feb
JR200 Scotia Sea 2009 11 Mar-17 Apr Autumn coriseru
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2.3. Cruise descriptions
2.3.1. Pilot study

A pilot study was carried out during October 200&R152/159) where the CASIKCO,

instrument was installed and tested onboard (T24le
2.3.2. Core seasonal cruises

The three core seasonal cruises provided the datate the primary focus of this research, a
contribution to the BAS Discovery-2010 programmec{®on 2.2). The programme involved
deep hydrographic stations and high resolution wnalg sampling along a 1,400 km transect
from the South Orkney Islands (SOI) to°89 which was occupied during austral spring 2006
(JR161), summer 2008 (JR177) and autumn 2009 (JREHQ. 2.1). During JR177, the
transect was extended south of the SOI to the souttdge of the South Scotia Ridge (SSR)
at about 63S.

For each cruise, the RRlames Clark Rossailed southeast from the Falkland Islands (FI) to
the SOI to begin the northward transect, passindpeovest of South Georgia and up to the
Polar Front (PF) before returning to the FI. Acras® three seasons, the transects
encompassed numerous archetypal Southern Ocearomments: the marginal ice zone
(MIZ), from sea ice cover to regions of substansiah ice melt, frontal systems, open ocean
regimes and intense phytoplankton blooms. The ®ontBoundary was identified at about
59°S (Chapter 4), which marked the transition from ¥Meddell-Scotia Confluence (WSC)
into waters of the Antarctic Circumpolar CurrentQ®). The PF marked the northern limit of
the ACC within the Antarctic Zone (AAZ) of the S6ea.

Hydrographic stations were occupied in regionsasftkasting productivity after inspection of
near-real time satellite chlorophyll-a images frdma Natural Environment Research Council
Earth Observation Data Acquisition and Analysisvider (NEODAAS). As the aim of the
FOODWEBS project was to investigate the seasonafitythe biological, chemical and
physical oceanography, the core cruises were dawi# during representative seasonal
months to capture characteristic conditions of rggrisummer and autumn (Table 2.1).
Satellite data were valuable to study the advamuk ratreat of sea ice and the seasonal

progression of phytoplankton blooms.
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In addition to the new CASIX underwgCO, system, an established UEA underw&0O,
system was run in parallel during JR177 in ordercomduct an at-sepCQO, instrument
intercomparison to determine the suitability of tGASIX instrument for oceanipCO,
measurements (Chapter 3). The carbonate system, thhe surface to the deep ocean, was
analysed during JR177 through determination of olvesl inorganic carbon and total
alkalinity (Chapter 4). These were the first deapbonate measurements of the Scotia Sea and
are presented alongside vertical sections of tliedgyyaphic parameters to identify the water
masses and hydrographic fronts in the region. Dinieesponding distributions of the carbonate
parameters were used to investigate the procelsaegdvern the marine carbon cycle in the
MIZ (Chapter 5) and in extensive phytoplankton Inhgo(Chapter 6). Samples collected at the
depth of the potential temperature minimum, wittiia Winter Water (WW), during summer
2008 (JR177) were used to determine surface bidgeoical conditions during the preceding
winter (2007). This completed the seasonal datésetthe Scotia Sea and enabled an
investigation into the variability of the marinerisan cycle in the context of seasonal

biological and physical processes and future oeeadification (Chapter 7).
2.3.3. Secondary cruises

The ten secondary cruises were conducted as pathef science programmes and logistic
operations of the RRSames Clark Roseén the Scotia Sea and provided supplementary
underwaypCQO, data to those described above (Table 2.1). ThesgdacepCO, data are

shown alongside the data collected from the coasa@®al cruises to complement the major

findings of this research (Chapter 8).
2.4. Underway and station sampling

Continuous measurements of temperature and salmityurface water were made on all
cruises (Table 2.1) using an underway oceanloggigr an intake 6.5 m below the surface.
High resolution, vertical profiles of potential tperature and salinity (Fig. 4.2) were obtained
during the downcast of a conductivity, temperatdepth (CTD) sensor (Seabird SBE9 +). All

salinity values reported here are on the practiahhity scale.

The summer mixed layer depth (MLD) is defined hesdhe depth where the potential density
exceeds that measured at 10 m by 0.05 RqBnainerd and Gregg, 1995). This definition was

selected to provide a depth that is located betwieractive mixing layer and the seasonal
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mixed layer. The winter mixed layer depth (WMLD)arking the remnant of the WW, is

defined here as the depth of the potential temperaninimum @n,,). Mixed layer depths

were calculated from 2 dbar profiles of potent@mnperature and salinity from the CTD

deployment at each station. During JR177, 360 Caibmes and 60 underway samples were

taken in total (Tables 2.2-2.3).

Table 2.2. Hydrographic stations of the Weddellic&@onfluence (WSC) during cruise

JR177: station number, classification, date, l@araand bottom depth. Station classification:

Southern Boundary (SB). Samples is the total nurabbliskins sampled from the CTD at the
specified depths. For 10 depths (m): 5 10 30 508D 160 200 400 600 and for 20 depths: 5
10 20 30 40 50 60 80 100 120 140 160 180 200 4@08®0M 1000 1500 2000. Notes: (1)
changed deep samples t&x 2000 m and X 1200 m; (2) Niskins 4 (2000 m), 5 (1500 m) and

6 (1000 m) all had loose caps and were not samgBdwo casts were carried out due to a

malfunction halfway through the first cast.

CTD Date Start time  Latitude Longitude Classifioati Depth Samples Note
2008 hh:mm S W m

02 04 Jan 07:50 60.498 48.193 Open water 1396 20 1
05 08 Jan 09:07 60.208 44.408 Open water 5543 20 2
08 09 Jan 13:41 60.431 44.593 Open water 999 10

09 10 Jan 01:52 61.198 44.408 Meltwater 319 10

10 10 Jan 09:54 61.665 44.053 Ice edge 570 10

12 10 Jan 22:59 62.355 43.529 Seaice 1238 10 3
14 11 Jan 09:30 62.608 43.234 Seaice 3075 10

16 13 Jan 09:14 59.936 44.239 Open water 4784 10

17 15 Jan 07:32 59.689 44.054 Open water 4172 20

21 17 Jan 00:25 59.144 43.694 SB 3611 10
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Table 2.3. Hydrographic stations of the Antarctmng (AAZ) during cruise JR177: station
number, classification, date, location and bottoeptd. Station classification: Southern
Antarctic Circumpolar Current Front (SACCF), AntitzcCircumpolar Current (ACC), high-
nutrient low-chlorophyll (HNLC), North Scotia RidgBISR), South Georgia (SG). Samples as
for Table 2.2. Notes: (1) a deep chlorophyll-a maxin was identified; (2) 5 m bottle was
fired at 10 m due to rough weather; (3) Niskin 24m) was leaking and not sampled.

CTD Date Starttime LatitudeLongitude Classification Depth Samples Note

2008 hh:mm S W m
25 19 Jan 07:02 58.023 42.985 SACCF 2831 20
28 20Jan 21:41 57.758 42.801 ACC 2904 10
30 22Jan  04:43 57.140  42.433 HNLC 3700 10
33 22Jan 15:57 56.843 42.257 HNLC 4248 20 1
35 23Jan  13:10 55.902  41.720 ACC 3595 10 2

37 257Jan 11:50 55.207 41.246 ACC bloom 3246 20

41 28 Jan 20:11 54.913 41.173 ACC 3442 10 3
42 29 Jan 10:31 54.591 40.997 ACC 3301 10

43 29 Jan 15:09 54.216 40.813 NSR 2461 10

44 29 Jan 19:06 53.897 40.645 NSR 1233 10

46  30Jan 11:18 53.155 40.276 NSR 4052 10

48 Ol Feb 07:24 52.857 40.097 NSR 3811 20

51 O02Feb 21:28 52.727 40.147 SG bloom 405 10

53 04Feb 08:10 52.627 39.102 SG bloom 3750 20

55 09 Feb 15:45 53.714 37.964 SG shelf 126 10

58 1lFeb 17:45 53.567 34.962 SG shelf 3610 10

59 11Feb 21:50 53.691 35.258 SG shelf 3602 10
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2.5. Atmospheric and seawater £0
2.5.1. The pC®principle and instruments

The principle of measuring seawap€2 0, is based on the equilibration of a headspace avith
continuous stream of seawater and subsequent de&tion of the CQ@ mixing ratio kCO)

in the sampled headspace air. The infra-red adearptoperties of C@are used to determine
XCQO; in the sampled air. The determinationp®@O, is dependent on temperature, pressure
and water vapour content. The partial pressurenoidaal gas is defined as the product of
XCO, and total pressure of the gas phase. To accourthéonon-ideal nature of GQthe
fugacity of CQ (fCQO,) should be used comparing to other parameteriseof@rbonate system
(sections 2.8 and 2.12) (Zeebe and Wolf-Gladrow12@OE, 2007).

Quasi-continuous measurements of pi&0O, in surface seawater and marine air were made
using the new CASIXpCO, instrument (2006-2009), developed at the Plymadtrine
Laboratory in collaboration with Dartcom, and ademinning UEApCO, instrument (summer
2008) designed and built at the University of EAsglia. Sampling of marine air is very
similar for both instruments and will be descrildedt, followed by details of the individual
instrument design and continuing with features ceamrno both instruments and tip€0;,

calculation process. The accuracy and precisidrotf instruments is discussed in section 3.4.
2.5.2. Atmospheric CO

To sample the marine air a"%uter diameter Dekabon tubing air line was rune&eh
instrument from the central bridge at 15 m heighie inlet was finished with a Whatman 1.0
um PTFE filter in order to remove solid particulatesd a plastic funnel to ensure that any
moisture that collects drips off the larger rimpi@vent the comparatively narrow line from
becoming frozen. The samples were pumped througthm air lines before entering the
cooling system of each instrument for analysishi laboratory. It is important to record the
relative wind speed and direction to confirm threg &ir being sampled is not contaminated by

ship exhaust gases.
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2.5.3.  UEA underway pCQystem

The detailed design of the UEA underwp@O, system has previously been described in
Cooper et al. (1998) and changes incorporated leetvd01 and 2007 are reported in
Schuster and Watson (2007). Surface seawater fnenutderway supply is introduced at a
rate of 4 L mif into a percolating, packed bed equilibrator (F2g3). The system is
maintained at ambient atmospheric pressure threugbiled vent positioned in the top of the
equilibrator. The air from the equilibrator headhsp is circulated through a dual channel,
non-dispersive infra-red (IR) analyser, a LICOR GQQICOR Inc., USA) to measure the
XCQO, and water content simultaneously. ™H&0O, is measured relative to a dry and {t2e
reference cell. The LICOR is calibrated using thseeondary BOC gas standards of nominal
CO, concentrations of 250, 350 and 450 pmol il artificial air (21% Q, 79% N). All
BOC gases were calibrated against certified, higkcipion, primary standards from the
National Oceanic and Atmospheric Administration (NK) (Table 2.4). The mixing ratios of

the calibration gases were selected to brackén#taral’ range of seawater GO

Samples from the equilibrator headspace and mairirere partially dried by passing through
a cold trap at 2 °C, prior to analysis in the LICARying the air eliminates the possibility of
condensation in the tubing and minimises the umnoelt related with water vapour
contamination. Analyses of all parameters werei@amut at a flow of 100 ml mihthrough
the LICOR at a slight overpressure (‘flush’ conalits). A final analysis for each parameter
was made at atmospheric pressure under ‘non-floshditions. The flow and overpressure

did not have a discernable effect on the,@@d HO measurements.

69



Figure 2.3. Main parts of the University of Eastgha (UEA) underwayCO, system, (a) the
LICOR 7000, sampling components and electronics amd (b) the equilibrator and oxygen
optode.

The measurement routine begins by calibrating yiseem with one of the gas standards, with
a priority order of analysis as 250, 450, 350 drehta 0 C@ppm in artificial air (21% @
79% N) standard. The CQand HO content is determined every minute during a 30ute
cycle, with 29 minutes of continual flushing atlmlst overpressure and 1 minute with non-
flush conditions at ambient pressure. Once a stdndas been run, the system alternates
between equilibrator headspace and marine airmgad3 x 32 minutes). The G@nd HO
content is determined every minute during a 32 meiraycle, with 31 minutes of continual
flushing at a slight overpressure and 1 minute wah-flush conditions at ambient pressure.
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A second standard is then run and the analysi® ¢ggleats itself with a complete calibration
of the instrument every 6 hours. All raw data amet stamped by a Garmin GPS module
mounted on the starboard side of the ship. Angilldata from the ship’s underway
oceanlogger and meteorological station are addadgithe data processing. Gaps in the data
are due to the seawater supply being turned oitenor very shallow water, contamination
from the ship exhaust gases, replacement of ingtmntitomponents and pressure leak testing

or calibrations.
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Figure 2.4. The software control screen for the YA, system.
2.5.4. CASIX underway pGGystem

The design and set-up of the new CASIX undenp@y, system is based on some of the
principles outlined in Cooper et al. (1998). Sueaeawater from the ship’s underway supply
is introduced at a rate of approximately 6 L thinto a non-vented, percolating, packed bed
equilibrator (Fig. 2.5). The air from the equilitbmahead space is circulated through a LICOR
840, which is calibrated using two secondary BOG giandards of approximately 250 and
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450 umol C@ mol* in artificial air (21% Q, 79% Ny). All BOC gases were calibrated against
certified, high precision, primary standards frof@AA using a LICOR 6262 (Table 2.5).

Nitrogen is used as the zero reference gas.

Figure 2.5. Main parts of the CASIX underw@ZO, system, (a) the valve trays and
electronics unit and (b) the equilibrator and oxygetode.

Samples from the equilibrator headspace and mainevere partially dried by passing

through a Peltier condenser system, prior to aisigghe LICOR. Analyses of all parameters
were carried out at a flow of 200 ml rfithrough the LICOR at a slight overpressure. The
measurements are made in the following sequencalibzgtor headspace air, ancillary data
acquisition, marine air and gas standards. Thanmedor sampling of equilibrator air was 2

minutes of continual flushing and 2 minutes witn+ftush conditions, repeated 4 times (4 x 4
minutes), followed by 2 minutes of continual flustpiand 2 minutes of LICOR rest, sample

and vent (1 x 4 minutes). The routine for marine sampling is 4 minutes of continual
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flushing and 1 minute of LICOR rest, sample andtweith non-flush conditions at ambient
pressure (1 x 5 minutes). One of the gas standartsen run with 2 minutes of continual
flushing and 1 minute of LICOR rest, sample andt\{@&nx 3 minutes). The cycle is repeated
every 30 minutes, alternating between the two ¢msdards, with a priority order of analysis
of the 250 and 450 standards and then the nitrogeninstrument is fully calibrated every 90
minutes. Ancillary data from the ship’s underwagaclogger and meteorological station are
integrated directly into thpCO, output file. Gaps in the data as previously expéi(section
2.5.3).

2.5.5. Determination of fCO

LICOR millivolt (mV) readings are converted into fadraction mixing ratios using internal
algorithms that are specific to each LICOR modéle TawxCO, values in pmol mél (parts
per million, ppm) are corrected for the water vapoentent xH,O) in mmol mot* (parts per

thousand, ppt) to account for the IR band broadgeffects of water vapour:

xCO

2 raw

CQO, ,, =
2 ay 1-(xH,0/1000

Equation 2.1.

The dried xCO, readings are corrected to account for drift in th€OR by linear
interpolation between the nearest gas standd@», which are corrected to their calibrated
values (section 2.6.1). TheCO, is determined with the ambient pressuRe &tm) and is
proportional toxCO, . Air in the equilibrator headspace is assumedet@100% humidity,
like air overlying the sea surface. Therefore, p€, in the equilibrator headspace at 100%
humidity must be reduced to account for the ‘appiaracreased C@concentration as a result

of the removal of the water vapour:

pCOZ Teqwet — XCOZ dry (P - pHZO) Equation 2.2.

wherepH,0 is the water vapour pressure in air overlyingasgar of a given salinity at the
temperature of equilibratiod €q,K) (Weiss and Price, 1980):

Equation 2.3.

pH,O = O.981exp(14.32602— 530683)

Teq
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The pCO, measured in the equilibrator is correct for thegerature of equilibrationTeg.
For oceanographic research it is necessary toatdirepCO, to the temporally co-located sea
surface temperature (SST, K), representing the taumiperature of the mixed layer (Takahashi
et al., 1993):

PCO, ssruer = PCO, requer €XP (0.0423(SST-Teq)) Equation 2.4.

The fCO, is determined from thpCO, alongside the total pressurg, (atm), the first virial
coefficient of CQ (B, m®> mol?), the cross virial coefficientd m> mol®), the molar gas
constant R, J K* molY) and the temperaturd,(K) as outlined in Zeebe and Wolf-Gladrow
(2001) and DOE (2007):

Equation 2.5.

fCO, = pCQ, exp(P B+20 j

RT

The fugacity coefficient (the ratio of fugacity partial pressure) is a function of temperature
and composition of the gas phase and in most ¢asesy close to 1. From inspection of the
calculation procedure (Eqns. 2.2-2.5), seaw&3D, is highly dependent on temperature.
Therefore, it is critical to have accurate temps@tmeasurements both in the equilibrator,
where the actual CQOconcentration is being measured, and at the séaceu To minimise
errors sourced from temperatures, it is importaat the water in the equilibrator be as close
to sea surface temperature as possible. This is\axhby using a high flow rate of seawater
to reduce the extent to which the water is warniable 3.1). This research uses sea surface
temperatures as measured by the underway oceanl@ggpeerature sensor located in the hull
of RRSJames Clark Rosat 6.5 m depth (Fig. 2.2). Equilibrator temperatisrthe average of
two platinum resistant thermometers placed in thpeu and lower parts of the seawater
stream in the equilibrator. A discussion of equdiior and sea surface temperatures follows in

sections 2.6.3 and 2.6.4, respectively.
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2.6. Instrument calibrations
2.6.1. BOC gas standards

For calibration of the BOC cylinders, high precisiprimary standards from NOAA are used
that cover the nominal mixing ratios of 250, 350 a#60 pmol C@ mol* for the UEA
instrument and 250 and 450 umol £@ol* for the CASIX instrument. All tubing was
flushed with nitrogen prior to the calibrations ¢asure that all lines were fully dried. The
calibration routine began and finished with the N®sétandards, running the series of BOC

gas standards in between in ascending order efrliKing ratios.

The main cycle time for each gas was approxima&élyninutes to allow sufficient flushing of

the lines and stabilisation of readings. Loggingdata from the LICOR 7000 was every
minute and for the LICOR 840 was every 10 secoiitie near-final 20 minutes worth of
readings were used to calculate the mean and sthddaiation for each BOC cylinder. The
response of the LICOR was determined using linegression of the absolute NOAA
calibrated xCQ values and the LICOR output xG@r the NOAA standards (Fig. 2.6). The
resultant relationship was then applied to all @O, readings for each of the BOC gas
standards to give a calibrated value, with assediatandard deviation (Tables 2.4 and 2.5).
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Figure 2.6. Calibration curves for NOAA cylindersing a (a) LICOR 7000 and a (b) LICOR
840. The response of the LICOR, based on absol@aAreadings, was 0.99CO,raw) +
0.25 and 1.1XCOyraw) + 19.39 for the LICOR 7000 and 840, respettive
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Table 2.4. BOC gas calibration dates afD, for UEA instrument standards used on JR177.

Standard deviations are shown in parentheses.

Cylinder ID Standard Date 1 xGQ Date 2 xCQ2
pmol mot pmol mot
25B16 250 20.06.07249.12 (0.06) 01.08.08 248.85 (0.03)
35B01 350 20.06.07 356.46 (0.04) 01.08.08 356.56 (0.04)
45B16 450 10.08.07457.36 (0.04) 01.08.08 457.11 (0.06)

Table 2.5. BOC gas calibration date ax@O, for CASIX instrument standards. Standard

deviations are shown in parentheses.

Cylinder ID Standard Date 1 xCGQ Date 2 xCQ2

pmol mot pumol mot
111903 250  24.07.06250.15 (0.13) 10.09.07 250.21 (0.33)
150464 250 17.07.07255.41 (0.30) - -
129451 450 24.07.06449.03 (0.08) 17.07.07 449.79 (0.15)
143967 450 17.07.07452.25 (0.15) - -

2.6.2. LICOR accuracy and precision

The response of the LICORs during the run of theARQylinders is shown in a series of
control charts, detailing the two sets of analysegach NOAA standard, means and standard
deviations (Figs. 2.7 and 2.8). Control chartsesed to demonstrate whether the instrument
measurement is ‘in control’ and if the data displeypiased, natural variability (DOE, 2007).
Upper and lower control limits are determinedtaés standard deviations of the mean and they
provide an indication of problematic data. Each NOgylinder was run twice during the
calibration day, at the beginning and end and tHeOR xCQO, is plotted sequentially by
analysis number to evaluate the stability of th€ @R over the calibration period.
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Figure 2.7. Control chart ofCO.,yaw measured by the LICOR 7000 during 20 minute® (o
value per minute) from the NOAA cylinders (a) firsin 250 standard, (b) second run 250
standard, (c) first run 350 standard, (d) secomd320 standard, (e) first run 450 standard and
(f) second run 450 standard. First run refers eogét of analyses of NOAA standards at the
start of the BOC cylinder calibration, and the setoun to the set of analyses of NOAA
standards at the end of the BOC calibration ses3iba black dashed line indicates the mean

and grey dashed lines indicate upper and lowerablitnits (+ 3 standard deviations of the

mean).

The charts reveal that all points are well withhie tontrol limits and therefore that the LICOR
measurement is in control. The individx&O, readings for each run had little variation with
values tightly fitting round the mean. This indesithat the LICOR 7000 measurements were
continually stable over a rangex& O, concentrations. The analyses show that the setond
of each NOAA cylinder has a lower meagfQO,, still retaining little variability between
successivexCO, measurements. This decrease indicates the magnitithe LICOR drift
over a 10 hour period and highlights the necessityn standard gases frequently, in order to

calibrate the LICOR, during sampling. The accuratythe LICOR, determined from the
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maximum difference between the certified NOASO, values and the calibrated LICOR
xCO, values is 0.4@qmol mol™. The precision for th&CO, measurements (average standard
deviation of the 6 NOAA runs) using the LICOR 708@etermined as 0.Qdnol mol* (Fig.
2.7).
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Figure 2.8. Control chart ofCO,yaw measured by the LICOR 840 during 20 minutes (Si
values per minute) from the NOAA cylinders (a) ffiran 250 standard, (b) second run 250
standard, (c) first run 450 standard and (d) seecan450 standard. First and second runs as
for Figure 2.7. The black dashed line indicatesrigan and grey dashed lines indicate upper

and lower control limits¥ 3 standard deviations of the mean).

The charts reveal that all points are just wittme ¢ontrol limits and therefore that the LICOR
measurement is in control. Compared to the LICORO7@he individuaxCO, readings for
each cylinder run showed more variation, which apgpe to increase with increasing £0
concentration. The analyses show that the secamafreach NOAA cylinder has a slightly
lower meanxCQO,, still retaining variability between successi¥€O, measurements. This
indicates the magnitude of the LICOR drift over @dur period and again reinforces the
requirement of regular LICOR calibration. The aeayr of the LICOR 840, determined from
the maximum difference between the certified NOXZO, values and the calibrated LICOR
xCO, values is 1.28mol mol™*. The precision for th&CO, measurements (average standard
deviation of the 4 NOAA runs) is estimated as Qug®l| mol* (Fig. 2.8).
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2.6.3. Equilibrator temperature

The calibration of the UEA platinum resistant themeters (Pt100) required both Pt100s to
be held in a temperature calibration bath alongsidmlibrated mercury (Hg) thermometer
(accurate to 0.2C). The bath was set to different temperaturesthadthermometers were

allowed to reach a stable temperature over 30 m$nutogging of the Pt100 data was every
minute. For each set temperature, the final 10 maswworth of readings were used to
calculate the mean and standard deviation for 4400 at the given temperature. The
response of the Pt100s was determined using liregagession of the absolute temperature
from the Hg thermometer and the Pt100 voltage duBig. 2.9). The resultant offset was

then applied to all voltage readings for each Pt460sor to give a calibrated temperature

reading.
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Figure 2.9. Calibration curves for the (a) uppetOBttemperature sensor and the (b) lower
Pt100 temperature sensors on the U?O, instrument during JR177. The response of the
sensors, based on absolute mercury (Hg) thermomestdings, was T =0.98V+ 14 and T =

0.98V + 0.8 for the upper and lower sensors, raspy.

Plots of the upper and lower Pt100 temperaturesgltine calibration are shown in a series of
control charts (Figs. 2.10). The Pt100 sensor mspas plotted sequentially by analysis
number to evaluate the sensor stability over ttibregion period.
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Figure 2.10. Control charts of the raw temperataeasured by the upper (a, ¢, €) and lower
(b, d, f) Pt100 sensors of the UEA instrument ed¢dlhset temperatures. The black dashed line
indicates the mean and grey dashed lines indiggieruand lower control limitst(3 standard

deviations of the mean).

The charts reveal that all points are within theatoa limits and that the temperature
measurement is in control. The individual readifgsboth sensors had little variation with
each of the values tightly fitting round the meahis indicates that the Pt100 temperature
measurements were stable over the selected rargpt tdmperatures. The raw measurements
(using the previous calibration) show a differelnéeabout 0.5°C between the two sensors,
which is corrected for using the appropriate calilon equation (Fig. 2.9). The accuracy of
the Pt100s, determined from the maximum differefmdween the absolute mercury
thermometer temperature and the calibrated PtI@pdeature, is 0.2C. The precision of the
Pt100 measurements (average standard deviatiodPtf® analyses) is determined as®@1
(Fig. 2.10). The calibrations of the CASIX platinugsistant thermometers (PRTSs) followed a
similar method and were found to have a matchirayir@acy and precision of 0°Z and 0.1

°C, respectively.
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2.6.4. Sea surface temperature

During cruise JR177, sea surface temperature data the underway oceanlogger (6.5 m
below surface) were compared to the potential teatpee from the CTD Seabird SBE9+
sensor at hydrographic station 18, north of thg(HB. 2.1), where the CTD was suspended at
5 m for 30 minutes. Logging of the underway tempemdata was every 5 seconds and all
data were used to calculate the accuracy and pe®@$the oceanlogger temperature sensor.
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Figure 2.11. Investigating the underway temperabhge in (a)) data from the oceanlogger
by (a) comparison with the CTD temperature (red),control chart of underway temperature
response during the 30 minute investigation. Tlaekbashed line indicates the mean and the
grey dashed lines indicate upper and lower corinoits (z 3 standard deviations of the

mean). The red outlined points (b) represent fldgtgta based on the control limit criteria.

The control chart of the underway temperature reviaur data points that fall outside the

control limits (Fig. 2.11b). These appear to ocaurandom times and show large deviations
compared to all other data. Inspection of otherant®yger parameters and discussion with
onboard physicists did not reveal any technicabaganographic reason to exclude the data.

The outliers were attributed to natural fluctuaiar noise in the electronics or calibration of
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the sensor. Overall, the oceanlogger temperatusosavas in control during the investigation
period with 99% of the data falling within the croitlimits. Despite the inclusion of the
outlier values, the accuracy of the oceanloggerpteature sensor, determined from the
maximum difference between the CTD potential terapge and the corrected underway
temperature is 0.14C. The precision for the temperature measuremewsrgge standard
deviation during 30 minutes) is determined as 0@ZFig. 2.11).
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Figure 2.12. (a) downcast and upcast 6 m CTD piatetemperature °C, red) and
oceanlogger sea surface temperati@, (blue) and (b) the difference between the CTD

temperature and the oceanlogger temperatt@@ for hydrographic stations 1-37 during
JR177.

The mean offset of the underway temperature wasmaied as -0.37C from the difference
between the CTD temperature (taken as absolutesketleagainst high precision SBE35
temperature sensor) and the oceanlogger tempefatu@rD 18 (Fig. 2.11a). To investigate
the nature of the temperature offset, CTD and uwmagrtemperature were compared for
hydrographic stations 1-37 (Fig. 2.12a). Spannifigddys of the cruise and a temperature

range from -2C to 3°C, the offset was independent of temperature adchbadrift over time
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(Fig. 2.12b). A correction of +0.37C was applied to all raw temperature readings @ gi
calibrated underway temperature datasets for th@aréiic season 2007/08 (October 2007-
May 2008). The same comparison was carried dufRigd and JR200 where offsets of -0.40
and +0.003C were applied to give calibrated underway tempeeatiatasets for the Antarctic
seasons of 2006/07 and 2008/09, respectively.

2.7. Seawater sampling

Samples for dissolved inorganic carbon (DIC) artdltalkalinity (TA) analysis were collected
according to the Standard Operating Proceduresdeanic CQ measurements (DOE, 2007).
Vertical profile samples were taken from the>240 L Niskin bottles mounted onto the CTD
rosette on the upcast of the CTD during cruise JRIIAbles 2.2 and 2.3). Seawater was
collected from the Niskin, using Tygon tubing thetd been soaked in seawater, into pre-
cleaned 250 ml or 500 ml borosilicate glass bat#iesch sample bottle was rinsed with Niskin
water and the bottles were filled bottom-up ataavsiate to minimise the formation of bubbles
and were allowed to overflow by at least one botdkume. The tube was drawn out slowly

and bottle sealed with a ground glass stoppethiiateen rinsed with Niskin water.

A small volume was extracted to create a head sphadéo of the bottle volume and 0.02%

vol/vol saturated mercuric chloride (HgCbolution was immediately added to fix the sample
and prevent further biological activity that woudtherwise alter the composition of organic
and inorganic carbon. The bottle was re-sealed thighglass stopper, greased in Apiezon L
(silicon) grease, shaken to disperse the H@@id stored in a dark location at ambient
temperature for shipment to the UK. Underway sasplere collected following the same

technique, using Tygon tubing connected to the'slgpawater supply on a bypass from the
pCO, instruments. Replicate samples were taken whessilgle, both from the same source at

the same time or different sources at the same time
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2.8. Seawater analysis

Seawater analyses for DIC and TA were carried sutgua VINDTA (Versatile INstrument
for the Determination of Titration Alkalinity, Manda, Kiel, Germany). VINDTA
instruments were originally designed for the deteation of titration (total) alkalinity,
however later models combined this with analysistitC (Fig. 2.13). The whole system was
maintained at 25C by a continual flow of temperature controlled evathrough the water
jackets of the glassware. A Certified Referencedvak (CRM) was analysed in duplicate for
DIC and TA at the beginning and end of each sarap#ysis day to monitor the accuracy of
the analysis (DOE, 2007). Seawater samples werésauh in duplicate where possible

(approximately 70% of samples).

Figure 2.13. (page 85) The VINDTA instrument, datgi principle components for the
analysis of total alkalinity (TA) and dissolved nganic carbon (DIC). The electrodes are both
connected to the Titrino and acid for TA analysiedded by the Metrohm piston burette (not

shown). Various level sensors are not shown.
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2.8.1. Dissolved inorganic carbon

The concentration of DIC was determined using thiecpples of coulometric analysis
(Johnson et al.,, 1987). The analysis was conduetiéll a VINDTA interfaced with a
coulometer (model 5100, UIC, USA) (Fig. 2.13). Tegim DIC analysis a background count is
first determined by running a nitrogen carrier §@s- and CQ-free) through the extraction
system and into the coulometer cell. The backgrdendl is determined as the number of
counts detected in one minute from the nitrogergipgr the system. Seawater is extracted
from the sample bottle, held in a thermostat bath52C, until the calibrated pipette is filled
and hence the volume of sample could be accurdetgrmined. The sample is then dispensed
into a borosilicate glass stripping chamber where acidified with phosphoric acid (1.5 ml,
8.5%) to convert all dissolved inorganic carboncsgeto gaseous GOThe solution is purged
with nitrogen to strip out the Gand the gas stream is passed through a Peltiégrcand a
drier column (magnesium perchlorate) to remove water vapour. The gas is then bubbled
into the main coulometer cell. The cell consistsaoflass beaker with a smaller, side arm
extension, connected by a glass frit (Fig. 2.14).

coulometer - VINDTA

I I<_ rubber bung

vent

\i.

rubberbung

silver anode LS platinum cathode
- —
—— —1 glass
anode solution frit <«— cathode solution
o
N a )
Kl I magnetic stirrer
1

Ag® > Agt+e : H,0 + & —> OH- + % H,

Figure 2.14. Schematic of the coulometer cell fur tetermination of dissolved inorganic
carbon (DIC) detailing the reactions that take @lateach electrode. The nitrogen carrier gas

enters the coulometer cell through the tubing conoe labelled VINDTA.
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The main beaker is setup with a platinum cathodenensed in a solution of water,
ethanolamine, and tetraethylammonium bromide in etliyl sulfoxide, with a
thymolphthalein indicator (100 ml). The side arntlod cell contains a silver anode suspended
in a saturated solution of saturated potassiund&didimethyl sulfoxide (about 20 ml) and
potassium iodide (KI) crystals (about 2 ml). Thé epositioned in the coulometer light path
to maximise transmittance. A current is then appéeross the cell and the amount of (i©
the carrier gas stream is determined by reactiorth wethanolamine to form

hydroxyethylcarbonic acid (Eqgn. 2.6):
CO, + HO(CH,),NH, - HO(CH,),NHCOO +H" Equation 2.6.

The reaction is followed by monitoring the pH oktkolution through transmittance of the
thymolphthalein indicator at about 610 nm. The om#ter maintains maximum transmittance
by liberating hydroxide ions at the cathode, by #lectrolysis of water (Eqn. 2.7), and
dissolving the silver anode to produce an electEamn. 2.8) to generate current within the cell
(Fig. 2.13):

HO+e - % H,(g) +OH"™ Equation 2.7.

Ag(s) - Ag" +e Equation 2.8.

The hydroxide ions produced at the cathode titkaith the acid formed in the cathode
solution (Eqn. 2.7). The coulometer ‘interpretsé titration reaction as counts, based on the
current, under Faraday’s Law. The final coulometgue is achieved when the coulometer
sample counts per unit time reach the value obdwkground level, marking the titration end-
point. At the beginning of each day of analysig, tbulometer was primed with a series of six

‘test’ seawater samples until the analysis timeiasttument response had stabilised.

Analyses were conducted as either a series of wagesamples or one full CTD station per
day to maintain internal consistency. A CRM fromtdb&s 76 or 81 (DOE, 2007) was
analysed in duplicate at the beginning and endioh elay, corresponding to two CRM bottles
per CTD cast and per 20 underway samples. The CBplicate analyses provided an
assessment of instrument accuracy and precision déag and over the course of whole

analysis period. Upon completion of the daily asaythe cell and frit were cleaned with
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acetone and deionised water under a slight presswalried overnight at 8G. The drying

agent, magnesium perchlorate (Mg(QK) Fig. 2.12), was replaced daily to minimise water
vapour passing into the cell and introducing ndgséhe count signal. A correction of 1.0002
is made to each final DIC measurement to accounthfe dilution of the seawater by the

addition of 0.02% saturated mercuric chloride sotut

A total of 53 CRM bottles were analysed for DICduaplicate. Plots of the CRM responses
during the analysis period are shown in a seriesooitrol charts, detailing the individual
analyses, means and standard deviations for edtth feigs. 2.15 and 2.16). Individual CRM
analyses are plotted sequentially to evaluate tdtglisy of the DIC measurement process for
CRM batch 76 (Fig. 2.16a) and batch 81 (Fig. 2.16b)

Figure 2.15. (page 89) Control charts of CRM resgoduring DIC analysis, showing (a)
batch 76 in-bottle replicates, (b) batch 81 indeoteplicates, (c) batch 76 bottle standard
deviations, (d) batch 81 bottle standard deviatigesbatch 76 corrected replicates, (f) batch
81 corrected replicates, (g) batch 76 correctedlebstandard deviations and (h) batch 81
corrected bottle standard deviations. Upper andetowontrol limits as for Fig. 2.7. Red

outlined points (a-d) represent flagged data basetthe control limit criteria.
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Both sets of charts reveal data points that fallyvelose to the control limits. These

correspond to three individual CRM bottles thatvebd considerable deviations compared to
all other bottle data (Fig. 2.15c-d). Inspectionlaiforatory notebooks and instrument output
revealed that each of the bottles were run firsa@iven analysis day after a short break and
suggest that the instrument may have still beea stabilising period. As the flagged data
originated from one bottle on three separate daywas decided that the data should be
removed from further analysis as the second CRMysed on each of the days performed
well within the control limits. The ‘corrected’ CRMalues can now be used with confidence
to evaluate the accuracy of the DIC measuremestsymined from the maximum difference

between the certified DIC values and the correa@dDTA measured DIC values as 2.4

umol kg™.
8 8
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Figure 2.16. Control chart of the corrected DICatiénce ADIC) between in-bottle replicates
for (a) batch 76 (b) batch 81. The black dashed ilimlicates the mean and the grey dashed
line indicates the upper control limit (3.28ean) as outlined in DOE (2007).

The absolute differencedRIC) of the corrected duplicate CRM (in-bottle) Brs@s can be
investigated to evaluate the precision of the measeant process (Fig. 2.16). The average
difference is related to the short term standardiadien, which is an indication of the
precision or repeatability of the technique. Thartlshows that the measurement precision
was in control at all times as all differences wieetow the upper control limit. Compared to

batch 76, batch 81 appeared to be more variableeVver no bias was evident.
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The precision (repeatability) of the instrumendé&ermined from the standard deviation of the
mean DIC value gtck), estimated from the difference)(of 50 k) within-bottle duplicate

measurements (Eqn. 2.9):

K 1/2

2.0°

std, =| =2—
% 2

" Equation 2.9.

The precision for the DIC measurements is estimaged.5umol kg*, which corresponds to
the desired precision of 0.07% for this method (D@&D7). The corrected CRM DIC values
gave a standard response of the instrument per gfararbon that is used to determine the
sample DIC concentrations. This is achieved byrpakating between the average in-bottle
CRM DIC, from the beginning and end of each day ealculating the corresponding sample
DIC.

2.8.2. Total alkalinity

Analysis for TA was carried out by potentiometritration with hydrochloric acid to the
carbonic acid end point (Dickson, 1981) using a DM instrument (Fig. 2.13). The
instrument setup comprises a temperature regussegble delivery system, an open titration
cell and an automated burette. The cell and satyblieg are rinsed with sodium chloride
solution (0.7 M) and then with a small volume oé sample to be analysed. Seawater is then
extracted from the sample bottle, which is heldairthermostat bath at 25, until the
calibrated pipette is filled and hence the volurheample can be accurately determined. The
sample is then dispensed into the thermostattetitih cell assembled with a glass working

electrode, a reference pH electrode, acid injedtibie and an earth rod.

A Metrohm (model 719 S, Metrohm, Switzerland) pmstiourette is used to deliver fixed
aliquots of hydrochloric acid (0.15 ml, 0.1 M) indwe cell. The electrodes follow the titration
by continually measuring the electromotive forcan(@ of the solution. When the difference
between two successive measurements is less tham\Othe next aliquot of acid is added, up
to a total volume of 4.20 ml. The titration curvieeam.f as a function of acid volume has two
points of inflection that correspond to the protwova of firstly carbonate and secondly

bicarbonate ions. The acid utilised up to the sdcpnint is equivalent to the titration
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alkalinity or total alkalinity. TA is determineddm a curve fitting approach and a Gran

function, which are optimised with best-fit coef@ints to calculate the final TA.

At the beginning of each day of sample analysis,tifnation cell is flushed with at least two
‘test’ seawater samples. Samples are run as foraDBlysis, either underway samples or one
full CTD station, and a CRM bottle is analysed uplicate at the beginning and end of each
analysis day. The CRM analyses give a standa@tititr curve that is used to determine the
TA of the samples. In addition, the CRM replicatealgtses provided an assessment of
instrument accuracy and precision each day and theecourse of whole analysis period. A
correction of 1.0002 is made to each final totdakhity measurement to account for the
dilution of the seawater by the addition of 0.028tusated mercuric chloride solution.

A total of 53 CRM bottles were analysed for TA inpticate. As for DIC, individual CRM
analyses are plotted sequentially by day of amalysi evaluate the stability of the
measurement process for batch 76 (Fig. 2.17a,d), &d batch 81 (Fig. 2.17b, d, f, h). Both
charts reveal data points that fall very closehtdontrol limits. These correspond to five and
four analyses from batches 76 and 81, respecti{fgty 2.17a-d). These included the same
three flagged bottles from the DIC analyses anth&ursuggest that after an idle period the
instrument was still stabilising, or some acid asiés out of the dispenser or possibly that the

bottles were suspect, resulting in outliers in Hol@ and TA analyses.

Figure 2.17. (page 93) Control charts of CRM resgaturing TA analysis, showing (a) batch
76 replicates, (b) batch 81 replicates, (c) bat6hb@ttle standard deviations, (d) batch 81
bottle standard deviations, (e) batch 76 correoctpticates, (f) batch 81 corrected replicates,
(g) batch 76 corrected bottle standard deviatiors @) batch 81 corrected bottle standard
deviations. Upper and lower control limits as fag.R2.7. Red outlined points (a-d) represent
flagged data based on the control limit criteria.
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Figure 2.18. Hydrochloric acid concentration faadoring the analysis using (a) CRM batch
76 and (b) CRM batch 81. The vertical grey daslwel ihdicates the change over from acid
batch 1 to 2 (day 78-79).

The mean acid concentration factor (Fig 2.18) walsutated for each analysis day, from the
two CRM bottles, to replicate the certified alk#yn A distinct break-point in concentration
factor marks the change over to a new batch ofdgfdoric acid, upon utilisation of the first
batch (Fig. 2.18b). A slight increasing trend canobserved in both sets of acid concentration
factors over time. The concentration factors exHittie variation on a day-to-day basis. Such
a trend was observed in alkalinity analyses coretlion the same apparatus in 2004 (Brown,
2008).

These factors were used in the calculation of the/* alkalinities (Fig. 2.17a-b) where no
such trend is identified in the control chart. Aspibble explanation is that throughout the
analysis period, the amount of acid decreases @adth successive titration, which increases
the volume of the headspace in the acid stock doofthy evaporation in the stock bottle
would result in the acid becoming more concentrateer time. A second explanation could
be algal growth and/or dirt within the sample deti tubing system or pipette. This would
result in less sample being dispensed into thearwll hence less acid required, which would
imply a more concentrated acid to reach the enatpdtinally, any disruptions to the
automated sampling procedure, such as pinchedgubamples running dry, condensation
tripping the pipette fill would lead to insufficiesample volume and apparent increasing acid
concentrations. Thorough flushing of the systenorpto analysis and the use of deionised
water reduced the possibility of algal build upsgection of laboratory notebooks and
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instrument output didn’t reveal any hard- or sofvaisruptions that had not already been

observed and accounted for.

5 . 5 |
(a) (b)
4 .
‘_IE) o B B B B B B B B o o | L i e i R R R R R R R R R R 0 0 0 0 0 L 8 0 0 B 0|
—_ 3+
o]
£
=0l
<L
|_
ﬂ

—

10 20 30 40 50
Analysis Analysis

Figure 2.19. Control charts of the corrected regpécT A difference&4TA) for (a) batch 76 (b)
batch 81. Upper control limit as for Fig. 2.16.

From the minor trends in the acid concentrationisitnot possible to use a mean acid
concentration factor for the calculation of alkélmn Therefore, the daily mean concentration
factor was determined from thex2 CRM analyses that gave the certified alkalingjue for

the certain CRM batch. As for the DIC analyses,ftagged data originated from one bottle
on different days and therefore the data was diechand the remaining replicate used as the
standard. The ‘corrected’ CRM values can now bel useonfidence to evaluate the accuracy

and precision of the TA measurements.

The accuracy of the instrument, determined from meximum difference between the
certified TA values and the corrected VINDTA measUiTA values is 2.imol kg*. The
control chart of the absolute differencéS A) shows that the measurement precision was in
control at all times. Similarly to the DIC analysdmtch 81 measurements appeared to be
more variable, however no bias was evident. Theigion of the instrument, using Equation
2.4, is estimated as 1i0nol kg*, which is better than the desired precision of vl kg*

for this method (DOE, 2007).

95



2.9. Carbonate chemistry property-property compass

Marine inorganic chemistry data are often normdlis® constant salinity to investigate the
influence of freshwater. The traditional salinityrmalisation involves correction of measured
TA, with in situ salinity (), to a reference salinityst") (Friis et al., 2003):

_TA
T g

~

TA B Equation 2.10.
Typically, theS® is the mean salinity of the reference data, whsctetermined as 34 from
the average salinity of the WW for all hydrograpbktations during JR177 (Tables 2.2 and
2.3). All surface alkalinity data showed a stroa{irsty dependence (Fig. 2.20a). The data are
coloured according to location of collection to eb& any latitudinal variations. Linear

regression analysis yields the following relatidpsdnd associated correlation coefficient (

TA=599S+ 269 r(160) = 0.81p < 0.01 Equation 2.11.

The null hypothesis is rejected and the relatigmstetween TA and salinity is statistically
significant with a 99% confidence level. Using tinaditional technique (Eqn. 2.10), salinity
normalised alkalinity (TAs) shows a much reduced salinity dependence, howe\aight

reversed trend can be observed:
TA),=-81S+ 2578 r(160) = -0.24p<0.01 Equation 2.12.

The detectable salinity dependence of the nornthlidiealinity (TA%,) indicated that there is
a problem with the traditional technique for thaaket (Fig. 2.20b). The change in sign of the
gradient implies that this technique is over-cairgr the alkalinity measurements. The
correlation coefficient shows that this techniquil syields a statistically significant
relationship, at 99% confidence, and hence is mutimble salinity normalisation tool for the
data. To improve this correction, a second equatiooounts for a non-zero freshwater

endmember i.e. a positive alkalinity at zero salifT Ao > 0) (Friis et al., 2003):

TA, = (@j [B4+TA Equation 2.13.

96



Linear regression analysis of the FhAlata shows no salinity dependence (Fig. 2.20cgravh

r(160) = -0.02,p > 0.01, and no statistically significant relationshé present between the
normalised TA and salinity. Therefore, Eqn. 2.13 suitable salinity normalisation technique

for the JR177 data set.
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Figure 2.20. The dependence on salinity of (a)lalikg (TA), (b) normalised alkalinity using
the traditional approach (T4) and (c) normalised alkalinity accounting for anmzero

endmember (T4y) for all surface samples collected during cruil&d7.
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The TA endmember (T4 at zero salinity (Eqn. 2.13) was calculated a8 j2®0l kg™. This
relationship takes into account the main proceisgsaffect alkalinity that involve a non-zero
endmember, such as sea ice melt, calcium carbadigas®lution and precipitation and
upwelling (Friis et al., 2003). This was repeatedthe DIC data, where a value of 9@®ol

kg! was determined for DI DIC and TA values reported in the text are ndinig

normalized, unless stated.

A series of de-ionised water samples were analigel¢termine an analysis ‘blank’ for DIC
and TA at zero salinity. Average values for oI f.ionise®Nd DIG_ge-ioniseddf 74+ 11 and 36t
3 umol kg* (n = 6), respectively, indicate that the FAnd DIG do not result from the

analytical technique (discussed further in sechi@?3).
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Figure 2.21. The relationship of (a) measured alksl (TA) and (b) normalised alkalinity
accounting for a non-zero endmember (Eqn. 2.13,)TiA temperature for all surface samples

collected during cruise JR177.
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Measured TA showed a slight dependence on temperéfig. 2.21a) and when normalised
(Eqgn. 2.13), the correlation was slightly revergeid. 2.21b). The data show that temperature
iS not a major variable in determining normaliseatface water alkalinity. From the
comparison of the two approaches, Equation 2.18 bvelused to normalise the inorganic
carbon data of JR177 (Chapters 5, 6 and 7).

2.10. Vertical DIC deficits

Depth-integrated DIC deficits were calculated framrtical DIC profiles relative to the
concentration of DIC at 100 m depth (Eqn. 2.14)rti¢al integration to 100 m depth was
selected as mixed layers were shallower than 1@@ross the Scotia Sea (Tables 5.3 and 6.2),
and winter mixed layers were deeper than 100 mI€Bah2 and 6.3) and for consistency with
numerous other inorganic carbon studies in the t®ont Ocean (Table 6.6). The vertical
deficits at depthsz] between the discrete DIC samples were lineartgrpolated at 1 m

resolution.
ZADIC(2)= [ ADIC(2) p(2) dz Equation 2.14.
0

2.11. Seasonal biogeochemical deficits

The seasonal depletion in DIC, TA and macronutsiemas determined from the difference
between concentrations in the WW and the averageetdration within the summer mixed
layer (Jennings et al., 1984). The total seasom@l d2pletion ADICseas0nd Can be expressed

as a sum of contributing processes:

ADIC =ADIC

seasonal —

+ ADIC,,, + ADIC o +ADIC Equation 2.15.

salinity Corg residual

Changes in DIC due to changes in salinity are edgéch from the difference between the
measured and salinity normalised DIC deficit A®ICseasonar (ADICseasondss. Based on the
accuracy of the DIC measurements, a composite efrér8umol kg’ is associated with the
salinity term. Modifications in DIC due to processiat change organic carbon, such as
photosynthesis and respiratioAICcorg, have been estimated from salinity normalised
nitrate deficits. Different phytoplankton speciag dikely to have different nutrient uptake

ratios. It has been previously reported that w@tlan of carbon and nitrate per mole of
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phosphate is much lower for diatoms thanPbiaeocystis antarcticdor example (Arrigo et
al., 1998). Studies carried out in the Ross Seavetiahat carbon:phosphorous (C:P) and
carbon:nitrogen (C:N) uptake ratios for diatom doateéd blooms were 80.5 and 7.8,
respectively (Sweeney et al.,, 2000). A comparisbrcarbon to nitrogen and phosphate
depletion showed that C:N ratios were more homogemethan C:P ratios, therefore
indicating that N was a better proxy for the biotad) utilisation of carbon than P (Sweeney et
al., 2000).

Table 2.6. Changes in dissolved inorganic carlddIC) and alkalinity ATA), on a molar
basis, as a result of the formation of organic erai€Corg) through the organic carbon pump
and the production of calcium carbonate (CgCthrough the carbonate pump (Zeebe and
Wolf-Gladrow, 2001) (section 1.5.4.1), adapted frBarmiento and Gruber (2006). Changes
in TA due to organic matter production were deteedi from the nitrogen-carbon

stoichiometry of Anderson and Sarmiento (1994).

Parameter Production of organic Production of calcium
matter (Corg) carbonate (CaCg)

ADIC -1.00 -1.00

ATA +0.14 -2.00

As discussed in section 1.5.4.1, the organic carnweh carbonate pumps affect DIC and
alkalinity by different proportions (Table 2.6). &mesidual difference in alkalinity, corrected
for salinity and organic matter production, is usesl an indicator of calcium carbonate
processes based on the 2:1 ratio of changes innDADAC due to CaC®processes (Table
2.6). The accuracy of the TA data yields a compositor of 3.7umol kg* for the calcium
carbonate term. The residual change in DIC accdontthe remaining seasonal change and is
the result of processes including £@r-sea exchange, advection and upwelling and the

associated error is the sum of that for each ofdhas in Equation 2.15.

2.12.  Other carbonate chemistry parameters

DIC and TA, complimented with temperature, salinitgressure and macronutrient

concentrations from all discrete samples, were usedalculate the remaining carbonate

chemistry parameters, includifi@O,, total pH (pH), carbonate ion (C§) concentration and
100



aragonite saturation stat@dragonite). This was done using the CO2Sys progeifuawis
and Wallace, 1998) with thermodynamic dissociattonstants foK; andK, (Egns. 1.6 and
1.7) by Mehrbach et al. (1973) and the re-fit byck3on and Millero (1987). These
dissociation constants were selected from resuitsnadel comparisons in the literature

(Kortzinger et al., 2000; Sarmiento and Gruber 2@0&l references cited therein).
2.13.  Satellite data
2.13.1. Satellite products used 2006-2009

Satellite data (Table 2.7) have been an essenti@ponent in interpreting the seasonal
variability in carbonate chemistry as observedirbgitu data. The superior spatial coverage
assisted in hydrographic station selection andaatbthe core cruise observations to be put
into context. The superior temporal coverage pet ¢huise observations into a seasonal
perspective and allowed interannual variabilityb® explored (Chapter 7). As with most

remotely sensed techniques, satellite data haweiassd caveats that need consideration.

Table 2.7. Satellite data used during this research

Sensor Parameter Data type and source Coverage
SeaWiFS Chlorophyll-a 8 day, 9 km level 3 mapped 1997-2007
http://oceancolor.gsfc.nasa.gov
MODIS Chlorophyll-a Daily, 4 km level 3 mapped 2004-2010
http://oceancolor.gsfc.nasa.gov
SeaWiFS/ Chlorophyll-a 8 day, 9 km level 3 mapped 2004-2007
MODIS http://oceancolor.gsfc.nasa.gov
Merged Sea surface Daily, 4 km 2006-2010
temperature http://ghrsst-
pp.metoffice.com/pages/latest_analysis/ostia.h
tml
Altimeters  Absolute http://www.aviso.oceanobs.com/en/data/prod2001-2010
dynamic height  cts/index.html
QUuUIkSCAT Wind speed Twice daily, 0.28 1999-2009
http://podaac.jpl.nasa.gov
Merged Seaice Daily, 4 km 2006-2010
http://ghrsst-
pp.metoffice.com/pages/latest_analysis/ostia.h
tml
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2.13.2. Ocean colour data

Ocean colour satellite data were obtained from NAS#kg the Sea-viewing Wide Field-of-
view Sensor (SeaWiFS) and the MODerate resolutioaging Spectroradiometer (MODIS).
Ocean colour data were downloaded by ftp from Htpeancolor.gsfc.nasa.gov as 8 day,
level 3 mapped data (Table 2.7). SeaWiFS derivéaraphyll-a concentrations (Feldman and
McClain, 2006b; O'Reilly et al., 1998) had beencgassed using the standard OC4v5.1
algorithm at 9 km (1/19 resolution. MODIS derived chlorophyll-a concetivas (Feldman
and McClain, 2006a; O'Reilly et al., 1998) were gassed using the standard OC3v1.1
algorithm at 4 km (1/29 resolution.

The SeaWiFS/MODIS merged product is a compoundraployll-a concentration as derived
by both sensors. Inconsistencies could arise wWith use of different sensors, however a
previous investigation revealed a consistent agee¢rbetween the SeaWiFS and MODIS
estimates (Venables, 2007). Therefore, the mergediupt can be used in confidence and any
variability introduced by using data from two serssis compensated by the increased spatial
coverage from swaths of both satellites. SeaWiksiged chlorophyll-a data until 2007 and
MODIS provided chlorophyll-a and sea surface terapge data until 2010. The 8 day
composite images were used to determine the timénibétion and termination of the
phytoplankton blooms (Chapter 7). The progressibrihe blooms could be more easily
tracked using the 8 day composites than daily imalyee to the greater spatial coverage for

each region whilst maintaining practical tempoeaaiution.

Satellite chlorophyll-a images may not give a tmication of upper ocean biomass as the
chlorophyll-a concentration is derived from the @rdeaving irradiance that has penetrated a
few meters of the sea surface. Regions of deep dmiagers can often hold high depth
integrated biomass (Holm-Hansen et al., 2004a; Heémsen et al., 2005; Whitehouse et al.,
2008) and deep chlorophyll-a maxima (DCM) can dewdldiscussed in Chapters 4 and 6).
The Southern Ocean has been previously identifeda aregion where satellite derived
chlorophyll-a estimates differ frorm situ shipboard measurements (O'Reilly et al., 1998;
Moore et al., 1999b; Gregg and Casey, 2004; Kord.e2004;). Around South Georgia, this
difference was described by a linear relationsKiprlp et al., 2004):

[chl - a] . .wes = 028][chl-a], ., + 030 RP=0.61 Equation 2.16.

in situ
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This correlation is due, in part, to SeaWiFS unsi@meating high chlorophyll-a concentrations
or the use of 8 day composite images that may csurse loss of resolution in intensity due to

short temporal shifts (< 8 days) in chlorophyll-a.
2.13.3. Sea surface temperature

Sea surface temperature (SST) data were suppliedm fr http://ghrsst-
pp.metoffice.com/pages/latest_analysis/ostia.htmbugh the Group for High-Resolution Sea
Surface Temperature (GHRSST) (Stark et al., 200@@ main caveat with remotely sensed
SST data is that clouds have similar thermal ptoggerand can therefore be difficult to
distinguish. Data values that appeared outsideextpected range for surface seawater at the
specified time of year were searched for and remhohewever some may remain, which

needs to be considered when interpreting the data.

Satellite derived SST is more precisely a measunero€ the skin temperature, the water
temperature at the air-sea interface. The therkial effect refers to the strong gradient that
can exist across the top millimetre of the oceani$ace, relative to the underlying bulk water
of the mixed layer. The thermal skin effect inflaea the solubility of C®at the sea surface,
which in turn affects the air-sea flux of @(Robertson and Watson, 1992; Robinson et al.,
1984). Large differences between the skin temperadnd that of the bulk water can occur
through solar heating during the day and coolingnduthe night. At high wind speeds,
increased turbulence means that the skin and mxger temperatures become the same
(Donlon and Robinson, 1997). For this research,ntiteed layer temperature during winter

2007 is estimated from the satellite derived skmperature.
2.13.4. Absolute dynamic height

Satellite altimetry data products were producedSswalto/Duacs and distributed by Aviso
through http://www.aviso.oceanobs.com/en/data/petsdimdex.html, with support from
CNES (Rio and Hernandez, 2004) (Table 2.7). Thex dae a composite from several
altimeters: Topex/Poseidon, ERS1/2, Jason-1/2, dahvand the reference geoid and mean
geostrophic currents to create the intercalibratiesblute dynamic topography product. The
data then undergo a series of manipulations toym®dhe final product, mapped absolute

dynamic topography.
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2.13.5. Wind speed

The SeaWinds microwave scatterometer on QuikSCA&asored the backscatter from the
ocean surface in order to derive surface ocean w&etbrs. The data were downloaded from
http://podaac.jpl.nasa.gov at a resolution of 0.RBhitude at 10 m height (Table 2.7). The
specification of QuikSCAT was to measure winds leetw3 and 30 mi’swith an associated
accuracy of 2 m§ Cloud cover does not inhibit microwaves therefgiving complete data

coverage from every swath.
2.13.6. Seaice cover

Daily sea ice concentration data at 4 km resolutiom 2006 to 2009 were obtained through
the Operational Sea Surface Temperature and Seenkdgsis (OSTIA) service, a component
of the Group for High-Resolution Sea Surface Temapee (GHRSST) at http://ghrsst-
pp.metoffice.com/pages/latest_analysis/ostia.h®tdrk et al., 2007). Visual observations of
sea ice type and coverage were made from the botlB&RSJames Clark Rosas part of the

daily position report filed by the Captain duringauises (Table 2.1).

Figure 2.22. Sea ice during JR177 showing (a) dateded ice pack and leads between
stations 12 and 14, (b) smaller ice plates atmstdlD, (c) a dark layer of sea ice algae between

stations 10 and 9 and (d) sporadic ice floes imtb#waters at station 9.
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In addition to the satellite data and shipboardeolsions, digital photographs were made
during cruise JR177 to create a field key to atdrppretation of data in the sea ice region (Fig.
2.22). Each image was selected to capture the agiimg sea ice environments of the
Weddell-Scotia Confluence (WSC) in summer 2008. ffaesition area between open ice-free
waters to ice-covered waters is referred to asntlaeginal ice zone (MIZ), encompassing

stations 14, 12, 10 and 9 in the WSC (Fig. 2.22 Baiole 2.2) during cruise JR177 (Chapter
5). The ‘brown ice’ observed between stations 18 an(Fig. 2.22c) is indicative of the

presence of diatoms in sea ice (Horner et al., 19BRe ice edge is defined here as the
position where consolidated sea ice was first entayad (station 10) on the JR177 transect
(Fig. 2.22b). The seasonal ice zone (S1Z) is defihere as the region between the annual

maximum and minimum sea ice extent (Chapter 7).
2.14.  Winter sea surface data

Sea surface biogeochemical parameters (DIC, TA raadronutrients) during winter were
determined from the concentration of each paranstdre depth of the potential temperature
minimum ©min) during summer 2008 (section 2.3.2). This is basethe assumption that the
Bmin represents the WW, in the remnant of the wintecehilayer, with physical and chemical
characteristics that were present at the sea sudadng the antecedent winter (2007). This
technique has previously been used for seasonhbmraresearch in the Southern Ocean,
assuming that horizontal and vertical mixing preessare minimal (Jennings et al., 1984;
Minas and Minas, 1992; Rubin et al., 1998; Pondaateal., 2000; Ishii et al., 2002; Jouandet
et al., 2008).

The timing of mid-winter is defined here as the diraf the year when the sea surface
temperature was lowest and the mixed layer wasadtegfter Shim et al. (2006) and Jouandet
et al. (2008). To determine the winter maximum, sedace temperature (SST) data from
GHRSST (section 2.13.3) were used to create a 3&atology from 2006 to 2009 for each
hydrographic station occupied on the transect.yD&BT in the research area was lowest in
September and, with reference to satellite dateti(se 2.13.6), this corresponded with the
seasonal cover of sea ice. Therefore, based obthduring summer 2008, the WW is taken
to represent the Antarctic Surface Water (AASWgeptember 2007 and the starting day was
set to 8 September, based on timings of the sur@0@8 transect (Table 7.1). This generated
a dataset of AASW parameters during winter 200 7af@r 7).
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Oxygen utilisation in the Scotia Sea (60:8452W) in December 2001 suggested that the
properties of the winter mixed layer in this regeme well preserved by the following summer
(Shim et al., 2006). Analysis into the validitytbfs technique is discussed in section 5.3.7.

2.15. Air-sea CQflux

The flux of CQ across the air-sea interfac, (mmol m? d*) is proportional to the
concentration gradient dCO, (AfCO,) between the sea surface and the overlying ass(Li
and Slater, 1974):

F=kK,A fcoz(se&air) Equation 2.17.

The solubility of CQin seawaterko, mol kg* atni') was calculated using the equation from
Weiss (1974). The coefficient of proportionalitytiee gas transfer velocitk,(m s%), which
parameterises the kinetics of gas exchange. Sewsmglirical relationships have been
proposed to relate gas transfer velocities to wgipeled. Large differences (up to factor two or
three) exist between the relationships, in parttduhe gas transfer velocity being dependent
on the roughness of the sea surface, which is ondrged by instantaneous wind speed alone
(Sarmiento and Gruber, 2006).

Three gas transfer velocity formulations are commaised to derive the CQair-sea flux
from wind speeds at 10 m height,;(Jand theAfCO,, which will now be discussed. The Liss
and Merlivat (1986) parameterisation (hereinaftév]86) was deduced from wind tunnel
experiments using sulphur hexafluoride {Smormalised with lake measurements. Three
wind speed regimes were identified: smooth surf&msm. 2.18), rough surface (Eqn. 2.19)
and breaking waves (Eqn. 2.20) (Liss and Merli¢¥886):

%
k=017U,, (Ej Upo<3.6m§ Equation 2.18.
600
sc) 2 .
k=(U, - 34) Q.S(ﬁj 3.6<U;p<13.0mé¥ Equation 2.19.
sc) 2 .
k=(U,, - 84)59 (ﬁ)j 13.0m &< Uy Equation 2.20.
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The Schmidt number (Sc) is a dimensionless numleéinel as the ratio of momentum

diffusivity, or viscosity ¢), and mass diffusivity (D) (Liss and Merlivat, 198

Sc= ) Equation 2.21.

The Schmidt number for GQOs dependent on the salinity and temperature anddawater at
20°C it is determined as 660 (Liss and Merlivat, 19&&)yr freshwater at 28C, the Schmidt
number for CQis 600 (Liss and Merlivat, 1986). The Wanninkho®92) parameterisation
(hereinafter, W92) uses a quadratic relationshigvéen the gas transfer coefficient and the
wind speed, as established from the global invgneématural and bomb carbon-14q) in

the oceans.

Two relationships were suggested, one for shorin tevind speeds from shipboard
anemometers and scatterometers (Eqn. 2.22) anfbolong term averages of the wind speed
(Eqgn. 2.23) (Wanninkhof, 1992) using the Schmidnber for seawater:

sc\ 72 .
k=039U] (—j Equation 2.22.

660

Sc\ 72 .
k=031U] (—j Equation 2.23.

660

The Nightingale et al. (2000) parameterisation ¢hefter, NOO) was deduced from situ
dual tracer measurements, with¢Shd helium fHe), at sea. The relationship assumes a
second order polynomial relationship between the gansfer velocity and wind speed

(Nightingale et al., 2000) using the Schmidt nunfberfreshwater:

Sc) 72
k=( 02202 + o.ssum)(—j Equation 2.24.

600
Comparisons of the three commonly used gas translecity formulations showed that the
global mean gas transfer velocity determined by NM8® relationship was intermediate
between the LM86 relationship, on the low end, #mel W92 relationship at the high end
(Sarmiento and Gruber, 2006). More recent workngisiomb radiocarbort{CO,) released
during the 1960s bomb tests as a constraint osea€@ exchange, stressed the necessity for
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the gas transfer velocity formulations to be caesiswith the radiocarbon budget (Sweeney

et al., 2007). The closest match between the badcarbon global average gas transfer

velocity was achieved by the Nightingale et al.0@0parameterisation (Fig. 2.23).

70 N 7"
' '+ Wanninkhof (1992, 0.37<u’>) - o 4
== Nightingale et aL (2000) N ' /

G0R o Liss & Merlivat (1986) R I\

+ == This study (0.27<u’) L 4

50 Global Average: Broecker et al (1985) r

‘ Global Average: Nightingale et al. (2000) - Vs
@ Global Average: This Study . F 4
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u, (m 5'1}

Figure 2.23. Gas transfer velocity, €m hi') as a function of wind speed {4)m s%) for the
Wanninkhof (1992) short-term wind relationship @dalotted line), the Sweeney et al. (2007)

short-term wind

relationship developed frofiCO, inventory (red dash-dot line), the

Nightingale et al. (2000) relationship (blue daslieé) and the Liss and Merlivat (1986)

short-term wind speed relationship (green line).

In light of these literature reviews, fluxes wilke kcalculated within situ and seasonally
averaged wind speeds from QuikSCAT (section 2.1ark) the Nightingale et al. (2000)
relationship. Seasonal wind speeds were calculayetdking the average of the wind speed

(measured twice

daily) at the position of eAf60O, value along the transect. A discussion of

fluxes usingn situand seasonally averaged is presented in Chajsexciion 7.9.1).
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2.17. Macronutrients

Analyses for macronutrients were carried out by M. Whitehouse (BAS) as part of
Discovery-2010. Underway samples from the non-toségawater and CTD water bottle
samples were filtered through a mixed ester mengbf@rhatman, pore size 0.451), and the
filtrate was analysed colorimetrically for dissalvesilicate (SiQ), phosphate (P£), and
nitrate (NQ) with a segmented-flow analyser (Technicon, Wiotede, 1997). Analyses for
nitrate included nitrite (Ng), which is not considered separately as its camagon had little

variation and was typically < 1% of total N® NO..
2.18. Iron

Analyses for dissolved iron (dFe) were carried dayt M. C. Nielsdottir (National
Oceanography Centre, Southampton) as part of teeolery-2010 cruises JR161 and JR177.
Underway surface water collection for dFe analysas carried out with a torpedo tow fish
positioned ata. 3 m depth whilst steaming at 10-12 knots undefriee conditions, and at 4-
5 knots when ice was present. The water was punugety a peristaltic pump (Watson
Marlow) into a clean container and filtered using |@m cartridge filters (Sartorius, Sartobran
150). Samples for dFe were analysed using an awéomde(lll) flow injection

chemiluminescence method (Nielsdottir et al. 2009).

2.19. Chlorophyll-a

Analyses for chlorophyll-a were carried out by R.K®rb (BAS) as part of Discovery-2010.
Underway samples were collected from the non-t@eawater supply approximately every
hour as the ship was in transit. Underway and Campes were filtered through glass fibre
filters (Whatman GF/F) under low< (70 mm Hg) vacuum pressure and immediately frozen
and stored at -20C until analysis onboard. The samples on the §iltgere then extracted in
acetone (10 ml, 90%) in the dark for 24 hours (®@set al., 1984). Fluorescence of the
extract was measured before and after acidificatuth 1.2 M HC| on a TD-700 Turner
fluorometer. The instrument was calibrated agair@minmercially prepared chlorophyll-a

standards (Sigma).
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2.20.  Summary

From 2006 to 2009, sea surfga@O, data was collected on 14 research cruises in ¢bh&as
Sea, Southern Ocean. This has been possible die iastallation of a new CASIX underway
pCO; instrument onboard RR¥ames Clark Ross October 2006. An at-sg& O, instrument
intercomparison was carried out during JR177, camgahe new CASIX system to a long
running system from UEA (Chapter 3). The conceitrabf the dissolved inorganic carbon
and total alkalinity from the sea surface water &och vertical profiles was measured during
summer 2008 (Chapter 4). This was the first deeporete chemistry section in the Scotia
Sea, which enabled a detailed investigation ofsix@sonal variability of the marine carbon
cycle and its forcing by biological and physicabgesses (Chapters 5, 6 and 7). These
measurements have contributed to alleviating thepawatively sparse surface wafO,
data in the Southern Ocean (Takahashi et al., 20089 outcomes of the methodology
demonstrated that the carbonate data collectedaaatysed as part of this research are of
comparable accuracy and precision (Table 2.8) dsdldescribed by international guidelines
(DOE, 2007).

Table 2.8. Accuracy and precision of numerous patars as determined from the analyses
detailed above or estimated from calculations usitiger carbonate parameters (Millero,
1995; Millero, 2007). *The accuracy is the compestror of the input parameters.

Instrument Parameter Method Unit Accuracy Precision
LICOR 7000 xCO, infrared detection pmol mol* 0.40 0.04

LICOR 840 xCO, infrared detection pmol mol* 1.28 0.23

Pt100/ PRT temperaturehermostat bath °C 0.20 0.10
Oceanlogger temperatureat-sea comparison°C 0.14 0.02
VINDTA DIC coulometry umol kg* 2.4 15
VINDTA TA potentiometry umol kg* 2.6 1.0
CO2Sys fCO, f(DIC,TA) patm 5.7* -

CO2Sys pH f(DIC,TA) - 0.0062* -
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3. Anat-sea pCO, instrument intercomparison

3.1. Abstract

The performance of a new CASIX (Centre for obseovadf Air-Sea Interactions and fluXes)
underway instrument for the measurement of thagbgotessure of carbon dioxidpGO,) is
described and compared to that of a second edtadlipCO, instrument. Two
intercomparison experiments were conducted onbB&8 James Clark Rosm the Scotia
Sea during austral summer 2008. During the firgbeexnent, on 8-10 January, stable
atmospheric mixing ratios of GQ@xCQO,) permitted a comparison of tk€O, measurements

in marine air. Both instruments showed considerapieement for atmosphei€0O,, with a
mean difference of 0.1% 0.20umol mol™*. The accuracy of both data sets was determined as
better than 0.3@mol mol* by comparison to data from Jubany station (62.Z8$7°W) on

the Antarctic Peninsula.

A second intercomparison experiment was carrieddatihg 21-23 January as the sea surface
pCO, remained stable, providing good conditions foreaseg the accuracy and precision of
the CASIX seawatepCO, measurements. At this time, the difference betwten two
instruments was largest and hence the accuracgkentas a ‘worst’ case scenario. Both
instruments displayed near identical trends in sheall scalepCO, fluctuations indicating
similar response times and acute detection. Theiracg of the CASIX seawatgsCO;,
measurements, determined from the mean differemceea surfac@CO, between the two
instruments, is better thanyatm. The precision, determined from the standakdatien of

the mearpCO, value, is 3uatm.

In contrast, fluctuating sea surfap€O, conditions observed during the first experiment
presented an opportunity to test the responsetbfihstruments along BCO, gradient. Much
larger differences (up to lj2atm) occurred when theCO, gradient was maximum (over 13
patm h'). This has been attributed to the large spatiaiabiity of surface watepCO,,
which is captured slightly differently by instruntenof different designs. The at-sea

intercomparison conducted onboard RR8nes Clark Rossdicates the capability of the
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CASIX instrument for underway sea surfag€0,. Suggestions for modifications to the

instrument and the raw data are made to improvadheracy and stability of th® O, data.

3.2. Introduction

The ocean is one of the largest natural reserebicarbon (Fig. 1.8) and the future rates of the
oceanic CQ uptake are largely unknown (Sarmiento and Grub@®6). The significance of
the difference in the partial pressure of L@pPCQO,) in oceanic CQ uptake has led to
numerous international investigations into the isp@mporal variability ofpCO, in the
global ocean. The Geochemical Ocean Section SGEYPSECS) in the 1970s established the
first collection of inorganic carbon measurememgshe global ocean (Craig, 1972; Craig,
1974), which was followed by the Joint Global Oc&dmx Study (JGOFS) in the 1980s and
the World Ocean Circulation Experiment (WOCE) ire th990s (Wallace, 2001). The
principle outcome of such research efforts wagyireeration of extensive databases of carbon
parameters, that cover all major ocean basins ¢maut the different seasons (Key et al.,
2004; Takahashi et al., 2009; Key et al., 2010 &bntinuation of this work is paramount for

more accurate estimations of the uptake of carbaxide by the ocean.

As part of the UK contribution, the CARBON-OPS prcj was established to provide a
“supply chain” ofpCO, data, commencing with the collection of automatezhsurements of
surface waterpCQO, in waters frequented by ships of the UK resealelet f(Hardman-
Mountford et al., 2008). All data are sent in nezaktime to the British Oceanographic Data
Centre (www.bodc.ac.uk/carbon-ops/) for processamgl quality control and are finally
supplied externally for oceanographic research, ghadlidation and policy making. An
integral part of this work was the development ofoaomous underwagCQO, instruments,
commissioned by the Centre for observation of AdaInteractions and fluXes (CASIX) and
carried out by Plymouth Marine Laboratory and Damtc For internationghCO, databases it

is essential that theCO, data, collected from different instruments, is canaple and several
efforts have been made to address this issue daflisk international guidelines for data
collection (Kortzinger et al., 1996; Kdrtzinger &t, 2000; DOE, 2007). In the following
chapter, data from two intercomparison experiméinés were carried out at sea to test the
performance of the new CASIX underwp§0O; instrument are presented and discussed. The
objective of this work is to quantify the accurayd precision of the CASIECO, instrument

by running a University of East Anglia (UEALO, instrument in parallel.
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3.3. ThepCO, instrument intercomparison

The intercomparison experiments were carried outher Scotia Sea on board RR8mes
Clark Rossduring cruise JR177 in January and February 20@8l¢ 2.1). Two periods were
selected from the 49 day cruise in regions of @wmting hydrological conditions that were
about B of latitude apart (Fig. 3.1).

e
Agos : :

Figure 3.1. A schematic of the Scotia Sea showmgapproximate location of the transect
(dashed line) during JR177. The locations of thercomparison experiments are shown (red
boxes). Some important topographic features anetiftkrl: Antarctic Peninsula (AP), South
Orkney Islands (SOIl), South Scotia Ridge (SSR) tis&andwich Islands (SSI), North Scotia
Ridge (NSR), South Georgia (SG), Northwest GeoRjge (NWGR), Northeast Georgia Rise
(NEGR), Georgia Basin (GB), Maurice Ewing Bank (ME&nd the Falkland Islands (FI).
Antarctic Circumpolar Current (ACC) fronts showrhematically, adapted from Meredith et
al. (2003a): the Southern Boundary (SB, Orsi et 95), Southern ACC Front (SACCF,
Thorpe et al., 2002) and the Polar Front (PF, M@bral., 1999). Depth contours are at 1000,
2000 and 3000 m (GEBCO, 2001).
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During 8-10 January (48 hours), work was carriedarutwo proximal hydrographic stations
close to the sea ice, in the vicinity of the So@rkney Islands (Fig. 3.1). At this time,
atmospheric C@mixing ratios KCO,) were very stable and provided a good opportutaity
compare the instruments response. During this gasfiZe RRSJames Clark Rossvent
through sections of fully open water, melting sea and waters with sea ice cover. This
provided an interesting scenario of fluctuating age conditions across a strom§O,
gradient (Fig. 3.2). The second period, 21-23 Jgn48 hours), was selected as both
instruments showed a relatively constant but laddierence in stable sea surfap€0O..
Compared to the rest of the cruise data, the seaamedcomparison period represented a
‘worst case’ scenario, in that the largest diffeeebetween the two instruments was observed

for 48 hours in steady sea surface conditions.
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Figure 3.2. The temporal distribution of the parpaessure of C® (pCO,, patm) for the
atmosphere and surface ocean for the UEA and CASIZ instrument during cruise JR177.

The two periods selected for the intercomparisqreerents are highlighted (red boxes).
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3.4. ThepCO; instruments

Numerous designs of underwaZO, instruments have been reported in the literatarg.,(
Takahashi, 1961; Weiss, 1981; Poisson et al., 1888per et al., 1998; Schuster and Watson,
2007). To ensure the acquisition of accurate andpewable datasets, international
intercomparison experiments have been conductedZzikger et al.,1996; Kortzinger et al.,
2000). In absence of certified references, integansons are the only way to assess the
accuracy and precision of underwp@0O, instruments. SevepCQO, instruments were run in
parallel with identical seawater supplies and catibn gases on RWleteorin June 1996
(Kortzinger et al., 2000). Sea surface conditiarged from stable to fluctuating with a range
of over 100patm. Two systems consistently ran with a differebhetveen 0.0-1.2atm and
were treated as a ‘reference’. An overall uncetydior the other systems was determined as 5
patm. Differences up to ljoatm between well designed and accurately calibragduments

occasionally occurred, particularly in regions &pid pCO, changes.

The principle of measuring theCO, in seawater is based on the equilibration of,@Oa
continuous stream of seawater and a headspaceh w¢hgampled to determine tR€O; in
surface seawater (section 2.5). Different desigregailibrator discussed in the literature can
be grouped into three categories based on theiplendesign feature: the shower type; the
bubble type and the laminar flow type (Kortzingérak, 1996, and reference cited therein).
The UEA and CASIX systems included a bubble typeildgator, but of different designs,
and used a non-dispersive infra-red analyser, @®RCLICOR Inc., USA), but of different
models. To ensure validity of the experiment, o0, systems were run under comparable
conditions where possible.

Marine boundary air was sampled from the forwandde on RRSJames Clark Ros-ig.
2.2) by two separate, parallel air lines that cater individually to each instrument. Both
instruments were located in close proximity in g@me laboratory, with the equilibrators
being situated side by side and run simultaneoiusiyn the same water supply. A consistent,
but separate, set of calibration gases of known @centrations in artificial air were used
for each instrument (section 2.6.1). The princiigatures and operation of both instruments

have been previously described (section 2.5) amchew summarised (Table 3.1).
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Table 3.1. The principal features of the UniversifyEast Anglia (UEA) and Centre for

observation of Air-Sea Interactions and fluXes (GQ3underwaypCO, instruments.

Feature UEA CASIX

LICOR gas analyser 7000 840

Calibration gases 250, 350, 4ol mol* 250, 450umol mol*
Drier Cool box Peltier condenser
Equilibrator Bubble type Bubble type
Vented Yes No

Water flow rate 4 L min 6 L min*
Seawater time lag 116 seconds 120 seconds

3.5. AtmospherixCO;,
3.5.1. Shipboard atmospheric xgO

Although atmospherigCO, data are not the immediate focus of this resedhay, allow an
initial inspection of factors that are potentialusmes of error in the seawat@CO,
measurements. Following preliminary observationshef raw data signals, t€0O, in dry
and calibrated marine air is examined to give @able indication of the performance of the
instruments due to the relative stability of atnoejic CQ measurements. Time synchronized
atmospherixCO, data from both instruments for the intercomparipenods was about 382
umol mol* (Figs. 3.3 and 3.4).

In initial inspection of the CASIX rawCO, in dry marine air from both intercomparison
periods revealed variations that close followedatamns in ambient pressure. This signal was
absent from the UEA data and showed a pressurendepee of the CASIX raw data. This
was attributed to internal algorithms of the CASINCOR 840 that did not adjust the data to
ambient pressure (Egn. 3.1), creating a more nmaisydata signal in comparison to the UEA
LICOR 7000 signal. In addition, the absence of iat v the CASIX equilibrator could allow
conditions of over- and under pressure to be cdeat¢he equilibrator headspace. This would
add a further degree of noise to the raw data aeskpt a risk of headspace air exchange with
laboratory air.
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During the first intercomparison experiment (8-EhuJary) the UEA and CASIX data show
similar trends in fine scale fluctuations with skt decrease after about 18 hours, indicating a
good, reliable response of both LICORs (Fig. 3A).this time, the average values for
atmospheri«CO, were 381.9G 0.41umol mol* for the UEA instrument and 382.@70.45
umol mol* for the CASIX instrument. This gives an averagfedénce, AXCO, (CASIX-
UEA) of 0.17+ 0.20pumol mol™. Similar fine scale trends were observed in athespxCO;
during the second intercomparison exercise (Fiy). Both instruments measured an abrupt
increase of about tmol mol™* after the first 24 hours, indicative of a new miass being
sampled. The average values for atmosphe&Zio, for this second period were 381.¥%9.63
and 382.36& 0.75umol mol* for the UEA and CASIX instruments, respectivelfieTaverage

difference was 0.5% 0.31pmol mol™.

The positive sign of thAxCO, indicated that on average the CASIX instrument teasling

to measure higher relative to the UEA instrumenbwilver, the large, positive standard
deviations showed that there is no systematic rdiffee between the two data sets and that the
natural variability ofxCO, in marine boundary air is picked up by both instemts, with
either instrument measuring slightly higher thaa dther at any given time. The increased
difference observed during the second experimelilkaly to result from the fluctuatingCO,

and the response time of the individual instrumelrtsaddition, the lower precision of the
CASIX LICOR 840 (Table 2.7) is likely to lead ton@ore ‘noisy’ xCO, profiles compared to
that of the UEA LICOR 7000.
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Figure 3.3. Mixing ratios of CO(part per million, ppm, opmol mol') in air (a) raw
measurementxCO, raw, umol mol), (b) dry calibrated measuremenx€Q, dry cal, umol
mol®) and (c) the difference (CASIX-UEA) in dry calibed measurement&XCO,, umol
mol®) for the UEA (solid line) and CASIX (dashed lin@struments during the first

intercomparison period 8-10 January.
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Figure 3.4. Mixing ratios of CO(part per million, ppm, ommol mol?) in air (a) raw
measurementxCO; raw, umol mol), (b) dry calibrated measurement€Q, dry cal, umol
mol‘and (c) the difference (CASIX-UEA) in dry calibrdteneasurement@kCO,, pmol mol
) for the UEA (solid line) and CASIX (dashed liné)struments during the second

intercomparison period 21-23 January.
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3.5.2. Station atmospheric xGO

In order to provide a reference for the atmosphe@i©, measurements, several atmospheric
stations were located in the wider Scotia Sea re@ftag. 3.5, insert map): Tierra del Fuego
(54.87°S 68.48°W), Jubany (62.23°S 58.67°W), Pal{®ér77°S 64.05°W) and Halley Bay
(75.60°S 25.32°W). From 2006 to 2007, all statishewed analogous trends in atmospheric
XCO; (Fig. 3.5) and would therefore be suitable refeesrfor the instrument intercomparison.
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Figure 3.5. Mixing ratios of CO(part per million, ppm, opmol mol?) in air XCO,, umol
mol™®) during 2006 and 2007 for atmospheric samplingicsta in the Scotia Sea region:
Halley Bay (blue), Palmer (yellow), Tierra del Foefgreen) and Jubany (red). Insert map

shows the location of each of the stations.
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Data from Tierra del Fuego showed a more enhareasbsal signal, which can be ascribed to
the effect of photosynthesis on the £f0ncentrations during austral spring and summgran
more vegetated region. With respect to the locatibthe RRSJames Clark Rosduring the
intercomparison periods (Fig. 3.1), Tierra del Fuegd Jubany stations were selected as the
best references for the atmospheric,@i@asurements. Tierra del Fuego station is situated
the island of Tierra del Fuego, at the southernofiArgentina (Fig. 3.5, insert map). The
sampling station is a ground-based platform at ighteof 20 m and samples are taken as
flasks and analysed using non-dispersive infra(MIdIR) for research conducted as part of
the NOAA Global Monitoring Division (NOAA/GMD). Mesurements are made at weekly
intervals, which are then averaged for each moaotlgite monthly means (Thoning et al.,
1989). Calibration is done with a series of refeeerstandards with high accuracy and

precision, estimated as 0.20 and Quiibl mol*, respectively (Thoning et al., 1989).

Jubany station is situated on King George Islandhée South Shetland archipelago, north of
the Antarctic Peninsula. The sampling station gg@nd-based platform at a height of 15 m
located within a glaciated, marine type environmemder influence of strong westerly winds.
Samples are made continuously from an air lineaaradysed using NDIR for the International
Centre for Earth Sciences (CNR-ICES), Italy, andeBibn Nacional del Antartico — Istituto
Antartico Argentino (DNA-IAA), Argentina. Hourly da are reported as a mean fra@O,
measurements made every minute, with an asso@atedacy and precision of 0.10 and 0.05
umol mol*, respectively (Ciattaglia, 1999). Calibration isné with a series of World

Meteorological Organisation gas standards.
3.5.3. Atmospheric xCack trajectories

To further establish a suitable reference for thiptsoard atmospherigkCO, measurements,
the back trajectories of the sampled air masses frmrra del Fuego and Jubany stations and
the RRSJames Clark Roswere investigated. To trace the origins of thesampled during
the first intercomparison experiment, 72 hour baekectory analysis was carried out (Fig.
3.6) using the HYSPLIT (HYbrid Single-Particle Laggian Integrated Trajectory) model and
NCEP/ NCAR reanalysis data (Draxier and Hess, 1998)

The first intercomparison period was selected fornaass trajectory analysis as the stable
atmospherixCO, measurements make this period ideal for reliabteoapheric comparisons

(Fig. 3.3b). The 72 hour back trajectories begigran 00:00 hours on the 9 January revealed
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that all sampling platforms were measuring air fribia west in the Drake Passage region. By
00:00 hours on 10 January the trajectories hadeshifvith Tierra del Fuego station sampling
air overlying the Antarctic Peninsula whereas Jybstation and the RR$ames Clark Ross
were measuring air from the northern Scotia Segq. &6). Based on the back trajectories and
location of the RRSames Clark Rosduring the first intercomparison experiment, Jyban
station is selected as the most appropriate reteréor atmospherigCO, measurements for

further data comparisons.
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Figure 3.6. HYSPLITT 72 hour back trajectory anayseginning 00:00 hours on 9 January
(dashed lines) and 00:00 hours 10 January (sol&s)i2008 for the RR$ames Clark Ross

(blue), Jubany station (red) and Tierra del Fuetmtian (green). The box shows an
enlargement of the cruise track (Fig. 3.1) aroums $outh Orkney Islands (SOI) during the

first intercomparison experiment.

3.5.4. Atmospheric xC{ntercomparison

Back trajectories from Jubany station and the RR@es Clark Rosshow a shift in air mass
source from the west to a more northerly directignthe beginning of the 10 January (Fig.
3.6). This can be seen in all thre@0O, profiles (Fig. 3.7a) as a slight shift in €@ontent
relative to the previous 24 hours. Similar trendsewbserved during the second experiment,
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however the shift ikCO,, after the first 24 hours, was distinctly larg&ig( 3.7b). This
feature precludes a detailed analysis of atmosph#sia as more stable conditions are

required to get a realistic accuracy estimate.
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Figure 3.7. Mixing ratios of CO(XCO; dry cal,umol mol™) in air during (a) 8-10 January and
(b) 21-23 January for the UEA (pale blue line) &ASIX (dark blue line) instruments and
Jubany station (red line) (Ciattaglia, 1999). Thecgsion of each instrument is represented by
the dashed lines: Jubany (0.0 0l mol*), UEA (0.04pmol mol*) and CASIX (0.23umol

mol?).

From the stable atmospheric values during the ifitsrcomparison experiment, averagzO,
for Jubany was higher than that from both instruisidary 0.10-0.3Qumol mol* (Table 3.2).

Therefore, thexCO, measurements from both instruments are accuratgtihan 0.30 umol

mol ™.
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Table 3.2. The average G@nixing ratio CO,, umol mol®) in dry air from the UEA and
CASIX underwaypCQO; instrument is compared to that from Jubany stati@iattaglia et al.,
1999) for the duration of the two intercomparisami@ds. The values shown are the averages

of all data within each intercomparison period vitie standard deviation in parentheses.

Year Date Jubany xGO CASIX xCQ UEA xCQ

umol mol* umol mol* umol mol*

2008  810Jan  382.17 (0.37)  382.07(0.45)  381.9010

2008  21-23Jan  382.71(0.43)  382.36(0.75)  381WBJ

3.6. SeawatgpCO,

The calculation opCO, in seawater requires additional parameters inotytemperature (in
the equilibrator and at the sea surface) and tesspre of the equilibrated air (section 2.5.5).
Equilibrator temperature was measured by platinasistant thermometers in the upper and
lower parts of the seawater stream. These werbratdd during the cruise to ensure accurate
readings and have an accuracy of @2and precision of 0.1C (Table 2.7). Comparisons of
sea surface and equilibrator temperature for th& @id CASIX instruments showed that the
seawater warmed by 0.744 0.12 °C and 0.78+ 0.11 °C, respectively. The difference is
accounted for by the time lag between seawatdreaintet and reaching the instruments. This
was 116 and 120 seconds for the UEA and CASIXunsénts, respectively (Table 3.1). Both
instruments used ambient pressure as measurecebydteorological unit on the ship. With
these variables accounted for, the seawa@€», measurements from both instruments can be
compared with the understanding that any differermeserved are introduced by either the

equilibrator, LICOR or measurement cycle (hard- soffware).

Time synchronized seawatggCO, data from both instruments is plotted alongside
atmosphericpCO, for both intercomparison periods (Fig. 3.8). Dgri@-10 January, both
profiles show that surface watpCO, was initially at about 36Quatm, which decreased
rapidly to just above 26Qatm within the last 12 hours (Fig. 3.8a). This swéduction of
surface watepCO, was the result of a phytoplankton bloom at theeidge as the ship passed

ice free water into the ice covered waters ovelSbeth Scotia Ridge (Fig. 3.1).
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Upon the rapid decrease in surface wateD,, a slight deviation in the profiles was observed
(Fig. 3.8a). To investigate this further the rateclvange of surface wateCO, (ApCO./ At)
was calculated from the UEA data and superimposethé ApCO, (CASIX-UEA) profile
(Fig. 3.9). For the first ‘stable’ 36 hours, theuny averages show a mean difference af2
patm indicating no systematic difference between tihie instruments. Both instruments
measured to within uiatm of each other even across a slighO, gradient of about fatm
hr'. During the final 12 hours, thpCO, gradient increased up to j8&tm hi* , which
corresponded to a maximum difference between teeuments of 11atm and an average
pCO, difference of & 3 patm. The increased offset under a strp@@. gradient is due to the
internal time responses of the different instruragnthich is consistent with results from

previous at-sepCO, intercomparisons (Kdrtzinger et al., 1996; Korganet al., 2000).
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Figure 3.9. The difference in seawaZO, (ApCO,, patm, black line) between the two
instruments (CASIX-UEA) an@CO; gradient ApCO,/ At, patm hi*, grey line) during 8-10

January.

The discrete sea water samples collected from tiderway supply showed calculatp@O,
that fell slightly below and above that measuredhsy instruments, in the stable and strong

gradient periods. With no systematic offset betwden samples and consideration of the
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errors involved the discrete samples (Table 2.@jh bnstruments are measuring seawater
pCO, accurately.

During the second intercomparison experiment, seface pCO, for both instruments was
stable for the 48 hour period (Fig. 3.8b). As fbe tatmospherixCO, data for the first
intercomparison experiment, this scenario is gawddetermining the accuracy and precision
of the CASIX measurements. Control charts (Chaptare used to demonstrate whether the
instrument measurement is ‘in control’ and if thetaddisplay unbiased, natural variability
(DOE, 2007). Upper and lower control limits areattetined as 3 standard deviations of the
mean and they provide an indication of problemd#ita. For both instruments, th€0O, data

fall between the upper and lower control limits ahsplay similar natural variability that is
independent of each instrument (Fig. 3.10).
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Figure 3.10. Control charts of the seawater paptiabsure of CO(pCO,, natm) during 21-23
January for (a) the UEA instrument and (b) the CAS8istrument. The black dashed line
indicates the mean and grey dashed lines indiggieruand lower control limitst(3 standard

deviations of the mean).
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Based on the behaviour of the control charts, gtruracy of the CASIX instrument (Fig.
3.10b), determined as the average offset compardietUEA instrument (Fig. 3.10a) during
21-23 January, is fatm. The precision of the CASIX seawgh€O, measurements (standard

deviation) is Juatm.

Table 3.3. Details of the accuracy and precisi@pdatability) of the mixing ratio of GO
(XCO,, umol mol?) and partial pressure of GQPCO,, patm) as determined by investigations
of the instruments during the at-sea intercomparigaapted from Table 2.7 and updated.

*Based on an international at-sea intercompariga@mtginger et al., 2000).

Instrument ~ Parameter Method Unit Accuracy Precision
UEA XCO, noaa infrared detection umol mol* 0.40 0.04
CASIX XCO, noaa infrared detection umol mol* 1.28 0.23
UEA PCOs seawater infrared detection patm 5% 2
CASIX PCOs seawater infrared detection patm 7 3

3.7. Conclusion

The at-seapCO, instrument intercomparison conducted onboard RR&es Clark Ross
summer 2008 indicates the capability of the CASHstiument for underway sea surface
pCO, measurements. The results demonstrated that a agreément of data from different
pCO, instruments can be achieved at sea. The CASIXuim&nt was acutely tested and found
to be of fast response and suitable accuracyugim) and precision (Jiatm) for the
measurement of underway atmospheric and sea sy@0g Large differences between the
two instruments of 1patm occurred when along a strop@O; gradient of over 1iatm hi'.
This has been attributed to the large spatial bditya of surface watepCO,, which was

captured differently by each instrument.

Other notable differences between the @0, and pCO, data sets were attributed to the
model of LICOR used, equilibrator design and the afdifferent calibration gases. The use
of the LICOR 840 in the CASIX system ultimatelyedts the final accuracy of tip€ O, data.

In the absence of a vent, the CASIX bubble-typaligator was found to operate at a slight
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over-pressure compared to ambient conditions. &&paeries of gas standards were likely to
have introduced a source of error when the raw data are calibrated and compared.
Suggestions for modifications to the instrument #mel raw data are made to improve the
accuracy and stability of th#®2 O, data. From this work, recommendations on futueeafghe
CASIX instrument are as follows:

1. A pressure correction (Eqn. 3.1) should be apgileddjust the raw datxCO; ray) t0
pressure of 1 atmosphei®y) using the equilibrator pressuteeg):

xCQ, ., = XCOG, ., EIPP—O Equation 3.1.
€q

2. Add a vent to the equilibrator to measure at antliienditions.

3. Change LICOR 840 to a model of increased accueagy, LICOR 7000.
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4.  Contemporary carbonate chemistry of the Scotia Sea

4.1. Abstract

Deep carbonate measurements collected across thiga SRea during summer 2008 are
examined alongside hydrographic data to investigfaedistribution of inorganic carbon in
relation to the water masses and fronts of the ishtaCircumpolar Current (ACC). Antarctic
Surface Water (AASW) was characterised by distsachmer minima in dissolved inorganic
carbon (DIC) and total alkalinity (TA) and was gated with respect to the calcium carbonate
mineral aragonite across the whole Scotia Sea. AA&#&/ further distinguished by a potential
temperature) minimum @n,;n) at 50-100 m depth, south of 8 and at 100-200 m depth,
north of 58S. Upper Circumpolar Deep Water (UCDW) dominateel A&CC with a warm
core @ > 1.8°C) from 500-1000 m depth that extended from 58.3%% This water mass
was rich in DIC and nitrate. Within the same latihal limits, Lower Circumpolar Deep
Water (LCDW) occupied the deeper depth range (WP m) and was distinctly saline,

enriched with alkalinity¥ 2360umol kg') and undersaturated with respect to aragonite.

The southward extent of the UCDW core#® 1.8 °C and shallower AASWB,, at 58S
marked the location of the Southern ACC Front (SALCThe terminus of UCDW and
shoaling of isohalines at %9 identified the location of the Southern Boundé®B) of the
ACC and transition into the weakly stratified watesf the Weddell-Scotia Confluence
(WSC). In the southern WSC, Warm Deep Water (WDVds wbserved flowing out of the
northwestern limb of the Weddell Gyre and intrudorgo the South Scotia Ridge. The WDW
was relatively silicate-richX109umol kg?), with similar carbonate characteristics to LCDW,

and is implicated in the thermal erosion of theteinmixed layer (Chapter 5).

Meanders in the SACCF were accompanied by protngsod cooler, salty water that eroded
the UCDW in the northern ACC and in the GeorgiaiB§B). The shoaling isohalines at the
SB and the SACCEF, in the ACC and GB, provided alaesm for the DIC-rich UCDW to
upwell to the upper ocean. From summer biologieabon uptake to winter DIC enrichment
and aragonite undersaturation, these two frontatigrenfluence the upper ocean carbonate

chemistry of the Scotia Sea on seasonal timescales.
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4.2. Introduction

The unbounded flow of the Antarctic Circumpolar @mt (ACC) transfers heat, dissolved
constituents and plankton around Antarctica andvéenh the three major ocean basins
(Rintoul and Sokolov, 2001) and is dynamically &dkto the Meridional Overturning
Circulation (MOC) through the vertical movementdafep water masses (Naveira Garabato et
al., 2002a). The Scotia Sea (Fig. 4.1) is a rethgismall but deep ocean basin that forms a
transition zone with waters flowing northwards, aitthe Weddell Sea, to join the deep
currents of the Atlantic (Locarnini et al., 1993aWwira Garabato et al., 2002a; Meredith at al.,
2008). Deep water masses that enter the ScotianSha ACC from Drake Passage undergo
intense modification (Whitworth and Nowlin, 1987The large scale upwelling and formation
of deep and intermediate waters in the Southerna®@amplies a close coupling between
surface and deep waters. As much of the deep watsrbeen recently ventilated, the
distribution of deep waters in the ACC is highlyerant to the marine carbon cycle of the
Southern Ocean.

The dominant water mass is Circumpolar Deep W&&W), which occupies mid-levels of
the ACC beneath the Antarctic Surface Water (AASWRegid et al., 1977; Whitworth and
Nowlin, 1987). The denser component, Lower Circulapddeep Water (LCDW), is
distinguished by a salinity maximum, which is dedvfrom North Atlantic Deep Water
infiltrating the ACC in the Atlantic sector (Whitwibh and Nowlin, 1987). The less dense and
older fraction is Upper Circumpolar Deep Water (U&@)]) which is characterised by potential
temperaturefnay) and nutrient maxima from source waters in thaandand Pacific oceans
(Callahan, 1972). During its passage across thae&s8ea, CDW becomes cooler and fresher,
which has been attributed to interaction with Weld8ea waters and intense ventilation in the
Weddell-Scotia Confluence (WSC), a boundary betwden ACC to the north and the
Weddell Sea to the south (Whitworth et al., 199Me broad layer of warm, saline and
nutrient-rich CDW shoals to the south with the fiplg isopycnals at the Southern Boundary
(SB) (Sievers and Nowlin, 1984; Orsi et al., 19B6llard et al., 2002).
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Figure 4.1. A schematic of the Scotia Sea showirgg &pproximate location of the repeat
transect (dashed line) and the extended transette¢dline) from JR177. Some important
topographic features are identified: Antarctic enia (AP), South Orkney Islands (SOIl),
South Scotia Ridge (SSR), South Sandwich Islan@)(Slorth Scotia Ridge (NSR), South
Georgia (SG), Northwest Georgia Rise (NWGR), NatteGeorgia Rise (NEGR), Georgia
Basin (GB), Maurice Ewing Bank (MEB) and the Falida Islands (Fl). Antarctic
Circumpolar Current (ACC) fronts shown schematicalhdapted from Meredith et al.
(2003a): the Southern Boundary (SB, Orsi et aB5)9Southern ACC Front (SACCF, Thorpe
et al., 2002) and the Polar Front (PF, Moore et1899). Depth contours are at 1000, 2000
and 3000 m (GEBCO, 2001).

The SB marks the southern terminus of UCDW, aswlger mass outcrops to mix with the
AASW where it is transported north and east inwied-driven Ekman layer. The poleward
transport and shoaling of CDW is an important congm of the MOC as the northeast
component eventually sinks as Antarctic Intermedisfater (AAIW) north of the Polar Front
(PF). AAIW formation has been associated with dregnlown anthropogenic carbon dioxide
(COy) into the ocean interior (Caldeira and Duffy, 208@bine et al., 2004). The SB has been
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regularly observed as a site of enhanced marinduptvity during the spring and summer
(Jacques and Panouse, 1991; Comiso et al., 1998lirdeet al., 1993; Tynan, 1998; Holm-
Hansen and Hewes, 2004b; Hewes et al., 2008) wighptential for carbon utilisation
through the biological pumps. In contrast, desjpiteupwelled UCDW providing an iron
supply, winter sea ice cover, net remineralisatind unfavourable light conditions allow DIC
enrichment in the winter mixed layer (Hoppema et a003), which lowers the pH and
saturation state of aragonite in the AASW (McNeihdaMatear, 2008). Aragonite
undersaturation augments the dissolution of ardigor@xoskeletons of certain marine
organisms that contribute to the biological pumpshie Scotia Sea (Feely et al., 2004; Orr et
al., 2005; Royal Society, 2005; Fabry et al., 2008)

The Scotia Sea provides a transition zone for tgceantilated deep waters from the Weddell
Sea and upwelled CDW within the ACC to flow northdsa (Patterson and Sievers, 1980;
Orsi et al., 1999; Naveira Garabato et al., 200Rag important to gain an insight into the
carbonate chemistry distributions across the Sc®aa, from the sea surface to the deep
waters. A 1,400 km transect from the South Orkrstgnids to the Polar Front was occupied
during spring (November-December) 2006, summer u@anFebruary) 2008 and autumn
(March-April) 2009 as part of Scotia Sea FOODWERS;omponent project of the British
Antarctic Survey Discovery-2010 programme:
http://www.antarctica.ac.uk//bas_research/our_rebdarevious_research/gsac/discovery 20
20.php.

The objective of the project was to understandsdeesonal structure and function of different
food webs and to infer the effects on the transfe€O, from the atmosphere to the deep
ocean. This was to be realised through high frequesurface sampling and deep
hydrographic stations. Sea surface fugacity of, fOO,) measurements were made during
the three core cruises (section 2.3.2), from a@dnt observation of Air-Sea Interactions and
fluXes (CASIX) underway C® system (2006, 2008 and 2009) and a University astE
Anglia (UEA) underway C@ system (2008) (Chapters 2 and 3). The first dempanate
measurements of the Scotia Sea were made duringieu@008 and are presented alongside
vertical sections of the hydrographic parameterse distributions of potential temperature
and salinity are used to identify the different eatnasses and locate the hydrographic fronts

in the region. The corresponding distributionshe tarbonate parameters (Table 4.1) are used
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to infer the transport of carbon across the AC@econtext of seasonal processes and future

ocean acidification (Chapters 5, 6 and 7).
4.3. Scotia Sea vertical section data
4.3.1. Antarctic Surface Water

As regularly observed, Antarctic Surface Water (A®Swas characterised by a relatively
warm, fresh and well mixed surface layer in thearpp00 m (Park et al., 1998; Meredith et
al., 2003b). Typical surface temperatures duringfrallsummer were around 1*@, north of
59°S, and between seawater freezing point arf©;kouth of 58S (Fig. 4.2). A feature of the
AASW was a pronounced sub-surface potential tentyperaminimum @p,,) of the Winter
Water (WW), as a result of the winter mixed layet being thermally eroded during the
summer. The depth of tig,, varied from 50-100 m south of @ to 100-200 m in the central
ACC. AASW is further distinguished by minima in Dl@lkalinity and macronutrients (Figs.
4.3 and 4.5). This corresponded to relatively higtal pH (pH) and aragonite saturation
states in excess of 1.8 (Fig. 4.4). The transitiom the summer mixed layer to the WW was
marked by a strong seasonal thermocline and hataclihis was reflected in the distribution
of TA and concentration of DIC and carbonate iop®atrong gradient from the base of the

summer mixed layer to the WW.
4.3.2. Circumpolar Deep Water

North of 59S, potential temperature varied from minin@,{ < 1.0 °C) in the WW to
maxima> 1.5°C in a core 0B at 300-800 m depth (Fig. 4.2). This was accommhbie
maxima in nitrate and phosphate concentrations @fg), confirming the location of UCDW
up to 52.8S. Silicate concentrations showed a uniform inaeasgh depth across the Scotia
Sea and, in contrast to nitrate and phosphateroagsnorth south gradient in AASW and
UCDW (Fig. 4.6). Concentrations of DIC and alkajnwere wide ranging but showed
notable increases with depth (Fig. 4.3). Maximumganite saturation states were 1.2 (Fig.
4.4). Beneath the UCDW, salinity increased to ae aofr Snax at 1000-1600 m depth, with
similar latitudinal extension (Fig. 4.2). This idéied the denser LCDW. Across the Scotia
Sea, DIC and TA increased with depth and reachedmaain the AAZ within the LCDW.
Concentrations of DIC and alkalinity of 2257-2261da2362-2367umol kg*, respectively,
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can be attributed to LCDW (Table 4.1). From 55%8L.CDW is undersaturated with respect
to aragonite below 1500 m (Fig. 4.4).

4.3.3. The ACC fronts

A strong surface temperature gradient was observédte AASW between stations 21 and 25
(Fig. 4.2). Below 500 m, the UCDWax = 1.8 °C abruptly decreased at about’S8near
station 25. South of 538, the AASW6,,, became notably coolek (0 °C) and shoaled to
about 150 m. These features marked the locatiamefSACCF. Alkalinity showed a deep
horizontal gradient across the SACCF boundary. €oinations of nitrate and phosphate
decreased across the SACCF at all depths (Fig. lhXontrast, concentrations of silicate
increased as the §tmol kg* contour shoaled from 700 m in the UCDW, over tH@R\ to
less than 100 m in the AASW. The high concentratiohDIC and alkalinity associated with
the LCDW were strongly reduced at depth.

The complete absence of UCDW south of abodg58tation 21) defined the northern limit of
the WSC and the Southern Boundary (SB) of the ATi& SB separated cold, fresh upper
ocean waters to the south (stations 14-21) fromotteanic waters of the ACC (stations 21-
53), in the Antarctic Zone (AAZ). The upper ocednr4Q0 m) of the WSC was weakly

stratified compared to the distinct vertical tengtere and salinity characteristics of the CDW

in the ACC, supporting early classifications oltsub-region (Patterson and Sievers, 1980).

The Polar Front (PF) is a strong, circumpolar it represents the northern limit of the AAZ
and the Scotia Sea (Pollard et al., 2002). Seaceirfemperature, salinity and contours of
dynamic height identified the surface expressionhef PF at 49-56 40CW during summer
2008 (Chapter 6). However, occupation of the treindel not permit hydrographic stations
north of about 52.%5 to be carried out, precluding a vertical ideaéfion of the PF at this

time.
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4.3.4. Warm Deep Water

South of the South Scotia Ridge (SSR), an incursiowarmer and more saline water was
observed at 300-800 m depth at station 14 (Fig. #lds is Warm Deep Water (WDW) from
the Weddell Gyre and is a cooler, fresher variéty@DW that was advected into the gyre to
the east (Orsi et al., 1993) and is accordinglyBt@. The WDW observed at station 14 had
an average DIC content of 2260-226mol kg", which is very similar to earlier reports of
2266+ 3 umol kg' measured in WDW in the Weddell Gyre during Decerrdoed January
1993 (Hoppema et al., 1999). In addition, the WD\Wsveomparatively silicate rich, which
has been previously observed and attributed tantieeaction of WDW with bottom waters

overlying sediments in the Weddell Sea (Weiss.etL8l79).

Intrusions of WDW below ice covered AASW can prarisufficient heat to melt the sea ice
and enrich the winter mixed layer with €¢@Weiss et al., 1979; Takahashi et al., 1993;
Hoppema et al., 1999; Stoll et al., 1999; Bakkealgt2008). The effect of seasonal sea ice
melt and potential affects of WDW on the marineboar cycle of the WSC is discussed in
Chapter 5. The WDW observed at station 14 provifiether evidence of a pathway for
deeper waters with origins in the Weddell Sea tergpill the SSR and mix with the CDW of
the ACC (Locarnini et al., 1993; Naveira Garabatale 2002a). This observation supports
the notion that the WSC is a transition zone betwB¢C-rich waters flowing out of the
Weddell Sea to waters of the ACC (Orsi et al., 1998itworth et al., 1994).

4.3.5. Water masses, fronts and biogeochemistityeoScotia Sea

A result of the interaction of Weddell Sea and A@6ters is that the CDW outflowing the
Scotia Sea in the Georgia Basin (GB) to the narttoobler and fresher compared to the CDW
that enters from Drake Passage to the west (NaGarabato 2002a). Pathways for CDW to
enter the GB are either by flowing over the westd8R in the PF or by passing to the east of
the island of South Georgia within the SACCF altimg eastern flank of the NSR (Fig. 4.1),
before retroflecting to the northeast (Thorpe et 2002). The frontal paths are strongly
constrained by the bathymetry of the NSR (Smithakt 2010) (Fig. 1.7). The CDW
transported into the GB by the SACCEF is slightlpleo and fresher compared to that found at
the PF (Naveira Garabato et al., 2002a). Vertigcstridutions of potential temperature and

salinity (Fig. 4.2) in the lower GB (stations 4,41 and 53) suggest that the CDW was
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transported in within the meandering SACCF thatptoanticyclonically around South
Georgia (Fig. 4.1).

The interaction of CDW with the NSR and SACCF wiitle eastern NSR has been proposed
as a likely mechanism of macronutrient and ironpsupo upper waters of the GB (Korb and
Whitehouse, 2004; Korb et al., 2008; Whitehous@let2008). Stations over the NSR and
lower GB revealed a highly stratified water columwvith warm surface waters>(3.5 °C)
overlying the nutrient rich UCDW. These waters supgd enhanced phytoplankton biomass,
where chlorophyll-a concentrations in the uppen6@ypically exceeded 5 mg (Fig. 4.6).
This corresponded to large depletions in DIC, tett@nd phosphate and increases ir phid
the saturation state of aragonite (Figs. 4.3-&bpstantial silicate depletion was observed in
the upper water column, north of“®where concentrations were reduceg tbumol kg'in

the GB (Fig. 4.6), in accordance with high diatoburadance in summer 2008 (Korb et al.,
2010).

The warm, nutrient-rich core of UCDW resided dihetielow the AASW in the GB (Figs. 4.2
and 4.4) with nitrate concentrations greater thaprBol kg?, in agreement with observations
at this location in April-May 2003 (Smith et al.0Z0). The upward sloping isohalines and
isotherms corresponded to increased macronutrimmtentrations, especially silicate, in the
sub-surface waters of the GB. These distributiarggest that nutrients are supplied to the
surface waters in order to sustain the phytoplanktooms in this region. The effect of the
South Georgia blooms on the marine carbon cyckh@fScotia Sea, and evidence for natural

iron fertilisation, is discussed in Chapter 6.

The meandering path of the SACCF was also obsdryedleen stations 35 and 37 as cooler
and more saline water was entrained at the suri@aling the thermal structure of the

UCDW (Fig. 4.2). Isohalines have stronger slopethatfronts, which can be seen at stations
21 (SB), 25 (SACCF), 35-37 (SACCF meander) and 3{SACCF meander). These features
provided a mechanism for nutrient-rich deep waterehter the euphotic zone with the

potential to support high levels of primary prodoetduring the growing season. This has
been implicated in the elevated phytoplankton bisgrend nutrient depletion observed in the
AASW at the above named stations during summer 2B@8. 4.5-4.6).
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Oppositely, sea ice cover (in the WSC), net renailigation and enhanced vertical mixing
during winter could lead to DIC enrichment of thexed layer at these locations. The
distributions of DIC and TA in the upper 600 m teddo follow the isohalines that shoaled
towards stations 21 and 25. Similarly, projectioh®IC-rich water from below the AASW
were observed at the SACCF meanders at statiomm@ particularly in the GB, stations 48,
51 and 53. This could provide a pathway for DIGirgub-surface waters to enter the winter
mixed layer. As a result, water of low pHand lower saturation states of aragonite can
penetrate the AASW along the shoaling isohalinesuiijh increased vertical mixing during
the winter (Fig. 4.2 and 4.4). The affect of shoglisohalines and upwelled DIC-rich CDW
on sea surface carbonate chemistry from winteutoran is discussed in Chapter 7.

Table 4.1. Definitions of the principle water massé the Scotia Sea as distinguished in the
vertical distributions of potential temperature asalinity (Fig. 4.1). Macronutrient and

carbonate chemistry distributions observed dururgraer 2008 are added.

AASW UCDW LCDW WDW
e (OC) emm 1.6< emax< 3.2 O.2< e < 1.9 O.2< emax< 0.6
100-200 m 500 m 500 m
Salinity (9 34.00<S<34.71 Shnax> 34.73 Shax< 34.69
1000-1500 m 800 m
References Callahan (1972) Reid et al. (1977) Orsi et al. (1993)

Naveira Garabato etWhitworth and Orsi et al. (1995)

al. (2002a) Nowlin (1987)
Nitrate @mol kg?) 13.8-36.4 31.2-36.1 33.5-33.6 31.1-31.5
Silicate imol kg?) 0.0-100.6 49.7-94.2 100.8-109.4 109.8-117.0
DIC (umol kg?) 2084-2252 2239-2263 2257-2261 2260-2261
TA (umol kg?) 2237-2350 2329-2356 2362-2367 2352-2357
Qaragonite 1.0-2.3 <1.2 <1.0 1.1
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4.3.6. Deep chlorophyll-a maxima

In the central Scotia Sea, chlorophyll-a profiles séations 30 and 33 revealed deep
chlorophyll-a maxima (DCM) at 60-80 m depth (Fig6}4 a feature not uncommon to this
region (Holm-Hansen et al., 2004a; Holm-Hanser.e2805). Despite the high macronutrient
concentrations (Fig. 4.5), the water column abdwe@CM had the lowest concentration of
chlorophyll-a observed in summer 2008. These charatcs exemplify high-nutrient low-
chlorophyll (HNLC) conditions. The location of tizCM coincided with a deepening of the
2200umol kg* contour of DIC from about 50 m across the WSC southern AAZ to 200 m
close to South Georgia (Fig. 4.3). This suggesis diespite surface HNLC conditions, some
biological carbon uptake in the mid-Scotia Sea @dwakult in the presence of DCM. This has
implications in using satellites that only ‘seeétburface as tools to distinguish HNLC waters,
which may lead to an underestimation of the bialafgutilisation of DIC during the summer
(Chapter 6).

4.3.7. Vertical section profiles

Figure 4.2. (page 140) Vertical distribution of gmtial temperaturedj and salinity across the
Scotia Sea in summer 2008. Hydrographic stationtipos (triangles) are shown. Principle
water masses are identified, based on the defisitad Naveira Garabato et al. (2002a) and
Meredith et al. (2003b): Antarctic Surface Watel A@W), Upper Circumpolar Deep Water
(UCDW), Lower Circumpolar Deep Water (LCDW) and WabDeep Water (WDW). The
location of the Southern Boundary (SB) and Southfmtarctic Circumpolar Current Front
(SACCF) are indicated, according to the definitiarisOrsi et al. (1995). Key bathymetric
features are the South Scotia Ridge (SSR), Soukmeyrislands (SOI), the North Scotia
Ridge (NSR) and the Georgia Basin (GB). The lairitad limits of the Weddell-Scotia
Confluence (WSC) and the Antarctic zone (AAZ) drewven.
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Figure 4.3. Vertical distribution of dissolved iganic carbon (DICumol kg') and total
alkalinity (TA, umol kg?) across the Scotia Sea in summer 2008. Samplédnsacrosses)
and hydrographic station positions (triangles) stnewn. Water masses, fronts, bathymetric

features and hydrographic regions as in Fig. 4.2.
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Figure 4.4. Vertical distribution of total pH (pHand aragonite saturation sta@afagonite)
across the Scotia Sea in summer 2008. Sample dosafcrosses) and hydrographic station
positions (triangles) are shown. Water massesdrdrathymetric features and hydrographic

regions as in Fig. 4.2.
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Figure 4.5. Vertical distribution of nitrate (NQumol kg') and phosphate (R®, umol kg?)
across the Scotia Sea in summer 2008. Sample dasafcrosses) and hydrographic station
positions (triangles) are shown. Water massestdrdrathymetric features and hydrographic
regions as in Fig. 4.2.
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Figure 4.6. Vertical distribution of chlorophyll{ahl-a, mg i) and silicate (Si¢}", umol kg
1) across the Scotia Sea in summer 2008. Samplédnsgcrosses) and hydrographic station
positions (triangles) are shown. Water massestdrdrathymetric features and hydrographic

regions as in Fig. 4.2.
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4.4, Conclusion

Deep vertical sections of hydrographic and carb®parameters across the Scotia Sea during
summer 2008 are presented and discussed. The wetjor masses and fronts were identified.
The corresponding distributions of carbonate ch@gnigarameters inform on the processes
that affect the distribution of carbon across theCA AASW was characterised by distinct
minima for all parameters and was saturated wisipaet to aragonite across the Scotia Sea.
Warm UCDW was rich in DIC and nitrate and had gearange in silicate concentrations due
to the latitudinal gradient present at this dehge. Salty LCDW was distinctly enriched
with alkalinity and was undersaturated with resgecaragonite. WDW was observed in the
southern WSC and was found to be relatively siéigath, with similar characteristics to
LCDW.

At depth, the ACC transports high concentrationdD&T, nitrate, phosphate and alkalinity
within the CDW around the Southern Ocean. The spmBohalines at the SB and the SACCF
provide a mechanism for CDW to reach the upper mcBaring the summer, the upwelled
CDW at the SB mixed with AASW and was transportedtin and east in the wind-driven
Ekman layer where it became notably warmer anché&esThe nutrient-rich water enhanced
phytoplankton activity at upwelling sites of the ,SBACCF and SACCF meanders in the
central ACC and the GB. This was accompanied dagation in DIC and macronutrients. In
contrast, the absence of photosynthetic activitynduwinter would lead to DIC enrichment in
the winter mixed layer through increased verticaling of the AASW into the DIC-rich sub-
surface water. This would lead to low pittaters entering the upper ocean and a reduction in
the saturation state of aragonite in the winter MASThis suggests the potential for large
seasonal (winter-summer) variability in sea surfac&rbonate chemistry, which has

implications for calcareous organisms and the oofetean acidification in the Scotia Sea.

The hydrographic data presented in Chapter 4 casubenarised schematically (Fig. 4.7) to
provide a basis for interpretation of the maringboa cycle during summer in the Weddell-
Scotia Confluence (Chapter 5), the Antarctic Zom&hgpter 6) and from a seasonal

perspective across the whole Scotia Sea (Chapter 7)
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Figure 4.7. Schematic of the fronts and zones ef Stotia Sea based on the vertical
distributions of potential temperatur®, CC) and salinity § during summer 2008, adapted
from Pollard et al. (2002). Frontal boundaries bae definitions from Orsi et al. (1995) and
Belkin and Gordon (1996). Antarctic Surface Wat@A$W), Upper Circumpolar Deep
Water (UCDW), Lower Circumpolar Deep Water (LCDWjdaWarm Deep Water (WDW)
characteristics from Reid et al. (1977), Whitwaatid Nowlin (1987), Naveira Garabato et al.
(2002a) and Meredith et al. (2003b). Antarctic Zcaed Weddell-Scotia Confluence as
described in Whitworth et al. (1994) and Pollarale(2002).
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5.  Rapid changes in surface water carbonate chemistry

during Antarctic sea ice melt

5.1. Abstract

The effect of sea ice melt on the carbonate cheynidtsurface waters in the Weddell-Scotia
Confluence, Southern Ocean, was investigated durdapuary 2008. Contrasting
concentrations of dissolved inorganic carbon (DiG)al alkalinity (TA) and the fugacity of
carbon dioxide fCO,) were observed at and around the receding seaedge. The
precipitation of carbonates such as ikaite (Ca6&0) in sea ice brine has the net effect of
decreasing DIC and TA and increasing f6€, in the brine. Deficits in DIC up to 12 3
umol kg' in the marginal ice zone (MIZ) are consistent vifth release of DIC-poor brines to
surface waters during sea ice melt. Biologicalisdtion of carbon was the dominant process
and accounted for 4 1 pmol kg* of the summer DIC deficit. The data suggest that t
combined effects of biological carbon uptake and pgmecipitation of carbonates created
substantial C@undersaturation of 9patm in the MIZ during summer sea ice melt. Further
work is required to improve the understanding @ifitl chemistry in Antarctic sea ice and its

importance for the sea ice carbon pump.

This chapter by Jones, E.M., Bakker, D.C.E., VeesbH.J., Whitehouse, M.J., Korb, R.E.
and Watson, A.J. has been published in tHelrBernational Carbon Dioxide Conference

Tellus B special issue.
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5.2. Introduction

The Southern Ocean greatly influences the climgdgem through the biological and physical
pumps that facilitate the uptake of atmospherib@ardioxide (CQ) and transport of carbon
to the deep ocean (Heinze et al., 1991). Margioalziones (MIZ) form the boundary from
dense sea ice cover to the open ocean and showdpggial and temporal variability in sea
surface CQ (Bakker et al., 1997; Gibson and Trull, 1999; Hepya et al., 1999; Hoppema et
al., 2000; Alvarez et al., 2002; Bellerby et aDP2; Shim et al., 2006). The significance of sea
ice regions in the oceanic carbon cycle has beemodstrated by a dramatic revision of the
Southern Ocean (50-68) CQ sink estimate, from -0.34 Pg C'yto -0.06 Pg C yt in the
reference years 1995 and 2000, respectively (Takahet al., 2009). This trend has been
governed by increased data coverage that highligetslominance of winter GQelease, as a

result of upwelling and respiration, over £dptake upon seasonal sea ice melt.

The eastward-flowing Antarctic Circumpolar Currd®CC) transports heat and dissolved
constituents around the Antarctic continent (Rihtmd Sokolov, 2001). The dominant water
mass in the ACC is Circumpolar Deep Water (CDW)raad layer of warm, saline and
nutrient-rich water, which shoals to the south wiltle uplifting isopycnals at the Southern
Boundary (SB) (Sievers and Nowlin, 1984; Orsiletl®95; Pollard et al., 2002).

The Weddell Sea is dominated by a cyclonic gyreynbed to the west and south by the
Antarctic continent but, open to the north and dastinteraction with waters of the ACC.
CDW is advected into the eastern side of the gyré@ ean be identified by maxima in
temperature, salinity and nutrients within the g{ideacon, 1979; Whitworth and Nowlin,
1987; Gouretski and Danilov, 1993; Schroder andribath, 1999). A substantial part of the
ocean is ventilated in the Weddell Gyre as a resutie formation of deep and bottom waters
due to strong atmosphere-ice-ocean interactiorlf (Si73; Carmack and Foster, 1975). Early
studies largely regarded this region as a sourcde@fdue to the upwelling of the G®ich
deep water (Deacon, 1979; Weiss et al., 1979; Tadahet al., 1993). Since then, several
investigations into the carbonate chemistry of\Weddell Gyre have shown this area to be a
net sink for atmospheric G@QHoppema et al., 1995; Hoppema et al., 1999; &tddll., 1999;
Hoppema et al., 2000; Stoll et al., 2002; Bakkeal£t2008).
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In the western Atlantic sector of the Southern @¢ehe SB lies just north of the Weddell-
Scotia Confluence, which extends from the AntarB@ninsula to about 2@/ (Patterson and

Sievers, 1980; Whitworth et al., 1994), separatirgWeddell Sea to the south from the ACC
in the Scotia Sea to the north (Orsi et al., 1998 Weddell-Scotia Confluence provides a
transition zone where the recently ventilated vwaflaw out of the Weddell Sea and into the
Scotia Sea (Patterson and Sievers, 1980; Orsi.,e1309; Naveira Garabato et al., 2002a).
Therefore, it is important to improve the underdiag of the ocean carbonate chemistry of

the Weddell-Scotia Confluence and its contributmthe Southern Ocean carbon cycle.

Increased biomass and productivity are regularseoked in MiZs (Smith and Nelson, 1986;
Moore et al., 1999b; Kang et al., 2001; Korb et a005) due to factors including water-
column stability (Smith and Nelson, 1985; Holm-Hamand Mitchell, 1991; Sakshaug et al.,
1991; Lancelot et al.,, 1993), seeding by ice al@@mith and Nelson, 1985; Ackley and
Sullivan, 1994) and the release of bioavailableni{de Baar et al., 1990; Martin, 1990;
Sedwick and DiTullio, 1997). Additional suppliesiobn into surface waters of the Weddell-
Scotia Confluence could originate from upwellingtin the ACC (Hoppema et al., 2003;
Blain et al., 2007) and advection from waters flogviout from the tip of the Antarctic
Peninsula (Nolting et al., 1991; Sanudo-Wilhelmyakt 2002; Dulaiova et al., 2009). These
processes have been implicated in the enhancedugiraty and ecological diversity
associated with the Weddell-Scotia Confluence (Jescgand Panouse, 1991; Comiso et al.,
1993; Helbling et al., 1993; Tynan, 1998; Holm-Hamsand Hewes, 2004; Hewes et al.,
2008).

Field and laboratory studies have shown that ikatdydrous calcium carbonate mineral
(CaCQ.6H,0), precipitates out within brines during sea i@gnfation (Marion, 2001;
Papadimitriou et al., 2004; Delille et al., 200 GpRdimitriou et al., 2007; Rysgaard et al.,
2007; Dieckmann et al., 2008):

Ca** (aq) +2HCQO; (aq) +5H,0(l) —~ CaCO,.6H,0(s)+ CO,(aq) Equation 5.1.

The net effect of ikaite precipitation in brinetts reduce the concentration of DIC and total
alkalinity (TA), whilst increasing théCO, (Eqn. 5.1). Any brine rejected during winter or
released during ice melt transfers these inorgaaibon characteristics to the underlying
water. One implication of these processes is thehd sea ice growth, the winter mixed layer
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becomes isolated from the atmosphere (Klatt et2@02), allowing levels ofCO, to reach
supersaturation beneath the sea ice. During seaettein spring and summer, any remaining
CaCQ minerals within the ice are thought to be releastathe water column where they re-
enter the carbon cycle through dissolution. Acaagdb Eqn. 5.1, this would increase TA and
DIC and reducéCO; of the water.

The activity of ice algae also leads to changethecarbonate system of the brine and the
water at the ice-sea interface (Gleitz et al., 199I8itz et al., 1996; Gibson and Trull, 1999;
Krembs and Engel, 2001; Meiners et al., 2009). mpursummer, increased light levels
promote photosynthesis, reducing DIC and t6€, of the brine. As the ice melts, these
carbonate characteristics are transferred to thewuwling water, becoming superimposed on

effects from carbonate mineral chemistry.

The sea ice carbonate chemistry processes havedesenbed as a ‘sea ice €Pump’,
assuming dissolution of ikaite in the summer praaatmospheric CQuptake and that DIC-
and TA-poor, but C@rich brines are transported out of the surfacesvgatiuring the winter
(Rysgaard et al., 2007). The MIZs of the Southecedd are of great interest due to the effects
of enhanced biological activity and, more recentiglcium carbonate chemistry on the
oceanic carbon cycle. However, few data exist teestigate and quantify the carbonate
chemistry processes in melting polar sea ice andféo the implications of the sea ice carbon
pump for the global carbon cycle. In this paper,present direct measurement§©0,, DIC
and TA from waters at and around the receding dgeeThe distribution of upper ocean
carbonate chemistry in the Weddell-Scotia Confleedaring austral summer is evaluated
within the context of physical and biological cans; including (1) the influence of sea ice
cover; (2) the effect of recent sea ice melt andcanedge bloom; (3) the influence of the

Southern Boundary.
5.3. Methods
5.3.1. Underway and station sampling

Data were collected in the Weddell-Scotia Confleedaring cruise JR177 on the RR&mes

Clark Rossin January 2008 (Fig. 5.1). The ship reached tbetls Orkney Islands on 8
January 2008 and made two transects in the We8delia Confluence, southward and
northward, passing the ice edge overlying the SQurkney shelf at station 5 (Table 5.1, Fig.
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5.2). The southward transect ended in the seatistation 1 (62.61S 43.24W), over the
break of the South Orkney shelf on 11 January. Betwstations 1 and 6 the ship sailed
through waters with partial sea ice cover, melseg ice and areas of open water. The ship
left the MIZ on 13 January and continued northwiarthe Southern Boundary (SB) at station
13 (59.14S 43.69W) on 17 January.

SCOTIA
SEA -

oW 48°W  42%y oW
Figure 5.1. Map of the Weddell-Scotia Confluenagior. The boxed area shows the research
site, see Fig. 5.2 for further details. The dadirerepresents the Southern Boundary (SB) at
the time of sampling with the dynamic height foe tinont selected after comparison with the
hydrographic section. The absolute dynamic heigitography data were produced by
Ssalto/Duacs and distributed by Aviso (http://wwwisa.oceanobs.com) with support from
the Centre National d’Etudes Spatiales (CNES). Baguntours are at 1000 and 2000 m
(GEBCO, 2001).
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Table 5.1. Station number, classification, dateatmn ¢S °W) and bottom depth (m) for all

hydrographic stations in the Weddell-Scotia Conflre

Station Classification Date Latitude Longitude Baottdepth
2008 S W m

9 Open water 8 Jan 60.208 44.408 5543
8 Open water 9 Jan 60.431 44.593 999
6 Meltwater 10 Jan 61.198 44.408 319
5 Ice edge 10 Jan 61.665 44.053 570
3 Sea ice 11 Jan 62.355 43.529 1238
1 Seaice 11 Jan 62.608 43.234 3075
10 Open water 13 Jan 59.936 44.239 4784
11 Open water 15 Jan 59.689 44.054 4172
13 Southern Boundary 17 Jan 59.144 43.694 3611

Continuous measurements of temperature and salimityurface water were made using
seawater from the non-toxic underway supply (botake 6.5 m below the surface). High
resolution, vertical profiles of potential tempen&t and salinity were obtained during the
downcast using a conductivity, temperature, defhlY) sensor (Seabird SBE9+). An offset
in sea surface temperature (0°&7) was detected between the ship’s oceanloggereteatnpe

sensor and the CTD surface temperature (sectio®)2.¥hich has been applied to the

underway temperature dataset. All salinity valuesraported on the practical salinity scale.

The summer mixed layer depth (MLD) is defined hesdhe depth where the potential density
exceeds that measured at 10 m by 0.05 RgBnainerd and Gregg, 1995). This definition was
selected to provide a depth that is located betwieractive mixing layer and the seasonal
mixed layer. Mixed layer depths were calculatedmfr@ dbar profiles of the potential
temperature and salinity from the CTD deploymenéath station. The winter mixed layer,
marking the remnant of the Winter Water (WW), idimied here as the depth of the potential
temperature minimumBg,,). For all stations, the WW layer was identified dyvell defined

Bmin at depths in the range of 60 - 100 m.
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5.3.2.  Fugacity of C@in surface seawater and the atmosphere

Quasi-continuous measurements of the fugacity o @0O,) in surface water were made
using an underwayCO, system and seawater from the underway supply (Sshwand
Watson, 2007). Atmospheric samples were taken faonair inlet located forward at 15 m
height on the ship’s bridge. Mixing ratios of €@&nd moisture in the equilibrator headspace
and the outside air were determined by circulatioonugh a non-dispersive infra-red analyser
(LICOR 7000). The LICOR was calibrated using thseeondary gas standards of known,CO
concentrations of 2494 0.2, 356.5+ 0.2 and 457.4 0.2 umol CO; mol™ in an air mixture
(21% Q, 79% N). All gases underwent pre- and post-cruise cdiitmaagainst certified, high
precision, primary standards from the National @ezand Atmospheric Administration
(NOAA). Samples from the equilibrator headspace aratine air were partially dried by
being passing through an electric cool box at aRol€, prior to analysis in the LICOR. The
fCO, for equilibrated water samples and the air waspded from the partly dried mixing
ratios and ambient barometric pressure and thereated for seawater vapour pressure
(assuming saturation at the sea surface) (sectih)2

Two platinum resistant thermometers positionedhim wpper and lower part of the seawater
stream determined the temperature of the watemereguilibrator. Warming of the seawater
between the intake and the equilibrator was onamei0.8°C (0 = 0.1°C; n = 250). Sea
surfacefCO, data were corrected to sea surface temperatusedount for this warming
(Takahashi et al., 1993). The differencef@®O, between the seawater and overlying air
(AfCO,(w-a)) was calculated continuously during the cuiShe time lag between sampling
and the seawater reaching the equilibrator wassét6nds, which has been corrected for. Sea
surfacefCO, from the underway supply was co-located to the @BBts by interpolation to
the time of the 5 m sample from the upcast of ti@®CGaps in the data are due to the
seawater supply being turned off in thick ice cowercontamination from the ship exhaust
gases. The accuracy of the marind@(D, data was determined as @&m from comparisons
with atmospheric data from Jubany Station, Soutletl8hd Islands (62.23°S 58.67°W)
(Ciattaglia et al., 1999). The precision of {f&, data is 2.Quatm (Table 3.3).

153



5.3.3. Carbonate system

Underway samples for sea surface dissolved inocgzarbon (DIC) and total alkalinity (TA)
analysis were collected from the underway seawsteply. Vertical profile samples were
taken from the 24 10 L Niskin bottles mounted onto the CTD roseti&,al0, 30, 50, 80,
120, 160 and 200 m depth on the upcast of the GHawater (250 or 500 ml) was collected
in borosilicate glass bottles and a small volume extracted to create a head space. Saturated
aqueous mercuric chloride was immediately adde@P@@. vol/vol) and the bottle was sealed,

shaken and stored in a dark location at ambienpéeature for shipment to the UK.

The DIC concentration was determined by coulometnialysis (Johnson et al., 1987) and TA
analyses were carried out by potentiometric tibrativith hydrochloric acid (Dickson, 1981)
using a VINDTA instrument from April to May 2008.uplicate analyses were made for each
500 ml bottle. Two bottles of certified referencatarial (CRM) from batches 76 or 81 (DOE,
2007) were analysed in duplicate per CTD cast amdlp samples from the underway supply.
DIC and TA values were corrected to account fordihation of the seawater by the addition
of mercuric chloride solution. The accuracy for théC and alkalinity measurements is
determined as Zumol kg' (n = 96) from the average difference between cedtifind
calculated values for each CRM analysis. The pia@tidor the DIC and alkalinity
measurements is estimated as better tham@ kg* (n = 96) based on the average difference
between duplicate CRM bottle analyses. DIC and foinfall sea surface samples were used
to calculatefCO,, f(DIC,TA), using the CO2Sys programme (Lewis afldllace, 1998) with
thermodynamic dissociation constants fardfd K by Mehrbach et al. (1973) and the re-fit
by Dickson and Millero (1987).

All surface alkalinity samples showed strong safimiependence with a positive intercept of
269 umol kg' (TAo) at zero salinity. To correct for dilution or camtration effects, TA data
were normalised to salinity 34.3, the average #gliof the WW for all stations in the
Weddell-Scotia Confluence, using Eqgn. 5.2 to actdéomthe non-zero end-member (Friis et
al., 2003):

TA,, = (%j [(B43+TA, Equation 5.2.
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This was repeated for the DIC data, where a vali@6 umol kg* was determined for DIC

A series of de-ionised water samples were analigel@termine a ‘blank’ for DIC and TA at

zero salinity. Average values for §Ae-ionised@Nd DIG ge-ionise®@f 74+ 11 and 36 3 pmol kg

1 (n = 6), respectively, indicate that the FAnd DIG determined for the Weddell-Scotia
Confluence samples do not result from the analytieehnique but from natural sources,
which could include dissolution of carbonate miterduring the analysis and bacterial
degradation. DIC and TA measurements reporteddandkt are not salinity normalized unless

stated.
5.3.4. Macronutrients

Underway samples from the underway seawater sugplyCTD water bottle samples were
filtered through a mixed ester membrane (Whatmare gize 0.4%um), and the filtrate was
analysed colorimetrically for dissolved silicaté@$"), phosphate (P£), and nitrate (N®)
with a segmented-flow analyser (Technicon, Whitetepul 997). Analyses for nitrate included
nitrite (NOy), which is not considered separately as its camagon had little variation and
was typically < 1% of total N+ NO,. Nutrient data were normalised to salinity 34.5\gsa
direct normalisation procedure by multiplicationttwB4.3 and division by thi& situ salinity.

Nutrient concentrations reported in the text aresadinity normalized unless stated.
5.3.5. Chlorophyll-a

Underway samples for sea surface chlorophyll-a wetkected from the non-toxic seawater
supply approximately every hour as the ship wadramsit. Water samples were filtered
through glass fibre filters (Whatman GF/F) undew I 70 mm Hg) vacuum pressure and
immediately frozen and stored at -20 until analysis onboard. The samples on the $ilter
were then extracted in acetone (10 ml, 90%) indiwk for 24 hours (Parsons et al., 1984).
Fluorescence of the extract was measured beforaf@@dacidification with 1.2 M HCI on a
TD-700 Turner fluorometer. The instrument was calibd against commercially prepared
chlorophyll-a standards (Sigma).
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5.3.6. Seaice

Visual observations of sea ice coverage were manae the vessel’s bridge as part of the daily
position report filed by the Captain. The obsemasi included primary ice types present, the
sea ice coverage and meteorological conditionsvesi@ supported by digital photographs
taken at each station (Fig. 2.22). Daily sea iceceatration data at 4 km resolution were
obtained through the Operational SST and Sea |layais (OSTIA) service, a component of

the Group for High-Resolution Sea Surface Tempesat(GHRSST) at http://ghrsst-

pp.metoffice.com/pages/latest_analysis/ostia.htBtark et al.,, 2007). The transition area
between open ice-free waters to ice-covered wasereferred to as the marginal ice zone
(MIZ), encompassing stations 1, 3, 5 and 6 durlvgpresent study. The ice edge is defined
here as the position where consolidated sea ice filgtsencountered (station 5) on the

southern transect.
5.3.7. Seasonal biogeochemical deficits

The seasonal depletion in DIC, alkalinity and rarits was determined for each station from
the difference between the average concentrationhé& summer mixed layer and the
concentration at the depth of tBgi,, in the WW (Jennings et al., 1984). The biogeodham
properties of the WW have previously been usedasigs for conditions present in Southern
Ocean surface waters during the preceding winter,(Minas and Minas, 1992; Ishii et al.,
1998; Rubin et al., 1998; Pondaven et al., 200t & al., 2002).

The validity of this method for the Weddell-ScoGanfluence data is discussed below. For
the sea ice stations (1-6), values for &g, were between -1.60 and -1.7C (Table 5.2).
Satellite derived sea ice cover indicated thathfeak-up of the sea ice (last day when ice
cover was> 90%) occurred in early December, 4 weeks priosampling. Therefore, top-
down warming was very recent and any erosion ofvilrder mixed layer was attributed to
vertical mixing of warmer waters below the thernmioel To estimate any bottom-up
influences, the value of th8,, was compared to the temperature at the base of the
thermocline, assuming an end member winter mixgerl'emperature of -1. 7 and that the
specific heat capacity of seawater was constant.ti® range 0B, values, mixing from

deeper waters from winter to summer is estimated- #8. This could lead to a slight over
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estimation in winter DIC and TA as highlighted dwyia comparable seasonal study in the

Indian sector of the Southern Ocean (Jouandet,e2G08).

The total DIC deficit ADIC4efici) can be expressed as a sum of contributing presess

represented by the following:

ADICgeficit = ADICsalinity + ADICCorg + ADlCCaCQ;> + ADICesidual Equation 53

Deficits in DIC due to salinity changes are deterdi from the difference between the
measured and salinity normalised DIC deficit. A gmsite error of 2umol kg™ is associated
with the ADICsainity term. Modifications in DIC due to abundance ofamig matter through
photosynthesis and respiratidfi{ICcorg) have been estimated from normalised nitrate defic
(Sweeney et al., 2000), assuming a carbon to mitragtake ratio of 117:16 moles (Anderson
and Sarmiento, 1994). Comparisons to phosphaté&zatidn by Redfield stoichiometry
(Redfield et al., 1963) indicate uncertaintiesAIDICcorg Of 1 to 9umol kg™. The deficit in
alkalinity, corrected for salinity and organic neateffects, indicates carbonate mineral (ikaite)
precipitation or dissolution based on 2:1 change$A and DIC (Zeebe and Wolf-Gladrow,
2001). A composite error of @mol kg* accompanies the carbonate term. The residual term
accounts for the remaining seasonal deficit assaltref processes including GQir-sea
exchange, surface advection and slight verticaimgixsee above). The associated error is the
sum of that for each term in Eqgn. 5.3.
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5.4. Results
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Figure. 5.2. The research area showing\(@0O,(water-air) ftatm) and (b) sea surface salinity
along the two transects and the station locati®dhg. marginal ice zone (MIZ), south of the
South Orkney Islands, includes stations 1, 3, 5@rldepth contours are at 1000 and 2000 m
(GEBCO, 2001).

5.4.1. Hydrography

Surface waters (0-20 dbar) showed a strong northgeadient in potential temperature from
about -1.4°C beneath the sea ice to greater than°C.Gat about 5% (Fig. 5.3b). Surface
salinity showed a similar trend, increasing frontuea close to 33.5 beneath the sea ice to
values above 33.8 at 39 (Fig. 5.3a). A notable exception to this trendswhe distinct
reduction in salinity in the region of substanseh ice melt to the south of the South Orkney
Islands, at and around station 6 (Table 5.3, FRp)5

A distinct WW layer could be observed for all stas, with an average potential temperature
minimum ©nin) of -1.55+ 0.12°C and a winter mixed layer depth of ¥45 m @ = 9, Table
5.2). Potential temperature of the WW predominafalipwed the increasing northward trend
of summer mixed layer potential temperature. In ganson, WW salinity was much more

variable, from the most saline WW beneath the sealéecreasing to the freshest water in the
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region of substantial ice melt. North of the MIZW\salinity increased from values close to
34.2 over the South Orkney shelf up to about 345D5.

Table 5.2. Winter mixed layer depth (WMLD, m), teangture {C), salinity, silicate (SiQ
umol kgh), phosphate (PQumol kg?), nitrate (NQ, pmol kg?), dissolved inorganic carbon
(DIC, umol kg?) and total alkalinity (TApmol kg?) of the winter mixed layer (representing
the WW) for all stations in the Weddell-Scotia oehce from 62.61S (station 1) to 59.T&
(station 13). The absolute value for each stasoshown measured from 1 bottle at the depth
of the potential temperature minimur,(,). Stations 6 and 13 have interpolated nutrient

concentrations from proximal stations 8 and 11peetvely.

Station WMLD G Salinity SiQ PO, NO; DIC TA
m T umol kg*  pmol kgt umol kg"  umol kg*  umol kg*

1 61 -1.65 34.33 82.8 1.96 28.3 2224 2328
3 57 -1.60 34.28 84.6 1.97 29.6 2224 2332
5 69 -1.70 34.24 80.3 1.94 31.0 2222 2325
6 67 -1.63 34.14 78.0 1.81 29.5 2214 2325
8 71 -1.56 34.24 84.4 1.93 29.0 2218 2326
9 87 -1.56 34.20 80.8 1.94 28.8 2213 2326
10 91 -1.46 34.30 84.4 2.02 28.8 2220 2333
11 97 -1.35 34.30 83.5 2.02 31.2 2223 2332
13 93 -1.39 34.25 83.2 1.99 31.6 2222 2330

5.4.2. Macronutrients

Surface silicate (hereinafter SjOconcentrations were generally high 70 pmol kg?)
throughout the Weddell-Scotia Confluence (Table).5The SiQ concentration showed a
slight decreasing gradient for stations 1-6 in BhiZ and a more homogenous distribution
north of the MIZ (stations 8-13). Surface nitrabereinafter N@ and phosphate (hereinafter
PQy) concentrations showed general decreasing northivands with average values of 24.3
and 1.56umol kg*, respectively. Compared to sea ice stations hd3alarge depletion of all
three macronutrients had occurred in the regioexténsive ice melt at station 6. Average
WW concentrations for S)NO; and PQ were 82.4, 30.1 and 1.98nol kg, respectively,
with lower values at station 6 (Table 5.2). Concatiins of NQ and PQ are similar to WW

values measured further north in the Scotia Sea tagder concentrations of SiCare
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consistent with the major gradient that existstifits macronutrient in this region (Whitehouse
et al., 2008).

Table 5.3. Mixed layer depth (MLD, m), temperat(ft€), salinity, silicate (Si@ umol kg?),
phosphate (P umol kg?) and nitrate (N@ pmol kg') of the summer mixed layer for all
stations in the Weddell-Scotia Confluence from &2 (station 1) to 59.F& (station 13).
The mean value for each station is shown (fromeslmeasured a bottle depths up to the
MLD) with the standard deviation (for stations wiar> 2) and the difference (for stations
wheren = 2) in brackets. Stations 6 and 13 have intetpdlautrient concentrations from

proximal stations 8 and 11, respectively.

Station n MLD Temperature Salinity <Qi0 PO, NG,
m T umol kgt umol kgt umol kg
1 2 23 -1.40 (0.02) 33.54 (0.0280.5 (0.2) 1.82(0.00) 27.1(0.2)
3 2 25 -1.41 (0.00) 33.60 (0.00Y1.7 (0.2) 1.73(0.01) 26.4(0.1)
5 2 19 -0.76 (0.00) 33.57 (0.00¥9.5 (0.1) 1.62 (0.00) 25.6(0.2)
6 2 17 -0.65 (0.02) 33.23 (0.23K6.0 (0.1) 1.42(0.01) 23.4(0.2)
8 2 23 -0.63 (0.01) 33.35(0.00¥3.4 (0.3) 1.58 (0.01) 24.4 (0.5)
9 3 29 -0.01 (0.11) 33.64 (0.01y4.3 (0.2) 1.60(0.01) 24.1(0.2)
10 3 33 0.64 (0.06) 33.70(0.02y4.9 (0.1) 1.44 (0.03) 23.2(0.1)
11 2 17 0.94 (0.01) 33.71(0.00y3.0(0.2) 1.48(0.02) 22.8(0.2)
13 2 29 1.09 (0.01) 33.85(0.00Y1.0 (0.3) 1.34 (0.01) 22.4(0.0)

5.4.3. Chlorophyll-a and phytoplankton speciesritistion

Chlorophyll-a concentrations ([chl-a]) varied beemel.85 and 2.84 mgt(Fig. 5.3f) in the
open waters of the Weddell-Scotia Confluence, sofithd"S to about 605 (stations 10-13).

A summer maximum in chlorophyll-a of 3.51 mg*mwas observed in the melt waters at and
around station 6, signifying the presence of a gbiginkton bloom (defined here as [chizg]
2.0 mg n?). Chlorophyll-a concentrations sharply decreased minimum of 0.21 mg th
beneath the sea ice at station 1. For the MIZi¢staitl-6), the phytoplankton community was
dominated by naked, heterotrophic dinoflagellatéth wliatoms accounting for between 21
and 46% of the total cell abundance (Korb et &1®. North of the South Orkney Islands to
59°S (stations 8-13) the community consisted of a mnexbf dinoflagellates and cryptophytes,
with less than 20% diatoms (Korb et al., 2010).
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Table 5.4. Dissolved inorganic carbon (Dl@nol kg?), total alkalinity (TA, pmol kg?),

salinity normalised DIC (DIg; 4, pmol kg*) and salinity normalised TA (T3 pmol kg*) of

the summer mixed layer and surface wd@®, measured(natm), fCO; cacuiatea(@s f(DIC,TA),

patm) and chlorophyll-a (chl-a, mgfor all stations in the Weddell-Scotia Conflueriaen
62.6T°S (station 1) to 59.F& (station 13). The mean value for DIC, RIg TA and TAy, 3is

shown (from values measuredmabottle depths up to the depth of the mixed layeth the

standard deviation (for stations where- 2) and the difference (for stations where 2) in

brackets.
Station n DIC TA DlGu 3 ThAsss  TCOsmeasured TCOs carcuiaes  Chl-a
umol kg umol kg patm mg it
1 2 2169 (7) 2286(7) 2196 (6) 2332 (7) 377 357 0.21
3 2 2166(1) 2280(2) 2191(1) 2322(2) 375 359 0.24
5 2 2159 (1) 2273(5) 2185(1) 2316 (5) 336 378 1.14
6 2 2105(2) 2252 (28) 2142 (7) 2315(15) 294 314 3.51
8 2 2140 (0) 2265(1) 2173(0) 2321(1) 345 343 0.96
9 3 2156(3) 2289(2) 2180(3) 2328(2) 352 339 0.60
10 3 2152(7) 2293(8) 2174(7) 2329 (8) 340 355 1.85
11 2 2169 (1) 2290 (14) 2190 (1) 2325(14) 334 406 2.84
13 2 2161(8) 2299 (4) 2177 (8) 2326 (4) 332 346 2.06

Figure 5.3. (page 162) The latitudinal distributiminsea surface (a) salinity, (b) temperature
(SST, °C), (c) fCO, measured(lines, patm) andfCO, caiculated (Crosses,uatm), (d) dissolved

inorganic carbon (DICumol kgb), (e) total alkalinity (TA,umol kgb), and (f) chlorophyll-a

(chl-a, mg n?) for the southward (solid line, filled circles)dnorthward (dashed line, open

circles) transects across the Weddell-Scotia Cenfta. The data show values for station and

underway samples. Calculated seawti€d, , f(DIC,TA), has an accuracy &f6 patm (Table

2.8).
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5.4.4. Carbonate chemistry

Contrasting concentrations f@0,, DIC and TA were observed at and around the seadge
and within the frontal waters of the SB (Fig. 568c-ThefCO, varied from supersaturation
with AfCO, of 14 patm in waters beneath the sea ice to strong urtdeasian withAfCO, of -
95 patm in the region of substantial ice melt (Fig.)5QalculatedCO, generally showed a
close agreement to measufeD,, apart from a positive offset due to higher catedfCO,

values from the ice edge to the meltwater regiog. & 3c).

The concentration of sea surface DIC showed simadterns and predominantly followed the
trend of thefCO, observations (Fig. 5.3d). The highest concentratbIC, TA and the
highest value ofCO, were measured beneath the sea ice close to sthtidrable 5.4).
Relative to all other MIZ stations, DIC, TA afm@O, reached distinct summer minima in the
region of extensive ice melt (Fig. 5.3). Sea swfaormalised DIC (Dlgy 3 predominantly
followed the trend in DIC concentrations, decregdiom values greater than 21@tol kg*
beneath the sea ice to values around 286l kg* at the SB (Table 5.4). An exception to this
gradual decreasing trend was at station 6, whergatantial reduction in Dizz0f up to 40
umol kg' was observed, relative to the average {2kin the summer mixed layer at all other
stations. Sea surface normalised TA {J4 showed a similar variation, with the highest
values of about 2332mol kg™ in the area of greater sea ice coverage and thestowalues in

the region of extensive sea ice melt (stationsb@n

Across the Weddell-Scotia Confluence, WW DIC wadstireely homogenous with average
concentrations of about 2220nol kg* (Table 5.2). Alkalinity showed more variation, with
distinct low values at MIZ stations in and near #nea of greatest sea ice melt. There was an

overall northward increase in Efg of the WW.

5.5. Sea surface carbonate chemistry during sunoaenelt

The processes affecting carbonate chemistry inrae and around the ice edge will be
investigated by comparing surface wate0,, DIC and TA measured at the contrasting sites
in the MIZ. To the south of the South Orkney Islan@tations 1-3), the sea surface was
characterised by large plates of consolidated s=as well as regions where the ice pack had
begun to break up (Fig. 2.22). Macronutrient cotregions were the highest (Table 5.3) and
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chlorophyll-a reached the lowest concentration.@f.ng n? (Table 5.4) for whole Weddell-

Scotia Confluence. Surface temperatures in excédbeofreezing point of seawater and
reduced salinity, compared to station 5 at theeidge, indicate that slight sea ice melt had
occurred (Fig. 5.4). Effects of sea ice melt werestrpronounced at station 6 (Fig. 5.2b),
where the site was largely open water with sporamicfloes. Substantial sea ice melt had
stabilized the upper water column by forming a wand shallow meltwater lens at the
surface (Fig. 5.4), which supported elevated chdbytl-a (Fig. 5.3f). This corresponded to a
rapid reduction in sea surface DIC by @&l kg* andfCO, by 55 patm, compared to all

other stations, driving a strong @Ondersaturation of 7datm at station 6 (Fig. 5.2a).

Figure 5.4. (page 165) Vertical profiles of uppeater column (a, d, g) potential temperature
(6, solid line,°C) and salinity (dashed line), (b, e, h) dissoluaarganic carbon (DIC, black
solid line, umol kg?), total alkalinity (TA, black dashed linemol kg?), salinity normalised
DIC (grey solid linepumol kg?), salinity normalised TA (grey dashed linenol kg') and (c,

f. i) nitrate (NQ, solid line,umol kg"), phosphate (P£) dashed linegmol kg?) and silicate
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(SiQy, dot-dash linegmol kg?),

beneath the sea ice (station 11).
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Melting sea ice forms shallow mixed layers withdaxable light conditions that promote the
development of phytoplankton blooms in the meltnga{&mith and Nelson, 1986; Lancelot et
al., 1993). Blooms associated with the recedingeobge have been previously observed in the
MIZ of the Weddell-Scotia Confluence region (Buntaak, 1992; Lancelot et al., 1993; Kang
et al., 2001; Korb et al., 2005). The bloom in theltwaters at station 6 could be partially
sustained by natural iron enrichment from meltieg &ce (Loscher et al., 1997; Lannuzel et
al., 2007; Lannuzel et al., 2008), vertical mixioger shallow topography (Table 5.1),
upwelling in the ACC (Hoppema et al., 2003; Blainat, 2007) or advection from the
Antarctic Peninsula region (Nolting et al., 1995Bn8do-Wilhelmy et al., 2002; Dulaiova et
al., 2009). Recent evidence strongly suggestsrbrais advected into the Scotia Sea from the
South Shetland Islands and the Antarctic Peninsuipporting phytoplankton growth in this
downstream region (Ardelan et al., 2010). It hamnbi@ferred that it is the interaction between
iron and light that limits the initiation and mantince of blooms in the MIZ (Korb et al.,
2005, and references therein).

In addition, diatoms in sea ice can act as an ilme@nd seed the formation of phytoplankton
blooms when released upon sea ice melt (Smith asdoN, 1985; Ackley and Sullivan,
1994). Diatom activity reduces the concentratiohsnacronutrients and DIC in the sea ice
brine. These chemical signatures are transferréddetsurrounding water as the sea ice melts.
It is likely that a combination of these processtsulated the formation and growth of the
bloom in the meltwaters of the Weddell-Scotia Coafice and contributed to the reductions

in DIC and macronutrient concentrations within ghallow mixed layer (Figs. 5.3 and 5.4).

Changes in concentrations of macronutrients wengpemed to DIG, 3 to investigate whether
biological utilization of nutrients had occurredigF5.5a-c). Nitrate and phosphate showed
similar decreasing concentrations with decreasii@sh; which suggests nutrient depletion
as a result of phytoplankton growth. The C:N ratid12:16 is very similar to that determined
from phytoplankton decomposition analyses, C:N:R@8:16:1 (Redfield et al., 1963), and to
that calculated by examination of spatial changesnutrient concentrations, C:N:P of
117:16:1 (Anderson and Sarmiento, 1994). The w@titne change in DI 3 with respect to
phosphate (48) is much smaller than that predibieckither nutrient utilization ratio. The
decreasing concentration of silicate indicates dbsvity of the diatoms observed in this
region (Korb et al., 2010). Despite the bloom beilogninated by naked dinoflagellates, with

little photosynthetic ability, it is predicted thidie few diatoms present would account for the
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majority of the photosynthetic activity and carhgilisation. Based on the Digs TAsz43and
nutrient deficits, photosynthesis had reduced entsi and DIC by approximate Redfield

ratios. Deviations from predicted nutrient depleti@tios may be due to other processes,

including sea ice carbonate chemistry, which walvrbe investigated.
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Figure 5.5. Average summer mixed layer (stations3,15 and 6) and underway salinity

normalised DIC (DIG43 pmol kg') as a function of salinity normalised (a) nitréOs 343
umol kgh), (b) phosphate (PQas umol kg?), (c) silicate (SiQs4.3 pmol kg?) and (d) salinity
normalised total alkalinity (T&.s pmol kg') as a function of DIg s (umol kg’). The
theoretical trends (d, insert) show the variatiérD&Cs4.3 and TA,3 with respect to certain
biogeochemical processes, adapted from Zeebe ariGMarow (2001). The trend lines

represent the best fit from linear regression, @kdg station 6.
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A relationship betweel\DIC343 and ATA343 of 1:2 is indicative of ikaite (CaG®H,0)
precipitation (Eqn. 5.1). Values of Di&s and TAs, 3 for the MIZ stations (1-6) group together
in a decreasing trend close to 1:2, with the exoapaf station 6 (Fig. 5.5d). During sea ice
formation and growth, precipitation of ikaite creatDIC- and TA-poor anfCO,-rich brines.
Any brine remaining in channels and pockets witthiea sea ice matrix is released into the
underlying water during sea ice melt, which wouévd the net effect of reducing T4 and
DIC343 (2:1) at the surface. Using salinity as a proxyiée melt (Fig. 5.2b), in conjunction
with in situ and satellite observations, sea ice melt was avidesome degree at all stations in
the MIZ during summer 2008. We put forward the Hpesis that ikaite precipitation had
occurred in the sea ice brines of the Weddell-&cGonfluence during the preceding winter
and the resultant DIC- and TA-poor brines wereastel into the underlying water as the ice
melted, transferring the inorganic carbon charasiies into the summer mixed layer. The
absence of calcifying phytoplankton in this regi&worb et al., 2010) supports the proposed
mechanism of the observed depletion in DIC and Tthe sea surface.

An outlier to the principle trend is station 6 imet meltwaters supporting a phytoplankton
bloom. Although not numerically dominant within tldoom, diatoms had rapidly reduced
DICs43 by 35 umol kg' at the sea surface, compared to ice edge statidaged on the

DIC34.3 and nutrient distributions for the MIZ stationsgF5.5), biological carbon uptake had
further reduced the DIC signature from the releds#@te, driving a strong undersaturation in

fCO, at the sea surface.

A notable feature in sea surfaf@O, was the higher calculatéd@O, values along the strong
fCO, gradient that existed from the ice edge to thewaér region (Fig. 5.3c). This suggests
that samples from this location had either enricltd@ or depleted TA, or both, upon
analysis. DIC increases occur from dissolutionarbonates, CQuptake and remineralisation
of organic matter (Fig. 5.5d). Alkalinity deficitesult from carbonate mineral precipitation
and remineralisation of organic matter. With resgecthe high DIG (section 5.3.3), it is
proposed that there is an additional source of DIMe sea ice, such as bacterial degradation
or the presence of labile organic matter. In thgiom of very recent ice melt, prior to
biological assimilation, the ‘extra’ DIC would caiftute to the observei€O, offset.
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5.6. Seasonal changes in carbonate chemistry

The depth of the winter mixed layer and temperatirthe WW increased northwards from
waters beneath sea ice to waters proximal to th€ AC59S (Table 5.2). Away from the

region of greatest sea ice melt, WW salinity andcemtrations of macronutrients, DIC and
TA had little variation. North of the MIZ, the ploglankton community was made up of
cryptophytes and naked dinoflagellates (Korb et2010), with the cryptophytes accounting
for the elevated concentrations of chlorophyll-atm@f the South Orkney Islands (Fig. 5.3f).
This corresponded to the undersaturation in sefa@fCO, observed approaching the SB
(north of station 10) and supports the idea offtbetal waters as an area of high productivity.
In contrast, WW values of DIC and D3 are relatively constant for nearly all stationsl an
hence processes that affect DIC concentrationkeredt the surface during the winter or
through advection and slight vertical mixing in thvnter mixed layer during the summer

(section 5.3.7), act uniformly across the Weddelbtt Confluence.

The seasonal change in carbonate chemistry carpgbered by comparing DI§ s and TAs 3

at depth intervals from the surface to below thateri mixed layer (Fig. 5.6). Trends in
DICs43and TAy,zin the summer mixed layer for stations locatethen MIZ were explained
previously (section 5.5). Stations north of the M$Aowed comparatively reduced DIC in the
summer mixed layer at a narrow range of;7#0of less than 1@mol kg*. With the exception
of station 11, surface TAz and DIG, 3 for stations north of the MIZ tended to follow &l 2
trend, but from a different starting point compatedthe MIZ stations (Fig. 5.6a). As WW
DIC343 and TAs, 3 for all stations are quite similar (Fig. 5.6¢)etlyreater DIG, 3 deficit
observed north of the MIZ is attributed to the gee@hotosynthetic activity that had occurred

in the northern Weddell-Scotia Confluence, compaoettie MIZ, by the summer.
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Figure 5.6. Salinity normalised total alkalinityAT:5 pmol kg') as a function of salinity
normalised dissolved inorganic carbon (B4§ umol kg?) for all marginal ice zone (MIZ)
stations (stations 1-6, filled circles) and stasioworth of the MIZ (stations 8-13, open circles)
within (a) the summer mixed layer, (b) the tramsitbetween the summer and winter mixed
layers, (c) the Winter Water at tBg;, and (d) below th@, to 200 m depth. The grey lines

(a) are hypothetical trend lines with a 2:1 slope.

Below the summer mixed layer, there was a gradwaiease in DIg; 3 and TAs4 3 throughout
the water column for all stations (Fig. 5.6b). \&guof TAy 3 remained relatively constant
compared to Dlgy 3 at all depths. This pattern indicates the infleed biological carbon

uptake on summer DIC concentrations (Fig. 5.5d)sscthe Weddell-Scotia Confluence.

Similarly to surface biogeochemical distributiotise principal exception to the WW trends
was station 6, where salinity and the concentratioh macronutrients and DIC were the
lowest observed for the whole Weddell-Scotia Caarilte (Table 5.2). Vertical profiles at
station 6 show a deflection below the winter mixagker, at about 130 m, of relatively cold,
fresh water (Fig. 5.4a). This corresponds to redud&C and macronutrient concentrations
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compared to station 5 (Fig. 5.4d-f). This couldaeesult of the deep penetration of brines
where biological activity has amplified the redoctiin DIC. As station 6 is located over

shallow topography, the interaction of water massesbathymetry (Table 5.1) could enhance
vertical mixing and potentially erode the winterxeul layer from below. These results

highlight the potential for overestimation of hydraphic and biogeochemical parameters in
the WW, however this effect is estimated to be s(saktion 5.3.7).

To further investigate the processes that affeetsta surface carbonate chemistry across the
Weddell-Scotia Confluence during the summer, theseeal depletion of inorganic carbon

was determined for all stations, as detailed inige®.3.7 (Table 5.5).

Table 5.5. The inorganic carbon budget for allistet from 62.61S (station 1) to 59.F%
(station 13) as determined by Eqgn. 5.3.

Station ADICqeficit  4DICsajinity 4DICcorg  4DICcaco, 4DICresidual

umol kg umol kg umol kg umol kg umol kg
1 54+ 2 -28+ 2 -4+ 6 2+ 3 24+ 7
3 57+2 -24+ 2 -19+ 5 -7+ 3 -7t 6
5 -63+ 2 -24+ 2 -36% 2 -8+ 3 5+5
6 -109+ 2 -31+ 2 41+ 1 -12+ 3 25+ 4
8 -80+ 2 -32+ 2 -29+ 8 -6+ 3 -13+ 9
9 -61+2 -20+ 2 -31+5 -4+ 3 -6t 6
10 672 21+ 2 -59+ 6 -6+ 3 19+ 7
11 54+ 2 21+ 2 59+ 1 -8+ 3 34+ 4
13 -60+£2 14 +£2 -66+9 -8+3 28+10

Changes in salinity as a result of freshwater irgmtounted for between 14 and 82 pumol
kg' of the seasonal change for all stations (Tablg, Highlighting the influence of sea ice
melt on the carbonate chemistry of the Southerra@.c€&he seasonal depletion in DIC due to
the photosynthetic production of organic carbonwst a general northward increase, with
prominent utilisation of DIC at and around the ing ice edge and at the SB. This is in
agreement with previous accounts of enhanced hadbgctivity at these locations (Comiso
et al.,, 1993; Helbling et al.,, 1993; Holm-Hanserd afhewes, 2004; Hewes et al., 2008).
Surface waters for the whole region showeagand DIG, 3 deficits characteristic of ikaite

precipitation (Figs. 5.5d and 5.6). For most statithis was strongly correlated to salinity,
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which suggests that continual sea ice melt andasel®f DIC- and TA-poor brines into the
surface acts to rapidly change the carbonate chemi$ the Weddell-Scotia Confluence
during summer sea ice melt. This was exemplifieénelthe greatest extent of sea ice melt
had occurred and an ice edge bloom had develoggaerdcean distributions of DIC and TA
showed a general decrease from waters beneathestmathe region of substantial sea ice melt
and enhanced biological activity (Fig. 5.3). Thignsinated with the largest DIC deficits due
to photosynthetic production of organic carbon aarbonate processes of #11 and 12+ 3
umol kg?, respectively, and was accompanied by a strongdban of CQ (Fig. 5.2a).
Following the same hypothesis, carbonate minemalsnelting Nordic sea ice have been

proposed to enhance the uptake oL @0ring summer sea ice melt (Rysgaard et al., 2009)

The residual DIC changes are the result of othecgsses not previously assessed, such as
CO, exchange. Large, positive residuals north of tHé Wable 5.5) and\fCO, of about -30
patm (Fig. 5.2a) suggest a sustained input of DIGuph CQ uptake from the atmosphere.
Based onin situ fCO,, AfCO, and DIC measurements and Revelle factors betwgemnd 15
(Revelle and Suess, 1957), atmospherig G@ake would act to increase DIC by 15¢i6ol

kg at stations 11 and 13. This could, in part, actéanthe residual DIC concentrations at
the SB where longer duration, but lower magnit@i®; uptake from the atmosphere is likely
to occur in comparison with the larger, more transisink of the MIZ. The large residuals
could also imply limitations to the seasonal defiechnique, as previously discussed (section
5.3.7).

5.7. Comparison to a surface water &0@matology

The CQ sink of -0.06 Pg C Vt, between 62-55 in the reference year 2000, is a result of an
averageAfCO, of -5 patm, ranging from -15uatm in January to 12iatm in September
(Takahashi et al., 2009). Data from the Weddellt&cGonfluence (62.6-59°%) show that
the region was dominated by @0Ondersaturation at the sea surface, with an ag&&0O, of

-25 patm (range from -95 to lgatm, Fig. 5.2a) during summer 2008. The potenti@, C
source of 14uatm observed beneath the sea ice cover near sthtisrvery similar to the
AfCO, maximum from the climatology (1@atm). The strong undersaturationfGO, in the
region of substantial sea ice melt far exceedetiadh¢he climatology, by up to 8@atm. In

reference to the climatologicAfCO, maximum of about 1atm, it is hypothesised that the
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Weddell-Scotia Confluence is a region of Qfptake of greater than 0.06 Pg C yHowever,
investigations into the function of Antarctic sea ias a permeable ‘barrier to géxchange

may require these estimates to be re-evaluatedi&ewet al., 2004; Nomura et al., 2006).

5.8. Conclusion

The precipitation of carbonates such as ikaiteei ise has the net effect of decreasing DIC
and alkalinity and increasing tfi€0O, in the sea ice brine. Deficits in salinity nornselil DIC
and alkalinity observed in the summer mixed layethe Weddell-Scotia Confluence are
consistent with the release of brines from mel8eg ice, where ikaite precipitation has taken
place. Across the marginal ice zone, ikaite préaijtn accounted for up 23 pmol kg?, or
13%, of the summer DIC deficit and was stronglyelated to the amount of sea ice melt that
had taken place. Photosynthetic production of dogearbon had the largest effect on summer
DIC concentrations, resulting in deficits of #11 pmol kg* at the receding ice edge and66

9 umol kg' at the Southern Boundary. The effects of bioldgizarbon uptake became
superimposed on those of the sea ice carbonateistingmapidly reducingCO, compared to
waters beneath the sea ice. These processes csaastdntial C@undersaturation of 9patm

in the marginal ice zone during the summer.

The ‘sea ice C® pump’ hypothesis suggests that the dissolutioncaltium carbonate
minerals in meltwater during the summer promotes @ftake from the atmosphere. The
carbonate chemistry data for the marginal ice zufntbe Weddell-Scotia Confluence suggest
that it is the transfer of DIC- and TA-poor brinaso the surface water during ice melt, in the
presence of phytoplankton blooms, that drive angtreink for CQ during the summer.
Further work should be directed at improving theenstanding of sea ice carbonate chemistry

and its role in the sea ice carbon pump of therpmiaans.
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6. South Georgia: extensve idand blooms and

substantial biological carbon uptake

6.1. Abstract

The influence of the island mass effect of SoutlorGe on the marine carbon cycle of the
Scotia Sea was investigated during January andukgb2008. South Georgia (5455 36-
38°W) is located on the North Scotia Ridge, between Rolar Front to the north and the
Southern Antarctic Circumpolar Current Front (SAQG@i-the south. Surface waters upstream
(south) of the island were characterised by higtnient low-chlorophyll (HNLC) conditions,
with chlorophyll-a concentrations less than 0.2mig The fugacity of carbon dioxidéQ0,)
was slightly supersaturated and this region reptesea C@ source of 2.6 0.9 mmol n?

day* during summer 2008.

An extensive diatom bloom with chlorophyll-a contations greater than 11.0 mg>m
developed in the Georgia Basin (GB), downstrearBaith Georgia, in November 2007 and
persisted for three months. The seasonal deplétioDIC was 98+ 5 pumol kg* and the
AfCO,(sea-air) was -9& 35uatm in the core of the bloom. These conditionsteca strong
sink for atmospheric COof -15.1+ 5.7 mmol n? day', which corresponded to a total
biological carbon uptake of 130.5 Tg C (1 Tg = 1 g) during summer 2008. The deficit of
DIC in the upper 100 m downstream (4.6.8 mol n?) of South Georgia was over twice that
of the upstream (2.2 0.3 mol n¥) HNLC waters. The DIC deficit in HNLC waters sugtgd
that this region is more productive than indicabgdsatellite observations. In comparison to
the island blooms of Kerguelen and Crozet, the Is@¢dorgia bloom is likely to be naturally
iron fertilised. The DIC deficit of the South Ge@dploom in summer 2008 firmly established
the bloom as the strongest region to date for giokd carbon uptake in non-ice covered

waters of the Southern Ocean.
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6.2. Introduction

In contrast to the high-nutrient low-chlorophyll NHC) waters of much of the Southern
Ocean, enhanced phytoplankton concentrations agelady observed downstream of
bathymetric features (Moore and Abbot, 2000; Blairal., 2001; Holm-Hansen et al., 2005;
Pollard et al., 2007; Sokolov and Rintoul, 2007heTblooms associated with the sub-
Antarctic islands of Crozet (45.5-47® 49.0-53.0E) and Kerguelen (48.5-493 68.5-
70.5°E) are sustained through natural iron fertilisat{@ucciarelli et al., 2001; Blain et al.,
2007; Planquette et al., 2007) and create regidnsubstantial biological carbon uptake
(Bakker et al., 2007; Jouandet et al., 2008). Sirtyilto Crozet and Kerguelen, large diatom-
dominated phytoplankton blooms are recurrent festutownstream of the island of South
Georgia where chlorophyll-a concentrations ofteneexi 10 mg i for four months or more
(Korb and Whitehouse, 2004; Korb et al., 2004; Ketlal., 2010).

In order to sustain the vast blooms downstreamooittsGeorgia, a supply of iron is required
(Holeton et al., 2005), alleviating the otherwisighanutrient low-chlorophyll conditions
(section 1.4.4.1). Possible sources include thetiN&cotia Ridge (NSR), the Northwest
Georgia Rise (NWGR), South Georgia and the inteyaciof the Southern Antarctic
Circumpolar Current Front (SACCF) with surroundibgthymetric features (Ward et al.,
2002; Meredith et al., 2003a; Meredith et al., 200Borb et al., 2008; Whitehouse et al.,
2008) (Fig. 6.1). In addition to iron, silicate ¢duimit diatom growth in the northern AAZ
due to the decreasing northward concentration gradin this macronutrient that exists across
the Scotia Sea (Boyd, 2002; Whitehouse et al., pO& South Georgia bloom is considered
to be a region of important GQuptake (Schlitzer, 2002; Takahashi et al., 2000}he

Southern Ocean however this remains unquantified.

This research investigates the effect of the S@dbrgia bloom on the marine carbon cycle of
the Scotia Sea, with respect to seasonal changdissalved inorganic carbon (DIC) and air-

sea CQ exchange. It is hypothesised that higher bioldgieabon uptake and a stronger £O

sink will exist in the bloom waters (downstreangmpared to HNLC waters (upstream) in the
central Antarctic Circumpolar Current (ACC) (Fig-2Bh The results will be compared to

similar carbon work carried out for the sub-Antaréslands of Crozet and Kerguelen, both in
the Indian sector of the Southern Ocean (Bakkat.e2007; Jouandet et al., 2008).
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Figure 6.1. A schematic of the Scotia Sea showh®yapproximate location of the JR177
transect (see Fig. 6.3 for more detail) acrossAtiarctic Zone (dashed line). Some important
topographic features are identified: Antarctic enla (AP), South Scotia Ridge (SSR),
South Orkney Islands (SOI), South Sandwich Islg&&), North Scotia Ridge (NSR), South
Georgia (SG), Northwest Georgia Rise (NWGR), NatteGeorgia Rise (NEGR), Georgia
Basin (GB), Maurice Ewing Bank (MEB) and the Falida Islands (Fl). Antarctic
Circumpolar Current (ACC) fronts shown schematicalhdapted from Meredith et al.
(2003a): the Southern Boundary (SB, Orsi et aB5)9Southern ACC Front (SACCF, Thorpe
et al., 2002) and the Polar Front (PF, Moore et1899). Depth contours are at 1000, 2000
and 3000 m (GEBCO, 2001).

The ship entered the Antarctic Zone (AAZ) and theakctic Circumpolar Current (ACC) on
17 January 2008 after crossing the Southern Boyn@&B) at 59S (Fig. 6.1). From here, a
northward transect was made, which encompasse8AKKCF at 58S and reached the most
northerly point in the Georgia Basin (GB) at statk8 (52.63S 39.10W) on 4 February (Fig.
6.3, Table 6.1). Satellite derived chlorophyll-aealed an area of ocean in the central ACC
that supported low levels of chlorophyll-a ([chl-]0.2 mg i) throughout the cruise. In

relation to concentrations of nitrate and phosphtitis region was defined as having high-
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nutrient low-chlorophyll (HNLC) conditions, formingn unproductive band from 57% to

56.0°S (Fig. 6.2).

Latitude (°S)

55 50 45 40 35 30
Longitude (W)
Figure 6.2. A cruise composite (1 January — 17 traatyr2008) of MODIS chlorophyll-a (mg
m>) and contours of dynamic height (dyn cm). The epimnate location of the transect (see
Fig. 6.3 for more detail) across the Antarctic ZqA&\Z) is shown (dashed line). Depth
contours are at 1000 and 2000 m (GEBCO, 2001).

In contrast, a huge phytoplankton bloom was idemtilownstream, of South Georgia in the
GB, referred to here as the South Georgia bloosmaller bloom was identified to the south
of the NSR at about 85 and is referred to as the ACC bloom. Thus, falxregions along

the transect are identified: HNLC (stations 30 88y ACC bloom (station 37), NSR (stations
43, 44, 46 and 48) and the South Georgia bloonigeta51 and 53) in the GB, where HNLC
and GB stations represent the principle unprodactmd productive regions, respectfully,
with a continuum of productivity in between. The SBd SACCF were identified using

vertical profiles of hydrographic data (Chapteaayl sea surface dynamic height (Fig. 6.2).

177



Figure 6.3. A schematic of the Antarctic Zone (AAdf)the Scotia Sea showing the location
of the hydrographic stations (Table 6.1). Topogragbatures and bathymetry as in Figure
6.1.
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Table 6.1. Station number, classification, dateatmn (S, °W) and bottom depth (m) for all
hydrographic stations in the Antarctic Zone (AAZ&bbreviations used: Southern Boundary
(SB), Southern Antarctic Circumpolar Current Fr{8ACCF), Antarctic Circumpolar Current
(ACC), high-nutrient low-chlorophyll (HNLC), Norttscotia Ridge (NSR), South Georgia
(SG).

Station Region Date Latitude Longitude Bottom dep8ub-region
2008 S W m

21 SB 17Jan 59.144 43.694 3611
25 SACCF 19Jan 58.023  42.985 2831
28 SACCF 20Jan 57.758  42.801 2904
30 HNLC 22 Jan  57.140 42.433 3700 HNLC
33 HNLC 22 Jan  56.843 42.257 4248 HNLC
35 ACC 23 Jan  55.902 41.720 3595
37 ACC 25Jan  55.207  41.246 3246 ACC bloom
41 ACC 28Jan  54.913 41.173 3442
42 ACC 29 Jan  54.591 40.997 3301
43 NSR 29 Jan  54.216 40.813 2461 NSR
44 NSR 29 Jan  53.897 40.645 1233 NSR
46 NSR 30Jan  53.155 40.276 4052 NSR
48 GB 01 Feb 52.857 40.097 3811 NSR
51 GB 02 Feb  52.727 40.147 405 SG bloom
53 GB 04 Feb 52.627  39.102 3750 SG bloom
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6.3. Hydrography

Surface waters showed a strong northward gradretémperature from about 1.0€ at the
SB (station 21) to 4.02C in the GB at stations 51 and 53 (Fig. 6.4a). & fsalinity showed
an opposing trend, decreasing from values grelaser 34 in the south (stations 21, 23 and 25)
to values close to 33.8 in the NSR-GB region. Witk exception of waters in the GB, there
was a general deepening of the MLD across the A#ifh the deepest mixed layers around
70 m to the south of the NSR (Table 6.2). A didtiwinter Water (WW) layer could be
observed in the Antarctic Surface Water (AASW) asrthe AAZ (Fig. 4.2), with an average
potential temperature minimun®.,) of -0.02+ 0.47°C and a winter mixed layer depth of
113+ 22 m f = 16, Table 6.3). The value of tBg;, increased northwards, until station 44
over the NSR, where it steadily decreased by ov@d UC, reaching -0.29C at station 53.
This corresponded to an increase in the salinitthefWW from station 44 to 53, deviating

from the otherwise northward decrease.
6.4. Circulation

Maps of sea surface dynamic height can inform erldbation, structure and variability of the
ACC fronts (Sokolov and Rintoul, 2007). Upon ingjp@t of sea surface dynamic height, the
transect was parallel to the contours until aboftS5where the contours tightened and
intercepted the transect, marking the surface ssmr of the SACCF (Fig. 6.2). Further
north, the contour patterns indicate that stat@m87, at about 55°5, are located close to a
meander in the SACCF to the east and an encroacmagder of the Polar Front (PF) to the
west. Comparing MODIS chlorophyll-a and sea suridggamic height shows a strong link to
the bathymetry of the region (Figs. 6.1). A diversiin the dynamic height contours is
apparent at about 35 40W, southwest of South Georgia. This has been pusiycobserved
by diverging drifter trajectories at this locati@i®orb et al., 2008). Waters flowing to the east
in the SACCF followed NSR and retroflected behirmut® Georgia passing either directly
into the GB or first via circulation around the NVRGMeredith et al., 2003a; Thorpe et al.,
2002). The anticyclonic circulation near the NWGRshown by a de-linearity and spacing out
of the contours. Currents flowing to the northwast strongly governed by the bathymetry
(Arhan et al., 2002; Smith et al., 2010), as theteors tighten close to Maurice Ewing Bank
(MEB), identifying the location of the PF, befongreading out into the cyclonic circulation of
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the GB. The observations of sea surface dynamghhan the vicinity of the NSR supported
modelled flow patterns (Trathan et al., 1997) fos region (Fig. 1.7).

6.5. Macronutrients

Near-surface (0-50 m) silicate (hereinafter iConcentrations showed a strong northward
gradient, decreasing by 7nol kg from the SB to the GB (Table 6.2). The distribotioof
near-surface nitrate (hereinafter J@nd phosphate (hereinafter fMad a more variable
decrease across the AAZ. Distinct depletion ofthfee macronutrients was observed in
regions of elevated chlorophyll-a in the northei@@ over the NSR and in the GB (Fig. 6.2).
Average WW concentrations for silicate, nitrate ahdsphate were 47.9, 28.9 and 1u86ol
kg™, respectivelyrf = 16, Table 6.3). These values are similar toeviand pre-bloom surface

values measured previously in this region (Whitedgoet al., 2008).

6.6. Iron

Moderate concentrations of dissolved iron (dFe€)0@.40 nM, were observed in the vicinity
of the SACCF up to 55 (Fig. 6.4e). The lowest concentrationd).01 nM, were observed
over the NSR. High concentratiorss @.50 nM) were observed between the NSR and the GB,

reaching a summer time maximum for dFe of 1.17 nihe lower GB.

Figure 6.4. (page 182) The latitudinal distributiohsea surface (a) salinity (red line) and
temperature (SSTC, blue line), (b) fugacity of CO(fCO,, patm), (c) dissolved inorganic
carbon (DIC,umol kgh), (d) total alkalinity (TA,umol kg?, solid line), (e) iron (nM) and (f)
chlorophyll-a (chl-a, mg i) across the Antarctic Zone during summer 2008. The
approximate location of the Southern Boundary (S®)uthern ACC Front (SACCF), high-
nutrient low-chlorophyll (HNLC) waters, the Northc&@ia Ridge (NSR) and the Georgia
Basin (GB) are indicated.
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Table 6.2. Mixed layer depth (MLD, m), temperat(ft€), salinity, silicate (SigQ) umol kg?),
phosphate (P£) umol kgh) and nitrate (NQ umol kgh) of the summer mixed layer for all
stations in the AAZ from 59.2& (station 21) to 52.6% (station 53). The mean value for
each station is shown (from values measured hottle depths up to the MLD) with the
standard deviation (for stations where 2) and the difference (for stations where 2) in
brackets. Stations 21, 28, 33, 41, 43, 44, 46 dntd&ve interpolated nutrient concentrations
from proximal stations with the same classificatibhe summer mixed layer depth (MLD) is
defined as the depth where the potential densitgeds that measured at 10 m by 0.05 Kg m
(Brainerd and Gregg, 1995).

Station n MLD Temperature Salinity <Qi0 PO, NG,
m T pmol kg* pmol kg umol kg*

21 2 29 1.09 (0.01) 33.85 (0.00) 71.0 (0.3) 1.301p 22.4(0.0)
23 2 53 1.82 (0.10) 34.08 (0.00) 60.5 (0.3) 1.561p 23.1(0.1)
25 5 47 1.68 (0.18) 34.01 (0.00) 63.7 (0.9) 1.687p 225(1.1)
28 3 47 2.43 (0.01) 33.99 (0.00) 46.9 (0.8) 1.503p 24.0(0.5)
30 4 55 2.62 (0.06) 33.89 (0.00) 30.4 (0.3) 1.601p 23.5(0.3)
33 6 57 2.56 (0.53) 34.33 (0.01) 34.3 (0.3) 1.401p 24.8(0.2)
35 4 67 2.91 (0.01) 33.87 (0.00) 16.5 (0.2) 1.61p. 23.0(0.1)
37 7 61 3.18 (0.07) 33.83 (0.00) 3.5(0.2) 1.262p. 19.7 (0.3)
41 4 71 3.04 (0.08) 33.87 (0.00) 12.5(0.3) 1.381p 22.8(0.1)
42 3 63 3.36 (0.01) 33.87 (0.00) 4.6 (0.5) 1.391p. 20.8(0.1)
43 3 65 3.47 (0.07) 33.84 (0.00) 3.2(1.0) 1.694p. 19.2 (0.5)
44 3 65 3.46 (0.08) 33.84 (0.00) 3.7 (0.7) 1.184p. 19.2 (0.4)
46 3 69 3.59 (0.02) 33.85 (0.00) 19.5 (0.8) 0.603p 14.6 (0.1)
48 6 67 3.30 (0.08) 33.82 (0.01) 12.8 (0.9) 1.103p 17.6 (0.1)
51 3 33 3.96 (0.21) 33.83 (0.00) 6.3 (1.0) 0.9I@P. 15.3(0.8)
53 3 21 4.02 (0.04) 33.81 (0.00) 0.0 (0.0) 0.984p. 13.6 (0.2)
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Table 6.3. Winter mixed layer depth (WMLD, m), teangture {C), salinity, silicate (SiQ
umol kgh), phosphate (PQumol kg?), nitrate (NQ, pmol kg?), dissolved inorganic carbon
(DIC, umol kg') and total alkalinity (TAumol kg?) of the winter mixed layer (representing
the WW) for all stations in the AAZ from 59.99 (station 21) to 52.88 (station 53). The
absolute value for each station is shown measuwed 1 bottle at the depth of the potential
temperature minimum®f,,). Stations 21, 28, 33, 41, 43, 44, 46 and 51 haterpolated

nutrient concentrations from proximal stations vitite same classification.

Station WMLD G, Salinity SiQ PO, NG, DIC TA
m T umol kgt umol kgt umol kg*  umol kgt umol kg*

21 93 -1.39 34.25 83.2 1.99 31.6 2222 2330
23 99 -0.35 34.33 79.3 1.99 29.9 2224 2331
25 77 -0.28 34.24 73.1 2.01 28.2 2205 2325
28 101 -0.16 34.20 63.7 2.06 31.7 2208 2321
30 101 -0.22 34.07 59.5 2.07 29.1 2191 2307
33 101 0.11 34.05 52.1 1.97 30.0 2191 2305
35 99 0.14 33.95 29.4 2.03 28.6 2185 2301
37 97 -0.18 33.95 28.7 1.87 27.5 2165 2296
41 125 0.32 34.01 27.0 1.83 28.4 2175 2293
42 107 0.12 33.95 31.3 1.94 28.8 2178 2294
43 167 0.49 34.04 33.5 2.20 28.8 2175 2303
44 133 0.53 34.00 27.1 1.66 26.4 2171 2299
46 135 0.37 34.03 45.9 1.76 28.9 2185 2301
48 119 0.37 34.02 42.0 2.08 30.8 2194 2297
51 121 0.17 34.01 51.7 1.94 27.8 2193 2289
53 131 -0.29 34.05 47.8 1.93 26.9 2190 2287
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6.7. Satellite and shipboard chlorophyll-a

October 2007 November 2007

Latitude (°S)

Latitude (°S)

Latitude (°S)

Longitude (°W) Longitude ("W)

Figure 6.5. Monthly composites of MODIS chlorophgl(mg n¥) for the Scotia Sea during

summer (December 2007-February 2008) and earlyrau{idarch 2008). Depth contours are
at 1000 and 2000 m (GEBCO, 2001).
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MODIS provided large-scale coverage of the surfablrophyll-a concentrations of the
Scotia Sea, before, during and after JR177 in austummer 2008 (Fig. 6.5). Low
chlorophyll-a concentrations (< 0.20 mg*hpersisted for much of the AAZ from October to
March. This was confirmed by shipboard observatiansere chlorophyll-a concentrations
were 0.16 mg M between stations 30 and 33 on 22 January. Satigliages from October to
December 2007 showed the development of extendiyeplankton blooms over the NSR
and in the GB. The surface expression of the blowar the NSR had largely dispersed to the
northwest and northeast by January 2008, leavinigtanse patch to the south of the NSR in
the ACC.

In contrast, the South Georgia bloom reached maxinmmtensity by January 2008 and
gradually extended to the north and east, alongtmours of the SACCF and PF (Fig. 6.2)
before declining in March. The RR¥ames Clark Rosseached the GB in early February,
shortly after the maximum extent of the bloom. ®bigrd observations revealed a summer
chlorophyll-a maximum of 11.14 mg in the lower GB. From inspection of satellite
chlorophyll-a, the duration of the South Georgiadoh was estimated at 90 14 days,
concurring with estimates for summer bloom duratwér82-122 days by Ward et al. (2002).
The uncertainty was determined subjectively, basedhe presence of a smaller bloom for
part of October 2007 and February 2008.

The vertical distribution of chlorophyll-a up to @2n showed that concentrations were
typically lower than 1 mg M throughout the upper water column from°S9to 53S,
representing a true HNLC belt at the surface inABE (Fig. 4.6). An exception to this, were
subsurface peaks of chlorophyll-a at about 70 wseclto 58S, between stations 30 and 33.
Enhanced concentrations were observed in the ne@ace waters of the phytoplankton
patches in the ACC, over the NSR and in the GB.

6.8. Phytoplankton species distribution

Two main phytoplankton clusters were identifiedthie southern and northern regions of the
AAZ (Korb et al., 2010). From the SB to the SAC@#ke species composition was dominated
by naked, heterotrophic dinoflagellates with veewfdiatoms. In waters north of the SACCF
to the NSR and the GB, the community shifted to dominated by diatoms, with the greatest
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abundance to the northwest of South Georgia. Diatominated phytoplankton communities

have consistently been found around South Georgiaglaustral summer (Korb et al., 2008).

Table 6.4. Dissolved inorganic carbon (Dl@nol kg?), total alkalinity (TA, pmol kg?),
salinity normalised DIC (DIg, pmol kg') and salinity normalised TA (T4, umol kg') of
the summer mixed layer and surface wé@®, (uatm) and chlorophyll-a (chl-a, mg Hfor

all stations in the AAZ from 59.%8 (station 21) to 52.68% (station 53). The mean value for
DIC, DIC34, TA and TAs, is shown (from values measurecdhdiottle depths up to the depth of
the mixed layer) with the standard deviation (f@atisns wheren > 2) and the difference (for

stations whera = 2) in brackets.

Station n DIC TA Dlg, TAg, fCO, Chl-a
umol kg umol kg umol kg umol kgt watm  mg i
21 2 2161 (8) 2299 (4) 2177 (8) 2326 (4) 332 2.06
23 2 2176 (0) 2315 (8) 2184 (0) 2328 (8) 360  0.86
25 5 2166 (7) 2311 (2) 2177 (7) 2328 (2) 345  0.62
28 3 2166 (2) 2309 (1) 2177 (2) 2327 (1) 386  0.16
30 4 2155 (1) 2295 (4) 2158 (1) 2301 (4) 379 0.6
33 6 2159 (5) 2208 (4) 2162 (5) 2303 (4) 382 0.16
35 4 2142 (4) 2295 (3) 2147 (4) 2303(3) 371 063
37 7 2120(7) 2293 (2) 2126 (7) 2303(2) 320 193
41 4 2144 (1) 2290 (0) 2148 (1) 2298 (0) 348  0.49
42 3 2125(2) 2288 (1) 2129 (2) 2296 (1) 335  1.18
43 3 2121 (6) 2292 (2) 2126 (6) 2302(2) 320 151
44 3 2127 (7) 2297 (6) 2133 (7) 2307 (6) 319 162
46 3 2109 (2) 2298 (0) 2114 (2) 2307 (0) 298 537
48 6  2124(2) 2288 (2) 2130 (2) 2298 (2) 297  2.28
51 3 2098 (2) 2277 (6) 2104 (2) 2287 (6) 289  7.68
53 3 2090 (6) 2301 (1) 2097 (6) 2313 (1) 255  11.14
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Figure 6.6. Maps of the (&fCO, (uatm) and (b) dissolved inorganic carbon (Di@ol kg?)
along the transect. The location of the hydrograpdtations (Table 6.1) are shown (b).
Bathymetry as in Figure 6.1.
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6.9. The carbon dioxide system

From 58S to 58S, sea surfacefCO, concentrations formed a band of moderate
supersaturation near station 33, whf€O, was about 2Qatm (Fig. 6.6). Waters of the GB
had strong levels of undersaturation with a summi@imum of AfCO, reaching -12juatm,
between stations 51 and 53. The concentrationaoésdace DIC predominantly followed the
trend offCO,, decreasing by nearly 1Q@nol kg' across the AAZ (Fig. 6.4c). The distribution
of sea surface alkalinity showed a general deangasend to the north with large variability
close to the SB and in the GB (Fig. 6.4d). Conegiuns of DIC and alkalinity reached
summer maxima of 2176 and 23fi#hol kg™, respectively, close to the SACCF.

Sea surface normalised DIC (DU followed the trend in DIC concentrations (Tabld)6
Upon normalisation, the variation in TA (B4 across the AAZ was largely reduced.
Exceptions were stations 21 to 28 near the SACQFsaations 51 and 53 in the GB. WW
DIC (Table 6.3) showed a northward decrease obuidumol kg?, up to the NSR. From the
NSR and into the GB, DIC increased to values ctos2190umol kg* at stations 51 and 53.
WW TA also showed a strong northward gradient, e@sing from values close to 233Mol
kg'at the SB to less than 22@fhol kg'in the GB. The higher DIC concentration at the more
southerly stations is consistent with the previpusbserved latitudinal gradient in DIC
(Bakker et al., 1999; Jabaud-Jan et al., 2004; $hiah., 2006; Jouandet et al., 2008).

6.10. DIC deficits and air-sea G®uxes

The DIC deficit increased from 2£20.3 mol n¥ in the HNLC waters (upstream) to 4:.8
mol m? in the core of the bloom (downstream) in the GBH[E 6.5). Summation of the DIC
deficit in each of the four sub-regions (HNLC, ACEBSR and GB) provides a total DIC
deficit of 9.7+ 0.9 Tg C for the AAZ of the Scotia Sea during sueni2008.

Fluxes at atmospheric pressure with seasonallyageer wind speeds from QuikSCAT
(section 2.15) were calculated using the Nightiagatl al. (2000) relationship for short term
winds. Seasonal wind speed averages were calcligteaking an average of the wind speed
(measured twice daily) at the position of edd€O, value along the transect. The use of

seasonal winds gave more representative fi@es on seasonal timescales and hence present
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a more realistic picture of G@xchange for the duration of the bloom (90 dafsjiscussion

of fluxes usingn situ and seasonally averaged is presented in Chajiseiciion 7.10.1).

During summer 2008, the upstream HNLC waters reprtesi an oceanic source of £06+
0.9 mmol n¥ day' (Table 6.5). The ACC bloom regiorf Rorth of the HNLC waters was a
strong sink for atmospheric G®f -10.3+ 0.0 mmol nf day'. The strongest summer GO
uptake of -15.% 5.7 mmol nf day' occurred in the GB.

HNLC (56.0-57.5°S) ACC (55.0-56.0°S) NSR (53.0-55.0°S)  GB (525-53.0°S)
0 - :

50! Lq

€ 100} \

E 150} H b

200} | - -
(a) T (b) (¢) d)

250 — : ' ' ' '
2100 2200 2100 2200 2100 2200 2100 2200
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Figure 6.7. Vertical profiles of upper water colurtay b, c, d) dissolved inorganic carbon
(DIC, umol kg*) and (e, f, g, h) potential temperatuée C) for HNLC stations 30 and 33 (a
and e), ACC station 37 (b and f), North Scotia RigYSR) stations 43, 44, 46 and 48 (c and
g) and Georgia Basin (GB) stations 51 and 53 (drgnd
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Table 6.5. The coverage (Kmduration (days), mixed layer depth (MLD, m), tlejntegrated
chlorophyll-a ([chl-a]o n) Over 100 m (mg ff), dissolved inorganic carbon in the summer
mixed layer (DIGunmer pmol kg?), DIC in the Winter Water (DlGnes pmol kg'), seasonal
change in DIC ADIC, umol kg'), DIC deficit integrated over 100 m (mol@y total DIC
deficit (Tg C),AfCOx(sea-air) atm), CQ flux (mmol m? d*) , CG; flux (mol m?) and total
flux (Tg C) for the high-nutrient low-chlorophylHNLC) stations 30 and 331 2), Antarctic
Circumpolar Current (ACC) station 3id € 1), North Scotia Ridge stations 43, 44, 46 a@d 4
(n = 4) and the Georgia Basin (GB) stations 51 an@n53 2). The mean value is presented
from all data in each region with the standard dion in parentheses. Fluxes were calculated
using seasonally averaged QuikSCAT winds, by takamg average of the wind speed
(measured twice daily) at the position of eddG0O, value, and the Nightingale et al. (2000)

relationship. Tg C is 18g C.

HNLC ACC NSR GB Total
Latitude -58.0/-55.5  -55.5/-54.5  -54.5/-53.5 5555

Longitude -45.0/-37.0 -44.0/-40.0 -40.0/-35.0 -480.0

Area (16 km?) 124 28 36 80 268
Time (days) 90 (14) 90 (14) 90 (14) 90 (14)

MLD (m) 56 (2) 61 (0) 67 (2) 27 (12)

[chl-a]i00 m(Mg m?) 11.6 (0.5) 84.9 (0.0) 123.9(69.8) 215.0(29.2)
DICsummer(mol kg*) 2157 (5) 2120 (0) 2120 (8) 2094 (8)

DICyinter (umol kg?) 2191 (0) 2165 (0) 2181 (10) 2192 (3)

ADIC (umol kg™ -34 (5) -45 (0) -61 (15) -98 (5)

DIC deficit (mol m?) 2.2 (0.3) 2.4 (0.0) 2.8 (0.3) 4.6 (0.8)

Total DIC deficit (TgC) 3.2 (0.4) 0.8 (0.0) 1.2 (0.1) 4.4 (0.8) 9.7 (0.9)
AfCO, (natm) 16 (5) -61 (0) -59 (12) -96 (35)

CO, flux (mmol m? d*%) 2.6 (0.9) -10.3 (0.0) -9.2 (1.8) -15.1 (5.7)

CO, flux (mol m?) 0.23 (0.1) -0.9 (0.1) -0.8 (0.2) -1.4 (0.6)

Total CQflux (Tg C) 0.3(0.1) -0.3 (0.0) -0.4 (0.1) -1.3%)  -1.7(0.5)

191



6.11. HNLC waters upstream of South Georgia

Satellite measurements of chlorophyll-a have gyeathproved the understanding of
phytoplankton dynamics by enhancing the spatial tantporal coverage of data that already
existed from shipboard surveys (Korb et al., 2004)nthly MODIS composite images from
October 2007 to March 2008 indicated low phytoptankactivity at stations 30 and 33 in the
central ACC (Figs. 6.2 and 6.4f). However, shipblodata collected along this part of the
transect in January 2008 revealed deep chlorophylexima (DCM) at both stations at about
70 m (Fig. 4.6). This is not an uncommon occurreimcepen waters of the ACC (Holm-
Hansen, 2004a; Holm-Hansen et al., 2005; Whitehaetsal., 2008). Depth integrated
chlorophyll-a to 100 m at these stations was .65 mg nf, showing that these stations
held a small standing stock of phytoplankton (TahE). Compared to the Winter Water, all
three macronutrients had been reduced in the upatar column, with depletions in silicate
of 20-30 umol kg (Tables 6.2 and 6.3). This is consistent with olmons of increased
diatom abundance north of the SB (Korb et al., 20T8e presence of phytoplankton in this
region had reduced summer DIC concentrations by 34mol kg* and created a sizable DIC
deficit of 2.2 mol nf by January (Table 6.5). Sea surfd€®, did not reflect this modest
phytoplankton activity as surface water warming rdetacted the biological carbon uptake
(Fig. 6.6a).

However, based on surface distributiond@0,, DIC, macronutrients and chlorophyll-a this
region represented unproductive waters comparéaetoorthern ACC, NSR and the GB. The
standing stocks of chlorophyll-a were the lowestevlied for the whole AAZ. Henceforth, the
relatively unproductive site in the central ACC waassified as HNLC waters (stations 30
and 33) and the most productive sites in the cbteeoSouth Georgia bloom (stations 51 and
53), with a continuum of phytoplankton activity ietween, especially in the northern ACC
(station 37) and over the NSR (stations 43, 44adb 48). Low, but persistent, phytoplankton
activity in moderate mixed layer depths of 55-57 appeared unproductive by satellite
detection (Fig. 6.2). It has been suggested th&tllisa chlorophyll-a concentrations
underestimate sea surface chlorophyll-a and marmoeuctivity in this region (Schlitzer,
2002; Korb and Whitehouse, 2004).
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GB (52.5-53.0°S)

33.6 34.0 34.4 348 336 34.0 34.4 34.8
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Figure 6.8. Potential temperaturg, (C) as a function of salinity for the 16 hydrographi
stations in the Antarctic Zone (blue). Highlightptbfiles (red) indicate station groups (a)
Georgia Basin (GB) stations 51 and 53, (b)Northti@ddidge (NSR) stations 43, 44, 46 and
48, (c) ACC station 37 and (d) HNLC stations 30 88d The temperature-salinity profile for
the Southern Boundary (station 21) is highlightetlack to indicate the transition into waters
of the Weddell-Scotia Confluence. Identified wateasses (a) are Antarctic Surface Water
(AASW), Upper Circumpolar Deep Water (UCDW), Loweé&ircumpolar Deep Water
(LCDW) and Winter Water (WW) after Meredith et £003b) and Naveira Garabato et al.
(2002a).
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6.12.  Phytoplankton blooms of the ACC

In contrast to the HNLC waters, satellite and sbad surface chlorophyll-a concentrations
identified elevated phytoplankton biomass in thethmeyrn ACC on 25 January (station 37)
(Figs. 6.2 and 6.4f). Chlorophyll-a concentratiapproached bloom conditions at 1.93 mg m
3 with a subsequent decrease in all three macremis;i most notably silicate by over gtol
kg' compared to the HNLC stations (Table 6.2). This@acompanied by a reduction in
mixed layer DIC by over 3pmol kg*and surface watd€O, by nearly 6Quatm (Table 6.4),
despite an increase in sea surface temperaturp tf 0.59°C (Table 6.2). These conditions
created a patch of GQundersaturation (Fig. 6.6a) and a strong sinktimfoapheric CQof -
10.3+ 0.0 mmol nf day* (Table 6.5).

Station 37 is located just south of the NSR, witme@ander in the SACCF to the east and
detrainment from a PF jet approaching from the st 6.2). The influence of the SACCF
can be seen in the potential temperature-salinifilp as compared to waters over the NSR,
cooler, more saline water mixed within the UCDW/|oke the 6,,ir (Fig. 6.8c). The close
proximity to frontal waters on either side couldyide a source of nutrients and iron to the
surface and influence the carbonate characterisiicghis location, through biological
utilization of DIC and/ or advection. It is hypo#iged that this enhancement of production
was due to localised iron enrichment, from eithenaspheric or oceanic origin, where
concentrations of dFe were 0.05 nM (Fig. 6.4e)eRiml source regions of aeolian iron-rich
dust are the arid and semi-arid areas of Patag@vath America (Fung et al., 2000).
Comparisons of aerosol optical depth, chlorophydira simulated dust deposition revealed a
strong correlation between aeolian derived iron phgltoplankton productivity in surface
waters of the ACC (40-68) downwind from Patagonia (Erickson et al., 2003)wever,
atmospheric inputs are estimated to be small inSbethern Ocean (Jickells et al., 2005),
although few data currently exist in this regiorce@nic sources are most likely and include
advection (Nolting et al., 1991; Johnson et al99%%Banudo-Wilhelmy et al., 2002; Dulaiova
et al., 2009; Ardelan et al., 2010) and mesosaaletdl dynamics (Naveira Garabato et al.,
2002b; Strass et al., 2002).
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Figure 6.9. Hydrographic station (5 m sample) andenway sea surface normalised alkalinity
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6.13. The South Georgia bloom

The marine carbon cycle varied considerably upstiréa the HNLC waters, and downstream
of South Georgia, in the GB, during summer 20084F6.4-6.7). Extensive phytoplankton
blooms covered the GB and biological carbon uptaduced DIC andCO,, creating a
substantial sink for atmospheric g(rable 6.5). Inspection of temperature-salinitpfpes
(Fig. 6.8) indicated the presence of the same watsses at HNLC stations (30 and 33) and
at South Georgia bloom stations (51 and 53), witmgarable winter mixed layer
characteristics (Table 6.3). Stations 30 and 3&uleerefore selected as suitable unproductive
sites in order to investigate the effects of thatBd@seorgia bloom on the marine carbon cycle
of the Scotia Sea.

The circulation features of the PF and SACCF invicaity of the NSR are governed by the
bathymetry and in turn greatly influence the stuoetof the phytoplankton bloom in the GB
(Figs. 6.1 and 6.2). The South Georgia bloom watsaiad in October 2007 and reached
maximum intensity in January 2008 (Fig. 6.5). Thestmintense patch of chlorophyll-a was
confined to the GB where shipboard measurementsatetl a summer maximum of 11.14 mg
m?3 (Table 6.4), which is of comparable magnitude mut8 Georgia blooms in austral
summer 2000, 2002, 2003, 2005 (Holm-Hansen e2@04b; Korb et al., 2004; Korb et al.,
2008). Bloom duration (90 days) is likely to infheed by, among other factors, water column
stability, which is largely controlled by circulati features of the GB and the long residence
time of water at this location (Brandon et al., @0Meredith et al., 2005). Warm sea surface
temperatures (Fig. 6.4a) and shallow mixed lay&eble 6.2) increased the water column
stability in the GB and promoted phytoplankton atyi

Previous studies in the South Georgia bloom dutimge austral summers (2002, 2003 and
2005) found that the euphotic depths were equal tdeeper than the MLD, indicating that
light is not usually limiting for phytoplankton gnaah in this region during the summer (Korb
et al., 2008). Chlorophyll-a concentrations weighhin the upper water column across the GB
(Fig. 4.6), with a high standing stock of chloroftayof 215.0+ 29 mg n¥ in the top 100 m
(Table 6.5). Comparable phytoplankton stocks of.29550 mg nY were measured in the
upper 100 m of the GB in summer 2003 (Korb et2005). Silicate had become completely
exhausted in the mixed layer (Table 6.2), consistetlh the presence of a diatom dominated
bloom (Korb et al., 2010).
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A distinct latitudinal trend can be observed fotirsey normalised DIC (DIGs), where
concentrations were highest in the south (Fig. )6.9he lowest DIG, values occurred at
around 58S, downstream of South Georgia in the GB. Theibigion in TAgs shows that a
range of values were observed at all latitudesaintrasting regions. Data collected in the
Weddell-Scotia Confluence (WSC) are included fanparison (Fig. 6.9b) and are discussed
in Chapter 5.

Summer biological carbon uptake in the South Geobtpom had reduced winter DIC by 98
+ 5 umol kg, representing a factor three increase in the seh&C depletion compared to
the HNLC waters (Table 6.5). This was accompaniedubstantial CQundersaturation of 96
+ 35 patm (Fig. 6.6a). Comparisons of DIC deficits andsaia CQ fluxes in upstream and
downstream waters gives a further indication of éffect of South Georgia bloom on the
marine carbon cycle of the Scotia Sea. AlthoughHhN&.C region was an oceanic G&ource
of 2.6+ 0.9 mmol nf day’, a DIC deficit of 2.2+ 0.3 mol n¥ existed in the upper 100 m
through modest biological activity (section 6.1The DIC deficit increased two-fold to 446
0.8 mol m? in waters downstream of South Georgia, creatiedatgest summertime G®ink

of -15.1+ 5.7 mmol nt day’. Air-sea exchange resupplied the summer mixed hajta 1.4

+ 0.6 mol n¥ of atmospheric C®in the core of the South Georgia bloom over thed@9
duration. This corresponded to 30% of the DIC deficat had been created during the
summer. This resupply of DIC is higher than the 2486 determined for the bloom
downstream of the Crozet islands (Bakker et al0720highlighting the strength of the South

Georgia bloom in atmospheric GQOptake.

Previous shipboard campaigns (Korb et al., 2008;it&ékibuse et al., 2008) and satellite
chlorophyll-a data (Korb et al., 2004) indicateattihe South Georgia bloom is a recurrent
feature and hence, based on this research, adbfaB + 0.5 Tg C is transferred from the
atmosphere to the ocean each summer. However, Ithal&ficit observed in early February
(Table 6.1) is likely to persist after decay of thleom, which was determined to occur in
March from inspection of satellite derived chlorgipta concentrations (Fig. 6.5). Further
oceanic uptake of atmospheric £@ould take place in the ensuing DIC deficit, thwre
enhancing the seasonal biological carbon uptakeerfiéed above) downstream of South
Georgia.
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Elevated concentrations of dFe, up to 1.17 nM,urfage waters of the bloom, compared to
the rest of the AAZ, provided further evidence fatural iron fertilisation downstream of

South Georgia (Fig. 6.4e). As surface waters wegleded in silicate, continuation of the

diatom bloom was only possible by nutrient replemient or a shift in community structure to
non-siliceous species. If seeding by iron and/ilczage is a key factor then sources included
upwelled waters of the ACC flowing over the NSRiemaction of the SACCF with other

bathymetric features and run-off from South Geofgfarb and Whitehouse, 2004; Korb et
al., 2004; Ward et al., 2002; Whitehouse et al0&0

Bathymetric features such as the NWGR have beeticatgd in enhanced meandering and
eddy shedding of the SACCF, advecting nutrient®sscthe frontal boundary and retaining
circulating waters in the GB for several monthsdiffe et al., 2002). The long residence times
of water over the GB would allow iron to be supglie the upper ocean prior to the growing
season. The spatial and temporal dynamics of thenblindicated that iron enrichment from
Patagonian dust deposition is not a major contmol emhanced biological productivity
downstream of South Georgia (Meskhidze et al., 2G0W the oceanic iron sources and
dominant. However, the limited data in this reghighlight the importance of detailed iron

measurements in the vicinity of South Georgia (omganvestigation).
6.14.  Southern Ocean blooms and,@Ptake
6.14.1. Island blooms

The impact of Southern Ocean island blooms on tagnma carbon cycle can be examined by
comparing waters within the bloom and waters renfian it (Bakker et al., 2007; Jouandet
et al., 2008; section 6.13). Enhanced marine prodtycand biological carbon uptake has
been observed downstream of the sub-Antarctic dslarf Crozet (45.5-47°6 49.0-53.0E)
and Kerguelen (48.5-493 68.5-70.8E) during austral spring and summer (Bakker et al.,
2007; Jouandet et al., 2008) (Fig. 6.10).
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Figure 6.10. Area (kf), mixed layer depth (MLD, m), seasonal changeissalved inorganic
carbon ADIC, umol kg?), DIC deficit (mol m?), AfCOx(sea-air) fatm) and the COflux
(mmol m? d%) for (a) core bloom and (b) high-nutrient low-atdphyll (HNLC) regions at
South Georgia (this research), Kerguelen Islanddddet et al., 2008) and the Crozet islands
(Bakker et al., 2007). DIC deficit is the averagensner deficit in DIC for the upper 100 m

(South Georgia and Crozet) and relative to the sgatpre minimum (Kerguelen).

The contrasting upstream, HNLC waters for the thstends showed summer depletion in
DIC, which has been attributed to low but persistearine productivity in sub-surface waters
(Bakker et al., 2007; section 6.11). This highleghtthe limitation of using satellite derived
surface chlorophyll-a alone as an indicator fordoiaiivity and associated biological carbon
uptake. Despite summer reductions in DIC, sea seiffaO, was close to the atmospheric
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value for each of the unproductive sites and HNL&ens upstream of South Georgia and
Kerguelen were slight sources of £6F 2.6-2.7 mmol nf day* (Fig. 6.10b).

Compared to the blooms associated with Crozet agrdju€len, biological carbon uptake in
the South Georgia bloom utilised up to @@ol kg* more DIC during the summer, creating
the largest DIC deficit of 4.6 0.8 mol n¥ (Fig. 6.10a). The DIC deficit appeared to increase
with decreasing latitude. Subsequently, t6€, undersaturation in the South Georgia bloom
is greater by 76 and 40% compared to Crozet andu&den blooms, respectively.

The spatial and temporal characteristics of thetfts@eorgia bloom is similar to that observed
at Kerguelen (Blain et al., 2007) and evidence satgythat it is also sustained by an iron
supply, which becomes rapidly exhausted by thedesdi diatom community (Korb et al.,
2008; Korb et al., 2010). With the greatest spatislerage (80,000 ki)) combined with long
duration (90t 14 days), the South Georgia bloom created theesargummer DIC deficit of
4.4+ 0.8 Tg C, in comparison to the blooms of Kergudzd + 1.0 Tg C) and Crozet (2
0.1 Tg C), and subsequently removed#A @5 Tg C from the atmosphere.

6.14.2. A Southern Ocean perspective

In the context of other blooms in the Southern @¢cemly the Ross Sea (Bates et al., 1998;
Sweeney et al., 2000) had a greater seasonal Cfi€itdmmpared to South Georgia to date
(Table 6.6). It must be noted, however, that DIGicits determined at the height of the

growing season (January-February) are expectedettatger than those measured at the
beginning (October) and at the end (March). DataTable 6.6 and timeseries studies

(Sweeney et al., 2000) show this to be largely.true

Table 6.6. (page 201) The location, year, montkechiayer depth (MLD, mQ\fCO,(sea-air)
(natm) and DIC deficit (mol /) for a selection of phytoplankton blooms in theuSern
Ocean. Method for determination of DIC defi¢iDIC deficit in the upper 100 MDIC deficit
relative to the temperature minimuf®IC deficit in the summer mixed layénet community
production,>from nitrate deficits relative to the temperaturmimum. No data is represented

by -.
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Location Year Month MLD ACO, DIC deficit Reference
m patm mol rif

Weddell Sea 1972 Jan 60/110 - .7 Jennings et al. (1984)

(60°S W)

Pacific sector 1992 Feb-Mar - - 25 Minas and Minas (1992)

(48-62S 65E)

Polar Front 1992 Nov 80 -21 14 Bakker et al. (1997)

(47-60S W)

Seasonal ice zone 1993 Feb-Mar 40/60 - 0.9/3.7 Ishii et al. (1998)

(63-69S 30-150E)

Casey Bay 1993 Feb - - 1.7/2%8 Ishii et al. (1998)

(69°S 40E)

Prydz Bay 1993 Feb-Mar 5 -250 1.3/4.0 Ishii et al. (1998)

(70°S 70-80E) Gibson and Trull (1999)

Pacific sector 1994 Sept-Mar 25/65 -1/-18 0.8-2.8 Rubin et al. (1998)

(67-70S 110-170E) 1995

Ross Sea 1994 Oct-Feb 10/80 -80/-150 1.2/16.8 Bates et al. (1998)

(74-78S 163-187E) 1995 Sweeney et al. (2000)

Marginal ice zone 1994 Dec-Jan  10/20 -35 0.3/25 Ishii et al. (2002)

(64-65'S 140W) 1995

Scotia Sea 2001 Dec 30/70 -8/-13 1.0/1.2 Shim et al. (2006)

(57-60°S 52W)

Weddell Sea 2003 Jan - . 29 Geibert et al. (2010)

(54-66'S 17-23E)

Crozet islands 2004 Nov-Dec 22/85 -55 34 Bakker et al. (2007)

(45-47S 49-53E)

Kerguelen Island 2005 Jan-Feb 70 -71 4.4 Jouandet et al. (2008)

(50-52S 70-74E)

Weddell Sea 2005 Mar - - 1.1/23 Hoppema et al. (2007)

(63-70S 16-46W)

South Georgia 2008 Feb 27 -96 46 this research

(52-5£S 38-42\W)
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6.15. Conclusion

The impact of the South Georgia phytoplankton blommthe marine carbon cycle of the
Scotia Sea has been investigated during summer. 28bBpboard and satellite surface
chlorophyll-a concentrations were used to deterrthiedocation of stations within the core of
the bloom and stations that represented HNLC waf@asa collected during cruise JR177
illustrated some of the limitations of using satelichlorophyll-a as an indicator of marine
productivity. The ‘unproductive’ HNLC stations heddsmall standing stock of chlorophyll-a
and had a summer DIC deficit of 2t20.3 mol n. This suggests that HNLC waters of the
ACC are more productive than perceived, as suggdst®akker et al. (2007).

Extensive diatom blooms covered the GB by summer @ closely constrained by the
bathymetry of the region. DIC deficits in the upf€0 m doubled from 2.2 0.3 mol n¥
upstream to 4.& 0.8 mol n¥ downstream of the South Georgia. The substaniddbgical
carbon uptake created an oceanic sink for atmoEpl@®, of 15.1+ 5.7 mmol nf d?,
corresponding to a total transfer of 3.5 Tg C from the atmosphere to the upper ocean

during summer 2008.

Sea surface distributions of iron across the AADvpted evidence for natural iron
fertilisation downstream of South Georgia. Thisneg® is very similar to the naturally iron
fertilised blooms of the sub-Antarctic islands adriguelen and Crozet. Despite smaifesitu
CO; sinks due to slighter wind speeds, the South Gadripom was the strongest island
bloom, ascribed to the largest bloom extent of 80,&nf and long duration of 90 days.
Across the entire bloom, the summertime DIC defitithe upper ocean was 4:40.8 Tg C,

which superseded the blooms of Kerguelen £140 Tg C) and Crozet (2#0.1 Tg C).

For a total DIC deficit of 9.# 0.9 Tg C along the Scotia Sea transect from 58.8:S, CQ
uptake resupplied the upper ocean with4.0.5 Tg C. This emphasized the significance of
the South Georgia bloom in the marine carbon cygtlidis region, which accounted for 76%
of the total uptake of atmospheric €@ the Scotia Sea during summer 2008. In a Soather
Ocean context, the summertime DIC deficit of thet8dSeorgia bloom is the largest reported
to date in non-ice covered waters of the Southezea®@. A thorough investigation of natural
iron enrichment is essential to fully understand tontrols on phytoplankton biomass and

biological carbon uptake in the complex environnarthe Scotia Sea.
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7.  Seasonal variability in sea ice, blooms and carbonate
chemistry: the role of the Scotia Sea in CO, uptake

and ocean acidification

7.1. Abstract

Seasonal variations in the marine carbon cycle werestigated during austral spring 2006,
summer 2008 and autumn 2009 along a 1,400 km wamsehe Scotia Sea. Sea surface
conditions present during the winter (2007) werenmed from parameters measured at the
depth of the potential temperature minimum, wittive Winter Water, during the summer
(2008) occupation of the transect. The transeeetsed through archetypal Southern Ocean
environments: sea ice, hydrographic fronts, higtiient low-chlorophyll (HNLC) waters,
waters of the Antarctic Circumpolar Current (ACQ)daintense phytoplankton blooms
downstream of islands and over submarine ridges.fifst full seasonal cycle of sea surface
fCO, for the Scotia Sea is presented. The marine cadyocte of the Southern Ocean in
autumn is particularly unknown (Stoll et al., 1928)d the autumn data collected during this
research help to address this issue. The novebsad€0O, data allowed an assessment of the
controls on the transition from winter G&ource to summer GQink and provided an insight
into how the annual marine carbon cycle of the Beut Ocean might respond to future

climate change.

Satellite derived chlorophyll-a and sea ice coverevused alongside situ physical and
biogeochemical observations to examine the prosebse govern the seasonal variations in
the marine carbon cycle. Maximum sea ice coverneldd from 63 to 57S during winter
2007 and thus defined the seasonal ice zone (ShedScotia Sea. A strong correlation was
observed between sea ice, ice edge phytoplanktmnisd and subsequent undersaturation in
sea surface fugacity of GQGfCO,). Moderate sea ice advance in winter and retrgatanly
spring set up conditions most favourable for phigokton blooms in the SIZ, transferring
1.01+ 0.72 Tg C from the atmosphere to the ocean duhaghree month lifetime of a bloom
in spring and summer 2006-2007. Oppositely, thekerebloom that followed the ‘icy’ winter

of 2007 removed less than 0.610.17 Tg C from the atmosphere with terminationttod

bloom after one month. Prior to bloom developmém, SIZ acted as a potential strongCO
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source region due to the supersaturatiofCad, beneath the sea ice. During the spring thaw,
initial break-up of the sea ice allowed strong,®0tgassing of up to 66 2.7 mmol nf d.
The Southern ACC Front and the Southern Boundaggirbe transient C£&sinks with the SIZ

blooms that ‘tracked’ the southward retreatingisea

The HNLC waters were a steady £8burce of over 2.0-2.3 mmold?, due to seasonal
warming from summer to autumn. Downstream of tHans of South Georgia, extensive
phytoplankton blooms developed each year and egteratross the Georgia Basin (GB),
reaching maximum strength in summer. This corredpdrno substantidCO, undersaturation
and created the strongest seasonal sink for atreasp8Q in the Scotia Sea of 1204.2
mmol m? d* during summer. The effect of the Scotia Sea blodominated the summertime

air-sea CQflux to create a net CQink of 5.7+ 1.4 mmol nit d*.

By the winter, the Scotia Sea was transformedan@Q source of 2.% 1.0 mmol nf d* due

to increased vertical mixing and upwelling, bringirCircumpolar Deep Water rich in
dissolved inorganic carbon to the surface. Concambitlow pH and carbonate ion
concentrations, particularly south of*®and in the GB make these regions vulnerable to
wintertime aragonite undersaturation, possibly Bg®2040. Below the thermocline in the
GB, the water column was undersaturated with rédjpearagonite, presenting conditions of

early ocean acidification to calcifyers south af #olar Front.

The Scotia Sea from 62.60 49.5S is a strong sink for atmospheric £ 6.2+ 2.1 mmol
CO, m? d! using seasonally averaged wind speeds and thetiitigle et al. (2000)
parameterisation. The South Georgia bloom is aigi@ie element of this GOsink,
transferring an average of 1.810.41 Tg C from the atmosphere to the upper oceah e
summer. The large inter-annual variability in tH& Sppears to impose constraints on the,CO
sink. Future climate change is likely to affect #ea ice-CQrelationship and the annual sinks
of the SIZ could diminish. These observations ersggathe need to address seasonal
variability in assessing the contribution of theu@rn Ocean to the oceanic control of
atmospheric C@ The mosaic patterns in sea surface carbonateistmgrof the Scotia Sea
create a natural mesocosm to infer the effectead@nal variability on the distributions of air-
sea CQ fluxes, pH and aragonite undersaturation for thietemporary and future Southern

Ocean.
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7.2. Introduction

The Southern Ocean is a complex region of physa@mical and biological processes that
have a large influence on the global marine caxdymhe but, compared to other ocean basins,
remains relatively undersampled (Takahashi et 2009). The Scotia Sea, between the
Weddell Sea to the south and the Polar Front (BFR)hé north, epitomises the diverse
environments of the Southern Ocean with the sehsathaance and retreat of sea ice,
meandering hydrographic fronts, high-nutrient ldwecophyll (HNLC) waters and waters of
the Antarctic Circumpolar Current (ACC) in open acgegimes, downstream of islands and
over submarine ridges. The region is recognisdokasy important for the mixing of the deep
water masses in the ACC (Naveira Garabato et@D2&) and as supporting valuable fisheries
(Atkinson et al., 2001).

In contrast to the low productivity waters of th&€€®& entering the Scotia Sea from Drake
Passage, areas of high productivity are regulablgeosed in spring and summer at the
receding ice edge (Smith and Nelson, 1986; Kang.e2001; Korb et al., 2005), in frontal
regions (Jacques and Panouse, 1991; Comiso &88B; Helbling et al., 1993; Tynan, 1998;
Holm-Hansen and Hewes, 2004; Hewes et al., 2008)dawnstream of bathymetric features
(Moore and Abbot, 2000; Blain et al., 2001; Holmrdan et al., 2005; Pollard et al., 2007;
Sokolov and Rintoul, 2007). Through the action tué biological carbon pumps, substantial
carbon uptake in surface waters occurred acrosS¢hea Sea (Chapter 4), particularly in the
marginal ice zone (Chapter 5) and downstream offSGeorgia (Chapter 6) in summer 2008.
Sea ice cover, vertical mixing and upwelling ofddimpolar Deep Water present contrasting
conditions in the upper ocean (Chapter 4) duringtevj generating large seasonal changes in
sea surface pH and aragonite saturation. Aragomitersaturation poses considerable threats
to calcifying species, such as pteropods, which thee major aragonite producers in the
Southern Ocean (Honjo, 2004; Hunt and Hosie, 20@@gonite undersaturation in seawater
augments the dissolution of aragonite concretiomsraduces the ability of marine organisms
to secrete aragonite during the construction ofskaletons (Feely et al., 2004; Orr et al.,
2005; Fabry et al., 2008).
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With numerous crossings from October to May eachr Y&y RRSJames Clark Rosghe
Scotia Sea is an ideal ‘mesocosm’ to examine timeogporary marine carbon cycle across
characteristic Southern Ocean regimes. This relseanestigates the seasonal cycling of
inorganic carbon, air-sea G@uxes, pH and aragonite saturation, in water$\séa ice cover,
HNLC conditions, extensive phytoplankton blooms dhd frontal waters of the Southern
Boundary (SB), the Southern ACC Front (SACCF) dmel PF (Fig. 7.1). The Scotia Sea is
established as a ‘mosaic’ of carbonate chemistdytha contribution to the Southern Ocean

carbon cycle is determined and projections of iazean acidification are made.

The 1,400 km transect across the Scotia Sea extdraia 61.0S at the South Orkney Islands
to 49.5S at the northern limit of the Antarctic Circumpo@urrent (ACC) and the Antarctic
Zone (AAZ). The transect was initiated by RB&mes Clark Rosduring the spring cruise
JR161 (Table 7.1) in October-November 2006 from3beth Orkney Islands (Fig. 7.1). The
transect was repeated, and extended south t6Hhaéhe Weddell-Scotia Confluence (WSC)
in January-February 2008, during the summer crdR&77. The final occupation of the
transect was conducted in March-April 2009, dutimg autumn cruise JR200.

Table 7.1. The core seasonal cruises of the SEeiga Data from each season is presented in
colour, as specified in the colour code, to enaalsy identification in the Figures. Start and
end dates refer to the initial and final sea s@fdatum. *Winter start and end dates are based

on summer JR177 station dates, back-dated to W20K@r, as no cruise took place.

Season Cruise Year  Colour code Start date  End dhitgdrographic stations
Spring JR161 2006 Green 20 Oct 01 Dec 59
Winter - 2007 Blue 08 Sept* 04 Oct* 24
Summer  JR177 2008 Yellow 02 Jan 17 Feb 59
Autumn JR200 2009 Red 11 Mar 17 Apr 50

The lowest sea surface temperatures and deepestl aiters occurred annually in September
(section 2.14). Carbonate parameters measured $eonples collected in the Winter Water
(WW), at the depth of the potential temperatureimum, during summer 2008 were used as
proxies for the preceding winter i.e. sea surfaomddions along the transect during
September (winter) 2007. The dates of the JR177 ¥difvples were used to derive ‘start’ and
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‘end’ dates for the winter season: the first sta{i, Table 2.2) on 8 January corresponded to
the first WW data on 8 September 2007 and the fitation (53, Table 2.3) on 4 February
2008 corresponded to the final WW data on 4 Oct@®87. The winter data completed the
seasonal data set for Scotia Sea from 2006 to 2B88h cruise is used to ‘represent’
conditions typical to a given season, specifiedeh&s winter (June, July, August), spring
(September, October, November), summer (Decemlarualy, February) and autumn
(March, April, May).

Figure 7.1. A schematic of the Scotia Sea showirgg &pproximate location of the repeat
transect (dashed line) and the extended transette¢dline) from JR177. Some important
topographic features are identified: Antarctic henia (AP), South Orkney Islands (SOIl),
South Scotia Ridge (SSR), South Sandwich Islan@)(Slorth Scotia Ridge (NSR), South
Georgia (SG), Northwest Georgia Rise (NWGR), NatteGeorgia Rise (NEGR), Georgia
Basin (GB), Maurice Ewing Bank (MEB) and the Falida Islands (Fl). Antarctic
Circumpolar Current (ACC) fronts shown schematicalhdapted from Meredith et al.
(2003a): the Southern Boundary (SB, Orsi et aB5)9Southern ACC Front (SACCF, Thorpe
et al., 2002) and the Polar Front (PF, Moore et1899). Depth contours are at 1000, 2000
and 3000 m (GEBCO, 2001).
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Each cruise began from the Falkland Islands, wtiereship sailed south in the direction of the
South Orkney Islands to begin the northward tramsaentually passing to the northwest of
South Georgia, up to the PF before returning bacthé Falkland Islands (Fig. 7.1). During
the seasonal cruises the ship sailed through icered waters, regions of substantial sea ice
melt, frontal systems, open ocean regimes and setegphytoplankton blooms. Yearly
composites of satellite chlorophyll-a (section T)Gevealed an area of ocean in the central
ACC that supported low levels of chlorophyll<ap.2 mg n¥, for most of the year. In relation
to concentrations of nitrate and phosphate, thig®oreis defined as having HNLC conditions,
forming an unproductive band from 573% to 56.0S along the transect throughout the
research period. In contrast, a large area of tddvehlorophyll-a was identified that persisted
for up to eight months and extended across mogteofSeorgia Basin (GB) each year. This
annual biological event is referred to as the Sdb#orgia bloom (Chapter 6), forming a
productive region north of the North Scotia RidYSR) at 53.0-50.%5 along the transect.

The SB, SACCF and the PF were identified usingicartprofiles of hydrographic data
(Chapter 4) and sea surface dynamic height (Ch&ptéuring summer cruise JR177. The SB
was crossed at about®™®and marks the transition from the WSC into watéithe ACC and
the AAZ. The PF marks the northern limit of the AA&hich is taken here as the northern
limit of the Scotia Sea. Eight sub-regions of thmti Sea have thus been distinguished,
defined by latitude along the transect: the Wed8etitia Confluence (62.6-595), the
Southern Boundary (59.5-58%), the Southern ACC Front (58.5-5759, high-nutrient low-
chlorophyll waters (57.5-56°8), the ACC (56.0-55%%), the North Scotia Ridge (55.0-
53.0°S), the Georgia Basin (53.0-50F and the Polar Front (50.5-493). The data for each
parameter in each region are commonly expressea rasan, with accompanying standard

deviation, of all the data within the specifiedtladinal limits.
7.3. Hydrography
7.3.1. Winter 2007

The vertical location of the fronts was determirfieain potential temperatur®) and salinity
(S profiles from the summer occupation of the trahg€hapter 4). Hydrographic properties
of the WW layer are used as a proxy of surface itiomd during the preceding winter. The

WW properties are taken from the depth of the paktemperature minimumBf,n), which
208



showed a northward gradient (Fig. 7.2b). The awebag, south of 59S, was -1.55 0.12°C

(n =9), compared to the warmer, but more variablerage of 0.0% 0.31°C (n = 10), north
of 59°S to 50S. Exceptions to this general trend were watershnofr the NSR, where the
value of theBn,, decreased to -0.2% in the central GB. Satellite SST data (sectidB82)
showed the same general trend, with average w8®4dr of -1.77+ 0.02°C (n = 9), south of
59°S, and -0.9% 0.71°C (n = 10), north of 5%S. The highem situ temperatures of the WW
compared to satellite derived sea surface temperaite likely to be due to bottom-up
warming slightly eroding thé.,, along the thermocline, as discussed previouslgti(se
5.3.7). Salinity decreased northwards, from the tnsadine waters, representing seasonal
maxima of > 34.3, in the southern WSC to compagditifresh waters§ < 33.9) north of 585
(Fig. 7.2c). Across the Scotia Sea, a seasonaledé@®p of the mixed layer is indicative of
increased vertical mixing in winter, up to depttisl80 m in the vicinity of South Georgia
(Fig. 7.2f).

7.3.2.  Spring 2006

Surface waters showed a strong northward gradiergen surface temperature across the
Scotia Sea with abrupt increases at the SACCHN®IR and the PF (Fig. 7.2b). Close to the

South Orkney Islands sea surface salinity hadgeleainge from about 33.7 to over 34.1 (Fig.

7.2c). Salinity showed a general northward decreasean abrupt freshening to the north of

58.5’S. Across the WSC and up to the SACCF, mixed ldgpths ranged between 40 m and

80 m (Fig. 7.2f). The deepest mixed layers (> 1290ware observed in the central ACC at

about 58S.

7.3.3.  Summer 2008

Surface waters continued to warm from winter witbti@ong northward gradient and abrupt
increases in temperature at the SB, the GB andPEhé-ig. 7.2b). Across the WSC, surface
salinity showed a general northward increase (Fi2c). A notable exception to this trend was
a sharp reduction in salinity to a seasonal minimafre 33.4 over the South Scotia Ridge
(SSR). Across the AAZ, salinity gradually decrease®3.6 in the central part of the GB,
where maximum seasonal freshening had occurrededMixyer depths ranged from about 20
m, south of 60S and in the GB, to the deepest mixed layers ¢m3® m over the NSR (Fig.
7.2f).
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7.3.4. Autumn 2009

The warmest sea surface temperatures occurredgdadtumn, retaining a strong northward
gradient from 0.5-1.0C over the SSR to over 7 close to the PF at 39 (Fig. 7.2b).
Surface salinity was largely non-trending and Ja@daup to 57S where it abruptly decreased
(Fig. 7.2c). A seasonal minimum in sea surfacengglivas observed across the AAZ before
increasing in the GB. Mixed layer depths were wagiable, ranging between 40 m and 80 m
across the Scotia Sea (Fig. 7.2f). Although noirtistlatitudinal trend was observed, the
shallowest and deepest mixed layers were measeggdime SB and the PF, respectively.

Figure 7.2. (page 211) The latitudinal distributiohsea surface (a&)fCO,(sea-air) gatm),
(b) temperature°C), (c) salinity, (d) iron (nM), (e) chlorophyll-&hl-a, mg nT) and (f)
mixed layer depth (MLD, m) during winter 2007 (bjuspring 2006 (green), summer 2008
(yellow) and autumn 2009 (red). The approximatation of the South Orkney Islands (SOI),
Southern Boundary (SB), Southern ACC Front (SACCHgh-nutrient low-chlorophyll
(HNLC) waters, the North Scotia Ridge (NSR), theofgea Basin (GB) and the Polar Front
(PF) are indicated. The latitudinal limits of theeWdell-Scotia Confluence (WSC) and the

Antarctic zone (AAZ) are shown.

210



n
[ T

AfC02 (patm)
&

-100

Temperature {°C)
N O N B O o

34.5
34.0

33.5

Salinity

33.0

1.5

1.0

Fe (nM)

0.5

0.0

10

Chl-a (mg m™)

MLD (m)
2

SOl
4

SB SACCF HNLC
¥ v ¥ i

(2
- o
&
I )
o
2% 0 on o 00, %y Q(d)
&
- o -
0o 2 oo D4 50000000 69 © Sap® f€)
i o ©
oo OD 0%o f
- o o os 0.0 © g0 o o
oo ©8 o0 o 0. .0 )
-So 0.0 0%0& o8 o8 o8 °°§D
62 60 58 56 54 52 50

Latitude (°S)

211



SOl SB SACCF HNLC NSR GB PF

— ¥ ¥ L ¥ ¥ ¥ 3

2 30‘6”“"'%% @)

5 i

2 25

Z 20k

o 15k

E. | |
WSC AAZ

e

E 15F

=

— 1.0F

o) =t

Q osL

‘9 80 (c)

S 60f

£

3 40}

%r 20

(D 0 | | | | 1 |

= 62 -60 -58 -56 54 52 -50

Latitude (°S)

Figure 7.3. The latitudinal distribution of seafage concentrations of (a) nitrate ([A]P
umol kgh), (b) phosphate ([P£], umol kg') and (c) silicate ([Sig}], umol kg") during
winter 2007 (blue), spring 2006 (green), summer80p@&llow) and autumn 2009 (red). The

approximate locations of bathymetry, fronts andrbgdaphic regions as in Figure 7.2.
7.4. Macronutrients
7.4.1. Winter 2007

Nitrate concentrations [N§} displayed large variability across the Scotia $€@m. 7.3a).
Elevated concentrationg B0 umol kg') were measured near the SB, the SACCF and at the
NSR-GB boundary (58). In contrast, phosphate concentrations (ROwere relatively
homogenous at about 2uénol kg* with localised increases over the NSR and in et GB

(Fig. 7.3b). Silicate concentrations [$1Q across the WSC were 82¢42.3 umol kg, which
decreased sharply across the SB to form a dectpgsadient reaching about @énol kg* at
55°S (Fig. 7.3c). Similarly to [N@] and [PQ?], [SiO,*] increased over the NSR and into the
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central GB. These values are similar to winter galpreviously measured in the Scotia Sea
(Whitehouse et al., 2008).

7.4.2. Summer 2008

Sea surface [N§) decreased across the Scotia Sea from 2dr2@ kg' in the WSC to about
12 pmol kg* at the NSR-GB boundary (Fig. 7.3a). The [PDfollowed a similar trend,
decreasing from 1.3-1.6mol kg' in the WSC to a 0.xmol kg* over the NSR (Fig. 7.3b).
Similarly, [SiOs*] decreased from high concentrations of 70:&tbl kg™ in the WSC to less
than 1umol kg* in the GB (Fig. 7.3c). The concentration of all arautrients reached

seasonal minima in the NSR and GB regions.
7.5. Iron
7.5.1. Spring 2006

Surface concentrations of dissolved iron (dFe) sftbw springtime maximum of 1.41 nM
between 665 to the SB at 5% (Fig. 7.2d). Moderate concentrations of iron @000.30 nM
were observed at 8% and in the lower GB at 53-82. The lowest concentrations0.02 nM,

were observed over the NSR.
7.5.2.  Summer 2008

Elevated concentrations of iron, up to 0.67 nM, avebserved between the South Orkney
Islands and the SB (Fig. 7.2d). Concentrations me@tamoderately high at 0.20-0.40 nM in
the vicinity of the SACCF up to 83. The lowest concentrations,0.01 nM, were observed
over the NSR. High concentratiornss,0.50 nM, were observed north of “&3reaching a

summer time maximum of 1.17 nM in the lower GB.
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7.6. Chlorophyll-a

7.6.1. Annual satellite chlorophyll-a

2006 2007

Latitude (°S)

Latitude (°S)

-60 -50 -40 -30 -60 -50 -40 -30
Longitude ("W) Longitude ("W)

Figure 7.4. Yearly (January-December) compositesatéllite chlorophyll-a (mg i) for the
Scotia Sea during 2006 (SeaWiFS/MODIS merged ptpd2@07 (SeaWiFS), 2008 (MODIS)
and 2009 (MODIS). Depth contours are at 1000 and02th (GEBCO, 2001) and for

subsequent satellite images.

The SeaWiFS and MODIS satellites provided largdéescaverage of surface chlorophyll-a
concentrations (section 2.13.2) in the Scotia $emn 2006 to 2009 (Fig. 7.4). The satellite
images revealed that the phytoplankton bloom tonttrthwest of South Georgia is a distinct
biological feature, occurring on an annual basib \wimilar magnitude and duration. The core
of the bloom (chlorophyll-a& 2 mg m®) is largely confined within the GB, constrained thg
NSR to the south, the MEB to the northwest, thetiNmast Georgia Rise (NEGR) to the east
and the Northwest Georgia Rise (NWGR) to the saghéFig. 7.1). Analysis of satellite

chlorophyll-a during austral summer 2008 revealstt@ng correlation to sea surface dynamic
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height, illustrating the effect of the PF and SACGHK chlorophyll-a distributions in this
region (Chapter 6). The surface expression of then@s identified by a tightening of the
contours of dynamic height along the eastern edg®lEB, before spreading out into the
cyclonic circulation of the GB (Fig. 6.2). Similgylthe SACCF was identified following the
edge of the NSR to the east, entering the GB bebmdh Georgia.

The satellite composite (2006-2009) images revedhed influence of the fronts on the
structure of the South Georgia bloom as detrainroéelevated chlorophyll-a is observed to
the north, along the PF at about’SQand to the east along the main path of the SACCF
looping around the NEGR (Fig. 7.4). This was mastimct in 2009, where a large portion of
the bloom had been transported out of the GB albegneandering path of the PF and mixed
with waters of the SACCF.

Elevated chlorophyll-a is also regularly observedts of about 575 in the ACC, extending
west-east across large parts of the Scotia Seaonme syears. This is most pronounced
downstream of the Antarctic Peninsula, over the &8&Rwithin the waters of the SACCF and
SB. These biological features show considerablerdatnual variability with large blooms
across the ACC during 2006 and 2007 compared tarialer blooms in the vicinity of the
SB during 2008 and 2009. Other areas of enhancidogiyll-a are the shallow waters
overlying the Falkland Island shelf and to the e@aghe waters around the South Sandwich

Islands, in close proximity to the SB.
7.6.2. Seasonal satellite and shipboard chlorophyll

During summer 2005-2006 a bloom covered much ofGBe with advection within the PF
and the SACCF to the east (Fig. 7.5). A secondrlagveloped in the ACC, within the
SACCF and the SB, downstream of the Antarctic Paer& By autumn 2006, the ACC bloom
had largely disappeared except for a small patchbaut 60S 50CW. The South Georgia
bloom became concentrated to the east and wekeddB with little frontal advection. Much
of the ACC maintained HNLC conditions. Sea ice aloid cover obscured most of the sea
surface from space during the winter months. Byngpta bloom developed at about’SXhat
covered a large part of the AAZ with chlorophylkancentrations of at least 2.0 mg°m
Shipboard chlorophyll-a confirmed moderate conegitns of 0.5-1.0 mg thnorth of the
South Orkney Islands, which increased to aboutmg8m® at the SB and up to 7.9 mgm
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close to the SACCF during November 2006 (Fig. 7.%aXellite data indicated that waters
downstream of South Georgia had low levels of dpbyll-a & 0.5 mg n¥). However,
shipboard chlorophyll-a measurements displayedadugl increase over the NSR and across
the GB to about 3.7 mg That the PF. The northern AAZ retained HNLC condisipas
suggested by both satellite and shipboard cond@ntsa of less than 0.2 mgn

T

December - February March - May

Latitude (°S)

-60 -50 -40 -30 -60 -50 -40 -30

Latitude (°S)

-60 -50 -40 -30
Longitude ("W) Longitude ("W)

Figure 7.5. Seasonal composites of satellite cployth-a (SeaWiFS/MODIS merged product)
for the Scotia Sea during summer (December 200%dep 2006), autumn (March-May
2006), winter (June-August 2006) and spring (SeparNovember 2006).

During summer 2006-2007 an intense bloom had dpedion the GB, which became
incorporated in the mesoscale features of the oyclorculation of the GB and the PF and
SACCF (Fig. 7.6). The ACC bloom, from the precedisgring, peaked and persisted
throughout the summer with latitudinal coveragerrb4-60S. Similarly, the South Georgia
bloom maintained intensity, but less surface coyereompared to summer 2005-2006. Both

blooms had substantially weakened by Autumn 200 $cotia Sea had persistent HNLC
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conditions, in contrast to 2006 where the compaeltilarger summer bloom had endured
through to the autumn. As before, sea ice and ctmwer obscured most of the sea surface
from space during the winter months. During spi20@7, a bloom had developed in the GB
with plumes of enhanced chlorophyll-a following tfiental boundaries. By the end of the

spring, a few localised patches of elevated chlloytifa were observed in the ACC.

December - February March - May

Latitude (°S)

-60 -50 -40 -30 -60 -50 -40 -30

Latitude (°S)

-Bb | -50 -40 -30 -BG | -50 -40 -30
Longitude (*W) Longitude (*W)

Figure 7.6. Seasonal composites of satellite cployth-a (SeaWiFS) for the Scotia Sea during
summer (December 2006-February 2007), autumn (Msay 2007), winter (June-August
2007) and spring (September-November 2007).

Low chlorophyll-a concentrations (< 0.2 mg*yrpersisted for much of the WSC and the AAZ
during summer 2007-2008 and autumn 2008 (Fig. 7.3hipboard chlorophyll-a
measurements detected elevated concentrations 31p tog n in waters overlying the SSR
(Fig. 7.2e) that were obscured by cloud in the Is@amage. The South Georgia bloom
became initiated in summer and intensified to cowest of the GB. Shipboard observations

revealed chlorophyll-a concentrations of 11.1 mg imthe lower GB. The bloom gradually
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extended to the north and east of the GB, alongdhéours of the PF and the SACCF. During
autumn, most of the ACC had HNLC conditions. Themants of the larger summer bloom
downstream of South Georgia persisted until theebos$ winter. In the following spring, a
bloom developed at about T® that extended from 50 to 30 along the contours and

meanders of the SACCF. The South Georgia bloomtssame seeded at this time.

mg m

Latitude (°S)

Latitude (°S)

-60 50 40 30 -6 T 50 40 30
Longitude ("W) Longitude ("W)
Figure 7.7. Seasonal composites of satellite cploylb-a (MODIS) for the Scotia Sea during
summer (December 2007-February 2008), autumn (Misliay 2008), winter (June-August
2008) and spring (September-November 2008).

The seasonal patterns in satellite chlorophyll-andu2009 (Fig. 7.8) were very similar to
those of 2008. HNLC conditions persisted acrossniwthern part of the AAZ during the
previous spring and summer. The slightly weakertis@eorgia bloom that had developed in
spring 2008 had increased in magnitude and spadhatrage, developing an intense patch
over the northern shelf of the NSR. The ACC bloatusng previous spring had dispersed
and left a patchy chlorophyll-a distribution acrake AAZ. Similarly to autumn 2006 and
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2008, the remnants of the larger summer South Gedripom persisted throughout the

autumn, especially over the NSR. The ACC waterthefAAZ had returned to typical HNLC

conditions. By the following spring, substantiatrdenment of the South Georgia bloom to the

north and east within the PF and SACCF was detlect#yeas of elevated chlorophyll-a

persisted in sporadic patches in the southern ACC.
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Figure 7.8. Seasonal composites of satellite cployth-a (MODIS) for the Scotia Sea during
summer (December 2008-February 2009), autumn (Misliay 2009), winter (June-August
2009) and spring (September-November 2009).

The seasonal coverage and duration during eachfyear 2006 to 2009, of the major blooms

of the Scotia Sea are summarised in Tables 7.2Z &hd
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Table 7.2. The seasonal coverage {kamd duration (days) of the ACC blooms from 2006 t
2009. A phytoplankton bloom is defined here as au&f chlorophyll-a concentrations
exceeding 2 mg M No bloom was detected during the winter month,Jduly and August
throughout the 2006-2009 research period. Eactosabbloom is ranked in terms of area and
duration (where a rank 1 is for both the largestaaand longest duration). The relative
‘strength’ of each seasonal bloom is determined pduct of area and duration ranking. The

four strongest blooms are highlighted in bold.

Season Year Latitude Longitude Area Duration pﬁ)?jr::::t
3 W Er?; Rank days Rank i@nfdays

Summer  2005/2006  -59.5/-58.5  -49.5/-44.5 32 4 89 1 4
Autumn 2006 -59.5/-58.3 -51.5/-48.0 27 5 52 5 25
Spring 2006 -59.5/-57.5  -46.0/-40.5 70 2 45 6 12
Summer  2006/2007  -60.5/-57.5  -47.5/-36.0 220 1 87 2 2
Autumn 2007 -59.0/-59.5 -43.0/-42.0 3 8 8 11 88
Spring 2007 -58.0/-57.5  -45.0/-44.5 2 9 32 7 63
Summer 2007/2008 -59.5/-59.0 -44.0/-43.5 2 9 31 8 2 7
Autumn 2008 -58.5/-58.0  -44.0/-43.5 2 9 12 10 90
Spring 2008 -58.5/-58.0 -48.0/-36.0 39 3 71 3 9
Summer 2008/2009 -58.5/-58.0 -37.0/-35.0 7 7 70 4 8 2
Autumn 2009 -59.5/-59.0  -45.0/-44.5 2 9 23 9 81
Spring 2009 -58.5/-58.0 -53.0/-49.0 13 6 45 6 36
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Table 7.3. The seasonal coverage {kand duration (days) of the South Georgia blooomfr
2006 to 2009. A phytoplankton bloom is defined h&sesurface chlorophyll-a concentrations
exceeding 2 mg MNo bloom was detected during the winter monthse,Junly and August
throughout the 2006-2009 research period. Areadaination rankings as for Table 7.2.

Season Year Latitude Longitude Area Duration plr:f)acljr::i:t
S W li-r?:z Rank days Rank 3i@nfdays
Summer  2005/2006 -52.0/-50.0 -40.5/-35.0 85 2 87 3 6
Autumn 2006 -53.0/-50.2 -41.5/-38.5 64 4 45 8 32
Spring 2006 -51.0/-50.5 -38.7/-38.0 3 12 29 11 132
Summer  2006/2007 -51.5/-50.0 -40.0/-35.5 52 5 86 4 20
Autumn 2007 -52.0/-51.0 -40.5/-39.5 8 11 9 12 132
Spring 2007 -52.0/-50.3 -40.0/-37.5 33 6 61 7 42
Summer  2007/2008 -53.5/-51.5 -42.0/-37.0 80 3 90 1 3
Autumn 2008 -52.5/-51.7 -41.5/-39.5 12 9 74 5 45
Spring 2008 -53.0/-52.0 -35.5/-34.0 11 10 70 6 60
Summer  2008/2009 -53.5/-51.2 -41.0/-36.0 87 1 89 2 2
Autumn 2009 -53.5/-52.5 -40.0/-36.5 26 7 36 10 70
Spring 2009 -52.0/-51.0 -40.0/-38.0 15 8 38 9 72
7.7. Seaice
7.7.1. Seaice: seasonal patterns and inter-anmaghbility

Satellite derived sea ice cover from 2006 to 208&ctfon 2.13.6) showed the seasonal
advance and retreat of the sea ice across theaS8et (Figs. 7.9-7.11). Sea ice extent is
defined here as the area enclosed by the oceadges, after Gloersen and Campbell (1991).
During winter (June-August) and early spring (Segier-October), sea ice extended across

the WSC and the southern part of the AAZ, up toSHW&ECF at about 5&. By the end of
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spring (November), sea ice was absent in the AAZ lead> 70% coverage across the WSC.
During summer (December-February), the whole Sc6ta was ice free until the end of
Autumn (May) where sea ice began to extend intosth@hern WSC and advance into the

AAZ by the following winter.

From 2006-2009, inter-annual variability in the itigp of the sea ice advance and retreat and
maximum coverage was observed. The maximum extetiteosea ice, defined here as the
northward limit of the sea ice cover where ice iigsgnt for the whole month, occurred in
September 2007 (Fig. 7.10). At this time, sea xtereded from the southern WSC and into
the southern part of the AAZ at & (Table 7.4). This defines the latitudinal limdk the
seasonal ice zone (SIZ) of the Scotia Sea for @& 20 2009 research period. During summer
2007-2008, partial sea ice cover40%) was present over the southern WSC (Fig. 7B¥)
February 2008, the whole Scotia Sea became ice Virbieh was 2-3 months later than in
2006-2007 (Fig. 7.9) and 2008-2009 (Fig. 7.11). lBeaadvance began at least 1-2 months
early in 2008 (April) and had reached30% coverage in the WSC by the end of May. This
resulted in 2007-2008 being a relatively ‘icy’ peti(Fig. 7.10). Oppositely, sea ice was only
present in the WSC (up to &) for the following winter-spring (2008) and haahtpletely
retreated by November. This led to 2008-2009 baingjatively ice free period (Fig. 7.11).

Figure 7.9. (page 223) Monthly averages of satetlérived sea ice cover (%) for the Scotia
Sea from June 2006 to May 2007.

Figure 7.10. (page 224) Monthly averages of sédedlerived sea ice cover (%) for the Scotia
Sea from June 2007 to May 2008.

Figure 7.11. (page 225) Monthly averages of sédedlerived sea ice cover (%) for the Scotia
Sea from June 2008 to May 2009.
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Table 7.4. Summary of the seasonal advance aneatetf the sea ice and the initiation,

duration and termination of the principle phytopeom blooms of the Scotia Sea from 2006 to

2009. No data is represented by -. Abbreviations; Seasonal ice zone; GB, Georgia Basin.

Bloom rank products as determined in Tables 7.27Bdwhere a ranking of 1 indicates the

strongest bloom in terms of coverage and duration.

Season

Sea ice

SIZ bloom

South Georgia bloom

Summer 2005 -
Autumn 2006

Dec 05 — May 06
63-58'S, 60-40W

bloom rank: 4

Dec 05 — May 06
covered most of GB

bloom rank: 6

Winter 2006 -
Autumn 2007

maximum extent Aug 06
extent to 58S
Jan 07 — Apr 07 ice free

Oct 06 — Feb 07
63-57S, 50-30W

bloom rank: 2

Dec 06 — Feb 07
covered part of GB

bloom rank: 20

Winter 2007 -
Autumn 2008

maximum extent Sept 07
extent to 57S
Feb 08 — Mar 08 ice free

Sept 07 — Oct 07
60-58'S, 45-40W

bloom rank: 63

Sept 07 — Apr 08
covered most of GB

bloom rank: 3

Winter 2008 -
Autumn 2009

maximum extent Jul 08
extent to 60S
Jan 09 — May 09 ice free

Sept 08 — Feb 09
60-58'S, 50-30W

bloom rank: 9

Oct 08 — May 09
covered most of GB

bloom rank: 2

From satellite data from 2006-2009, the generat@ea trends in sea ice and sea surface

chlorophyll-a for the Scotia Sea are summarisefdlasvs (Table 7.4):

Georgia bloom

Winter: maximum sea ice cover up to’S7limit of the SlIZ), no blooms

Spring: ice retreat in the AAZ, initiation of SlZ2dems and sometimes the South

Summer: minimum sea ice cover, decaying SIZ blostreng South Georgia bloom

(based on ranks, the strongest South Georgia blatimascurred in the summer)

bloom

Autumn: ice advance in the WSC, SIZ blooms usualtigent, decaying South Georgia
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7.8. Atmospheric C®

The average COmixing ratio ¢CO,) in dry air from the CASIX underwapCQO, instrument

is compared to that from Jubany station (Ciattagfial., 1999) for the duration of the seasonal
cruises (Table 7.5). Jubany station (6222%8.67W) is situated on King George Island, in
the South Shetland archipelago, north of the AtitaReninsula and was previously selected
as the most appropriate station for atmosphr@®, comparisons (section 3.5). A large
variation in atmospheric pressure was measurechglwach cruise, with generally higher
pressures during summer. This will affect tf€0O,, and in turn the air-sea flux of GCbut
with similar pressure variations throughout the rydee effects on the data will not be
seasonally biased. Intermittent periods of bothim¢dligh pressure and storms are frequent

features of Southern Ocean atmospheric and ocessearch.

Table 7.5. Seasonal cruise details, sampling peaiodl atmospheric mixing ratio of GO
(xCO,) from the shipboard instrument and Jubany sta#dmosphericxCO, values are an
average of all data within the cruise period with standard deviation in parentheses. No data

is represented by -.

Season Cruise Year Period Shipboard xCO Jubany xCQ@
umol mol* umol mof*
Spring JR161 2006 20 Oct — 1 Dec 380.4 (0.7) 3604
Winter - 2007 8 Sept — 4 Oct - 382.6 (0.5)
Summer JR177 2008 2 Jan— 17 Feb 382.4 (0.5) K:¥o)
Autumn JR200 2009 11 Mar — 17 Apr 385.3 (0.6) 348.9)

7.9. Sea surfad€O,
7.9.1. Seasonal data

The distribution of surface watdCO, along the transect was inferred from the quasi-
continuous underway measurement§@®D, during spring, summer and autumn (Fig. 7.2a).
Surface watefCO, during the winter was calculated from dissolvedrgamic carbon (DIC)

and total alkalinity (TA) in the Winter Water dugnsummer 2008, using the CO2Sys

programme (section 2.12). With respect to atmospl@®, concentrations determined from
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shipboard measurements for spring 2006, summer 8088&utumn 2009 and Jubany station

measurements for winter 2007 (Table 7.5), the diffee infCO, between the sea surface and

overlying air AfCO,(sea-air)) was determined for each season (Fig).7.1

Summer 2008

e — ———,

Figure 7.12. Distribution ilAMfCO,(sea-air) latm) across the Scotia Sea from spring 2006,
winter 2007, summer 2008 and autumn 2009. WIAtEO; is determined from the difference
in fCO,(sea), calculated from DIC and TA values in the ¥#inVater during summer 2008
(f(DIC,TA)), andfCO,(air) as measured at Jubany station during Septegi®y. Bathymetry

as for Figure 7.4.
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7.9.2. Winter 2007

South of the SACCF, at about 8 the sea surface was supersaturated with respect
atmospheric C@with an averag&fCO, of 21+ 9 patm ( = 10) (Fig. 7.12). North of the
SACCF, surface wateiCO, was on average undersaturatedM&0O, decreased to -& 14
patm ( = 10). An exception to this general trend washa GB, where the sea surface

reached an annual maximum of £&turation of 6@ 30 patm ( = 4) (Fig. 7.2a).
7.9.3. Spring 2006

During spring, waters in the vicinity of the Soutbrkney Islands had strong GO
supersaturation of over 6Qatm (Fig. 7.12). North of 6@, surface seawater reached
equilibrium concentrations in the region of the &Babout 59S. The level of C@saturation
continued to decrease across the SACCF, reachimggstindersaturation, as low as 8&m,
between 58 and 57S (Fig. 7.2a). For the remainder of the transaatfase waters were

close to saturation levels with respect to atmosptEO,.
7.9.4. Summer 2008

Surface watelfCO, rapidly decreased from near-saturation in the hsrat WSC to strong
undersaturationfCO, less than -10Quatm) over SSR at about ® (Figs. 7.2a and 7.12).
The level of undersaturation weakened, to abougdifth, close to the South Orkney Islands
and continued to be reduced across the SB, reaelguigibrium concentrations in the vicinity
of the SACCF. From 5& to 56S, the sea surface formed a band of moderate supeason,
whereAfCO, was about 2Quatm. Waters of the GB had strong levels of undaratibn with

an annual minimum a&fCQO; at nearly -12Quatm.
7.9.5.  Autumn 2009

From 6TS to 59S, the sea surface had moderate €Quration withAfCO, of -36 patm just
south of the SB (Fig. 7.2a). North of the SBO, increased by up to 5@atm to levels of
variable supersaturation across the SACCF. OveN®ie,AfCO, rapidly decreased to strong
undersaturation of -6@atm, close to 55 (Fig. 7.12). For the remainder of the transect,
AfCO, was more variable but remained at undersaturdtiothe GB, increasing to more

saturation levels on approach to the PF.
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7.10. Air-sea Cflux
7.10.1. Seasonal air-sea G@uxes and winds

Fluxes at atmospheric pressure with wind speeds fQuikSCAT (section 2.15) and situ
fCO, measurements were calculated using the Nightingblightingale et al., 2000)
relationship for short term winds (Fig. 7.13). Téféect of the wind speed product used, ine.
situ winds measured at the time of sampling (Fig. 7)I@bseasonal wind speed averages
(Fig. 7.13c) can be seen on the magnitude of theef, in either direction, although the trends
remained largely unaltered. Seasonal wind speedages were calculated by taking an
average of the wind speed (measured twice dailyhetposition of eacAfCO, value along

the transect for each season.

Usingin situwinds represented a ‘snap-shot’ of the,@ldxes, which captured intense fluxes
that resulted from extreme wind events (annual eéahg-17.3 m9) that occurred during the
period of data collection. Using seasonal winds\(@h range 7.9-10.4 mi'sthe CQ fluxes
were more representative of each season and hezsenped a more realistic picture of annual
CO, exchange when using a single cruise to represaittode season. A discussion of fluxes
usingin situ winds will be carried out initially to present aajitative analysis of the natural
range of CQ uptake and release that occurred at the time ek#asonal sampling. Fluxes
calculated using seasonal winds will be used teideoa quantitative analysis of the annual
CO; flux of the Scotia Sea (Tables 7.6 and 7.9).

Figure 7.13. (page 231) The latitudinal distribotaf (a) AfCO,(sea-air) gatm), (b) CQ flux
(mmol m? d%) usingin situ QuikSCAT winds and (c) COflux (mmol m? d') using
seasonally averaged QuikSCAT winds during wintéue)y spring (green), summer (yellow)
and autumn (red). The approximate locations of yrad#iry, fronts and hydrographic regions
as in Figure 7.2. The latitudinal limits of the seaal ice zone (S1Z) are now shown (section

7.7.1).
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7.10.2. Winter 2007

Across the SIZ the upper ocean was a potential ntelsource of COof 5.0 mmol rif d?,
which was largely inhibited due to sea ice coveg.(FF.13b). North of the SACCF, the sea
surface had negligible GQiptake or release beyond the SIZ. A small sink.Bfmmol n? d*
was created over the NSR with the occurrence of kigghin situ wind speedsX 15 m §).
The situation swiftly shifted with high winds and annual maximum oAfCO, (Fig. 7.13a)

creating a strong C{source of 32.2 mmol tdin the lower GB.

Table 7.6. Average air-sea flux of @mmol m* d%) for the eight hydrographic regions
along the transect using the Nightingale et alO@0relationship within situ atmospheric
pressure and seasonally averaged winds from QuiHSEAY. 7.13c). As no field campaign
was conducted during the winté&fCO,sea-air is determined from DIC and TA measured in
the Winter Water during summer 2008 Q.sea as f(DIC,TA)) anfiCOvair based on Jubany
data (Chapter 3). The standard deviation, of thammef all data, in each region is in

parentheses. Negative fluxes indicate oceanic eptékCQ. No data is represented by -.

Season WSC SB SACCF HNLC ACC NSR GB PF
_ 0 0 0 -0.1 -3.4 0.7 16.2 -
Winter
(0.0) (0.0) (0.0) (0.5) (3.8) (3.3) (4.2) -
_ 6.0 -1.1 -11.6 -9.2 2.2 2.7 0.6 -2.3
Spring
(2.7) (2.9) (1.2) (4.2) (1.2) (1.3) (1.5) (1.2)
-6.2 -4.6 -1.2 2.3 -5.0 -6.9 -12.0 -4.5
Summer
(3.8) 1.7) 1.7) (1.0) 4.7) (3.5) (4.2) (1.2)
-2.4 -3.0 1.9 2.0 -3.0 -3.4 -9.6 -4.4
Autumn

(15) (29 (0.8 (1.6) (0.8) (1.6) (2.3) (2.1)

7.10.3. Spring 2006

High in situ wind speeds> 10 m &) and a large positiv&fCO, over the South Orkney
Islands (Fig. 7.13a) created a strong,CG®@urce of up to 14.0 mmol nd’ (Fig. 7.13b).
Equilibrium concentrations of surface water £& the SB and lowein situ wind speeds
allowed negligible exchange of G@etween the ocean and atmosphere. In contrastyavat
north of the SACCF presented conditions of stron@, @ndersaturation and this region
represented the strongeéstsitu CO, sink during spring 2006 of -28.7 mmol’na™. The rest
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of the AAZ varied between small source and sinlagrevith enhanced GQuptake of nearly
10.0 mmol nf d* at the PF.

7.10.4. Summer 2008

In the presence of high situ wind speeds310 m &), the large undersaturation in the WSC
promoted strong CQuptake in the order of -29.8 mmol™nd™* (Fig. 7.13b). Across the
remainder of the SIZ, increasadsitu wind speeds anfifCO, culminated in the release of up
to 8.8 mmol nf d* of CO;, in the HNLC waters. Substantial 6inks of 30.2 and 34.0 mmol
m? d* were found to the south of the NSR and in the lo@Br respectively, representing the

greatest annual CQuptake along the transect.
7.10.5. Autumn 2009

The combination of higin situ wind speedsx 10 m §") and smallAfCO, followed by low,
steadyin situwinds € 4 m $") and largeAfCO; presented a situation of negligible air-sea,CO
flux across the SIZ in autumn (Fig. 7.13b). Thgémt autumnal flux was in the HNLC region,
as a temporal peak in wind speeds allowed thethli@O, supersaturated seawater to outgas
at a rate of 4.9 mmol fnd™*. The remnant of the summer €€k persisted at -29.9 mmolm
d* in the lower GB. The degree of GOptake decreased in line with the increadifigO, up

to the PF.

7.11. Carbonate chemistry
7.11.1. Seasonal carbonate chemistry measurements

During summer 2008, underwafCO, measurements and surface water DIC and TA
measurements were made. Total pH pHcarbonate ion concentration ([¢Q) and
aragonite saturatiorfQaragonite) were calculated from the DIC and TA mea®ents using
the CQSys programme (section 2.12). Sea surf@®,, pHr, [COs*] and Qaragonite during
winter 2007 were determined from measurements Gf &d TA in the Winter Water during

the summer 2008.
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7.11.2. Winter 2007

Winter DIC had little variation across the WSC amgl to the SACCF, with an average
concentration of 222% 3 umol kg* (n = 10) (Fig. 7.14a). Concentrations decreased ¢o th
north, reaching a minimum concentration of 23680l kg* at 55S. Over the NSR, DIC
increased to 219@mol kg' in the lower GB. Alkalinity had a strong northwagdadient
across the whole Scotia Sea, decreasing from valti@829+ 3 pmol kg*, south of the
SACCF, to a winter minimum of 228inol kg in the GB (Fig. 7.14b). Winter surface pH
[COs*] and Qaragonite all showed similar, increasing trendsnftbe southern WSC to 55
(Fig. 7.14c-e). All three parameters peaked at 8B6tS, with values for pi [COs*] and
Qaragonite of 8.09, 98mol kg* and 1.5, respectively. Over the NSR and into tiBe @Hr
decreased to 7.98 where [€Q were reduced by nearly 20mol kg and Qaragonite fell
below 1.2.

7.11.3. Summer2008

The concentration of DIC predominantly followed thend of AfCO, (Figs. 7.2a and 7.14a).
The distribution of sea surface measured and salmirmalised TA was more variable, with
large differences in the SIZ (Fig. 7.14b). In tlwuthern WSC, DIC and alkalinity declined
rapidly, which has been previously described (Céra@). Concentrations of DIC and
alkalinity reached summer maxima of 2176 and 2pfbl kg, respectively, close to the
SACCF. Across the remainder of the AAZ, DIC deceehby nearly 10umol kg*, to a
seasonal minimum of 2084mol kg* in the GB. The [C&] increased from 8mol kg™ in
the south to 15@mol kg’ in the GB (Fig. 7.14c). The distribution of pias quite variable
but showed a northward increase to 8.23 in the BB. (7.14d). TheQaragonite traced the
distribution of [CQ?] from saturation states of 1.3 in the south toi@.te north (Fig. 7.13e).

Figure 7.14. (page 235) The latitudinal distribatiof (a)dissolved inorganic carbon (DIC,
umol kg?, solid line) and salinity normalised DIC (dashim), (b) total alkalinity (TApmol
kg™, solid line) and salinity normalised TA (dashede)i, (c) carbonate ion concentration
([COs%1, pmol kgY), (d) total pH (pH) and (e) aragonite saturation sta@=fagonite) during
winter (blue) and summer (yellow). The approximaieations of bathymetry, fronts and

hydrographic regions as in Figure 7.13.
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7.11.4. Seasonal amplitudes

From the latitudinal distribution of the sea sudamrbonate parameters during winter 2007
and summer 2008 (Fig. 7.14), seasonal amplitudes determined as the differences between
winter (maxima) and summer (minima) (Fig. 7.15).rdss the WSC, the seasonal cycles in
DIC and TA were dictated by the large reductiosummer concentrations to the south of the
South Orkney Islands (Fig. 7.14a-b). Similarly, gubstantial summer DIC deficit in the GB
(section 6.13) compared to high winter DIC valuesuited in an amplified seasonal signal
(Fig. 7.15a).

Largely following the winter and summer trends iA, The amplitudes in pH [COs*] and
Qaragonite showed a northward decrease and straime®ver the NSR and into the GB
(Fig. 7.15c-e). This was the result of two distiseiasonal features: 1. persistent lowr,pH
[CO5?] and Qaragonite values south of @ during winter and summer and 2. very low;pH
[CO5?] and Qaragonite values in the GB during winter, which tanobserved in the vertical
profiles through the summer and winter mixed lay@rshe Antarctic Surface Water (AASW)
(Fig. 4.4).

Figure 7.15. (page 237) The latitudinal distribatiof the seasonal differences (winter -
summer) of (a) dissolved inorganic carbon (DIC, sefid line) and normalised DIC (grey
dashed line) ymol kg%), (b) total alkalinity (TA, red solid line) and moalised TA (grey
dashed line) ymol kg'), (c) carbonate ion concentration ([€® pmol kg'), (d) total pH
(pHy), and (e) aragonite saturation statQafagonite). The approximate locations of

bathymetry, fronts and hydrographic regions asiguife 7.13.
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Tables 7.7 and 7.8. (pages 239 and 240) Averagesao$urface (5 m) temperature (SJ),
salinity, mixed layer depth (MLD, m), nitrate (NOumol kg*), phosphate (P§J, umol kg?),
silicate (SiQ*, umol kg?), dissolved iron (dFe, nM), chlorophyll-a (chldag m?), fCO,
(natm), dissolved inorganic carbon (DI@nol kg') and total alkalinity (TApmol kg*) for
the eight sub-regions of the Scotia Sea, as defiyddtitude along the transect: the Weddell-
Scotia Confluence (62.6-59%5), the Southern Boundary (59.5-58) the Southern ACC
Front (58.5-57.5S), high-nutrient low-chlorophyll waters (57.5-58&), the ACC (56.0-
55.0°S), the North Scotia Ridge (55.0-53), the Georgia Basin (53.0-50F) and the Polar
Front (50.5-49.5S). The data represent the seasonal averages ofiegfurements made
within each sub-region during winter (Wi), springp), summer (Su) and autumn (Au). The
standard deviation, of the mean of all data, fahgaarameter in each region is in parentheses.
Winter fCO, values were calculated from DIC and TA measureméntthe Winter Water
during summer 2008.
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Region SST Salinity MLD NO PO*> sio* dFe Chl-a fCQ DIC TA
Season T m umol kgt pmol kg'  zmol kg* nM mgnt  zatm  umol kgt zmol kgt
WSC
Wi -1.43 (0.40) 34.26 (0.06) 82 (17) 30.1(1.2) 1.96(0.0682.1(2.3) -
Sp -1.30(0.18) 33.99 (0.08) 66 (14)

392(9) 2221(3) 2329 (3)
- - - 0.48 (0.33)0.8 (0.2) 398 (13) -
Su 0.44(0.87) 33.63(0.23) 23 (7)

Au  1.49 (0.33)

245 (1.8) 1.61(0.17)71.8 (5.4) 0.16 (0.19) 1.5 (0.8) 324 (26) 2156 (17) 2280 (19)
34.01 (0.05) 58 (14) - ] ]
SB

- 367 (7) -

Wi
Sp

-0.87 (0.74) 34.29 (0.05) 91 (9) 30.7 (1.2) 1.99 (0.00)81.3 (2.8) - 394 (4) 2223(2) 2331(1)
-0.93 (0.14) 33.95 (0.06) 69 (0) - ] ]
Su 1.36(0.33)

0.23 (0.09) 1.2 (0.4) 357 (17) - -
33.92 (0.09)38 (13) 22.5(0.5) 1.58 (0.26)63.8 (6.1) 0.04 (0.03) 1.9 (0.5) 334 (12) 2166 (9) 2305 (8)
Au 1.77 (0.25) 34.03 (0.09) 50 (17) - - - - - 367 (16) - -

SACCF
Wi

-0.22 (0.09) 34.24 (0.00) 103 (29) 30.0 (2.5) 2.03 (0.04)68.4 (6.6)
Sp -0.38 (0.15) 33.76 (0.03) 59 (0)

368 (13) 2206 (2) 2323 (3)
Su 1.97 (0.19)

- 7.3 (0.0) 296 (6) - -
34.02 (0.02) 47 (6) 22.6 (0.9) 1.64(0.17)61.4(7) 0.16(0.10)0.5(0.2) 364 (13) 2164 (3) 2307 (8)

Au  2.38(0.09) 34.20 (0.03) 63 (15) - - - ; ] 394 (5) ] ]
HNLC

Wi

-0.06 (0.23) 34.06 (0.01) 105 (29) 29.5 (0.6) 2.02 (0.07)50.8 (1.8)
Sp -0.16 (0.43) 33.79 (0.04) 49 (8)

370(3) 2191 (0) 2306 (1)
- - - 0.20 (0.15) 3.4 (2.9) 310 (25)
Su 2.72(0.16) 33.90 (0.02) 60 (9)

Au  2.89 (0.48)

24.2(0.7) 1.64(0.18)32.1(8.2) 0.25(0.13) 0.2 (0.0) 385(6) 2153 (10) 2294 (11)
34.04 (0.13) 56 (12) - - - - - 389 (10) -
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Region SST Salinity MLD NO PO Sigf dFe Chl-a fCQ DIC TA
Season T m pmol kgt pmol kgt zmol kg nM mgn?  gatm  zmol kgt zmol kgt
ACC
Wi -1.02 (0.23) 33.95(0.00) 111 (12) 28.1(0.7) 1.95(0.11)29.1 (0.5) - - 353 (20) 2175 (14) 2299 (4)
Sp 1.50(0.32) 33.89 (0.03) 110 (9) - - - 0.05 (0.02)0.3 (0.1) 380 (8) - -
Su 3.13(0.16) 33.84(0.02) 65(3) 21.1(3.0) 1.39(0.14)11.6 (7.5) 0.05 (0.04) 1.2 (0.5) 346 (28) 2128 (11) 2287 (9)
Au 4.26(0.21) 33.75(0.02) 66 (4) - - - - - 361 (3) - -
NSR
Wi 0.37 (0.16) 34.00 (0.03)136 (21) 28.2(1.1) 1.88 (0.21)33.0 (7.8) - - 374 (16) 2177 (5) 2298 (4)
Sp 1.65(0.39) 33.90 (0.03) 97 (34) - - - 0.06 (0.06) 0.6 (0.5) 387 (9) - -
Su 3.37(0.22) 33.83(0.01) 66 (3) 18.4(3.3) 1.17(0.38)9.9(7.7) 0.05(0.04)2.6 (1.7) 327 (24) 2121 (13) 2290 (1)
Au 4.30(0.16) 33.76(0.02) 58 (11) - - - - - 363 (9) - -
GB
Wi 0.08 (0.34) 34.03(0.02) 124 (9) 28.5(2.1) 1.98 (0.08)47.2 (4.9) - - 444 (13) 2193 (2) 2291 (5)
Sp 1.83(0.21) 33.89 (0.01) 88 (19) - - - 0.14 (0.05)1.9 (0.9) 372 (9) - -
Su 3.99(0.64) 33.76 (0.07) 41 (18) 15.7 (1.7) 1.25(0.30)7.0 (5.1) 0.34(0.26) 4.0 (2.2) 291 (27) 2107 (12) 2284 (4)
Au 4.17(0.89) 33.74(0.04) 65 (9) - - - - - 331 (13) - -
PF
Wi - - - - - - - - - - -
Sp 4.33(0.50) 33.90 (0.02) 62 (7) - - - 0.06 (0.02) 1.7 (0.9) 361 (7) - -
Su 5.35(0.28) 33.73(0.08) - 17.0 (0.0) 1.52(0.01) 4.4 (0.4) - - 336(8) 2115(2) 2283(3)
Au 5.69(1.73) 33.78(0.06) 71 (16) - - - - - 360 (12) - -
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7.12.  Seasonal variations in sea surf&@®,: a regional comparison

The eight hydrographic regions showed distinct @ealspatterns in seasonally averaged sea
surfacefCO, (Fig. 7.16). With sea ice present, usually uritié tsummer (Table 7.4), sea
surfacefCQO, in the WSC during winter and spring was supersaétagr and represented a
region of potential strong Gutgassing with the removal of the sea ice cdsenilarly, ice
covered surface waters at the SB were supersadunatie respect to atmospheric €@Quring

winter.

The development of ice edge blooms in the SIZ dutime spring and summer thaw was
accompanied by strong undersaturation in surf@® (Table 7.7 and Chapter 5). This could
be observed in the four sub-regions that formedSt& the WSC, the SB, the SACCF and
part of the HNLC waters. The effects of southwaed &e retreat were first observed in the
HNLC and SACCF regions, where the near-equilibrioamcentrations of COin surface

waters were transformed into seasonal minima duhagpring. This pattern was repeated for
the two southerly regions of the SIZ (the SB anel WiSC) upon passing of the ice edge in

summer.

By autumn, the four sub-regions of the SIZ wererapghing pre-melt, pre-bloom conditions,
with slight over saturation in the HNLC and SACGCé&gions from seasonal warming and
slight undersaturation in the SB and WSC regioomfdeclining blooms. With the exception
of a decrease ifCO, due to the spring SIZ bloom, GQaturation of the HNLC region
increased from winter to autumn with a seasonalmiwag of 2.95°C (Table 7.7). As the
HNLC region partially overlaps with the SIZ it iften exposed to retreating sea ice, if the
maximum sea ice extent is north of 585(Table 7.4). Therefore, ice edge blooms and

associated CQuptake are likely to be recurrent features ofdtierwise HNLC region.

In the absence of strong photosynthetic activityl @ea ice cover, surface wati2O,
increased in the ACC and NSR regions with warmifdL.@8 and 2.52°C, respectively,
during winter and spring (Table 7.8). By the sumnserface waters of the ACC and NSR
were transformed into regions of @Q@ndersaturation that continued into the autumn,
although slightly counteracted by seasonal warmirtge GB displayed the largest seasonal
variability in sea surfacéCO,. Strong supersaturation during winter rapidly aehthrough
spring and into the summer, where development®fSbuth Georgia bloom depleted surface



water macronutrients and DIC, driving strong LQdersaturation (Table 7.8). This bloom
had maximum extent and intensity during the sumiiable 7.3), which was probably

supported by enhanced iron concentrations comp@areéde spring (Table 7.8). Sea surface
fCO, at the PF followed a very similar trend to thatret SB, remaining undersaturated from

spring to summer.
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Figure 7.16. Seasonal variation in sea surf@, (uatm) for the Weddell-Scotia Confluence
(WSC), Southern Boundary (SB), the Southern ACCnEf&ACCF), high-nutrient low-
chlorophyll (HNLC) waters, the ACC, the North SeoRidge (NSR), the Georgia Basin (GB)
and the Polar Front (PF). Points represent theagesrof all data in each sub-region for winter
2007, spring 2006, summer 2008 and autumn 2009r Bars are the standard deviation of
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7.13.

Seasonal variations in sea surf&®,: property correlations



Across the Scotia Sea, the variation of sea suiffa®g and temperature for each season can
be broadly described by three separate trends {HFig@a):
1. High fCO, beneath the cold, ice covered waters (winter gmihg) rapidly
decreases with a slight increase in temperatura iggomelt.
2. Increasing temperature from -1.00 to 3@ corresponds to a strong increase in
fCO, of 100-150uatm from the region of ice melt to the HNLC waters.
3. From the HNLC region to the GB, the hid&0O, is swiftly reduced through

photosynthetic activity despite a slight increas&emperature.

Figure 7.17. (page 245) Sea surfé€©, (natm) as a function of sea surface (a) temperature
(°C), (b) salinity, (c) nitrate concentratiopngol kg"), (d) phosphate concentratiomfol kg

Y, (d) iron concentration and (e) chlorophyll-a centration (chl-a, mg ) in winter 2007
(blue), spring 2006 (green), summer 2008 (yellow)l autumn 2009 (red). The average
fCO,(air) for 2006-2009 is shown for reference (blaeklied line).

Figure 7.18. (page 246) The latitudinal distribotmf sea surfacéCO, (uatm) and sea surface
fCO, normalised to an average annual sea surface tampeiof 2°C (fCO, 1=,, patm) during
(a) winter 2007 CO; (blue) andfCO; 1=2 (grey), (b) spring 2006CO, (green) andCO, 1-»
(grey), (c) summer 20080, (yellow) andfCO, 1= (grey) and (d) autumn 200€0; (red)
andfCGO; 1=z (grey). The averagicO,(air) for 2006-2009 is shown for reference (blaaklied
line). The approximate locations of bathymetryntsoand hydrographic regions as in Figure
7.13.
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Exceptions to the three general trends are withenGB during winter and the warm waters of
the PF wherdCO, begins to slightly increase (spring and autumine €ffect of temperature
can be further explored by comparisonf@GD, atin situ temperature téCO, normalised to
average annual sea surface temperature alongathgetit of 2.00C (fCO, 1=2) (Fig. 7.18).
The large undersaturation in the SIZ during spramgl summer infCO, 1= indicates the
dominance of biological carbon uptake in this reg{&ig. 7.18b-c). This is confirmed by
elevated chlorophyll-a concentrations and reduagident concentrations in the SIZ by the
summer (Figs. 7.2e and 7.3). The similarity betwie®, andfCO, 1=, in the HNLC waters
verifies the significance of seasonal warming onf@0O, in the absence of large amounts of
photosynthesis (Fig. 7.18b-d). The effect of biatay carbon uptake in the South Georgia
bloom is slightly counteracted by seasonal warmasgthe difference betweé@O, andfCO,

t=2iNCreases from spring to autumn (Fig. 7.18c-d).

The apparent correlation €O, and salinity is a result of the higi€O,, saline waters
beneath sea ice juxtaposed to {@0D,, fresh waters at the receding ice edge (Fig. 7.1S&a
surfacefCO, decreased to below 3@@tm in the cold, fresh meltwaters in spring and isi@em
(Fig. 7.17a-b). The greatest amount of sea ice haltoccurred by the summer, wh&t®©,
was rapidly reduced by over 1@@tm, accompanied by an increase in chlorophyll-albtout

4 mg m® just north of the ice edge in the WSC (Fig. 7THe correlation between decreasing
nitrate and phosphate concentrations, from wirdesummer, and increasing phytoplankton
biomass, indicated by chlorophyll-a content fronmirgpp to summer, with lowWCO; is very
strong (Fig. 7.17c-d). High winter macronutrienincentrations are utilised with increasing

phytoplankton biomass through spring and summduyaiagfCO..

High concentrations of dFe were observed in surfaaters between the SB and the South
Orkney Islands from spring to summer (Fig. 7.2dhjol corresponded to decreasif@€0O,
throughout the growing season (Fig. 7.17e). Theegly higher iron concentrations in the
fresher waters could include contributions from thelting sea ice. An inter-correlation
between elevated iron concentrations, increaseatapthyll-a and reducetCO, was evident
across the Scotia Sea (Fig. 7.17e-f).

The large reduction ifiCO, compared to summertime surface water chlorophylbatent
(Fig. 7.17f) could, in part, be due to the actidnsea ice algae at the base of the ice floe

(Gibson and Trull, 1999). The measured chlorophytlentent in waters beneath sea ice is



likely to be an underestimation of phytoplanktoarbass, as it does not include sea ice algae.
The effect of ice algae probably contributes toft@,-chlorophyll-a relationship of the SIZ

of the Scotia Sea, in comparison to similar stud@#son and Trull, 1999; Bakker et al.,
2008). Photosynthesis in surface waters beneatitegand the development of blooms upon
ice melt, prevent the large-scale release of €@n the otherwise supersaturated waters that
form during winter deep mixing and become cappedhieyice (section 7.10.2), as shown in
the Weddell Sea (Bakker et al., 2008) and WSC (@hmap). These trends establish the
dominance of biological processes on the distrisutf sea surfacBCO, during spring and

summer in the SIZ, discussed further in the follogvsection.
7.14. Seaice, blooms and €0

One principal area of elevated chlorophyll-a in Beotia Sea was the SIZ, defined as the
ocean north of the Weddell Sea to°’S7rom maximum ice extent in winter 2007 (section
7.7.1). Four years of satellite chlorophyll-a dakeow that the SIZ blooms experience large
inter-annual variability, with areal coverage ramgifrom 2 to 220x 10° km? during the
summer season in different years (Table 7.2). Tdsslt supports previous work where large
inter-annual variability in marine productivity wadserved from 1997 to 2005 across the
Southern Ocean SIZ (Smith and Comiso, 2008). Howetlee general trend of stronger
blooms in the summer and weaker blooms in the autwas evident in all years (Figs. 7.5-
7.8), as indicated by a ranking system based oonblarea and duration (Table 7.2). This
variation tests the assumption of using a cruise isingle year to represent characteristic
conditions of a given season (section 7.2). Althouger-annual variability in total sea ice
cover, northward extent and ice edge blooms wasreed from 2006 to 2009 (Table 7.4), the
strong seasonal signal of the physical and bioligprocesses associated with the winter
advance and the spring-summer retreat of the sdlaaid a dominant effect on the upper ocean
waters of the SIZ (Fig. 7.2).

The distribution of sea surfad€0, in the WSC shows high values during the winter and
spring and very low values during the summer (Fig6). From the comparison of satellite
chlorophyll-a, sea ice and sea surface temperdiitigeit can be concluded that the WSC was
under sea ice during winter 2007 (Tables 7.4 anf). 7Therefore, the WW carbonate
parameters provide a good proxy for surface catigodsstributions beneath sea ice. The

effect of sea ice cover is reflected in the reklivconstant latitudinal distribution of sea



surface temperature, salinifzO,, DIC and TA across the WSC in winter 2007 (Fig2. and
7.14). The coldest temperatures and highest salamé consistent with advancing sea ice in
August and September 2007 (Fig. 7.2). The seastm®gdening of the mixed layer (Fig. 7.2d)
from autumn to winter, as a result of brine rectduring sea ice formation and increased
wind speeds, leads to the entrainment of sub-seineaters and enrichment of DIC in the
winter mixed layer. Winter DIC and TA showed homogy across the WSC with high
concentrations of 2224 3 and 232% 3 umol kg*, respectively, supporting the hypothesis of
the rejection of carbonate-rich, saline brines upod during sea ice formation (Rysgaard et
al., 2007). Relatively constant winter mixed lajHC was also observed in the SIZ south of
Australia, where concentrations lay in a narrowgeanf 2182-2184imol kg* (Ishii et al.,
2002). These processes bring about the winter tiondiof cold, salty, nutrient-rich surface

waters that are saturated in £@ig. 7.12).

The increase in averad@0O, in the WSC from winter to 398atm in early spring is consistent
with trends observed in climatologic8CO, in the SlIZ, where increases up to 4{1&tm
(Takahashi et al., 2009) and to about 3a@m at Prydz Bay, east Antarctica, were observed
by early spring (Gibson and Trull, 1999). Theseseeal increases suggest that throughout the
winter the seawater carbonate chemistry is incnghsiaffected by deep vertical mixing into
sub-surface waters supplied by upwelled CDW, irsgdarespiration, remineralisation of
organic matter and brine rejection (Nomura et2006; Rysgaard et al., 2007). Beneath the
growing ice sheet, the winter mixed layer beconsetated from the atmosphere (Klatt et al.,
2002), allowingCO, to reach supersaturation.

The low light levels and shading from sea ice Igrgehibited photosynthetic activity in the
underlying water column, which was evident by thghhconcentrations of macronutrients
(Table 7.7). At this time, the majority of the W&€Cted as a potential winter source of &®
indicated by positivé\fCO, (Fig. 7.12), as previously observed in the searéggons of the
Weddell Sea (Bakker et al., 1997; Bellerby et2004; Bakker et al., 2008). However, sea ice
cover would have largely inhibited any €@ux out of the ocean, although recent work has
suggested that CQliffusion through the sea ice matrix can resulh small flux (Semiletov et
al., 2004; Nomura et al., 2006).
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Figure 7.19. The latitudinal distribution of aveeagonthly sea ice cover (%) for all stations
along the transect in the SIZ (Figs. 7.9-7.11)@nSeptember 2007 (blue), (b) November 2006
(green), (c) January 2008 (yellow) and (d) MarcB2(ed). Data are also shown for the other
two months (light and dark grey) in each seasoevtduate the evolution of the sea ice cover
(Stark et al., 2007).

Across the four sub-regions of the S1Z (WSC, SBC&#&, HNLC) the southward retreating
sea ice and subsequent bloom development was aeomdpby strondCO, undersaturation
first at the SACCF-HNLC boundary and then in the @V# the spring and summer,
respectively (Fig. 7.12). The high macronutrienh@entrations of the winter-spring period
became largely reduced in the spring and summeb®i@ms (Figs. 7.2d and 7.3). A distinct
seasonal feature in sea surfa€O, occurred in spring, where waters of under- and
supersaturation were found in close proximity (Fid.2). The ice edge was located at around
59°S (Fig. 7.19b), where waters exhibited strong ssgiaration ofCO, (Figs. 7.12).



Breaking up and melting of the sea ice near thett5@rkney Islands allowed immediate
outgassing of the winter GOreserve’, especially where high wind speeds eoédrthe air-
sea CQflux to 6.0+ 2.7 mmol n¥ d* (Table 7.6 and Fig. 7.13c). In contrast, watensmof
the ice edge (SB and SACCF) were a strong sinkmbspheric CQup to 11.6t 1.2 mmol
m? d* due to the extensive SIZ bloom of spring 2006 (Fd). Surface waters were
characterised by warm, fresh and shallow mixedrtatieat supported the large phytoplankton
bloom (Fig. 7.2). The seasonal cruise JR161 inpteckthe SIZ bloom in November 2006,
which was the fourth strongest bloom (product rah&?2) in the SIZ from 2006-2009 (Table
7.2). Therefore the degree of DIC depletion &, undersaturation attributed to ‘spring’
conditions from the JR161 dataset is likely to bbeater than average spring conditions but

still contributes to a realistic inter-seasonatdssion.

Sea ice seasonally covers large areas of the Saufdeean and could represent a major
source of bioavailable iron to support phytoplamkidooms upon ice melt (Sedwick et al.,
2000). However, the persistent high sea surfaae ¢ancentrations between the SB and the
South Orkney Islands from spring to summer (Fi@dY.suggest that iron supply is not
dominated by seasonal processes, such as sedrezg,rand is therefore predominantly from
other oceanic sources (section 1.4.3.2). Thesadedhe South Orkney Islands, the SSR (Fig.
7.1) or advection from waters that have passed theeshelf of the west Antarctic Peninsula
(Dulaiova et al., 2009; Nolting et al., 1991; SasmWilhelmy et al., 2002; Ardelan et al.,
2010) in addition to upwelling and advection witlime ACC (Hoppema et al., 2003). The
generally higher dFe concentrations during spri@@62& 1.4 nM) near the ice edge could,
however, include contributions from the recentlylted® sea ice (Lannuzel et al., 2007;
Lannuzel et al., 2008). This region was still béhesea ice cover and as @0, remained at
saturation levels with iron concentrations 0.5-AM, this suggests that light was limiting to
phytoplankton growth during the spring (Boyd et 4099). Supersaturaté@O, at the lowest
dFe concentrations in spring suggest iron and kgHimitation beneath ice covered waters of
the WSC (Fig. 7.17e). By the summer with increalsglot and the absence of sea ice, sea
surfacefCO, had decreased by 50-1@@tm in the blooms across a similar range of iron

concentrations.

The spring and summer thaw continued to exposeshibdow and fresh surface waters (Fig.
7.2) to increased light levels and any iron presenild act to seed the shallow mixed layer

and promote phytoplankton growth. These processetikely to contribute to the enhanced



chlorophyll-a that was observed from spring to swenin the SIZ of the Scotia Sea from
2006-2009 (Fig. 7.4). These biological events $ygtine start of the growing season and
contribute to the observed reduction in sea sufi@® and DIC (Figs. 7.2a and 7.14a). The
transition from CQ saturated ice covered waters to Q@dersaturation during and upon ice
melt was observed during spring 2006 (above) amdnser 2008 (Chapter 5), which was
ascribed to strong biological carbon uptake witlcamtribution from calcium carbonate

processes in sea ice (Chapter 5).

The processes involved in water column stabilityd aime seeding of phytoplankton
communities occurred in similar patterns throughting growing season and subsequently
resulted in stron@CO, undersaturation that ‘tracked’ the southward eging ice edge (Figs.
7.2). By autumn, the SIZ blooms had largely dintied and sea surfaé€0O, in the WSC had
begun to return towards pre-bloom saturation va(iégs. 7.5-7.8 and 7.16). This has been
attributed to low light levels instigating a limiitan to phytoplankton growth, as iron supply
within the upwelled UCDW, or from advection, wasintained (Hoppema et al., 2003; van
Oijen et al., 2004). Autumnal light limitation, ssamal warming and reduced ¢Qptake was
most pronounced for the four southern sub-regidnthe Scotia Sea (WSC, SB, SACCF,
HNLC) (Fig. 7.16).

7.15. Transient COsinks across the ACC fronts

Large variability in seasonally averaged sea serf@0O, was observed at the SACCF,
whereas the SB and PF were less variable and maarkably similar trends with moderate
undersaturation spring to autumn (Fig. 7.16). THe&CSF separated more saline waters
beneath the sea ice to the south from fresher svedehe north as its location was close to the
upper limit of the SIZ at 56 (Fig. 7.2c). High concentrations of DIC and TArevebserved

at the SB during the winter (Table 7.7) and havenbattributed to the shoaling isohalines at

this location, promoting upwelling of UCDW into tkeb-surface water (Chapter 4).

During most of the winter, the SB and SACCF weredagh sea ice allowing DIC enrichment
and supersaturation 6€0,, due to vertical mixing and inhibited outgassisgdtion 7.12).
Sea ice melt produced large scale freshening|yfiesstthe SACCF during spring and then at
the SB during summer (Fig. 7.2c). Mixed layer dedtlecame shallower by about 40-60 m at
both fronts (Table 7.7). The receding ice edge.(Fif9), increased light levels and enhanced

iron concentrations stimulated the growth of phidogton blooms that swiftly reducd@O,



in the stratified surface waters (Fig. 7.2). ThatBward retreating sea ice had distinct effects
on the phytoplankton activity and subsequently lom ¢arbonate chemistry at both southern
fronts. Depletion in DIC and TA between 20-fthol kg* from winter to summer at the SB
and SACCF (Table 7.6 and Fig. 7.14) are due bioldgitilisation (DIC only), dilution by
melting sea ice (mainly TA) and a small contribatifvom released brines where CaLO

precipitation has taken place (Chapter 5).

The effect on the seasorf@lO, distributions was largest at the SACCF, where iseahad
departed by October and a large, longer-lastingrblbad reduced sea surfd€@0, by more
than 50uatm (Figs. 7.2 and 7.19). The SACCF was locatethéncentre of the SIZ bloom
(Fig. 7.4) and represented the strond€§d undersaturation (Fig. 7.12) and £€ink of -11.6
+ 1.2 mmol nf d* during spring 2006 (Fig. 7.13c and Table 7.6).sTeontributed to the
observation of higheiCO, from winter to spring, where sea ice is presentdnger, at the SB
compared to the SACCF (Fig. 7.16).

Through the summer and into the autumn, sea sutémperatures and salinity increased in
the SB and SACCEF frontal regions due to seasonahiag and the absence of sea ice (Fig.
7.2b-c). The transformation of the SB to a mode@®e sink of 4.6+ 1.7 mmol nf d* by the
summer (Fig. 7.13c and Table 7.6) is largely thaulteof biological carbon uptake despite
surface warming of over°€ (Table 7.7). The later initiation of the bloontsttze SB usually
means that they persist well into the summer, toamsng the CQ saturated waters to a
region of CQ undersaturation. Oppositely, the rapid incread€®,, by up to 5Quatm, from
spring to summer at the SACCF is due to the degagloom for a similar rate of surface
water warming (Table 7.7). Upwelling of UCDW intalssurface waters in the region of the
SB and SACCF (Fig. 4.2) provides a sufficient irtux into the upper ocean to support
moderate production (de Barr et al., 1995; Hoppetra., 2003; Blain et al., 2007). However,
the main entrainment of upwelled UCDW occurs durithg wind-driven deep mixing
associated with autumn and winter conditions (Hoppeet al., 2003), which restricts the
ability of the blooms to develop as light becomesting. Furthermore, transport within the
Ekman layer (Fig. 1.1) removes up to 25% of the eifed iron from the ACC before it can be
utilised by phytoplankton (Hoppema et al., 2003)efefore, phytoplankton biomass and the
organic carbon pump are reduced through the auttnine SB and SACCF (Figs. 7.5-7.8),
allowing sea surfackO, to reach saturation levels (Fig. 7.16) prior te #urival of sea ice in
the winter (Fig. 7.19).



Beyond the influence of sea ice, the PF had a sma&éasonal range in sea surface
temperature, salinity and mixed layer depth compacethe SB and SACCF (Fig. 7.2 and
Table 7.6). During each season, the surface expreséthe PF could be identified by a sharp
increase in temperature (Fig. 7.2b). This usuainp@ded with increases in salinity (Fig. 7.2c)
and concentrations of macronutrients (Fig. 7.3)avgger fCO, was undersaturated with

respect to the atmosphere from spring to autunm (F1L6); a feature observed in spring 1992
in the presence of diatoms (Bakker et al., 1998laike to the SACCF, the SB and PF
become the important sites for biological carboriake during the summer and autumn,

representing sinks for atmospheric £ about 4 mmol M d* (Fig. 7.13c and Table 7.6).

In contrast to the SB and SACCF, the waters ofRRehave been found to be iron-rich and
support phytoplankton blooms for longer, leadingo&wsistent seasonal G@ndersaturation
(Fig. 7.16) (de Baar et al., 1995; Smetacek etl®97; Bracher et al., 1999). With summer
reductions ifCQO,, DIC and increases in chlorophyll-a, it is hypatised that the PF is an area
of annual uptake of atmospheric €etween 2.3 and 4.5 mmolnda™* (Fig. 7.13c and Table
7.6) as a result of organic matter production tglophotosynthesis. This supports earlier
observations of circumpolar enhanced export ofipddte organic carbon (section 1.5.4.1)
from diatom blooms in the PF region in the AtlantiRutgers van der Loeff, et al., 1997,
Tremblay et al., 2002) and Pacific (Daly et al.02Psectors of the Southern Ocean. Increased
water temperature, by over°C from spring to summer (Table 7.8), would act ti@rsgly
compensate the biological decreaséQ®, (Fig. 7.18), however this is difficult to asses®du

to the meandering nature of the PF.
7.16.  High-nutrient low-chlorophyll and GBource waters

The HNLC waters showed relative seasonal homogeireea surfacéCO, with a general
increase from winter to autumn (Fig. 7.16). &, was close to saturation with respect to
the atmosphere throughout the year with the disgrception of spring. The large springtime
variation is attributed to the SIZ blooms that ofextended into the ‘HNLC’ latitude band,
subsequently reducing th€O,. This was observed in the chlorophyll-a concernat which
increased to 3.4 mgin spring 2006 (Fig. 7.2e and Table 7.7). Howebgrthe summer the
high chlorophyll-a concentrations had dissipatetéss than 0.2 mg thand were retained for
the majority of the year, confirming the regionhaving HNLC conditions (Fig. 7.4 and Table
7.7).



Sea surface temperature increased by ab8@t fBom winter to autumn, corresponding to an
increase INfCO, by nearly 50puatm (Table 7.7). In the absence of counteractimjpbical
processes, this lead to a thermodynamically driv®D, supersaturation in the central ACC
(Fig. 7.12). However, a decrease in DIC up topfol kg* from winter to summer (Fig.
7.14a) indicated that biological carbon utilisatibad occurred from the SIZ bloom that
intruded the HNLC waters during the spring (sectibri2) and the standing stock of
phytoplankton that remained in the upper oceanheysummer (section 6.11). Despite this,
seasonal warming had a dominant effecf©@@, concentrations (Fig. 7.18). Similarly to the
SACCEF, initial CQ uptake at the start of the growing season evoiviedan efflux of CQ of
2.3+ 1.0 mmol nf d*, driven by summer warming (Fig. 7.13c and Tab&.7.

7.17. The South Georgia bloom and annuaj GQake

The GB region showed the greatest range in seac&fi€O, with a seasonal difference of
nearly 150uatm (Fig. 7.16). The higheBT O, values of 444 13 patm occurred during winter
(Table 7.8), making the region an especially strsogrce of C@of 16.2+ 4.1 mmol nf d*
(Fig. 7.13c and Table 7.6). Salty surface watenmlined with strong winds and surface
cooling, produced deep mixed layers down to 120Fig. (7.2f). From relatively lowfCO,
values during the autumn, these processes encaldiEgp vertical mixing into sub-surface
waters, which are supplied with DIC from upwelle@DW (Chapter 4) with the influence of
the SACCF in the GB (section 6.4). The DIC-rich suibface waters became entrained into
the winter mixed layer with an ensuing increas®I€ (and DIG,) to values close to 2190
umol kg (Fig. 7.14a), leading to increased sea surf@® by over 100uatm by the winter
(Fig. 7.16). Evidence of deep vertical mixing wéserved over the NSR and into the GB, as
wintertime enrichment of silicate, nitrate, and gploate raised surface concentrations to 47.2,
28.5 and 2.qumol kg*, respectively (Table 7.8), alongside the superatgdfCOs.

With the onset of spring, water temperatures hadned by nearly 1.78C and a notable
freshening had taken place, reducing salinity dyl Qinits (Table 7.8). The upper ocean had
become stratified with mixed layers of 8819 m. With increased light levels throughout the
spring, the warmer and more stable water columrsgmied conditions that encourage
phytoplankton growth. Initiation of the South Gearfjloom in spring or early summer (Table
7.4) transformed the wintdCO, supersaturation (Fig. 7.12) with incremental dases of

about 70patm from the winter to spring and spring to sumnieig. 7.16). Increased



chlorophyll-a, over 5 mg i in the GB coincided with surface water iron cattcations
exceeding 1.0 nM (Figs. 7.2d-e and 7.17e-f). In8pecof sea surface conditions and
circulation patterns downstream of South Georgiaglation to other Southern Ocean islands,

provides evidence for natural iron fertilisatioe¢sons 6.13 and 6.14).

Continual warming and freshening of the sea surfaoen glacial melt from South Georgia
and sporadic precipitation events, occurred througthe summer and into early autumn (Fig.
7.2 and Table 7.8). The water column maintaineatifttation with a shallowing of the mixed
layer to 20-50 m. By the summer, the South Geobjp@m reached maximum extent and
spread across the GB (Figs. 7.5-7.8). Based onatha and duration bloom ranks, the
strongest South Georgia blooms always occurredngutihe summer months December-
February (Table 7.3). Elevated chlorophyll-a comi@ions of 2-12 mg i corresponded to
exceptionally undersaturated seawd@®®, between 250 and 3Qfatm (Figs. 7.2 and 7.17e).
The presence of diatoms in the bloom (Korb et 2010) was evident on the complete

depletion of silicate in surface waters of the Gi)(7.3c and Table 7.8).

The AfCO, and DIC reached annual minima for this regionl@0-patm and 2084mol kg?,
respectively, in the core of the bloom (Fig. 7.1l &able 7.8). These sea surface carbonate
features turned the GB into the strongest seasamlalfor atmospheric C£n the Scotia Sea

of 12.0+ 4.2 mmol nf d* (Fig. 7.13c and Table 7.6). This air-sea,dDx (geographical
limits, 53.0-50.8S, average summer 2006-2009) in the GB was donuratehe CQuptake

of 15.1+ 5.7 mmol n? d* in the South Georgia bloom (biological limits, 5&1.5S,
summer 2008) (Table 6.5). The strong sink for afphesic CQ persisted into the autumn,
although sea surfad€0O, had increased on average bypgdm (Fig. 7.16) to weaken the sink
to 9.6+ 2.3 mmol nt d* (Fig. 7.13c and Table 7.6).

7.18. The role of the Scotia Sea in the marinearadycle
7.18.1. Annual source or sink of €O

For each seasonal transect, instantaneousfl0fes were determined for every sea surface
fCO, measurement with seasonally averaged wind speens QuikSCAT (Fig. 7.13c). The
seasonal and annual flux of €@r the Scotia Sea has been estimated by averabag
appropriate short term fluxes weighted for thetlainal limit for each region (Table 7.9). Sea

ice coverage, absence of photosynthetic activithdgeep vertical mixing created a wintertime



CO, source of 2.9 1.0 mmol nf d* along the transect in the Scotia Sea (Table 785 T
would be dramatically enhanced if ¢@xchange through the sea ice, assumed here to be
negligible, takes place. The combination of themse South Georgia bloom, the SIZ blooms
at the receding ice edge and enhanced biologidaditgcat the SB, SACCF and PF largely
counteracted seasonal warming to create a stroeanacCQ sink of 5.7+ 1.4 mmol nf d*

in the summer. The spring and autumn seasonaldlteq@resent ‘transitional’ values between
the annual maximum and minimum air-sea,Gl0xes of winter and summer, respectively.
Finally, the seasonal analysis of the marine carbgrie shows that the ocean along the
transect from 62.6-49°5 is an annual C{sink of 6.2+ 2.1 mmol n¥ d*. The relatively large
standard deviation in the GGluxes reflects the variability and mosaic natofehe marine

carbon cycle of the Scotia Sea.



Table 7.9. Seasonal and annual air-sea ft®es (mmol n¥ d*) for the eight sub-regions of
the Scotia Sea. Flux calculations as in Table Th& annual regional flux is calculated from
the average of the winter, spring, summer and antiumxes (equal weighting to each season)
for each region weighted by latitude along the geamh (13.1 latitude). Fluxes marked with *
are assumed to be O due to sea ice cover. As nemndata exists for the PF a flux of O is
estimated (**) based on comparable flux trends with NSR and ACC regions. Standard
deviation as for Table 7.6, in parentheses. Negdlixes indicate oceanic uptake of £0

Region Latitude Air-sea GQlux
S mmol nt d*
Limits Total Winter Spring Summer Autumn Annual
WSC -62.6/-59.5 3.1 o* 6.0 (2.7) 6.2(3.8) -2.B)1 -2.6(4.9)
SB -59.5/-58.5 1.0 o* -1.1(29)  -46(17) -3.092 -8.7 (4.4)
SACCF -585/-575 1.0 o* 116 (1.2) -1.2(1.7)  (0®B) -10.9(2.2)

HNLC  -57.5/-56.0 1.5 -0.1(0.5) -9.2(41)  23(L0 2.0(1.6) -5.0(4.5)

ACC -56.0/-55.0 1.0 -3.4(3.8) 22(12) -50(4.7)-3.0(0.8) -9.2(6.2)
NSR 55.0/-53.0 20 07(33) 27(13) -6.9(3.5)-34(1.6) -6.9(5.2)
GB -53.0/-50.5 25 16.2(4.1) 0.6(15  -12.0(4.2-9.6 (2.3) -4.8(6.5)
PF -50.5/-49.5 1.0 O** 23(12) -45(12) -4241) -11.2(2.7)

Transect -62.6/-49.5 131 2.9(1.0) -0.1(0.9) {34 -3.3(0.7) -62(2.1)

A likely caveat is that the potentially strong £€burce waters beneath sea ice are liable to
outgas to a certain extent upon immediate breakind melting of the sea ice, before
phytoplankton activity begins to reduce tHEO, (section 7.12). This scenario was
encountered in spring 2006, where the ice edgeclese to the South Orkney Islands (Fig.
7.19) and, just south of the SIZ bloom, waters vgengersaturated #CO, (Fig. 7.12). As the
South Orkney Islands are within the WSC regionragieg of the data per sub-region implied
that the whole region was a strong £gource, despite the fact that at least half ofsise
surface area was beneath sea ice (Fig. 7.19). windd lead to an overestimation of €O

released from the WSC region during spring (Tallé€s7.9). However, investigations have



shown that sea ice may be semi-permeable to @@ some gas exchange may occur
(Semiletov et al., 2004; Nomura et al., 2006) dnsl also likely that leads and patches of open
water would exist in the sea ice, prior to passaghe ice edge. Therefore, it is believed that
any possible overestimation of the WSC region, @@x, based on C@source data north of
the South Orkney Islands, is small.

7.18.2. Inter-annual variability and the future

Satellite derived chlorophyll-a concentrations fro206 to 2009 showed the annual
occurrence of mesoscale phytoplankton blooms irSilZeand downstream of South Georgia
(Figs. 7.5-7.8). These biological features repressenast areas of GQundersaturation (Fig.
7.12) that created strong @8inks on seasonal timescales and have an impetffact on the
annual CQ flux of the Scotia Sea (Table 7.9). The SIZ bloomese initiated during spring at
the receding ice edge, generally persisted thrabghsummer and decayed by early autumn
(Table 7.4). Large inter-annual variability existedthe month of bloom termination, ranging
from October to May. A second variable is surfaceaaas some SIZ blooms covered the
whole SIZ (63-57S) and some just extended acro$sof latitude (Table 7.2). The South
Georgia bloom was initiated during spring, had maxn coverage and intensity during
summer and decayed by autumn (Table 7.4). Slighati@n in the South Georgia bloom
existed as initiation occurred in early summerme gear and in other the bloom had decayed
by the end of the summer (Table 7.3). However lliiyears the bloom occupied most of the
GB and peaked in the summer (highest bloom rank) motable advection in the SACCF
and PF, evident from the patterns of chlorophyttat lead out of the GB to the east (Fig. 7.4).

The seasonal C{fluxes showed strong GQuptake (a) to the north of the retreating sea ice
(including the SACCF) in spring, (b) in the southtlee SIZ (including the SB) in summer,
tracking the ice edge, and (c) in the GB up to Rfrein summer and autumn (Fig. 7.13c).
However, biological features such as blooms arecoafined within the limits of the sub-
regions and have been shown to extend acrossdienat boundaries (section 7.16). In order
to investigate this, the effects of the principledms of the SIZ and GB on oceanic £0
uptake were analysed by consideration of the ameadaration of the bloom, irrespective of
geographical limits (Tables 7.10 and 7.11). Thdselogical’ limits better capture the true
biological effect on the marine carbon cycle durgagh season. As satellite chlorophyll-a data
existed for each season for each year, inter-anraralbility in bloom initiation, duration and



coverage can be investigated (Table 7.4) and fectsf on the seasonal carbon cycle in the

Scotia Sea can be explored.

Table 7.10. The average seasonal coveragé)(kharation (days)AfCO,(sea-air) gatm) and
CO, flux (mmol m? d?) for the seasonal ice zone blooms ([cht&.0 mg nT) from 2006 to
2009. TheAfCO, and flux values are averages of all datpalong the transect during spring
2006 f = 13), summer 2008 (= 26) and autumn 2009 € 12), within the average latitudinal
limits. Air-sea CQ fluxes were calculated using seasonally averagied wpeeds with the
Nightingale et al. (2000) relationship. Total fl{Kg C, where Tg is I8 g C) is calculated
using the tabulated averages for area, duratiorflardn a given season. Standard deviation
is shown in parentheses. Negative fluxes indicaéanic uptake of CO

Season Latitude Longitude Area Duration AfCO, Flux Total flux

S W 10° knf days patm mmol i d* TgC

Spring  -58.6/-57.8 -48.0/-42.5 31(31) 48(16) (28) -7.3(4.3)  -0.13(0.16)
Summer -59.5/-58.3 -44.5/-39.8 65(104) 69 (27) (W  -44(19)  -0.24(0.41)
Autumn  -59.3/-58.6 -45.9/-445  8(12)  24(20) -1B( -2.2(29)  -0.01(0.01)

Total -0.38 (0.44)

Sea ice is an important component of the globataie system, where the extent, defined here
as the area between the ice-ocean edges, is dhe ofajor aspects (Gloersen and Campbell
1991). The sea ice extent affects the amount bt bdpsorbed by the upper ocean, the organic
carbon pump and the ocean-atmosphere exchangapfrheisture and COAs a result, the
SlIZ was a highly dynamic region, where large irgenual variability in sea ice extent was
accompanied by variations in phytoplankton blooms ¢hown by high standard deviations
relative to the seasonal means, Table 7.10), stipgoprevious observations (Smith and
Comiso, 2008).

The years 2007 and 2008 represented maximum aninorm sea ice extent, respectively,
both with weak and patchy blooms in the SIZ aftermelt (Table 7.4). This demonstrated the
influence of sea ice on the biological activitytbe Scotia Sea and accounted for the large



variations in average bloom features in spring aachmer (Table 7.10). In contrast, 2006
represented a year of moderate sea ice coverdhahed a northward maximum of°S8in

August (Fig. 7.9). Sea ice retreat began in Sep¢emdxposing a large part of the SIZ to
increased light levels, elevated dFe concentratanm a meltwater stabilised water column
(Fig. 7.2). Subsequently, a large bloom was sedge@ctober 2006 (Figs. 7.5-7.6), which
developed into the strongest bloom (rank 2, Tab® With substantial biological carbon

uptake (section 7.14) in the SIZ during the redeperiod.

Despite the inter-annual variability, the bloom leyof initiation, growth and decay occurred
to some magnitude each year in the SIZ. The S&d& data revealed a strong correlation
between sea ice and biological activity (sectidiy,. both of which are intrinsically linked to
the carbonate chemistry of this region (ChaptefMae presence of stronger jets in the ACC
can often be observed in the SIZ as elevated ghiiytba was advected across the Scotia Sea
by the SB and SACCF (Fig. 7.4). Aided by frontansport and continual phytoplankton
growth, the SIZ blooms often increased in arealecage and duration into the summer. This
contributed to a huge spatial uptake of G®the summer. For an average bloom coverage of
65,000 kni and average duration of 69 days, 024.41 Tg C was transferred from the

atmosphere to the upper ocean of the SIZ in therserm

The average concentration of the entire Antarecise cover in December (1997-2006) (Fig.
7.20) corresponded with the observed inter-annaaability in the sea ice of the Scotia Sea,
with a decadal variation in cover ranging from $565% (Smith and Comiso, 2008). The
large inter-annual variability associated with 8i& blooms, particularly during the summer,
suggested that as much as 1#00.72 Tg C was transferred from the atmospheradaipper
ocean of the SIZ for the substantial bloom of 20067 that covered 220,000 krand
persisted for 87 days (Table 7.2). This gigantic,Gk in the SIZ followed a winter of
moderate sea ice extent in August and retreat pyeBwer (Table 7.4). Oppositely, the weak
bloom of summer 2007/2008 removed as little as &.0117 Tg C from the atmosphere over
an area of about 2 Knfor 31 days. This followed the ‘icy’ winter of 200where sea ice
covered the whole SIZ and began a relatively letesat.
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Figure 7.20. Mean Antarctic sea ice concentratidh ih December from 1997 to 2006 from
the Special Sensor Microwave Imager (SSM/l) on Befence Meteorological Satellite
Program (DMSP) (Smith and Comiso, 2008).

These considerable variations in total LQptake, with differences of two orders of
magnitude, further highlight the relationship betwesea ice, phytoplankton and carbonate
chemistry and show the vulnerability of the SIZ £6€ink to changes in sea ice and
phytoplankton dynamics. Extreme wind events (upldom §") and grazing pressure have
been determined as the major controls on ice etlgens in the Weddell Sea during spring
and summer (Lancelot et al., 1993). In contrashdwspeeds in the WSC, during spring and
summer, were such that water stratification wasntaaied, encouraging phytoplankton
growth, alongside substantial @Quptake. The effect of zooplankton grazing was not
examined. As for other Arctic and Antarctic seastedies, the inter-annual variability of the
SIZ blooms of the Scotia Sea was closely correlati¢gld the time of sea ice retreat (Wu, et al.,
2007; Smith et al., 2008). Trends in sea ice caomagan from 1997 to 2006 showed a decline
in sea ice coverage by about 2% per decade (F28) {Smith and Comiso, 2008). Based on
the results presented here, such a trend could emetihe SIZ blooms and subsequent

biological carbon uptake of the Scotia Sea in thare (Montes-Hugo et al., 2009).

The largest and most intense South Georgia bloom im#iated in September 2007 and

persisted for eight months before decaying in ARAD8 (Table 7.4). During this time the



bloom extended across the whole GB with distinsteation of elevated chlorophyll-a within
the SACCF and the PF (Fig. 7.7). The bloom durinmmmer 2006/2007 was the weakest
summer bloom over the four years (rank 20, Tal®g, tovering the northern part of the GB.
Despite some degree of inter-annual variabilitg, $basonal initiation, growth and termination
of the South Georgia bloom was the dominant sighlaé bloom always reached maximum
coverage and duration during summer (based onigies$t bloom ranks), with relative inter-
annual consistency (Tables 7.3). Therefore, aveaag@l coverage and duration of the South
Georgia bloom combined withiCO, measurements of summer 2008 (JR177) yields a
representative estimate of 0.840.38 Tg C transferred from the atmosphere to theeu

ocean each summer (Table 7.11).

Table 7.11. The average seasonal coveragé)(kharation (days)AfCO,(sea-air) gatm) and
CO; flux (mmol m? d?) for the South Georgia bloom ([chl-a] 2.0 mg nT) from 2006 to
2009. TheAfCO, and flux values are averages of all datpalong the transect during spring
2006 6 = 7), summer 200&(= 26) and autumn 200® € 52) within the average latitudinal
limits. Air-sea CQ fluxes were calculated using seasonally averaged wpeeds with the
Nightingale et al. (2000) relationship. Total fl{kg C, where Tg is I8 g C) is calculated
using the tabulated averages for area, duratiorflardn a given season. Standard deviation

is shown in parentheses. Negative fluxes indicaeanic uptake of CO

Season Latitude Longitude Area Duration 4fCO, Flux Total flux
S W 10° knf days patm mmol i3 d* TgC
Spring -52.0/-51.0  -38.6/-36.9 16 (13) 50 (19) €2p -4.4 (1.6) -0.04 (0.04)

Summer  -52.6/-50.6  -40.7/-35.9 76(16) 88(2) (&) -10.4(4.2)  -0.84(0.38)

Autumn  -52.8/-51.4  -40.9/-38.5 27 (25) 41(27) (3@) -9.3(25)  -0.13(0.15)

Total -1.01 (0.41)

The technique of ‘biological’ limits was employed tjuantify the biological effect on the
marine carbon cycle of the GB during summer 200Bafffer 6). At this time, the South
Georgia bloom was the strongest summer bloom obdeduring the 2006-2009 research
period, which was intercepted by the RR&mes Clark Ros®n cruise JR177 in early
February 2008 (Table 7.1). The extensive bloomtetka strong oceanic GQ&ink of -15.1+

5.7 mmol n¥ day’, transferring 1.3& 0.45 Tg C from the atmosphere to the ocean during



summer 2008 (section 6.13). This indicated that 8wth Georgia bloom of summer
2007/2008 (Fig. 7.7) removed 0.30 Tg more carbomfthe atmosphere than the average 1.01
+ 0.41 Tg C that was transferred from atmospherm fspring to autumn each year (Table
7.11). This further emphasizes the nature of iaterual variability in the marine carbon cycle

of the Scotia Sea.

The summation of the average sink fluxes of thei&&@ea blooms during spring, summer and
autumn was 1.3% 0.56 Tg C for a total average bloom area ok78® km? (Tables 7.10 and
7.11). Compared to the climatological estimatehefannual Southern Ocean sink flux of 0.06
Pg C (Takahashi et al., 2009) over 38.60° km?, the blooms of the Scotia Sea accounted for
over 2% of the total Southern Ocean £&ihk at only 0.2% of the areal coverage of therent

Southern Ocean.
7.19. Ocean acidification
7.19.1. The Scotia Sea and ocean acidification

Across the Scotia Sea, the action of the orgamicocapump in the SIZ and South Georgia
blooms (sections 7.14 and 7.17) depleted the mixger DIC, giving the AASW concomitant
high concentrations of carbonate ions ([ and increased pH(Figs. 4.4 and 7.21). The
[COs?] and aragonite saturation states reached summeimaaof 153umol kg* and 2.3,
respectively, in the NSR-GB region (Fig. 7.14cE)e elevated [C€] during the summer
suggest that AASW is seasonally saturated withe&sjp aragonite.
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Figure 7.21. Vertical profiles of upper water colura) potential temperaturé, (°C), (b)
dissolved inorganic carbon (DI@imol kg?), (c) total pH (pH) and (d) aragonite saturation
state Qaragonite) for Georgia Basin (GB) stations 51 aBd Ehe depth of th@, of the
Winter Water is marked by the horizontal grey lared the limit of aragonite undersaturation

(Qaragonite< 1) is marked by a vertical red line in (d).

Increased vertical mixing during winter facilitatélde ventilation and entrainment of sub-
surface waters within the winter mixed layer whetwaling isohalines in the GB, at the
SACCF and SB and frontal meanders provided a pathoraUCDW to upwell (Chapter 4).
This was particularly evident in the regions of thB, SACCF and in the GB (Fig. 4.2).
Subsequently, wintertime surface water [E[) pHr and aragonite saturation states south of

59°S are reduced with a relatively homogeneity (Fig4c-e).

Aragonite saturation states are generally lowesigit latitudes due to increased solubility of
CO,, and hence elevated DIC concentrations, and iseckaolubility of carbonate minerals
with decreasing temperature (section 1.5.2). Loturasion states(faragonite < 1.3) were

observed south of 88 during summer and winter, with corresponding smsahsonal



amplitudes (Figs 7.14e and 7.15e). These waterbareath sea ice cover during winter and
early spring and are close to the upwelling regibthe SB (sections 4.2 and 7.12). Both of
these factors contribute to DIC enrichment, carbomkepletion and low aragonite saturation

states at the surface south of $3hroughout the year.

Cold, saline and deep winter mixed layers in the &Be enriched in DIC, leading {€0;,
supersaturation at the sea surface (Figs. 7.2 df). #rom the depth of the WW, a strong
gradient in DIC existed into the surface watergy(Fi.21b). As UCDW is DIC-rich (Table
4.1), the upward movement of this water mass Iddi@® enrichment below the thermocline at
about 200 m depth. This was accompanied by a logef the pH and saturation state for
aragonite from the base of the WW layer to about 20(Fig. 7.21c-d). Below 200 m, the
water column was undersaturated with respect tgoaite. As a result of deep winter mixing
to 100-200 m (Fig. 7.2f), winter AASW in the GB la@ce relatively carbonate-poox 80
umol kg') and acidic with a aragonite saturation states kmn 1.2 (Fig. 7.14). These
processes contributed to the large seasonal amlituall sea surface carbonate parameters
in the GB (Fig. 7.15) and increased the risk ofamcacidification, from bottom-up influences,

in the northern Scotia Sea.
7.19.2. Ocean acidification in the Southern Ocean

In agreement with the Scotia Sea data (Fig. 7d@pirical reconstructions of Southern Ocean
data revealed a [Gf)] minima, close to 9umol kg*, south of 60S during the winter and
maximum [CQ?], up to 125pmol kg®, between 55-5 during the summer (McNeil and
Matear, 2008). This also agrees with a basin soateage for surface [GO)] of 105pmol kg

! for the entire Southern Ocean (Orr et al., 20B®)\wever, winter minima in [C€] and pH

of 79 umol kg and 7.98, respectively, were observed in the 8c®é&a in the GB. This is
lower compared to the empirical data that indicsitetertime [CQ?] of 125 pmol kg* and
pHr of 8.07 at the same latitude (McNeil and Mate@n8&).
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Figure 7.22. Observations and future predictionse# surface acidification in the Southern
Ocean, adapted from McNeil and Matear (2008)fC&), (natm) in air, IPCC 1S92a emission
scenario (black), and water (south of°8p from the CSIRO ocean carbon model (blue).
Predictions of surface water (b) pH and (c) carb®mancentrations ([C£], umol kg*) for
atmospheric C@equilibrium (red) and Cg&disequilibrium (blue) conditions using the IPCC
IS92a scenario. Observations from 1995 (b and e€)rapresented by box whisker plots
(McNeil and Matear, 2008). Observations from thetacSea for winter 2007 (b and c) are
the average south of 8 (cross) and the minimum from 55250(filled circle). The [C@]

that yields aragonite undersaturation is shown gseg horizontal line in (c).

The strong summertime gradient in [€Pfrom 85 to 140umol kg* across the Scotia Sea
and small seasonal amplitudes south df$8uggests that the region to the south of the SB
will experience year-round aragonite undersatunabefore 2040 (Fig. 7.22b-c). The large
seasonal amplitudes in [GE and pH of 60 pmol kg* and 0.2, respectively (Fig. 7.15¢c-d),
extreme wintertime minima observed in the GB andemsaturation in the water column (Fig.
7.14c-d) suggest that calcifying organisms suchpssopods in this region may face

wintertime aragonite undersaturation by 2030 (Fig2b-c), earlier than previous predictions



(McNeil and Matear, 2008; Orr et al., 2005). Suepions that experience substantial seasonal
variability in surface water carbonate chemistryldobe used as natural ‘mesocosms’ to
investigate the response of calcifying organismdutmire aragonite undersaturation. The
degree of seasonal variability reported here hgaifgiant implications for future ocean
acidification in the Scotia Sea.

7.20. Conclusion

Seasonal analysis of the marine carbon cycle ofSttwtia Sea reveals the complexities and
variations across diverse hydrographical and biolgemical regions that exist in the Southern
Ocean. The combination of satellite data over tA8622009 research period aim situ
physical, chemical and biological observations mgispring 2006, summer 2008 and autumn
2009 along a 1,400 km transect have enabled aletbtiavestigation into the processes that
lead to seasonal and inter-annual variations ifasarwater carbonate chemistry. Wintertime
(2007) conditions were inferred from parameters suead within the Winter Water during
summer 2008. The transect encompassed severatygrah8outhern Ocean regimes: sea ice,
hydrographic fronts, HNLC waters and waters of A@&C in the open ocean, downstream of
islands and over submarine ridges. In referencin@darge seasonality observed within the
sub-regions, implications for the future carbonebemistry of the Scotia Sea have been

described.

Four years of satellite derived chlorophyll-a amé $ce cover showed a general trend from
maximum sea ice extent and no blooms in winter idespread sea ice retreat and large
blooms in summer. Maximum sea ice cover extendech 163 to 57S during winter 2007
and defined the seasonal ice zone (S1Z) of thei&&#a. A strong correlation was observed
between sea ice, ice edge phytoplankton bloomsabsequent undersaturationf@0,. The
blooms of the SIZ exhibited large inter-annual a&hility in surface area and duration,
supporting earlier observations (Smith and Con2808). Moderate sea ice advance and early
retreat in winter and spring 2006 set up favouraideditions for phytoplankton bloom
development in the SIZ. Prior to bloom developmdmgak-up and melting of the sea ice
revealed waters supersaturated Wi, that outgassed at a rate of &@®.7 mmolm™? d™.
However, the action of the biological pumps and $@&a carbonate processes rapidly
transformed thdCO, supersaturated waters to substarft@D, undersaturation. During the
three month lifetime of the bloom in spring and suen 2006-2007, 1.0% 0.72 Tg C was



transferred from the atmosphere to the ocean makisghe strongest SIZ bloom during the
research period. In contrast, following the ‘icyinter and late spring thaw of 2007, a weak

bloom removed substantially less £(0.01+ 0.17 Tg C) from the atmosphere.

The Southern Boundary (SB), Southern Antarctic @mpolar Current Front (SACCF) and
the Polar Front (PF) were transient £8hks during different seasons. The SACCF and the
SB became strong GGsinks (up to 11.6: 1.2 mmol n? d%) with the SIZ blooms that
‘tracked’ the southward retreating sea ice. Thed?ained a C@sink of 2.3-4.5 mmol i d

! from spring to autumn due to the ongoing phytokian activity in this region. In contrast,
the HNLC waters of the central Scotia Sea werersistent source of Gf 2.0-2.3 mmol

m? d* from summer to autumn due to seasonal warming.

Downstream of the island of South Georgia, extengivytoplankton blooms developed each
year and extended across the Georgia Basin (G&hmeg maximum strength every summer.
These are recurrent features that created sulstamtd persistent undersaturation in sea
surfacefCO, up to -120uatm to form the strongest seasonal sink for atmespiCG in the
Scotia Sea of 12.8 4.2 mmol n? d™*. Through the action of the biological carbon puritps
the GB, the SIZ and at the three ACC fronts, theti8cSea transect was a summertime sink
for atmospheric C@of 5.7+ 1.4 mmol i d™.

By wintertime, the Scotia Sea was transformed mt86Q source 2.9 1.0 mmol nf d* as
sea ice growth, deep vertical mixing and little fwsynthesis lead to enrichment of DIC and
fCO; in the upper ocean. Waters near the SB, SACCHratite GB were regions of strong
wintertime fCO, supersaturation due to localised deep mixing apaelling of DIC-rich
CDW, with low concentrations of carbonate ([, into the sub-surface. The consistently
low pHr and [CQ?] (south of 59S) and large seasonal amplitude inrhd [CQ?*] (in the
GB) indicated that these regions are particulathinerable to future sea surface aragonite
undersaturation, possibly by 2030-2040. Waters &bnéhe thermocline in the GB were
undersaturated with respect to aragonite. This a@@npresents conditions of ocean

acidification to calcifyers south of the Polar Rranthe contemporary Scotia Sea.

The Scotia Sea from 62.60 49.5S is an annual sink for atmospheric £06.2+ 2.1 mmol
m? d* using seasonally averaged wind speeds and thetiftigle et al. (2000) COflux
relationship. The South Georgia bloom is a redileerd predictable element of this £€€nk,



transferring an average of 1.@10.41 Tg C from the atmosphere to the upper oceam f
spring to autumn each year. The Scotia Sea bloamsigd spring, summer and autumn
accounted for over 2% of the total Southern Oce@p $Ink (Takahashi et al., 2009).

The inter-annual variability in the SIZ blooms inged large constraints on the £6ink,
transferring anywhere between 190.72 Tg C and 0.02 0.17 Tg C from the atmosphere to
the upper ocean. Future climate change is likelgftect the sea ice-COelationship and the
variable CQ sinks of the current SIZ could diminish througlklueed sea ice coverage. The
mosaic distribution and substantial seasonal aog#g in sea surface carbonate chemistry of
the Scotia Sea create a natural mesocosm to bettierstand and predict how future climatic
changes may affect the distributions of air-seg @xes, pH and aragonite undersaturation

for the contemporary and future Southern Ocean.



8. Conclusions and future wor k

8.1. Conclusions

The objective of this research was to investighte marine carbon cycle of the Scotia Sea,
Southern Ocean. The British Antarctic Survey (BA83sel RRSames Clark Rostypically
spends 8 months in the Scotia Sea region and, thghinstallation of the new CASIX
underwaypCQ;, instrument in 2006, has generated a sea suff2Og data set of over 2,500
measurements to date (Fig. 8.1). This work estaddisa new surface wat2O, timeseries, a

contribution to alleviating the paucity 620, data in this region (Takahashi et al., 2009).

An important component of this data set was theaition of a 1,400 km transect across the
Scotia Sea in austral spring 2006 and subsequentpatons in summer 2008 and autumn
2009. Sea surfacBCO, measurements were made by the CASIX system (220@3 and
2009) and a UEA system (2008). The CASIX instrumeas acutely tested during an at-sea
pCO, instrument intercomparison in summer 2008 (ChapyeResults demonstrated that the
fCO, data generated by the CASIX instrument are oflamaiccuracy (fiatm) and precision

(3 uatm) to those obtained for sea surfB€©®, measurements by other systems (Kdrtzinger et
al., 2000), subsequently introducing an additiomadtrument into the oceanipCO;,
community. Offsets between the CASIX and UEA Qfata sets were attributed differences in
the instrument design and a series of recommendati@re outlined in order to improve the

accuracy of the CASIX seawat€O, measurements.
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Figure. 8.1 Sea surfad€O, measurements collected in the Scotia Sea in 2006-2a) the
location of thefCO, measurements for the 14 cruises in the Scotia Baag 2.1) and (b) the
AfCO, (sea-air) gatm) along the transect during seasonal cruise6JRIR177 and JR200 and
secondary cruises JR163/164, JR184, JR185, JRIP4MO JR188. The Falkland Islands
(FI), South Orkney Islands (SOI) and South Geo(§&) are identified. Data are coloured
according to month. Depth contours in (a) are 8012000 and 3000 m (GEBCO, 2001).



The first deep carbonate measurements of the S8etiavere made in summer 2008 (Chapter
4) and are presented alongside hydrographic datarder to identify the principle water
masses, hydrographic fronts and contemporary catbocharacteristics of the Scotia Sea.
Antarctic Surface Water (AASW) was characterisedtsginct summer minima in dissolved
inorganic carbon (DIC) and total alkalinity (TA) éairwas supersaturated with respect to
aragonite. The depth of the potential temperaturémum ©n,in) represented the remnant of
the Winter Water (WW) and were used to infer théocaate chemistry of AASW during the
preceding winter (2007). Warm Upper Circumpolar pe&ater (UCDW) represented a
voluminous reservoir of DIC in the ACC. Salty Loweircumpolar Deep Water (LCDW) was
distinctly enriched with alkalinity and was unddtsated with respect to aragonite. Warm
Deep Water (WDW) was observed flowing out of thedd&l Sea, identified by a warm,
saline core infiltrating the southern Weddell-SadTionfluence (WSC).

Shoaling isohalines were observed throughout theerweolumn upon intersection of the
Southern ACC Front (SACCF) at ¥ and the Southern Boundary (SB) of the ACC 4859
Meanders in the SACCF were encountered in the @leACC (56-53S) and in the Georgia
Basin (GB), north of 53&. Upwelling of DIC and nutrient rich UCDW at thekeations
contributed to (1) summertime enhanced phytoplankiomass and net DIC depletion in the
AASW and (2) enrichment of sub-surface waters thelhaved as a supply of DIC-rich,

carbonate-poor and low pH waters through increasetital mixing during winter.

Contrasting concentrations of sea surft€@,, DIC and TA were observed in the marginal
ice zone (MIZ) allowing a unique analysis the caudite chemistry of Antarctic sea ice during
the summer thaw (Chapter 5). The precipitation afbonate minerals such as ikaite
(CaCQ.6H,0) in sea ice brines have the net effect of deargdBIC and TA, and increasing
the fCO,. Deficits in salinity normalised DIC and TA in tsammer mixed layer of the MIZ
were consistent with the release of brines fromtimglsea ice, where ikaite precipitation had
taken place. Across the MIZ, ikaite precipitatimteunted for up 12 3 umol kg, or 13%,

of the summer DIC deficit. Biological assimilatiohcarbon had the largest effect on summer

DIC concentrations, resulting in deficits of #11 pmol kg™ at the receding ice edge.

The combined effects of biological carbon uptake sama ice carbonate chemistry constituted
a sea ice C@pump and created substant@D, undersaturation of 9patm in the MIZ during

summer. The original ‘sea ice GQuump’ hypothesis proposed that the dissolution of



carbonate minerals in meltwater leads promotes @fake from the atmosphere (Rysgaard et
al., 2007; Rysgaard et al., 2009). The carbonatenadtry data for the Scotia Sea suggest that
it is the transfer of DIC- and TA-poor brines irttte surface water during ice melt, in the
presence of phytoplankton blooms, that create agtiCQ sink during the summer. This
research complements the identification of ikaiteerals in Antarctic sea ice (Papadimitriou
et al., 2007; Dieckmann et al., 2008) and furthgyhlghts that complex, and not fully
understood, carbonate chemistry processes aregtgkate in Antarctic sea ice with strong

implications for CQ uptake in the polar oceans.

Waters downstream of South Georgia are amongshtse productive in the Southern Ocean,
where extensive phytoplankton blooms occur eachr y&tkkinson et al., 2001; Korb and
Whitehouse, 2004; Korb et al., 2008; Whitehousal.e2008). Shipboard and satellite surface
chlorophyll-a concentrations identified regionsebévated chlorophyll-a, greater than 10 mg
m*, in the core of the bloom that contrasted withtigsm high-nutrient low-chlorophyll
(HNLC) waters. The ‘unproductive’ HNLC waters he@ldmall standing stock of chlorophyll-
a and had a summertime DIC deficit of 2.2.3 mol n. This shows that HNLC waters of the
ACC are more productive than commonly perceivedguagested by Bakker et al. (2007), and
illustrates some of the limitations in using sdtellchlorophyll-a as an indicator of marine

productivity.

The summer DIC deficit in the upper 100 m was #.6.8 mol n¥ in the bloom where
substantial biological carbon uptake created ammicesink for atmospheric G@f 15.1+ 5.7
mmol m? d. For the 90 day duration of the bloom that cove3@@00 km of the GB, a total

of 1.3+ 0.5 Tg C was transferred from the atmospheredaatiean through air-sea exchange.
Sea surface distributions of dissolved iron acrtdss AAZ provided evidence for iron
enrichment downstream of South Georgia. Natural festilisation and biologically mediated
carbon uptake has been identified in the bloomsndtn@am of sub-Antarctic islands of
Crozet (Bakker et al., 2007) and Kerguelen (Jouaatal., 2008). Compared to the spatial
and temporal characteristics of the other islanabiols, South Georgia was the strongest
bloom, with a total summer DIC deficit of 4#0.8 Tg C, almost twice that of the Kerguelen
bloom. In a Southern Ocean context, the summerDidedeficit of the South Georgia bloom
was only superseded by blooms in the Ross SeaqRtal., 1998; Sweeney et al., 2000),
firmly establishing the South Georgia bloom as $iengest region of biological carbon

uptake in ice-free waters of the Southern Ocean.



The novelfCO, data obtained along the repeat transect in s@0@p, summer 2008 and
autumn 2009 (Chapter 7) have established a newsdnes and will contribute valued
autumnal data, a relatively undersampled seasoglotmal fCO, datasets (CDIAC). Satellite
derived chlorophyll-a and sea ice cover were usézhgside in situ physical and
biogeochemical observations to investigate the meacarbon cycle during the transition from
wintertime CQ source to summertime G@ink. Maximum sea ice cover extended froni 63
to 57°S during winter 2007 and defined the seasonalooce £S1Z) of the Scotia Sea. A strong
correlation was observed between sea ice, ice gudgaoplankton blooms andCO;,
undersaturation, with distinct inter-annual varidgji Moderate sea ice advance and early
retreat set up conditions most favourable for pphgiokton bloom development. Early break-
up and melting of the sea ice revealed waters sapgated witHCO, that outgassed at a rate
of 6.0+ 2.7 mmolm™ d™. The action of the biological pumps and sea icbar@ate processes
rapidly transformed thdCO, supersaturated waters to substant@O, undersaturation.
During the three month lifetime of the SIZ bloomdpring and summer 2006-2007, 181
0.72 Tg C was transferred from the atmosphere @ootean making this the strongest SIZ
bloom during the research period.

The upwelled nutrient-rich CDW at the SACCF and 8 transformed the regions into
transient C@ sinks (up to 11.6& 1.2 mmol n¥ d%) with the SIZ blooms that ‘tracked’ the
southward retreating sea ice during the springsamdmer thaw. The PF remained a Gk

of 2.3-4.5 mmol rif d* due to a continuum of phytoplankton activity frepring to autumn.

In contrast, the HNLC waters of the central ACC evarsource of C£of 2.0-2.3 mmol if d

! from summer to autumn due to seasonal warming. Stibstantial C@undersaturation of
the South Georgia bloom created an average sunmee@Q sink of 12.0+ 4.2 mmol nf d*
across the GB. Through the action of the biologcaabon pumps in the GB, the SIZ and at
the three ACC fronts, the Scotia Sea was a summerink for atmospheric G@f 5.7+ 1.4

mmol m? d,

By wintertime, the Scotia Sea was transformed mt®Q source of 2.% 1.0 mmol nf d.
This was due to sea ice cover, little photosynthesid upwelled CDW supplying the sub-
surface water at the SACCF and SB with DIC. As sulte low pH and carbonate ion
concentrations south of 89 and in the GB drive strong seasonal amplitudearagonite

saturation. These data re-enforce the empiricaiasts of McNeil and Matear (2008) and



give a first prediction, based on localisedsitu observations, of the onset of sea surface
aragonite undersaturation in the Scotia Sea by-2030. Waters beneath the thermocline in
the GB were undersaturated with respect to aragomtesenting conditions of ocean

acidification to calcifyers south of the Polar Rron

The Scotia Sea from 62.60 49.53S is an annual oceanic G&nk of 6.2+ 2.1 mmol nf d™.
The South Georgia bloom is a resilient and prelletacomponent of this GOsink,
transferring an average of 1.€10.41 Tg C from the atmosphere to the upper oceaimgl
spring, summer and autumn each year. The ScotidIBems accounted for over 2% of the
current estimate for the total Southern Ocean, 6@k (Takahashi et al., 2009). The large
inter-annual variability in the SIZ blooms impossahstraints on the GGink. Future climate
change is likely to affect the sea ice-Cf@lationship and the G(sinks of the current SIZ
could diminish. The distribution and substantisdsEnal amplitudes in sea surface carbonate
chemistry presented in this thesis show that tr@i&Sea is a ‘mosaic’ of Southern Ocean
environments. The region can be considered asuaahahesocosm to better understand and
predict how future climatic changes may affectdisributions of air-sea C{luxes, pH and

aragonite undersaturation for the contemporaryfatuste Southern Ocean.
8.2.  Future work

The data presented in this thesis have added tormerstanding of the role of the Southern
Ocean in the global carbon cycle. With regular pgses across Drake Passage, into sea ice,
around South Georgia and up to the Polar Front,RR& James Clark Rosss an ideal
platform for carrying out C® measurements to maintain observations of the dynam
Southern Ocean carbon cycle (Fig. 8.1). This shdadddone by continuation of the sea
surfacefCO, measurements on future cruises, to vastly imptbeetemporal coverage, and
repeating the deep section transect with DIC andni@asurements in 5-10 years time to
enable decadal changes to be evaluated (Bates @046; Jeandel et al., 1998; Feely et al.,
2002; Feely et al., 2006; Metzl et al., 2009). Twif allow a more thorough assessment of

inter-annual variability.

This research highlighted interesting, and notyfuthderstood, carbonate chemistry processes
in Antarctic sea ice. To further investigate thdéluence of Antarctic sea ice carbonate
chemistry on the marine carbon cycle, several senges that span the advance and retreat of

the sea ice should be established. This could beedaut through shipboard analyses, but a



land or sea ice based campaign would provide optaneess and remove some logistical
constraints of shipboard work. Ice coring and braxé¢raction in different ice types should
complement the surface water analyses alongside hegolution, vertical hydrographic
sampling in the upper ocean. Separation technighesld be implemented and optimised in
order to identify the nature of any carbonate natseepresent (Dieckmann et al., 2008). Small
scale flux towers positioned over the ice sheet lvaomplement the suite of oceanic
parameters to investigate the potential for,@&Rchange through sea ice (Semiletov et al.,
2004; Nomura et al.,, 2006). The BAS research b&mghera on the western Antarctic
Peninsula would provide an ideal fieldwork site.gsst of the BAS long term monitoring, the
Rothera Oceanographic and Biological Time SerieslT& was established in 1997, carrying
out station work every 5-7 days in Ryder Bay, nemthMarguerite Bay (Clarke et al., 2008).
The acquisition of carbonate chemistry parametarslavneatly fit in with the work already

carried out as part of RaTS.

Evidence suggested that the extensive South Gedngiam is naturally iron fertilised
(currently under investigation). The bloom had atineated duration of 90 days, of which the
RRS James Clark Rossvas present for 5 days and carried out 3 hydrdugcaptations.
Dedicated shipboard surveys from bloom initiati@Qttober) to maximum extent (December)
would better capture the scale of carbon uptaldffgrent stages of the bloom development.
The shipboard surveys should combine high frequeamegerway and station sampling,
including autumn and winter repeat sections, acreggons of low, moderate and high
chlorophyll-a concentrations as determined fronl teae satellite images. Incorporation of
winter sampling would validate the assumptions sihg the temperature minimum as an
indicator for Winter Water conditions, of which shand many seasonal carbon studies are
based upon. The proposed reduction in aragoniteratetn and effects on calcifying
organisms should be tested at numerous localliies) situ multi-depth netting and shipboard
incubations to better predict effects of future acecidification to calcifyers in the Scotia

Sea.



Glossary

AABW
AAIW
AASW
AAZ
ACC
BAS
BATS
CARBON-OPS
CASIX
CDIAC
CDW
CRM
CTD
DCM
DIC
DOC
DOE

FI

GB

Antarctic Bottom Water
Antarctic Intermediate Water
Antarctic Surface Water
Antarctic Zone
Antarctic Circumpolar Current
British Antarctic Survey
Bermuda Atlantic Time-series Study
An operational UK air-sea carbon flus@lvation capability
Centre for observation of Air Sea Interacsand fluXes
Carbon Data Information and Analysis Centre
Circumpolar Deep Water
Certified Reference Material
Conductivity, temperature, depth
Deep chlorophyll-a maxima
Dissolved inorganic carbon
Dissolved organic carbon
Department of Energy
Falkland Islands

Georgia Basin



GEBCO

HNLC

HOT

IPCC

JGOFS

JR#

KERFIX

LCDW

MOC

MODIS

NADW

NEGR

NOAA

NSR

NWGR

MEB

MIZ

MLD

PF

PFZ

PIC

General Bathymetric Chart of the Oceans
High-nutrient low-chlorophyll

Hawaiian Ocean Time-series

Intergovernmental Panel on Climate Change
Joint Global Ocean Flux Study

Cruise number # on RR8mes Clark Ross
Kerguelen Fixed Station

Lower Circumpolar Deep Water

Meridional overturning circulation

MODerate resolution Imaging Spectroradiometer
North Atlantic Deep Water

Northeast Georgia Rise

National Oceanic and Atmospheric Administratio
North Scotia Ridge

Northwest Georgia Rise

Maurice Ewing Bank
Marginal ice zone
Mixed layer depth

Polar Front

Polar Frontal Zone

Particulate inorganic carbon



POC

SACCF

SB

SeaWiFS

SG

SlZz

SOl

SR

SSI

SSR

SST

TA

UCDW

UEA

VINDTA

WDW

WOCE

WSC

WW

Particulate organic carbon

Southern Antarctic Circumpolar Current Front
Southern Boundary

Sea-viewing Wide Field-of-view Sensor
South Georgia
Seasonal ice zone

South Orkney Islands

Shag Rocks

South Sandwich Islands

South Scotia Ridge

Sea surface temperature
Total Alkalinity

Upper Circumpolar Deep Water

University of East Anglia

Versatile Instrument for the Determinatioh Ttration Alkalinity

Warm Deep Water
World Ocean Circulation Experiment
Weddell-Scotia Confluence

Winter Water
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