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The Scotia Sea region contains some of the most productive waters of the Southern Ocean. It is also a dynamic
region through the interaction of deep water masses with the atmosphere. We present a first seasonally-
resolved time series of the fugacity of CO2 (fCO2) from spring 2006, summer 2008, autumn 2009 andwinter (po-
tential temperature minimum) along a 1000 km transect from the pack ice to the Polar Front to quantify the ef-
fects of biology and temperature on oceanic fCO2. Substantial spring and summer decreases in sea surface fCO2

occurred in phytoplankton blooms that developed in the naturally iron-fertilised waters downstream (north)
of SouthGeorgia island (54–55°S, 36–38°W)and following sea icemelt (in the seasonal ice zone). The largest sea-
sonal fCO2 amplitude (ΔfCO2) of−159 μatmwas found in the South Georgia bloom. In this region, biological car-
bon uptake dominated the seasonal signal, reducing the winter maxima in oceanic fCO2 by 257 μatm by the
summer. In the Weddell–Scotia Confluence, the southern fringe of the Scotia Sea, the shift from wintertime
CO2-rich conditions in ice covered waters to CO2 undersaturation in the spring blooms during and upon sea ice
melt created strong seasonality in oceanic fCO2. Temperature effects on oceanic fCO2 ranged from ΔfCO2 sst of
~55 μatm in the seasonal ice zone to almost double that downstream of South Georgia (98 μatm). The seasonal
cycle of surface water fCO2 in the high-nutrient low-chlorophyll region of the central Scotia Sea had the weakest
biological control and lowest seasonality. Basin-wide biological processes dominated the seasonal control on oce-
anic fCO2 (ΔfCO2 bio of 159 μatm), partially compensated (43%) bymoderate temperature control (ΔfCO2 sst of 68
μatm). The patchwork of productivity across the Scotia Sea creates regions of seasonally strong biological uptake
of CO2 in the Southern Ocean.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The Southern Ocean plays a key role in the global carbon cycle
through the interaction of upper ocean processes with atmospheric car-
bon dioxide (CO2) and the ventilation of deep waters (Watson and Orr,
2003; Naveira Garabato et al., 2004; Takahashi et al., 2009). However,
oceanic CO2 data are sparse in the Southern Ocean and the magnitude
and variability of seasonal and annual atmospheric CO2 uptake remain
relatively unknown compared to other areas of the global ocean
(Metzl et al., 2006; Lenton et al., 2013; Landschützer et al., 2014). The
Scotia Sea, in the Atlantic sector of the Southern Ocean, is an important
component of the overturning circulation (Locarnini et al., 1993;
Naveira Garabato et al., 2002, 2004; Meredith et al., 2008). The small
ocean basin encompasses diverse Southern Ocean ecosystems, from a

seasonal ice zone to oceanic islands, where the movement of major
water masses and presence of fronts of the Antarctic Circumpolar Cur-
rent (ACC) generates rich biological diversity (Holm-Hansen et al.,
2004; Murphy et al., 2007) and extensive biogeochemical cycling. Sea
ice covers the southern Scotia Sea during winter and has a variable
northward extent into the central part of the basin. The seasonal ad-
vance and retreat of sea ice coupled with frontal meandering induces
connective biogeochemical pathways from southern regions (e.g., the
Weddell Sea and Antarctic Peninsula), to the north (Murphy et al.,
2007) contributing to the basin-wide biological diversity (Atkinson
et al., 2001; Meredith et al., 2008). Limited data in the region have re-
vealed that the patchwork of productivity creates areas of contrasting
sea surface CO2 concentrations, from spring and summer CO2 super-
saturation in largely un-productive waters and beneath sea ice cover
(Shim et al., 2006; Jones et al., 2012) to substantial biological carbon up-
takewithin intense seasonal blooms (Jones et al., 2010, 2012). The large
blooms in the Scotia Sea region can contribute to sequestration of atmo-
spheric CO2 and export of carbon to the deep ocean (Schlitzer, 2002;
Pollard et al., 2009; Takahashi et al., 2009; Korb et al., 2012).
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The Scotia Sea is bound to the north, south and east by the Scotia
Ridge, a sub-marine arc with island protrusions at the South Orkney
Islands, on the South Scotia Ridge, and the island of South Georgia on
the North Scotia Ridge (Fig. 1). It is a dynamic region due to the ventila-
tion and mixing of water masses in the ACC through the interactions
with rugged bathymetry and wind stress (Naveira Garabato et al.,
2004). The ACC is split by a series of frontal jets, which are identified,
from north to south, as the Sub-Antarctic Front (SAF), Polar Front (PF),
the Southern ACC Front (SACCF) and the Southern Boundary (SB)
(Orsi et al., 1995). The Polar Front passes through the western part of
the Scotia Sea and leaves the Scotia Sea for the Georgia Basin across
the North Scotia Ridge (Smith et al., 2010; Venables et al., 2012). The
SACCF passes through the central Scotia Sea before retroflecting around
the eastern shelf of the North Scotia Ridge and into the Georgia Basin
(Trathan et al., 1997; Thorpe et al., 2002). Mesoscale activity associated
with the SACCF can lead to variability in hydrographic and biogeochem-
ical parameters across the Scotia Sea (Boehme et al., 2008; Whitehouse
et al., 2012),with the front located in close proximity (~50 km) to the SB
(Venables et al., 2012). Circumpolar Deep Water upwells and outcrops
at the surface towards the southern limit of the ACC at the SACCF and
SB (Orsi et al., 1995; Pollard et al., 2002; Boehme et al., 2008). The SB
is the southernmost front in the region and marks the limit of the ACC
and the boundary of the Weddell–Scotia Confluence, a transition zone
between the Scotia Sea to the north andWeddell Sea to the south aswa-
ters flow off the tip of the Antarctic Peninsula and from theWeddell Sea
and infiltrate the ACC (Patterson and Sievers, 1980; Whitworth et al.,
1994; Meredith et al., 2008; Jullion et al., 2014).

A wide range of productivity regimes occur across the Scotia Sea
against a back-drop of high-nutrient low-chlorophyll (HNLC) condi-
tions common to much of the remote Southern Ocean (Park et al.,
2010;Whitehouse et al., 2012). Some of the longest lasting phytoplank-
ton blooms in the ACC develop annually in the Georgia Basin, down-
stream (north) of the island of South Georgia (Atkinson et al., 2001;
Korb andWhitehouse, 2004; Borrione and Schlitzer, 2013). Natural en-
richment of the limiting micronutrient iron can occur from South
Georgia, shelves and shallow sediments of the North Scotia Ridge
(Holeton et al., 2005; Nielsdóttir et al., 2012), promoting high atmo-
spheric CO2 uptake (Jones et al., 2012). In the seasonal ice zone, blooms
are frequently linked to the retreat of the ice edge (Lancelot et al., 1993;

Nielsdóttir et al., 2012) and create transient and substantial CO2 sinks
(Jones et al., 2010). By contrast, the central Scotia Sea displays consider-
able spatial and temporal variability in phytoplankton biomass, where
extensive blooms in one year can be followed by near-HNLC conditions
in the next (Whitehouse et al., 2008, 2012; Park et al., 2010; Korb et al.,
2012). Alleviation of HNLC conditions is through iron enrichment (de
Baar et al., 1995; Boyd et al., 2007) under favourable light conditions,
where iron sources to surface waters in the Scotia Sea include interac-
tion of the ACC with shallow topography, e.g., the Scotia Arc (Korb and
Whitehouse, 2004; Holm-Hansen et al., 2004; Meskhidze et al., 2007;
Nielsdóttir et al., 2012), melting sea ice (de Baar and de Jong, 2001;
Nielsdóttir et al., 2012) and advection within the SACCF and SB from
an upstream source, e.g., the Shackleton Fracture Zone and Antarctic
Peninsula shelf (Ardelan et al., 2010; Zhou et al., 2010).

The dynamic hydrographic and biological regimes of the Scotia Sea
create a natural ‘mesocosm’ to investigate the seasonal cycle of oceanic
CO2. Quantifying the processes that control the cycling of CO2 across
several typical Southern Ocean environments is fundamental to better
determine the role of the polar oceans in the global carbon cycle.
While the biological and biogeochemical processes highlighted in the
preceding paragraph have been described, the quantification of their in-
fluence on CO2 dynamics in the Scotia Sea region is limited to a few
localised observations in spring and summer (Shim et al., 2006; Jones
et al., 2012). This study resolves for the first time the relative contribu-
tion of biological and physical (principally temperature) controls as
drivers of variability in oceanic CO2 across the Scotia Sea between differ-
ent seasons. We present a new time series of oceanic CO2 from an
~1000 km meridional transect during spring 2006, summer 2008, au-
tumn 2009 and winter (potential temperature minimum). Data extend
from the seasonal pack ice in the Weddell–Scotia Confluence to the
large phytoplankton blooms downstream (north) of South Georgia
and up to the Polar Front. The oceanic context is set by considering
the basin-scale spatial and temporal distribution and variability of phy-
toplankton blooms and sea ice cover, as determined by satellite mea-
surements during the 2006–2009 study period. Finer resolution
shipboard measurements of hydrographic variables, macronutrients
and chlorophyll-a are considered to identify the physical (temperature,
salinity, sea ice cover, mixed layer depth) and biological controls that
drive the seasonal variability oceanic CO2 in the Scotia Sea. The data
highlight the seasonal dynamics as key to understanding the carbon
cycle of the polar oceans.

2. Methods

2.1. Oceanographic sampling

Data were collected in the Scotia Sea, Atlantic sector of the Southern
Ocean, during three cruises onboard RRS James Clark Ross in spring, sum-
mer and autumn of consecutive years as part of the British Antarctic Sur-
vey DISCOVERY-2010 programme (Tarling et al., 2012). An ~1000 km
meridional transect that extended from south of the South Orkney
Islands to the Polar Front (Fig. 1) was occupied during austral (1) spring
(JR161; 24.10.06–02.12.06), (2) summer (JR177; 31.12.07–14.02.08)
and (3) autumn (JR200; 12.03.09–15.04.09). The depth of the mixed
layer is defined as the depth at which the potential density exceeds
that measured at 10 m by 0.05 kg m−3 (Brainerd and Gregg, 1995).
Mixed layer depths (mld) were determined from 2 dbar resolution
depth profiles of the conductivity, temperature, and depth (CTD) sensor
(Seabird 911+) deployment at each hydrographic station (Venables
et al., 2012). Positions of the SB, SACCF and PF are expressed as latitudinal
ranges based on absolute dynamic sea-surface height during each cruise
(Venables et al., 2012). Sea surface temperature and salinity data were
obtained from the underway seawater supply (Oceanlogger SeaBird
Electronics SBE45 CTD) with an intake at 6.5 m depth. Salinity values
are reported on the practical salinity scale. Samples for chlorophyll-a
analysis (200–500 mL) were filtered through glass fibre filters (0.7 μm

Fig. 1.Map of the Scotia Sea showing the location of the seasonal meridional transect by
large dashed line and summer 2008 extension as a dotted line. Important topographic fea-
tures are: South Scotia Ridge (SSR), South Orkney Islands (SOI), South Georgia (SG), North
Scotia Ridge (NSR), Georgia Basin (GB), Northeast Georgia Rise (NEGR) and Maurice
Ewing Bank (MEB). The location of theWeddell–Scotia Confluence (WSC) is also marked.
Schematic positions of the Southern Boundary (SB), Southern ACC Front (SACCF) and the
Polar Front (PF) are shown, adapted from Meredith et al. (2003). Depth contours are at
1000 and 2000 m (GEBCO, 2001).
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poresize GF/F, Fisherbrand), frozen at −20 °C and then extracted into
10mL 90% acetone for 24 h before analysis on a fluorometer (Turner De-
signs TD-700). A detailed description of the chlorophyll-amethod is pre-
sented in Korb and Whitehouse (2004).

2.2. Sea surface CO2

2.2.1. Seasonal observations and CO2 disequilibrium
Measurements of the fugacity of CO2 (fCO2) in seawater and air

were made during each cruise using a PML/Dartcom Live CO2 system
(Hardman-Mountford et al., 2008), based on principles outlined in
Cooper et al. (1998). The CO2 disequilibrium (ΔfCO2) is the difference
between the fCO2 in surface water and overlying air, where negative
values represent CO2 undersaturation with respect to the atmosphere.
Atmospheric samples were taken from an inlet located forward at
15 m height of the RRS James Clark Ross. Mixing ratios of CO2 and
water were determined by infra-red detection with a LI-COR 840. The
LI-COR was calibrated using secondary gas standards with nominal
CO2 concentrations of 250 ppm and 450 ppm in artificial air and nitro-
gen was the zero reference gas. All gases underwent pre- and post-
cruise calibration against certified primary standards from the National
Oceanic and Atmospheric Administration (NOAA) at Plymouth Marine
Laboratory. Samples from the equilibrator headspace and marine air
were partially dried in a condenser prior to analysis in the LI-COR. The
fCO2 was computed from the mixing ratios and the ship's barometric
pressure and then corrected for seawater vapour pressure (Weiss and
Price, 1980). Two platinum resistance thermometers located in the
upper and lower part of the equilibrator determined the average
warming (all measurements) of the seawater between the intake and
the equilibrator as 0.6 °C (σ = 0.3 °C; n = 3568). Sea surface fCO2

data were corrected to sea surface temperature to account for this
warming (Takahashi et al., 1993). The accuracy of the fCO2 data is deter-
mined at 3 μatm from an instrument intercomparison carried out dur-
ing cruise JR177 (Jones, 2010). The precision is estimated as better
than 2 μatm.

Concentrations of dissolved inorganic carbon and alkalinity were
measured during summer 2008 (cruise JR177) at the depth of the po-
tential temperature minimum (θmin) for each hydrographic station; a
full description of sample collection, analysis and data is presented in
Jones et al. (2012). The potential temperature minimum represents
the Winter Water (Jennings et al., 1984), the remnant of the mixed
layer from the preceding winter, i.e., 2007. Parameters measured in
theWinterWater during summer 2008 are taken to reflect surface con-
ditions during winter 2007 and were used to calculate sea surface fCO2

with the CO2Sys programme (Lewis and Wallace, 1998; van Heuven
et al., 2011) using thermodynamic dissociation constants for K1 and K2

by Mehrbach et al. (1973), re-fitted by Dickson and Millero (1987).
The accuracy of calculated fCO2 is better than 6 μatm (Millero,
1995). Thus, winter (θmin) fCO2 data is used to complement the
spring 2006, summer 2008 and autumn 2009 sea surface fCO2 sea-
sonal time series.

2.2.2. Biological and physical CO2 signals
The seasonal changes in sea surface fCO2 can be separated into bio-

logical and physical (temperature) signals (Takahashi et al., 2002).
Other processes affecting oceanic CO2, such as air–sea CO2 exchange, ad-
vection, mixing, upwelling and changes in alkalinity, e.g., from calcium
carbonate precipitation (calcification) and dissolution, are not
accounted for independently here and are incorporated into the ‘biolog-
ical’ signal. To remove the effects of temperature, sea surface fCO2 data
measured at observed temperature (sstobs) are normalised to the aver-
age sea surface temperature (sstave, 1.52 °C) of spring, summer, autumn
and winter (θmin) along the transect:

fCO2 at sstave ¼ fCO2 at sstobs � exp 0:0423 sstave−sstobsð Þð Þ: ð1Þ

The temperature signal in sea surface fCO2 is determined from the
mean fCO2 of spring, summer, autumn and winter (fCO2 ave) along the
transect and the difference between sstobs and sstave:

fCO2 at sstobs ¼ fCO2 ave � exp 0:0423 sstobs−sstaveð Þð Þ: ð2Þ

This approach assumes that the observed field data cover the maxi-
ma and minima of the seasonal variations in sea surface temperature
and fCO2, which has limitations for this basin-wide study with large
spatial variability. This is addressed here by using data at the tempera-
ture minimum (as a proxy for winter sea surface data) and by
interpreting the seasonal changes (amplitudes) within a wider context
set by satellite data. Seasonal amplitudes in oceanic fCO2 due to biolog-
ical (ΔfCO2 bio) and temperature (ΔfCO2 sst) effects are obtained from
the difference between the maximum and minimum values in fCO2 at
sstave and fCO2 at sstobs, respectively, from all spring 2006, summer
2008, autumn 2009 and winter (θmin) data:

Δ fCO2 bio ¼ fCO2 at sstaveð Þmax− fCO2 at sstaveð Þmin ð3Þ

Δ fCO2 sst ¼ fCO2 at sstobsð Þmax− fCO2 at sstobsð Þmin: ð4Þ

The influence of the biological and temperature controls on seawater
fCO2 is investigated by comparison of the difference (ΔfCO2 sst − ΔfCO2

bio) and ratio (ΔfCO2 sst/ΔfCO2 bio) of the two expressions. In regions of
high biological activity and/or strong seasonal variability in biological ac-
tivity the difference (ΔfCO2 sst − ΔfCO2 bio) is negative and the ratio
(ΔfCO2 sst/ΔfCO2 bio) is less than 1. In regions of low biological activity
and/or weak seasonal variability in biological activity the difference is
positive and the ΔfCO2 ratio is greater than 1 (Thomas et al., 2005).

2.3. Satellite chlorophyll-a and sea ice cover

Satellite ocean colour from SeaWiFS (2006–2007) and MODIS-Aqua
(2006–2009)were obtained from http://oceancolor.gsfc.nasa.gov/ (July
2009) as 8 day, 9 km level 3mappeddata (Feldman andMcClain, 2006a,
b). Satellite derived concentrations of chlorophyll-a (chl-a) are used as
an indicator of spatio-temporal variation in phytoplankton biomass.
Bloom conditions are defined as having chlorophyll-a concentrations
exceeding 0.75 mg chl-a m−3 (Korb et al., 2012) and HNLC conditions
as less than 0.2 mg m−3 in the presence of high macronutrient con-
centrations (Whitehouse et al., 2012). The 8 day composite images
were used to determine the initiation and termination of the blooms.
Bloom progression could be more easily tracked using the multi-day
composites rather than daily images, which were strongly affected by
cloud cover. Themulti-day compositesmaintained a sufficient temporal
resolution.

Sea ice concentration data at 4 km resolutionwere obtained through
the Operational Sea Surface Temperature and Sea Ice Analysis (OSTIA)
service (http://ghrsst-pp.metoffice.com/pages/latest_analysis/ostia.
html; December 2009), part of the Group for High-Resolution Sea Sur-
face Temperature (Stark et al., 2007). The ice edge is defined here as
the terminus of consolidated sea ice along the transect, expressed as
0.5 fractional (50%) sea ice cover during each seasonal cruise. The sea-
sonal ice zone (SIZ) is the region between themaximum andminimum
sea ice extent based onmonthly fractional sea ice cover during the study
period 2006–2009.

3. Results

3.1. Bloom dynamics: seasonal and year-to-year variations

The SeaWiFS andMODIS-Aqua time series (Fig. 2) showshigh spatial
and temporal variability in surface chlorophyll-a in the Scotia Sea
(55–59.3°S, 25–55°W) and Georgia Basin (49.5–53.0°S, 25–45°W) re-
gions throughout the 3-year study period. A general seasonal cycle can
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be depicted: chlorophyll-a patches appeared during spring (September,
October, November), sporadic chlorophyll-a maxima occurred in the
southern and central Scotia Sea in both spring and summer, followed
by peaks in the Georgia Basin in summer (December, January, Febru-
ary), in some years persisting until autumn (March, April, May). The
northern Scotia Sea regularly exhibitedHNLC-type characteristics as ev-
ident from sea surface nitrate and phosphate concentrations measured
during each cruise, reported in Whitehouse et al. (2012). Sea ice ob-
scured part of the southern basin from satellite detection during the
winter, while shorter daylight hours also limited data coverage (June,
July, August) (hence not shown in Fig. 2).

Each phytoplankton bloom in the Scotia Sea and the Georgia Basin is
ranked in terms of areal extent and longevity to give a relative ‘strength’
as a product of these two features (Table 1). Blooms show high inter-
annual variability in extent and duration in the Scotia Sea (Fig. 3) and
seasonality. In 2006/2007 a huge bloom lasted for up to 6 months and
extended across the central Scotia Sea (rank product 1) (Figs. 2 and
3). Extensive blooms in the Georgia Basin occur annually, often
persisting for up to 6 months from spring until autumn, peaking in in-
tensity during the summer (rank products 2, 3, 4).

3.2. The seasonal ice zone of the Scotia Sea

The seasonal advance and retreat of the sea ice from 2006 to 2009
can be observed from satellite derived sea ice cover to locate the posi-
tion of the sea ice edge (Fig. 4). The ice typically originates in the
Weddell Sea and drifts and extends northwards into the Scotia Sea dur-
ing winter (Murphy et al., 1995). During February andMarch each year

the regionwas consistently ice free. Inter-annual variation in the timing
of the sea ice advance and retreat and maximum coverage is evident.
The maximum extent of sea ice, defined as the northward limit of the
sea ice cover where ice is present for the whole month, reached 57°S
in September 2007; defining the northward limit of the seasonal ice
zone (SIZ) for the 2006/2009 study period. Summer–autumn 2007/
2008 had a short ice free period of only 2 months (February to March)
in the Scotia Sea. This was followed by relatively early seasonal sea ice
advance in April 2008, making 2007/2008 a relatively ‘icy’ period. By
contrast, sea ice had largely retreated from the Scotia Sea by December
2008, thus 2008/2009 was relatively ice free.

3.3. Sub-regions of the Scotia Sea

Combining remotely sensed chlorophyll-a (Fig. 2) data with sea sur-
face hydrographic and biogeochemical data (Fig. 5), macronutrient dis-
tributions (Whitehouse et al., 2012) and frontal boundaries (Orsi et al.,
1995; Venables et al., 2012), eight sub-regions were distinguished
along the meridional transect for the 2006–2009 study period:

1. Weddell–Scotia Confluence (WSC; 62.6–59.3°S) includes the south-
ern limit of the transect; the coldest waters and those south of the
ACC, i.e., south of the SB; main part of the SIZ annually.

2. Southern Boundary (SB; 59.3–57.7°S) defined as the southern limit
of the ACC as observed from the disappearance of Circumpolar
Deep Water in potential temperature profiles during each cruise;
regularly within the SIZ.

3. SouthernACC front (SACCF; 57.7–57.2°S) defined as the southern ex-
tent of the sub-surface 1.8 °C potential temperature contour from

Fig. 2. Seasonal satellite chlorophyll-a (chl-a,mgm−3) composite time series for the Scotia Sea region for each austral spring (September–November), summer (December–February) and
autumn (March–May) during the 2006–2009 study period.Winter (June–August) images, mostly obscured by ice and/or cloud cover and data limited by reduced light availability, are not
shown. Data are from 2006 (SeaWiFS/MODIS merged product), 2007 (SeaWiFS), 2008 (MODIS) and 2009 (MODIS). Depth contours are at 1000 and 2000 m (GEBCO, 2001).
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potential temperature profiles during each cruise; regularly within
the SIZ.

4. HNLC waters (57.2–56.0°S) defined by persistent high concentra-
tions of nitrate and phosphate of 25–30 mmol m−3 and 1.5–
2.0 mmol m−3 (Whitehouse et al., 2012), respectively. Chlorophyll-
a concentrations are often less than 0.2 mg m−3 as determined
from satellite and shipboard measurements; rarely within the SIZ.

5. Northern Scotia Sea (nSS; 56.0–55.0°S) defined as deep (N3000 m)
waters up to the North Scotia Ridge; north of the SIZ.

6. North Scotia Ridge (NSR; 55.0–53.0°S) defined as shelf waters
(b3000 m) across the ridge.

7. Georgia Basin (GB; 53.0–50.5°S) defined as the deep (N3000 m)
basin northwest of the island of South Georgia.

8. Polar Front (PF; 50.5–49.5°S) defined as the northern limit of the

sub-surface potential temperature minimum as observed from po-
tential temperature profiles during each cruise; represents the
northern limit of the meridional transect.

3.4. Seasonal CO2 disequilibrium

The degree of CO2 disequilibrium (ΔfCO2) in seawater (Fig. 6) is reg-
ulated by biological production, temperature, salinity, sea ice cover and
depth of themixed layer. Temperature exerts a strong control on seawa-
ter fCO2 (Fig. 7a) through changing the solubility of the gas in seawater
(Weiss and Price, 1980). A normalisation of the seasonal fCO2 time se-
ries to mean sea surface temperature has been made to remove the ef-
fects of temperature, following the empirical relationship of Takahashi
et al. (2002).

Seasonal seawater fCO2 minima in spring and summer are due to
photosynthetic CO2 uptake in phytoplankton blooms upon retreat of
sea ice and in the naturally iron-fertilised waters downstream (north)
of South Georgia island (Fig. 7c). Springtime maximum (positive) and
minimum (negative) CO2 disequilibrium occurred at the southern end
of the transect ~60°S (Fig. 6a). High CO2 disequilibrium of 62 μatm in
cold, saline and deep mixed layers (80 m) occurred beneath sea ice
(sea ice fraction 0.5–1.0) present around the South Orkney Islands
(Fig. 5). In contrast, CO2 disequilibrium of−82 μatm at ~57.5°S coincid-
ed with high chlorophyll-a values of 7.9 mg m−3 (Fig. 5b) in cool, less
saline and shallower mixed layer (50 m) surface waters (Fig. 5c–e);
symptomatic of recent sea ice melt. Springtime surface water fCO2

varied significantly with chlorophyll-a concentrations (r2 = 0.79,
m = −12.9, p b 0.001, n = 46) and salinity, an indicator of sea ice
melt, (r2=0.56,m=289.1, p b 0.001, n=781) (Fig. 7b–c). The location
of the sea ice edge during spring was around 59°S (Fig. 5f). Seasonal
mixed layers of 100–120 m (Fig. 5e) in the north Scotia Sea and the
North Scotia Ridge had sea surface fCO2 close to atmospheric values
(Fig. 5a) with very low chlorophyll-a (Fig. 5b). At the northern limit of
the springtime transect, CO2 disequilibrium shifted to−50 μatm in rel-
atively warm surface waters of the Georgia Basin and the PF, where
chlorophyll-a values were around 2 mg m−3 (Fig. 5b).

The summertime distribution of fCO2 was dominated by intense
undersaturation in the Weddell–Scotia Confluence, northern Scotia Sea
regions (nSS and NSR) and Georgia Basin (Figs. 5a, 6b). A swift transition
from fCO2 saturation to substantial undersaturation of−100 μatm in the
Weddell–Scotia Confluence (Fig. 5a) coincided with the transformation
from cold, salty waters beneath sea ice to less saline, stratified surface
waters with chlorophyll-a values of 3.5 mgm−3 (Fig. 5b–d) upon exten-
sive sea ice melt (Fig. 5f). These trends are reflected in significant sum-
mertime sea surface fCO2 correlation with chlorophyll-a concentrations
(r2 = 0.38, m = −13.8, p b 0.001, n = 180) and salinity (r2 = 0.24,
m=117.2, p b 0.001, n=714) for all data (Fig. 7b–c). The summertime
ice edge was located around 62°S (Fig. 5f). A summer minimum in fCO2

undersaturation of −116 μatm was measured alongside very high con-
centrations of chlorophyll-a over 10 mg m−3 in the relatively warm,
stratifiedwaters of theGeorgia Basin (Fig. 5). By contrast, the central Sco-
tia Sea (SACCF and HNLC) was moderately supersaturated as CO2 dis-
equilibrium approached 20 μatm with deeper mixed layers of about
80 m in the presence of low chlorophyll-a (Fig. 5a–b and e).

Surface waters had a fCO2 range between 310 μatm and 400 μatm for
the entire transect during autumn (Figs. 5 and 7). Disequilibrium of CO2

changed fromoversaturation (20 μatm) in relativelywarmand salinewa-
ters of the central Scotia Sea, sub-regions SACCF and HNLC (Fig. 7a–b) to
undersaturation (−50 μatm) in the Georgia Basin, where waters were
fresher and chlorophyll-a values were high at 5 mg m−3. Such surface
water patterns created a significant and moderately strong relationship
between autumnal fCO2 and salinity (r2 = 0.67, m = 111.36, p b 0.001,
n=684). A second area of fCO2 undersaturation (−40 μatm) and small-
er chlorophyll-a peak (2.5 mg m−3) occurred near the South Orkney
Islands, contributing to a weak but significant trend between fCO2 and

Fig. 3.Areal extent (103 km2, bars) andduration (days, dashed lines) of theprincipal Scotia
Sea (S Sea, dark blue) and Georgia Basin (GB, light blue) blooms for each austral spring
(September–November), summer (December–February) and autumn (March–May) dur-
ing the 2006–2009 study period (Table 1).

Table 1
Areal extent and duration of the principal Scotia Sea (S Sea) and Georgia Basin (GB) blooms
for each austral spring (September–November), summer (December–February) and au-
tumn (March–May) during the 2006–2009 study period. Areal extent (103 km2) and dura-
tion (days) for blooms (chl-a exceeds 0.75 mgm−3) are determined from SeaWiFS/MODIS
composite 8-day images. Areal extent is defined as the seasonal maximum limit of chloro-
phyll values exceeding 0.75 mg m−3 within the Scotia Sea (55–59.3°S, 25–55°W) and
Georgia Basin (49.5–53.0°S, 25–45°W). Duration is defined as the length of time a bloom
is present in the images, in factors of 8 days up to amaximumof 88 days (i.e., thewhole sea-
son). No blooms were detected during winter (June, July, August) 2006–2009. Each bloom
is ranked in terms of extent (1= largest area) and duration (1= longest duration). The rel-
ative ‘strength’ of each bloom is expressed as a product of area and duration ranking. The
average relative strength of all blooms is 52. The four strongest blooms are highlighted in
bold. Timing of the seasonal meridional transects is indicated (*).

Season Year/s Location Extent Duration Rank product

103 km2 Rank Days Rank

Spring* 2006 S Sea 256 5 48 4 20
GB 8 18 32 6 108

Summer 2006/2007 S Sea 463 1 88 1 1
GB 279 4 88 1 4

Autumn 2007 S Sea 46 13 8 9 117
GB 30 15 8 9 135

Spring 2007 S Sea 50 12 32 6 72
GB 165 9 64 3 27

Summer* 2007/2008 S Sea 41 14 32 6 84
GB 325 2 88 1 2

Autumn 2008 S Sea 26 17 16 8 136
GB 83 11 72 2 22

Spring 2008 S Sea 210 6 72 2 12
GB 182 8 72 2 16

Summer 2008/2009 S Sea 196 7 72 2 14
GB 298 3 88 1 3

Autumn* 2009 S Sea 29 16 24 7 112
GB 102 10 40 5 50
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chlorophyll-a (r2 = 0.12, m = −8.9, p b 0.001, n = 131) during the
autumn (Fig. 7b–c).

Oceanic fCO2 in Winter Water (θmin data) indicate that sea surface
fCO2 during the winter is mostly supersaturated with respect to

atmospheric CO2 (Fig. 5a). High values between 380 and 450 μatm coin-
cide with high salinities (N34.2) and low temperatures (b−1.35 °C) be-
neath almost total ice cover in the Weddell–Scotia Confluence (Figs. 5
and 7). Winter sea surface fCO2 maxima (440–455 μatm) occurred in
deepmixed layers (120–130m) in the Georgia Basin (Fig. 5). No winter
data are available for the Polar Front region.

The strongest seasonal biological signals (ΔfCO2 bio) of 257 μatm and
196 μatm occurred in theGeorgia Basin andWeddell–Scotia Confluence,
respectively (Fig. 8a). This reflects the oceanic fCO2 changes due to sea-
sonal photosynthetic uptake of CO2 in these regions. Temperature con-
trol (ΔfCO2 sst) had comparatively little variation along the meridional
transect with a slightly greater effect in the north compared to the
south (Fig. 8a). Strong seasonalwarming driving strong thermodynamic
changes in oceanic CO2 near the Polar Front has been previously ob-
served along a south–north transect at 52°W in the Scotia Sea (Shim
et al., 2006). The southern sub-regions lie within the seasonal ice zone
where partial sea ice cover is still present during spring and summer
(Fig. 4) and this reduces the time for sea surface warming. The northern
sub-regions experience greater seasonal warming (Fig. 5d), where the
maximum temperature control of 98 μatm occurred in the Georgia
Basin (Fig. 8a). The HNLC waters in the central Scotia Sea displayed
the lowest biological control of 97 μatm and weakest net seasonal vari-
ability of thewhole regionwith aΔfCO2 ratio (ΔfCO2 sst/ΔfCO2 bio) of 0.7
(Fig. 8b).

4. Discussion

4.1. Strong CO2 dynamics in the seasonal ice zone

Large seasonal fCO2 amplitude is observed in the Weddell–Scotia
Confluence through a synergy of weak temperature control (ΔfCO2 sst),
typical of the southern Scotia Sea, and strong biological CO2 uptake
(ΔfCO2 bio) during the spring and summer sea ice thaw. The dominant
seasonal biological control (ΔfCO2 bio) of 196 μatm in the meltwaters
of the Weddell–Scotia Confluence generated the substantial summer-
time CO2 disequilibrium of around −120 μatm, possibly with a minor
contribution from calcium carbonate dissolution in the sea ice meltwa-
ter, respectively (Jones et al., 2010). For thewhole SIZ (WSC, SB, SACCF),
the distribution of sea surface fCO2 displayed synchronicity to the sea-
sonal transition from ice covered to ice free waters. The wintertime
fCO2 supersaturation in very cold, salty waters of the Weddell–Scotia
Confluence is indicative of entrainment of CO2 beneath sea ice.
Throughoutwinter and early spring, remineralisation of organicmatter,
respiration, vertical mixing and brine rejection enable supersaturation
of CO2 beneath the pack ice (Nomura et al., 2006; Rysgaard et al.,
2007). Ice covered waters of the Weddell–Scotia Confluence in spring
were a potential source of CO2 to the atmosphere as indicated by
large, positive CO2 disequilibrium. Breaking up of the sea ice near the
South Orkney Islands could enable immediate release of the winter
CO2 ‘reserve’ prior to springtime photosynthetic activity and biological

Fig. 4.Monthly satellite derived sea ice cover (fraction) along themeridional transect for the Scotia Sea andWeddell–Scotia Confluence from September to August 2006/2007, 2007/2008
and 2008/2009.

Fig. 5. The latitudinal distribution of sea surface (a) CO2 disequilibrium (ΔfCO2, μatm),
(b) chlorophyll-a (chl-a, mg m−3), (c) salinity, (d) sea surface temperature (sst, °C),
(e) mixed layer depth (mld, m) and (f) sea ice cover (fraction) during spring 2006, sum-
mer 2008, autumn 2009 andwinter (θmin). The vertical grey bars mark the location of the
sea ice edge in spring (~59°S), summer (~62°S) and winter (~57°S) as determined by the
northern limit of 0.5 fractional sea ice cover in (f). The sea ice edge in autumnwas located
further south than the transect southern limit and is hence not shown. The latitudinal
limits of the Weddell–Scotia Confluence (WSC), Southern Boundary (SB), Southern ACC
Front (SACCF), high-nutrient low-chlorophyll (HNLC) waters, northern Scotia Sea (nSS),
North Scotia Ridge (NSR), Georgia Basin (GB) and the Polar Front (PF) are indicated
(black arrows).
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CO2 drawdown that occurs during and after sea ice melt (Bakker et al.,
2008; Jones et al., 2010).

The shift from CO2 saturation to undersaturation in close proximity
aligns with the retreating seasonal ice edge, where phytoplankton
blooms developed and strong CO2 disequilibrium appeared to ‘track’
the southward retreating ice edge. Thawing sea ice led to stronger strat-
ification and reduced surface ice cover, thus exposing algal cells to in-
creased light levels alongside potential additional iron inputs. Iron
might originate from melting sea ice (Sedwick and DiTullio, 1997;
Nielsdóttir et al., 2012), shallow sediments from local sources such as
the South Orkney Islands (Nielsdóttir et al., 2012), or upstream sources,
e.g., the shelf of the Antarctic Peninsula (Hewes et al., 2008; Ardelan

et al., 2010; Dulaiova et al., 2009). Iron (re)-supply to the central Scotia
Sea could also result from upwelling of deep waters following water
mass–topography interactions, e.g., the Antarctic Peninsula; melting
sea ice and icebergs and subsequent transport eastwards within the
SACCF (Sokolov and Rintoul, 2007; Dulaiova et al., 2009; Ardelan et al.,
2010; Zhou et al., 2010; Venables et al., 2012). The large transit time
from an upstream source to bloom location enables biological assimila-
tion of the iron and physical dispersion, accounting for the temporal re-
lief from iron stress and relatively short-lived blooms in the central
Scotia Sea region (Korb et al., 2012;Whitehouse et al., 2012). Consump-
tion of the reserve of macronutrients was evident within the diatom-
cryptophyte blooms that were observed in spring 2006 (Korb et al.,

Fig. 6. Seasonal distribution of CO2 disequilibrium (ΔfCO2, μatm) along themeridional transect across theWeddell–Scotia Confluence, Scotia Sea andGeorgia Basin during (a) spring 2006,
(b) summer 2008 and (c) autumn 2009. Bathymetry contours as for Fig. 4.

Fig. 7. Seasonal variability of sea surface fCO2 (μatm) as a function of (a) temperature (°C), (b) salinity, (c) chlorophyll-a (chl-a, mg m−3) and (d) mixed layer depth (mld, m) in austral
spring 2006, summer 2008, autumn 2009 and winter (θmin). Regression lines are shown for significant correlations. The average fCO2 in air for 2006–2009 is shown for reference (black
dashed line) where data below the line represent oceanic CO2 undersaturation.
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2012;Whitehouse et al., 2012) in the shallow surfacewaters, symptom-
atic of recent sea ice melt. The emergence of cryptophytes in the
Weddell–Scotia Confluence and at the SB by the summerwas indicative
of a species shift from an ice edge diatom bloom (Jacques and Panouse,
1991; Buma et al., 1992; Korb et al., 2012).

Bloomdevelopment in theWeddell–Scotia Confluence and southern
Scotia Sea is affected by the start and rate of sea ice retreat (Comiso et al.,
1993; Korb et al., 2005; Murphy et al., 2007). During winter–spring
2006, sea ice reached its maximum northward extent at 57°S in August.
Sea ice retreat began in September, exposing a large part of the SIZ to in-
creased light levels and ameltwater stabilisedwater columnpotentially
fertilised by iron and sea ice algae. Subsequently, a large bloom had de-
veloped by October 2006, which was identified as the strongest Scotia
Sea bloom during the 3 year study period, accompanied by the negative
CO2 disequilibrium in the region of the SACCF and SB (Fig. 5). The in-
tense bloom of spring–summer season 2006/7 was the strongest
bloom of the entire region from 2006–2009 (Figs. 2 and 3) where the
‘plume-like’ structure of the bloom largely followed the course of the
SACCF. High primary productivity drove the CO2 undersaturation in
the springtime diatom-dominated bloom (Korb et al., 2012), which
then shifted to CO2 saturation in a decaying bloom. The years 2007
and 2008 represented high and low wintertime sea ice extent during
the study period, respectively, both with patchy and short-lived blooms
in the SIZ after icemelt. This demonstrates the influence of sea ice on the
biological activity of the Scotia Sea and contributed to large variations in
bloom features in spring and summer. Large interannual variability in
phytoplankton blooms in the Scotia Sea is imprinted on the seasonality
observed during the spring, summer and autumn transects, i.e., bloom
areal coverage ranged from 41,000 to 463,000 km2 during the spring–
summer season in different years across the Scotia Sea (Table 1). This
is reflected in the year-to-year variability in marine productivity during
the growing season (Constable et al., 2003; Smith and Comiso, 2008;
Park et al., 2010; Korb et al., 2012). When present, blooms are regularly
co-located to the broad position of the SACCF, which is visible to some
extent duringmost spring seasons as a band extendingwest–east across
the Scotia Sea (Fig. 2). The location-range of the SACCF from all three
cruises was close to the northern most extent of the SIZ at 57°S and
about 700 km downstream of the Antarctic Peninsula (Venables et al.,
2012). Mesoscale activity associated with the SACCF was evident from
variability in silicic acid during autumn (Venables et al., 2012;
Whitehouse et al., 2012). Sea ice retreat occurred relatively late in Octo-
ber 2006 but by November 2006 had reached comparable extent to the
other years. Following such rapid ice retreat, optimal light conditions

and iron supply from an upstream source (perhaps in an episodic man-
ner related to mesoscale activity) presented favourable conditions for
sporadic blooms, such as that observed in spring–summer 2006/7.
This is supported by the shift from productive diatom blooms with
chlorophyll-a values greater than 7mgm−3 and subsequent springtime
CO2 disequilibriumminimum of−80 μatm, to unproductive dinoflagel-
late communities (Korb et al., 2012) and fCO2 saturated, warmer waters
in the summer and autumn. Years of reduced sea ice cover (e.g., 2008)
are exposed to more wintertime wind-driven mixing and possible en-
hanced outgassing of CO2. Greater seasonal warming is likely to occur
on the open sea surface and hence a larger temperature control is ex-
pected. Conversely, in icy years (e.g., 2007)where the seasonal temper-
ature control is dampened through sea ice cover, comparatively greater
ice edge perimeter could enhance bloom formation events upon sea ice
melt, under favourable iron and light conditions, tipping the balance to
larger biological control.

The magnitude of seasonal biological (ΔfCO2 bio) and temperature
(ΔfCO2 sst) effects is further depicted by considering the difference be-
tween and respective ratio of ΔfCO2 sst andΔfCO2 bio, revealing that sea-
sonal changes in oceanic fCO2 in the Weddell–Scotia Confluence are
substantial and highly variable (Fig. 8b). Despite large year to year var-
iability, the blooms that develop in the wake of sea ice retreat exert a
strong biological control on oceanic CO2 in the Weddell–Scotia Conflu-
ence to generate one of the largest seasonal amplitudes in CO2 disequi-
librium in the Scotia Sea region.

4.2. Transient CO2 uptake in the central Scotia Sea: sporadic blooms and
HNLC waters

The central Scotia Sea displayed typical HNLC conditions, with the
exception of a spring bloom in 2006, and had the lowest seasonal
change in sea surface fCO2 (ΔfCO2 sst-bio of −29 μatm). This region
displayed the weakest biological control on oceanic CO2 of 97 μatm,
compensated by moderate temperature control of 68 μatm. Sea surface
fCO2 remained close to the atmospheric value in summer and autumn
and reached supersaturation during the winter. Chlorophyll-a concen-
trations were less than 0.2 mg m−3 with a resident dinoflagellate pop-
ulation (Korb et al., 2012) in summer and autumn. However, the large
springtime phytoplankton bloom in 2006 that extended into the HNLC
sub-region generated fCO2 undersaturation. Thus, the region displays
overall weak seasonality in oceanic CO2 with predominantly HNLC con-
ditions. However, the presence of sporadic seasonal blooms influences
the seasonal signal where biological carbon uptake becomes a strong

Fig. 8. Seasonal biological and temperature CO2 signals, following Takahashi et al. (2002): (a) biological (ΔfCO2 bio), temperature (ΔfCO2 sst) and temperature–biological (ΔfCO2 sst–bio) CO2

disequilibriumas amean per sub-regionwhere zeroΔfCO2 (black dashed line)marks the division betweennet seasonal CO2 increase, above, and net seasonal CO2 decrease, below; (b) CO2

disequilibrium difference vs. ratio of temperature and biological signals as a mean per sub-region with the balance between both controls (zero ΔfCO2 difference and ΔfCO2 ratio of
1) marked by horizontal and vertical black dashed lines, respectively.
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driver of oceanic CO2, largely compensated by moderate temperature
control.

4.3. Northern Scotia Sea: episodic CO2 uptake superimposed on systematic
CO2 seasonal cycles

The northern Scotia Sea (nSS, NSR) exhibits a systematic seasonal
cycle in CO2 disequilibrium from (winter/spring) supersaturation to
(summer) undersaturation to (autumn/winter) saturation. This is driv-
en by large biological control (ΔfCO2 bio) of 146–151 μatm, partially
compensated by temperature effects (ΔfCO2 sst) of 70–75 μatm.
Maximum sea surface fCO2 in deep mixed layers from winter to spring
is reduced to a summertime fCO2 minimum as biological production
(chlorophyll-a) increases during the growing season.

Blooms in this region are variable, often building up biomass (chlo-
rophyll-a) during spring, sometimes reaching a peak in summer and oc-
casionally persisting until the autumn. Such fluctuations could be a
result of seasonal iron depletion and/or re-supply, including inputs
from interactions with the North Scotia Ridge and episodic iron enrich-
ment events, i.e., Patagonian dust deposition (Erickson et al., 2003). In
the established diatom bloom during summer 2008, the nSS–NSR sub-
regions revealed distinct depletions in nitrate and phosphate (Korb
et al., 2012; Whitehouse et al., 2012) as chlorophyll-a values reached
1.2 mg m−3. This was accompanied by the observed seasonal shift in
CO2 disequilibrium from springtime (super)saturation into summer-
time undersaturation close to the North Scotia Ridge. By autumn, sea
surface warming within a decaying diatom bloom and emergence of
heterotrophic dinoflagellates (Korb et al., 2012) enabled sea surface
fCO2 to increase towards near saturation, demonstrating the tempera-
ture control in this region. The frequent blooms that develop by episodic
events are superimposed on to seasonal warming, leading to little sea-
sonality and overall net biological control in the northern Scotia Sea
and across the North Scotia Ridge.

4.4. Substantial seasonal CO2 uptake in the South Georgia bloom

Despite the highestwintertime sea surface fCO2 values and strongest
temperature control of the six sub-regions studied, substantial and
sustained biological carbon uptake in the South Georgia bloom yielded
very low sea surface fCO2 from spring to summer to autumn, resulting
in dominant biological control on oceanic CO2 across the Georgia Basin
(Fig. 8).

Wintertime maximum sea surface fCO2 of up to 455 μatm in the
Georgia Basin is the likely result of deep mixing, enabling CO2-rich wa-
ters to permeate the winter mixed layer (Winter Water) (Jones et al.,
2012). At this time, the sea surface reached fCO2 supersaturation and
was a potential strong source of CO2 to the atmosphere. By the onset of
spring, sea surface fCO2 was reduced to near-saturation levels accompa-
nied by moderate chlorophyll-a concentrations in the Georgia Basin. At
this time the phytoplankton community was possibly light limited (het-
erotrophic dinoflagellateswere dominant) and iron concentrationswere
low (Korb et al., 2012; Nielsdóttir et al., 2012). By summer, shallowing
mixed layers and optimal light conditions were accompanied by peaks
in chlorophyll-a concentrations of 11 mg m−3, water column
chlorophyll-a and rates of primary production (Korb et al., 2012). There
was a shift in the phytoplankton community towards large diatoms.Wa-
ters were characterised by high surface iron concentrations exceeding
5 nM (Nielsdóttir et al., 2012) and a lack of phytoplankton response to
iron addition experiments (Hinz et al., 2012); all indicative of an iron re-
plete environment (Korb and Whitehouse, 2004; Korb et al., 2008). The
sea surface reached a summertime minimum in CO2 disequilibrium of
−116 μatm that counteracted seasonal effects of sea surface warming.
Substantial biological CO2 uptake across the Georgia Basin created one
of the strongest summertime sinks of 12.9 ± 11.7 mmol m−2 day−1

for atmospheric CO2 and highest seasonal inorganic carbon depletion

of 4.6 ± 0.8 mol m−2 in naturally iron fertilised ice-free waters of the
Southern Ocean (Jones et al., 2012).

By the autumn, dinoflagellates had increased (Korb et al., 2012) and
chlorophyll-a values still remained high. Respiration acted to slightly in-
crease sea surface fCO2. The northern part of the transect had the largest
seasonal increase in sea surface temperature. The data showed a latitu-
dinal increase in temperature control across the Scotia Sea region to a
maximum ΔfCO2 sst of 98 μatm in the Georgia Basin. Considering the
difference and ratio in seasonal ΔfCO2 of biological and temperature ef-
fects, the phytoplankton blooms downstream (north) of South Georgia
are strong, annual features that lead to dominant seasonal biological
control of oceanic CO2 of 257 μatm.

The annual occurrence of vast phytoplankton blooms downstream,
to the north, of South Georgia is observed during the whole study peri-
od. High sea surface chlorophyll-a and productivity in this region have
been previously documented (Korb and Whitehouse, 2004; Korb
et al., 2008; Borrione and Schlitzer, 2013). Based on bloom area and du-
ration, the longest lived, widespread blooms in the Georgia Basin oc-
curred during the summer seasons and represented some of the
strongest blooms in the wider Scotia Sea region from 2006 to 2009
(Table 1). These blooms often start during early spring, persisting
until the autumn and regularly spread across the whole Georgia Basin.
The areal limits of the bloom are strongly correlated to the contours of
sea surface dynamic height (Venables et al., 2012), which can be seen
by enhanced chlorophyll-a plumes within the jets of the SACCF and
the PF to the south and north of the basin, respectively (Figs. 1 and 2).

The maximum areal extent of the South Georgia bloom in summer
2007/8 was determined as 325,000 km2 (rank 2) and was the strongest
South Georgia bloom from the 2006–2009 study period (Table 1). The
presence of weakly and strongly silicified diatoms in sediment traps
from 2000mdepth in the Georgia Basin suggest that there is a high par-
ticulate flux of organic carbon to depth (Korb et al., 2010, 2012;
Whitehouse et al., 2012) and that the South Georgia bloom is another
naturally iron fertilised hotspot of carbon export to the deep Southern
Ocean. The blooms of summer seasons 2005/6, 2006/7, and 2008/9
are of similar duration and extent (Fig. 3) and therefore it can be in-
ferred that, based on observations during a ‘typical’ summer, the
South Georgia bloom creates considerable atmospheric CO2 uptake
and concomitant sequestration of organic carbon to depth and exerts
a strong biological control on the annual cycle of oceanic CO2.

4.5. Biological processes drive seasonal signals in oceanic CO2 across the
Scotia Sea

The new seasonally-resolved time series in oceanic CO2 has allowed,
for the first time, an assessment of the relative contribution of biological
and temperature effects that drive the variability in oceanic CO2 across
the Scotia Sea region from spring to summer, autumn and winter. The
seasonal basin-wide biological effect on oceanic CO2, determined as the
mean of ΔfCO2 bio for all sub-regions, is 159 μatm. The mean temperature
effect (ΔfCO2 sst) of 68 μatm partly (43%) compensates the biological con-
trol. This demonstrates the dominance of seasonal biological processes on
oceanic CO2 from the seasonal ice zone to the Polar Front. The relationship
developed by Takahashi et al. (2002) to distinguish temperature and bio-
logical signals in sea surface fCO2 (2) assigns all non-thermodynamic con-
trols to biological processes. Subsequently, air–sea CO2 exchange,
advection, mixing, upwelling, calcification and carbonate dissolution are
incorporated into the seasonal ‘biological’ signal. Uncertainties in the de-
rived temperature and biological signals exist if the seasonal sea surface
fCO2 maxima and minima occur at finer temporal scales or at other loca-
tions than the seasonal meridional transects, which could be possible for
the Scotia Sea, which has large spatial variability (as demonstrated by sat-
ellite imagery). However, the combination of (a) quasi-continuous sea
surface fCO2, temperature and salinity data; (b) frequent chlorophyll-a
(Korb et al., 2012) andmacronutrient (Whitehouse et al., 2012)measure-
ments; and (c) regular hydrographic stations from spring (October–
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November) 2006 to summer (January–February) to autumn (April–May)
2009 and the inclusion of winter (August–September) 2007 data from
summer potential temperature minimum during this study provides suf-
ficient spatio-temporal coverage to elucidate the main physical and bio-
logical controls on CO2 disequilibrium in the Scotia Sea.

5. Conclusion

A first seasonally-resolved time series of oceanic CO2 quantifies the
effects of biological processes and temperature as drivers of the seasonal
CO2 cycle in the Scotia Sea. Spring, summer, autumn and winter fCO2

data along a 1000 km meridional transect show that biological effects
dominate temperature effects to control the seasonal signal of sea sur-
face fCO2. The naturally iron fertilised phytoplankton blooms that devel-
op downstream (north) of the island of South Georgia each year
promote substantial CO2 uptake from spring to autumn. Despitewinter-
time CO2 supersaturation and compensating temperature controls, the
South Georgia blooms generate the largest seasonal fCO2 amplitude
for the entire Scotia Sea region. The seasonal ice zonewas characterised
by a large seasonal biological control and a weak temperature control.
Strong seasonality in the presence of sea ice and phytoplankton blooms
displayed a synergy with oceanic CO2 in spring and summer. Ice-
covered, CO2-rich waters were swiftly transformed to regions of large
CO2 undersaturation as biological carbon uptake rapidly reduced the
winter CO2 reserve following sea ice melt. Oceanic CO2 varied signifi-
cantly with chlorophyll-a concentrations and sea ice cover, as strong
CO2 disequilibrium tracked the southward retreating ice edge. The
weakest seasonal biological signal occurred in high-nutrient low-
chlorophyll and CO2-saturated waters of the central Scotia Sea. At the
basin scale, biological processes exceeded temperature effects from
the seasonal ice zone up to the Polar Front. The highly productive
areas of the Scotia Sea region generate seasonally strong biological up-
take of atmospheric CO2 in the Southern Ocean.
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