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Abstract. Exchangeable organic carbon (OC) dynamics and
CO2 fluxes in the Antarctic Peninsula during austral summer
were highly variable, but the region appeared to be a net sink
for OC and nearly in balance for CO2 . Surface exchangeable dissolved organic carbon (EDOC) measurements had
a 43 ± 3 (standard error, hereafter SE) µmol C L−1 overall
mean and represented around 66 % of surface non-purgeable
dissolved organic carbon (DOC) in Antarctic waters, while
the mean concentration of the gaseous fraction of organic
carbon (GOC H 0−1 ) was 46 ± 3 SE µmol C L−1 . There was a
tendency towards low fugacity of dissolved CO2 (f CO2−w )
in waters with high chlorophyll a (Chl a) content and high
f CO2−w in areas with high krill densities. However, such
relationships were not found for EDOC. The depth profiles
of EDOC were also quite variable and occasionally followed
Chl a profiles. The diel cycles of EDOC showed two distinct
peaks, in the middle of the day and the middle of the short
austral dark period, concurrent with solar radiation maxima
and krill night migration patterns. However, no evident diel
pattern for GOC H 0−1 or CO2 was observed. The pool of ex-

changeable OC is an important and active compartment of
the carbon budget surrounding the Antarctic Peninsula and
adds to previous studies highlighting its importance in the
redistribution of carbon in marine environments.

1

Introduction

The ocean and the atmosphere exchange momentum, heat,
gas and materials across an area of 361 × 106 km2 . These interactions play a major role in the dynamics of the Earth’s
system (Siedler et al., 2001). Gas exchange plays a key role
in climate regulation, as oceans have already absorbed a
large fraction of anthropogenically produced CO2 (Sabine
et al., 2004), the major greenhouse gas (GHG) contributing to global warming. However, vast heterotrophic areas are
found in the open ocean (which release CO2 ), fueled by allochthonous DOC inputs (Del Giorgio and Duarte, 2002),
and the metabolic status of the ocean still remains under
debate (Ducklow and Doney, 2013, and references therein).
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Furthermore, the ocean can also be a source of other climatically active gases, such as methane (Judd et al., 2002) and
dimethyl sulfide (DMS) (Charlson et al., 1987; Ayers and
Gillett, 2000), and there is an active exchange of volatile and
semivolatile organic compounds (VOCs and SOCs) across
the air–sea boundary (where they can be remineralized or exported downwards). However, a comprehensive assessment
of the magnitude of these fluxes is still lacking.
Although there have been some attempts to summarize
gas-phase organic carbon compounds (Heald et al., 2008),
Goldstein and Galbally (2007) predict that over a million
types of C10 compounds (molecules with 10 carbon atoms)
are likely to exist in the atmosphere, precluding the resolution of organic carbon fluxes between the ocean and the
atmosphere on a single-compound basis. Hence, the focus
on a few relevant volatile and semi-volatile organic compounds, usually measured in marine ecosystems (Laturnus,
2001; Sinha et al., 2007; Yang et al., 2013), which account
for a small fraction of the VOC and SOC pool, do not allow for a quantitative estimation of the air–sea exchange of
organic carbon at the ocean–atmosphere interphase. Furthermore, numerous reports in the literature demonstrate the production of single compounds or, at best, a modest set of individual VOCs and SOCs by marine organisms, from macroalgae to phytoplankton (Laturnus et al., 2000; Bravo-Linares et
al., 2007), as well as remineralization by bacteria (Cleveland
and Yavitt, 1998). These studies show that the production
and consumption of exchangeable organic carbon is ubiquitous in the ocean (Giese et al., 1999). A large fraction of
VOCs and SOCs are of anthropogenic origin and are also
found in the atmosphere worldwide. Their exchange across
the air–sea boundary is dominated by the diffusive fluxes
from the gas phase to the dissolved phase, especially in the
case of semi-volatile compounds (Hauser et al., 2013). However, there is no inventory of all anthropogenic SOCs over
either the oceanic or terrestrial atmospheres. Thus, the quantification of the total amount of VOC and SOC exchanged
between the oceans and the atmosphere remains challenging.
The problem is comparable to the attempt at estimating
the pool of DOC in the ocean from the sum of the concentrations of the individual compounds. The solution adopted
was the formulation of an operational definition of the DOC
concept (Hansell and Carlson, 2002) that allows for the collective estimation of the total pool of compounds contributing to DOC in a single analysis (Spyres et al., 2000). Likewise, a pathway towards the estimation of the air–sea exchange of VOC and SOC is the formulation of an operational definition. Dachs et al. (2005) proposed collectively
measuring VOC and SOC compounds as exchangeable dissolved organic carbon (EDOC), if measured in the water, or
gaseous organic carbon (GOC H 0−1 ), if measured in equilibrium with the atmosphere (Dachs et al., 2005; Ruiz-Halpern
et al., 2010). The concepts of EDOC and GOC H 0−1 provide
an approach comparable to that of conventional dissolved organic carbon (DOC) analysis to operationally quantify these
Biogeosciences, 11, 2755–2770, 2014

compounds (in µmol C L−1 ) beyond the limitations associated with approaches based on individual compounds, which
have not been resolved for the marine DOC pool either.
EDOC and GOC H 0−1 are exchanged dynamically across
the air–sea boundary, a process that has been largely overlooked as it is currently missing from oceanic carbon budget
assessments (Solomon et al., 2007). However, the few available studies have identified air–sea exchange of organic carbon as an important component of the carbon budget in the
subtropical NE Atlantic (Dachs et al., 2005) and subarctic
fjords (Ruiz-Halpern et al., 2010). These recently quantified
fluxes are comparable in magnitude to the fluxes of CO2 and
organic aerosols combined (Jurado et al., 2008). Moreover,
resolving EDOC is important because it is a component of
DOC that is mostly not captured with conventional measurements of DOC (Spyres et al. 2000), as they only measure the
non-purgeable organic carbon fraction, so the oceanic pool
of total DOC is underestimated (Dachs et al., 2005).
Polar ecosystems are characterized by intense biological
activity (Clarke et al., 1996). Thus, fluxes of exchangeable
organic carbon are likely to be of regional or even global
relevance. Ruiz-Halpern et al. (2010) identified cold marine environments as areas potentially supporting large air–
sea organic carbon (OC) fluxes for a variety of reasons:
(1) the Henry’s law constant (H 0 ) is low at low temperatures, displacing exchangeable OC towards the water phase
(Staudinger and Roberts, 2001); (2) polar macroalgae (Laturnus, 2001) and phytoplankton (Sinha et al., 2007) have already been identified as an important source of a wide variety
of VOCs, including halogenated VOCs, acetone, acetaldehyde, DMS and isoprene; and (3) the increase in ice coverage
in winter reduces the available area of air–sea OC exchanges,
reducing their fluxes in winter and leading to a potential large
release during summer ice melt (Ruiz-Halpern et al., 2010).
Additionally, UV radiation, particularly high in the Antarctic spring and summer seasons (Madronich et al., 1998), may
affect the stocks of exchangeable organic carbon in the water
column by triggering phytoplankton cell death and lysis and
the subsequent release of OC to the environment (Llabrés and
Agustí, 2010), as well as through photochemical degradation
of organic molecules, both in the water and the atmosphere
(Zepp et al., 1998).
The Southern Ocean is particularly important in the regulation of the Earth’s climate, as it is considered a sink for
CO2 (Sabine et al., 2004; Gruber et al., 2009) and connects
the Pacific, Atlantic and Indian oceans. Understanding the
carbon budget in the Southern Ocean is therefore of particular interest. Gas exchanges across the air–sea interface are
controlled by temperature and wind speed, dependent upon
the meteorological conditions, and influencing the air–water
mass transfer coefficients. In addition, air–water fluxes also
depend on the concentration gradient, which is controlled
by rising concentrations in the atmosphere and the balance
between sources and sinks in the water, including the surface
microlayer, which can have a significant impact on air–sea
www.biogeosciences.net/11/2755/2014/
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exchange, even at moderate to high wind speeds (Liss and
Duce, 2005), and are also a result of deposition processes in
the atmosphere and biological activity in the ocean (Cunliffe
et al., 2013). These processes are currently subjected to anthropogenic forcings due to rapid global change, including
pollution, increasing atmospheric CO2 concentrations and
ocean acidification, as well as rising temperatures and wind
speeds (Hardy, 1982; Young et al., 2011; Doney et al., 2009).
Unfortunately, whereas the air–sea fluxes of CO2 have
been evaluated extensively, there are no reported estimations
of the air–sea fluxes of OC in the Southern Ocean. Here, we
examine the pools of EDOC and GOC H 0−1 and the associated air–sea exchanges of OC in the Antarctic Peninsula
region, and compare these exchanges to the corresponding
air–sea fluxes of CO2 . We estimate these parameters for the
austral summers of years 2005, 2008 and 2009 from measurements taken during three cruises conducted along the
Antarctic Peninsula onboard R/V Hespérides.
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2.1

Data set and methodology
Study site

Three cruises were conducted onboard the Spanish R/V Hespérides along the Antarctic Peninsula: ICEPOS (2 to 22
February 2005), ESASSI (5 to 16 January 2008) and ATOSAntarctica (28 January to 23 February 2009). The ICEPOS and ATOS-Antarctica cruises followed similar trajectories around the Antarctic Peninsula. They covered the tip
of the Antarctic Peninsula, from the Weddell Sea to Bransfield Strait, and its western coast. The ESASSI cruise was
restricted to the northern edge of the Weddell Sea, between
the South Shetland and South Orkney islands (Fig. 1).
2.2

Sampling

During the ICEPOS cruise, coupled measurements of EDOC
in surface waters and GOC H 0−1 were taken at 61 locations, whereas only 20 and 25 coupled measurements were
taken during the ESASSI and ATOS-Antarctica cruises, respectively. Depth profiles of EDOC concentration in the water column were also performed during the ICEPOS and
ATOS-Antarctica cruises. Additionally, several diel cycles
and EDOC sampled at the surface microlayer (SML) were
conducted during the ICEPOS cruise. Finally, concurrent
measurements in air and water of CO2 were taken along the
cruise track.
2.3

60˚ W

55˚ W

50˚ W

sulfate (Drierite) column to remove water vapor and avoid
interferences in the detector. Surface seawater molar fraction of CO2 (xCO2−w ) was also measured at 1 min intervals
and concurrently with atmospheric measurements by circulating water from a depth of 5 m, where the intake of the
continuous flow-through system of the vessel is located. Water was pumped through a gas exchange column (1.25 × 9
membrane contactor, Celgard) and a closed-loop gas circuit
fitted with an anhydrous calcium sulfate column, where CO2
equilibrates, and is then circulated through the gas analyzer
in the same manner as for the air measurements. The continuous flow of water and the small volume of air circulating
counter-current through the gas exchange column ensured
full and rapid equilibration between water and air (Calleja et
al., 2005). The CO2 measured in air and water corresponds to
that in dry air (xCO2 ). Thus, fugacity of CO2 in air (f CO2−a )
and water (f CO2−w ) is calculated by correcting for a 100 %
water vapor pressure at 1 atm and by applying the virial equation of state (Weiss, 1974) as per the Guide to Best Practices
for Ocean CO2 Measurements (Dickson et al. 2007). The analyzer was calibrated daily by using pure N2 as the zero concentration and a commercial gas mixture of 541 ppm CO2 as
span.
2.4
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Figure 1. Map of the region and the stations sampled during the
three cruises: ICEPOS 2005 (blue triangles), ESASSI 2008 (green
diamonds) and ATOS-Antarctica 2009 (red circles).

CO2 measurements

The mole fraction of CO2 in air (xCO2−a ) was measured
continuously at 1 min intervals with a commercially available high-precision (±1 ppm) non-dispersive infrared gas analyzer (EGM4, PP systems), passing clean air that is free
of emissions from the vessel through an anhydrous calcium

70˚ W

DOC, EDOC and GOC H 0−1 measurements

Water samples for the analysis of EDOC and DOC were
collected by using Niskin bottles attached to a rosette–CTD
sampling system. For the surface microlayer, samples were
collected from onboard a small boat drifting at a distance
Biogeosciences, 11, 2755–2770, 2014
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from the research vessel using a plate ocean microsurface sampler (Carlson, 1982). Briefly, two acid-washed perspex blades (50 cm long × 20 cm wide × 0.3 mm thick) were
rinsed with surface seawater, gently inserted vertically into
the water and then removed slowly; thereafter the microlayer water attached by surface tension was gently squeezed
in between two Teflon blades. The water was collected in
an acid-washed Teflon bottle and the maneuver repeated until 0.5 L of water was collected, typically after 30 min of
two people working in parallel. When wind speed exceeded
20 m s−1 , this procedure could not be attempted for safety
reasons. For the analysis of DOC, duplicate samples were
collected in 10 mL pre-combusted (4.5 h, 500 ◦ C) glass ampoules filled directly with water from the Niskin bottle, acidified to a pH < 2 by adding 15 µL of concentrated (85 %)
H3 PO4 , sealed under flame, and stored until analysis in the
laboratory with a Shimadzu total organic carbon (TOC)Vcsh analyzer following standard non-purgeable organic carbon (NPOC) analysis (Spyres et al., 2000). Standards of
2 µmol C L−1 and 44 µmol C L−1 (provided by D. A. Hansell
and W. Chen from the University of Miami) were used to
assess the accuracy of our estimates. EDOC and GOC samples were collected following the procedure described by
Dachs et al. (2005) and Ruiz-Halpern et al. (2010). For GOC
samples, filtered air (collected upstream from the boat to
avoid contamination from in situ emissions) was bubbled for
approximately 30 min in 50 mL of high-purity Milli-Q water acidified to a pH < 2 with concentrated (85 %) H3 PO4 .
Defining the dimensionless Henry’s law constant (H 0 ) as the
ratio of the concentrations in the gas phase and dissolved
phase, this procedure allows for estimation of the concentrations of organic carbon equilibrated with the gas-phase organic carbon (GOC H 0−1 ). EDOC measurements were obtained by bubbling 1 L of sampled unfiltered seawater with
high-grade (free of carbon) N2 for 8 min, which we determined sufficient to reach equilibrium. The stream of gas with
the evolved EDOC is redissolved in 50 mL of acidified, highpurity Milli-Q water, as with GOC H 0−1 . The unfiltered seawater was gently siphoned from a Niskin bottle to a 1 L precombusted (4.5 h, 500 ◦ C) glass bottle to avoid turbulence
of the sample water and minimum contact with the atmosphere. Finally, EDOC and GOC H 0−1 samples were stored
in pre-combusted (4.5 h, 500 ◦ C) glass ampoules, which were
then sealed under flame, until analysis in the laboratory as for
DOC, but with the sparge gas procedure turned off in the Shimadzu total organic carbon TOC-Vcsh instrument (Dachs et
al., 2005; Ruiz-Halpern et al., 2010). EDOC and GOC H 0−1
concentrations were corrected for contamination by subtraction following the analysis of blanks, obtained by directly
bubbling the high-purity acidified Milli-Q water with highgrade N2 without the sample water after collection of each
set of EDOC and GOC at the stations. Blank levels reflect
the concentration of CO2 equilibrated with water at the low
temperatures of the Southern Ocean waters. The recoveries
of the EDOC analysis were evaluated for acetone, and were
Biogeosciences, 11, 2755–2770, 2014

31 % for the ICEPOS cruise. These values are lower than
previously reported due to the low temperatures of seawater. However, since EDOC and GOC comprise an undetermined amount of compounds with different volatility, recoveries may be higher for compounds with higher values of the
Henry’s law constant.
2.5

Chlorophyll a (Chl a) and krill determination

Chl a concentration was determined spectrofluorimetrically
(Parsons et al., 1984) for water samples collected from
Niskin bottles at several depths. Chl a concentration was determined by filtering 50 mL samples onto 25 mm diameter
Whatman GF/F filters at each station. After filtration, the filters were placed in tubes with a 90 % acetone solution for
24 h to extract the pigment. Chl a fluorescence was measured
in a Shimadzu RF-5301 PC spectrofluorimeter, previously
calibrated with a pure solution of Chl a.
Krill abundance was estimated by using a Simrad™ EK60
multifrequency echosounder. Working frequency was 38 kHz
with a 256 µs sampling interval, 1024 µs pulse duration and a
bandwidth of 2425 Hz. The SonarData Echoview 4 software
was used to process the data obtained. A maximum depth of
100 m and 80 dB of minimum target strength (TS), applying
a time-varied gain (TVG) function, was used to identify the
krill targets. Finally, the data were subjected to a 100 m depth
cell and a 1 min duration analysis. The number of targets detected down to 100 m cells was counted at 1 min intervals and
the volume sampled by the beam calculated (Ruiz-Halpern et
al., 2011).
2.6

Meteorological and seawater data

Pressure, wind speed (U10 ), air temperature and solar radiation (from a Aanderaa meteorological station) fluorescence,
sea-surface temperature (SST), and salinity (Sal) (from a
Seabird SBE 21 thermosalinograph) were continuously measured and averaged at 1 min intervals. Fluorescence was positively correlated with Chl a (r = 0.74, p < 0.05), allowing for the use of fluorescence measurements as a proxy for
phytoplankton abundance. Pitch, roll and heading of the research vessel were also recorded at 1 min intervals and used
in a routine embedded in the software, integrating navigation and meteorological data to correct the wind speed data
from the ship movement and flow distortion. The corrected
wind velocities were then extrapolated to the wind velocity
at 10 m (U10 ) by using the following logarithmic expression:
U10 = Uz [0.097 ln(z/10)+1]−1 , where z is the height of the
wind sensor position (Hartman and Hammond, 1985).
2.7

Flux calculations

Diffusive air–seawater exchange of CO2 was estimated by
using the wind speed dependence of the mass transfer
velocity (k600 ) from instantaneous wind speeds (U10 , m s−1 )
2 + 0.333U
following the expression k600 = 0.222 U10
10
www.biogeosciences.net/11/2755/2014/

S. Ruiz-Halpern et al.: Ocean–atmosphere exchange of OC and CO2
(Nightingale et al., 2000). The calculation of air–seawater
CO2 flux (FCO2 ) used the expression (Eq. 1)
FCO2 = kw × S × 1f CO2 ,

(1)

where 1f CO2 is the difference between CO2 fugacity in
the surface of the ocean and that in the lower atmosphere
(1f CO2 = f CO2−w − f CO2−a ); kw , the gas transfer coefficient, was normalized to a Schmidt number of 600 at in
situ temperature and salinity (kw = k600 × (600/Sc)0.5 ); and
S is the CO2 solubility coefficient, calculated from seawater temperature and salinity (Weiss, 1974). Likewise, OC net
diffusive fluxes (FAW ) were estimated as the sum of gross
volatilization (FVol = kaw × EDOC) and absorption (FAb =
−kaw × GOC H 0−1 ), where kaw is the gas transfer velocity for exchangeable OC estimated from k600 values and
Schmidt numbers assuming an average molecular weight
(MW) of GOC of 120 g mol−1 (Dachs et al. 2005). The fluxes
are estimated by considering the air–water mass transfer coefficient (kAW ) as given by
1
1
1
,
=
+
kAW
kw kA H 0

(2)

where kW is the water-side mass transfer coefficient estimated from Nightingale et al. (2000) and scaled by the
Schmidt number as previously described, and kA is the airside mass transfer coefficient that can be estimated from the
0 value for water vapor in air (Schwarzenbach et al. 2003)
kA
by means of
0
kA
= (0.2U10 + 0.3) 864,

0.61
DA
0
kA = kA
,
DA,H2 O

(3)
(4)

where 864 is the conversion factor from cm s−1 to m d−1 , DA
is the diffusivity of GOC or EDOC in air, and DA,H2 O is the
diffusivity of water vapor in air. This estimation methodology is widely used for the estimation of the air–water mass
transfer coefficients of semivolatile compounds (Scwarzenbach et al., 2003; Dachs et al., 2002). Just for clarification,
we define H 0 as the ratio of vapor pressure over solubility
in water. The opposite criterion is used in part of the literature for volatile compounds, but this is how it is usually
defined for semivolatile compounds (Schwarzenbach et al.,
2003). For chemicals with H 0 > 0.05, kAW is approximately
equal to kW . Because there is a wide range of H 0 in the mix
of EDOC and GOC H 0−1 , we have calculated volatilization
and absorption fluxes with a range of H 0 spanning three orders of magnitude (0.0005, 0.005, 0.05). Details for the associated uncertainties derived from the use of an average MW
are given in Ruiz-Halpern et al. (2010).
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The ICEPOS cruise delivered 61 coupled measurements
of exchangeable organic carbon in water and air, whereas
only 20 and 25 were obtained during ESASSI and ATOSAntarctica cruises, respectively (Fig. 1). To characterize
the stations sampled and to compare CO2 and exchangeable organic carbon fluxes, hourly averages of SST, Sal,
(U10 ), f CO2−w , f CO2−a and F CO2 were calculated centered around (±30 min) the time EDOC and GOC H 0−1 estimates were collected.
3
3.1

Results
Meteorological conditions and seawater column
properties

The spatial distribution of the three cruises in the three different years is shown in Fig. 2 and the mean values for every
station by area and cruise (year) are shown in Table 1. The
wind pattern was spatially variable, from lower velocities in
sheltered areas to values higher than 20 m s−1 at some locations (Fig. 2a). Sea-surface temperature was close to 0 ◦ C in
the northeastern sector of the Antarctic Peninsula, close to
the Antarctic Sound, and in the northern sector of the Weddell Sea, whereas higher values were observed in the western sector of the Antarctic Peninsula (Fig. 2b). The salinity
pattern was less variable; the higher values were located to
the north of the Antarctic Peninsula, between 60 and 50◦ W,
whereas the lower values were found in the western sector
of the Antarctic Peninsula and eastern limb of the domain
(Fig. 2c).
In spite of the spatial variability, the mean wind speeds
were quite constant among the areas and for the three different cruises (years), ranging between 7 m s−1 in the western
sector of the Antarctic Peninsula and 8 m s−1 in Bransfield
Strait and Weddell Sea sector. Mean sea-surface temperature
was close to 0 ◦ C in the Weddell Sea sector of the sampled
domain but higher, around 1.5 ◦ C, in Bransfield Strait and
the western sector of the Antarctic Peninsula. However, the
temperature range exceeded 4 ◦ C, as a minimum of −1.1 ◦ C
and a maximum temperature of 3.2 ◦ C were recorded in the
Bellingshausen Sea during the ATOS-Antarctica cruise. On
average, the most saline sea-surface water was found during
the ESASSI cruise, in the Weddell–Scotia confluence (34.2),
whereas the less saline was observed in the western sector of
the Antarctic Peninsula (33.4). However, a maximum salinity
of 34.43 was recorded in ICEPOS at Bransfield Strait and a
minimum of 32.53 in the Bellingshausen Sea during ATOSAntarctica. In general, the most saline waters were associated
with higher temperatures, especially in the northern limb of
the sampled domain, leading to a reduction in the solubility
of CO2 .

Biogeosciences, 11, 2755–2770, 2014
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Table 1. Mean ± standard error (SE), median and ranges for the physical and biological parameters measured at the stations where coupled
EDOC–GOC measurements were taken. Data for all three cruises: ICEPOS in 2005, ESASSI in 2008 and ATOS-Antarctica in 2009. Data
were grouped into cruises and areas. Note that means for the different areas were estimated from the three cruises. There were no acoustic
data to estimate krill density for the ESASSI cruise.
Surface
Cruise
ICEPOS
ESASSI
ATOS
Area
Weddell Sea sector
Bransfield Strait
Western sector of the
Antarctic Peninsula

SST
◦C

Sal

U
m s−1

Chl a
mg m−3

Krill density
10−6 ind m−3

1.40 ± 0.09
1.70 [(−0.4)–(+2.1)]
0.32 ± 0.13
0.25 [(−0.5)–(+1.5)]
1.30 ± 0.20
1.62 [(−1.1)–(+3.18)]

33.70 ± 0.05
33.80 [32.7–34.4]
34.21 ± 0.04
34.28 [33.75–34.38]
33.80 ± 0.09
33.80 [32.5–34.33]

8.2 ± 0.5
8.6 [0.5–16.9]
7.4 ± 0.7
7.4 [1.7–11.9]
6.6 ± 0.5
6 [2.7–11.6]

2.4 ± 0.3
2.2 [0.5–4.6]
0.8 ± 0.1
0.85 [0.17–1.27]
3.9 ± 1.4
1.68 [0.11–31.6]

85 ± 8
72 [27–260]
no data

0.09 ± 0.08
0.02 [(−0.47)–(+0.96)]
1.61 ± 0.09
1.75 [(−0.17)–(+2.76)]
1.50 ± 0.80
1.72 [(−1.1)–(+3.18)]

34.12 ± 0.05
33.81 [32.74–34.43]
33.98 ± 0.03
33.90 [33.70–34.40]]
33.40 ± 0.30
33.40 [32.50–33.80]

8.1 ± 0.6
7.8 [1.7–13.3]
8.1 ± 0.6
8.2 [0.5–16.9]
7.0 ± 3.0
6.3 [2.4–12.7]

3.6 ± 1.6
2.2 [0.5–4.6]
2.6 ± 0.4
2.41 [0.33–7.7]
1.7 ± 0.7
1.16 [0.12–4.55]

59 ± 7
72 [27–260]
110 ± 11
81 [20–260]
60 ± 50
56 [19–160]

4

25
60˚S

A

U = m s-1

SST = ºC

B

3

20

2
15
65˚S

1

10

0

5

-1

70˚S

-2
0
35
C

60˚S

Sal

Fl

D

4

34
3

33
65˚S

32

2

31

1

66 ± 6
62 [19–160]

the Weddell–Scotia confluence region during the ESASSI
cruise (0.8 mg Chl a m−3 , Table 1). The lowest Chl a record
was 0.12 mg Chl a m−3 in the Bellingshausen Sea during ATOS-Antarctica and an exceptionally high value of
31.66 mg Chl a m−3 , almost 300 times the minimum value,
was also measured during ATOS-Antarctica, but in the Weddell Sea (Table 1). Lower krill densities were observed in
the western sector of the Antarctic Peninsula and on the
Weddell Sea side. In Bransfield Strait the mean concentration was twice the mean value of the neighboring areas. A maximum of 2.6 × 10−4 individuals m−3 was found
in Bransfield Strait during ICEPOS and a minimum of
1.9 × 10−5 individuals m−3 in the Bellingshausen Sea during
ATOS-Antarctica.

70˚S
30
70˚W

60˚W

50˚W

0
70˚W

60˚W

50˚W

Figure 2. The distribution of shipboard continuous measurements
(all three cruises combined) of wind speed (U , m s−1 , A), seasurface temperature (SST, ◦ C; B), salinity (Sal, C) and fluorescence
(Fl, D).

3.2 Chlorophyll a and krill distribution
Table 1 also reports the mean values for biological parameters. Chl a concentrations ranged greatly (Fig. 2d), with
differences of up to two orders of magnitude in Chl a
concentration among stations (Table 1). The highest mean
Chl a concentration (3.9 mg Chl a m−3 , Table 1) was found
in the Weddell Sea during the ATOS-Antarctica cruise,
while the lowest mean Chl a concentration was found in
Biogeosciences, 11, 2755–2770, 2014

3.3

CO2 concentration and fluxes

The spatial distribution of the three cruises in the three different years is shown in Fig. 3 and the mean values for stations
by area and cruise (year) are shown in Table 2. The fugacity of CO2 in surface seawater (f CO2−w ) was also highly
variable with minima near shore, at the western sector of
the Antarctic Peninsula, to the east of the tip of the Antarctic Peninsula, and near the South Orkney Islands (Fig. 3a).
Concurrently, f CO2−a was less variable and displayed the
opposite trend (Fig. 3b). The difference between both fugacities, 1f CO2 , showed undersaturated areas along the coast
of the Antarctic Peninsula, to the east of the peninsula, and
next to the South Orkney Islands, the areas with the colder,
less saline waters. However supersaturated areas were concentrated in the northern limb of the sampled domain and
next to the South Shetland Islands, areas with warmer and
www.biogeosciences.net/11/2755/2014/
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Table 2. Mean ± standard error (SE), median and ranges for CO2 fugacity in water and air, EDOC, GOC H 0−1 and DOC throughout the
tracking of the three cruises ICEPOS in 2005, ESASSI in 2008 and ATOS-Antarctica in 2009. Data were grouped into cruises and basins.
Note that means for the different areas come from all three cruises and that there are no DOC data for the ESASSI cruise.
f CO2−w
µatm

f CO2−a
µatm

EDOC
µmol C L−1

GOC H 0−1
µmol C L−1

DOC
µmol C L−1

368 ± 10
374 (183–475)
396 ± 8
400 (271–440)
341 ± 13
364 (148–416)

356 ± 1
357 (345–374)
357 ± 1.4
358 (345–366)
367 ± 1.4
367 (350–379)

36 ± 4
27 (0–147)
40 ± 8
31 (0–125)
60 ± 5
57 (1–102)

35 ± 3
29 (11–134)
43 ± 9
34 (9–136)
73 ± 5
70 (16–104)

54 ± 1
54 (45–63)
no data
62 ± 7
54 (45–181)

346 ± 16
387 (148–440)
401 ± 6
389 (350–475)
344 ± 7
351 (282–419)

360 ± 1.4
360 (345–376)
360 ± 1.0
359 (350–379)
356 ± 1.4
353 (346–372)

49 ± 7
42 (0–147)
39 ± 5
34 (1–102)
41 ± 6
21 (0–98)

40 ± 5
30 (9–137)
50 ± 4
44 (20–134)
47 ± 8
21 (11–100)

71 ± 16
56 (48.15–118.37)
54 ± 1
53 (45–66)
58 ± 5
54 (45–107)

367 ± 7

359 ± 0.8

43 ± 3

46 ± 3

59 ± 4

Surface
Cruise
ICEPOS
ESASSI
ATOS
Area
Weddell Sea sector
Bransfield Strait
Western sector of the
Antarctic Peninsula
Total mean ± SE
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Figure 3. The distribution of shipboard continuous measurements
(all three cruises combined) of f CO2−w (µatm, A), f CO2−a (µatm,
B), FCO2 (mmol C m−2 d−1 , C) and 1f CO2 (µatm, D).

more saline water (see Figs. 1 and 3d). F CO2 has a similar
distribution to 1f CO2 , except for a slight modulation due
to the influence of wind speed in the flux calculations. This
distribution supports oceanic CO2 uptake along most of the
sampled domain, except at the northern edge of the domain,
the South Shetland Islands region, and several locations next
to the Antarctic Peninsula that acted as a net source of CO2
to the atmosphere (Fig. 3c).
Although the overall mean values of f CO2−w and
f CO2−a were similar among cruises (years) and regions, the
www.biogeosciences.net/11/2755/2014/

horizontal distribution showed high variability of f CO2−w
(see Table 2). Sea-surface f CO2−w ranged from strong supersaturation in Bransfield Strait during ICEPOS to strong
undersaturation in the Weddell Sea during the ATOSAntarctica cruise (Table 2). Supersaturation values above
400 µatm were found in all cruises and areas, while the Weddell Sea sector of the domain presented the most undersaturated station by far (148 µatm), followed by a station located to the west of the Antarctic Peninsula (282 µatm). In
Bransfield Strait, minima values were close to equilibrium
(350 µatm for f CO2−w with the same value for f CO2−a ; see
Table 2). f CO2−w in the temperature–salinity space showed,
in general, higher values in the more saline, warmer waters
(Fig. 4).
The net fluxes of CO2 (F CO2 ; see Table 3) showed a
distribution centered around equilibrium. A maximum of
−39 mmol C m−2 d−1 of ocean carbon dioxide uptake was
found in the Weddell Sea sector during the ICEPOS cruise,
while the maximum emission of CO2 to the atmosphere
(27 mmol C m−2 d−1 ) was calculated also during the ICEPOS cruise but in Bransfield Strait. Only in the western sector
of the Antarctic Peninsula were there more stations showing
a net CO2 uptake, while CO2 emissions were found in the
Weddell Sea sector of the sampled domain and in Bransfield
Strait for all the cruises.
Although there were no strong correlations, fugacity of
CO2 in the surface layer of the water column was strongly
undersaturated in sites with high Chl a concentrations, and
the sites more strongly supersaturated were those where the
highest concentrations of krill were measured (Fig. 5). Twothirds of the values represented net emission of CO2 to the
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Figure 5. Scatterplots of surface (5 m) f CO2−w vs. surface (5 m)
Chl a (A) and krill density (B). Data combined for all cruises and
stations.

atmosphere (Fig. 6). Bransfield Strait presented 100 % supersaturated stations for CO2 , and only in the western sector
of the Antarctic Peninsula were there more undersaturated
stations than supersaturated ones (Table 3). Overall, F CO2
distributions in the study area remained close to balance.
3.4

EDOC and GOC H 0−1 distribution

Surface water EDOC, GOC H −1 and DOC were, on average,
quite similar among cruises (years) and regions (Table 2).
However, the spatial variability of EDOC and GOC H 0−1
was high, with similar coefficients of variation (C.V.) for
EDOC and GOC H 0−1 (388 and 341 %, respectively), ranging from virtually no EDOC present in surface waters at
some stations to a maximum of 147 µmol C L−1 ; GOC H 0−1
ranged between 9 and 137 µmol C L−1 among stations (Table 2). Despite this variability, around 60 % of both EDOC
and GOC H 0−1 concentrations comprised between 10 and
Biogeosciences, 11, 2755–2770, 2014
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in 5 mmol C m−2 d−1 .

50 µmol C L−1 (see Fig. 7). In contrast, DOC values were
less variable, with a DOC mean value of 59 ± 4 µmol C L−1
(Table 2) and a C.V. of 37 %, with only two stations with values above 100 µmol C L−1 . The distribution of EDOC in the
temperature–salinity space did not follow the same pattern
as for f CO2−w (Fig. 4) and there was no apparent trend,
since concentrations are reported in µmol C L−1 , which is
independent of the effects of temperature and salinity. Table 3 presents the air–seawater exchange of OC (FAW ) at
three different H 0 values spanning three orders of magnitude. For simplicity we discuss and compare the fluxes estimated at H 0 = 0.0005, since it is the most likely value in a
cold water environment. FAW were similar to those of CO2 ,
both in magnitude and direction. In general, the majority of
stations showed oceanic uptake of exchangeable OC among
cruises (years) and areas, except for the Weddell Sea sector (with 41 %) and ICEPOS, (with 18 %) having net fluxes
towards the ocean. During the ESASSI cruise there was a
balance between uptake and release of exchangeable OC. In
fact, the strongest sink for OC was found during the ESASSI
cruise and reached −58 mmol C m−2 d−1 , over the Weddell–
Scotia confluence region. The strongest OC emission from
the ocean (70 mmol C m−2 d−1 ) was obtained on the Weddell
Sea side during the ICEPOS cruise.
EDOC was independent (p > 0.05) of f CO2−w , SST
or Sal, and no significant relationship was found between
EDOC or FAW with Chl a or krill density (p > 0.05). There
was no correspondence between EDOC and SML and a very
weak relationship between GOC H 0−1 and EDOC (Fig. 8),
but during ICEPOS, EDOC values sampled in the surface microlayer (11 stations spanning along most of the cruise track)
correlated linearly with EDOC concentrations – measured at
5 m depth (R 2 = 0.55, p < 0.05, Fig. 7).
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Table 3. Mean ± standard error (SE), median and ranges for fluxes of organic carbon (Fvol , gross volatilization; Fab , gross absorption; Faw ,
net OC air–seawater exchange) for three different H 0 values (0.0005, 0.005, 0.05), and CO2 (FCO2 ) throughout the track of the three cruises,
ICEPOS in 2005, ESASSI in 2008 and ATOS-Antarctica in 2009. Data were grouped into cruises and areas. The percentage of stations with
undersaturated CO2 and OC uptake by the ocean are also shown.
Surface

H0

Fvol
mmol C m−2 d−1

Fab
mmol C m−2 d−1

Faw
mmol C m−2 d−1

0.0005

11 ± 2
8[0.3–70]

−10 ± 1
−8[−28–(−0.6)]

1.4 ± 2
−1.1[−18–(+60)]

0.005

55 ± 9
37[0.5–395]

−50 ± 5
−39[−166–(−0.8)]

14 ± 15
−6[−207–(+640)]

0.05

95 ± 16
61[0.5–741]

−86 ± 10
−66[−322–(−0.84)]

77 ± 8
−4.8[−106–(+342)]

0.0005

11 ± 3
5[0.1–53]

−14 ± 4
−6[−58–(−2.3)]

−2.5 ± 2
−0.03[−33–(+12)]

0.005

53 ± 17
25[0.3–285]

−70 ± 21
−24[−311–(−5)]

−13 ± 12
−0.07[−170–(+56)]

0.05

87 ± 31
34[0.5–508]

−118 ± 37
−33[−553–(−5.5)]

−23 ± 21
−0.05[−286–(+93)]

0.0005

15 ± 2
14[0.9–34]

−18 ± 10
−14[−40–(−3.8)]

−2.6 ± 1
−2[−21–(+11)]

0.005

68 ± 10
58[3.5–189]

−80 ± 2
−57[−225–(−16)]

−12 ± 6
−8[-92–(+43)]

0.05

107 ± 18
84[5–350]

−126 ± 21
−83[−414–(−23)]

−19 ± 10
−14[−150–(+60)]

0.0005

15 ± 3
9[0.1–70]

−14 ± 3
−8[−58–(−2.3)]

1.5 ± 3
0.5[−34–(+60)]

0.005

73 ± 17
44[0.4–396]

−68 ± 15
−39[−311–(−5)]

9 ± 17
2.2[−170–(+343)]

0.05

1234 ± 32
68[0.5–740]

−114 ± 26
−68[−553–(−6)]

17 ± 30
3.3[−286–(+640)]

0.0005

12 ± 1.2
10[0.4–34]

−14 ± 1.3
−13[−40–(−0.6)]

−2.3 ± 1
−1.8[−18–(+14)]

0.005

58 ± 7.4
52[0.5–190]

−71 ± 7.4
−57[−224–(−0.8)]

−11 ± 5.2
−7[−106–(+91)]

0.05

100 ± 14
79[0.5–399]

−121 ± 14
−102[−414–(−0.84)]

−17 ± 9.7
−11[−207–(+196)]

0.0005

10 ± 2
6.5[1.1–28]

−9 ± 1
−7[-37–(−1.3)]

0.9 ± 2
−1[−19–(+18)]

0.005

42 ± 7
26[3.6–150]

−39 ± 7
−31[−197–(−3.4)]

3.4 ± 7
−3.3[−92–(+86)]

0.05

64 ± 12
40[4.6–268]

+62 ± 12
−45[−352–(−4)]

4.2 ± 11
−4[−150–(+140)]

12 ± 1
58 ± 6
96 ± 12

−13 ± 1
−61 ± 6
−102 ± 10

−0.3 ± 1
−1.1 ± 6
−1.5 ± 10

FCO2
mmol C m−2 d−1

CO2 uptake
% stations

OC uptake
% stations

1.4 ± 2
2.3[−39–(+27)]

27

18

6.4 ± 1.7
4.1[−5–(+21)]

10

50

−2 ± 1.4
0.05[−20–(+13)]

46

88

−2.1 ± 3
[−39–(+21)]

38

41

6.9 ± 1.22
4.2.3(0–23)

0

71

−1.5 ± 0.78
−1.7[−9–(+6)]

56

55

1.6 ± 1.2

27

58

Cruise

ICEPOS

ESASSI

ATOS

Basin

Weddell
Sea

Bransfield
Strait

Bellingshausen
Sea

Total mean ± SE

0.0005
0.005
0.05
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riod, and a continuous one during night and day during the
first part of the 16–18 February period (Fig. 11).
4
4.1

Figure 7. Frequency distribution of surface EDOC (median
34 µmol C L−1 ) and GOC H 0−1 (median 36 µmol C L−1 ) for all
three cruises.

3.5 Depth profiles and diel cycles
A total of 27 vertical profiles were performed (see table in the
Supplement for details on depths and concentrations of each
profile), 5 during ICEPOS and 22 during ATOS-Antarctica.
Figure 9 contains representative examples of depth profiles
of EDOC and Chl a from two cruises, with 10 of these profiles showing an agreement between OC and Chl a (Fig. 9a
and b); 4 profiles of OC showed an opposite pattern to that of
Chl a (Fig. 9c) and 13 showed no clear pattern (Fig. 9d). A
Pearson chi-squared (X2 ) analysis showed these profile relationships to be different than expected by chance (X2 = 15.5,
p < 0.001).
The diel cycles performed during ICEPOS – from 3–
5 February, 13–14 February and 16–18 February 2005 –
showed, in general, two distinct peaks around midday and
midnight for EDOC, while GOC H 0−1 showed no diel variability (Fig. 10). Sea-surface temperature and salinity were
overplotted with CO2 fugacities to analyze whether their
changes are correlated during the ICEPOS cruise. Note that
the overall sampling, including also ATOS and ESASSI
cruises, accounts for the northeastern sector of the Antarctic
Peninsula, the South Scotia Ridge, Bransfield Strait and the
western sector of the Antarctic Peninsula, as well as coastal
areas where ice-formation–melting processes take place. All
these areas show different, local variations of Antarctic Surface Water and/or Shelf Water. In particular, ICEPOS crossed
several of these areas along their tracking. f CO2−a values
remained almost constant (∼ 360 µatm) during the ICEPOS
cruise, while f CO2−w showed a higher degree of variability.
In general, when f CO2−w values were higher (> 400 µatm),
sea-surface temperature was relatively warm (around 2 ◦ C)
and salinity was around 33.8 (Fig. 11). One peak was observed at sunset during the 3–5 February period, one at nighttime and another at midday during the 13–15 February peBiogeosciences, 11, 2755–2770, 2014

Discussion
Water column biological properties

The oceanographic properties of the Antarctic Peninsula depict this region as a highly dynamic and complex area, where
several water masses with distinct characteristics are encountered (Mura et al., 1995). The cruises took place in the same
season, albeit in different years. The ICEPOS and ATOS
cruises overlapped in parts of their cruise tracks, whereas
ESASSI took place a month earlier in austral summer of 2008
and was restricted to the Weddell–Scotia confluence region
(Fig. 1). The mean and median values for the cruise data sets
are remarkably similar, with small interannual variability, for
most of the properties shown in this study, particularly the
physical characteristics at the air–sea-surface interface. The
western sector of the area sampled was, in general, warmer
and less saline (Fig. 2), which held high values of f CO2−w
(f CO2−w > 400 µatm around a temperature value of 2 ◦ C
and a salinity value of 33.8, and EDOC values were small;
Fig. 4), favoring the flux of CO2 towards the atmosphere,
compared to colder, less saline areas. Moreover, high values
of f CO2−w were also observed when surface water is colder
but saltier; this tendency can be seen in the SST vs. salinity
diagram (Fig. 4; see Bransfield Strait and South Scotia Ridge
regions in Figs. 2 and 3). At the time of sampling, some of the
stations had an elevated content of Chl a and showed bloom
conditions. This feature was also present close to the Antarctic Sound and close to the South Orkney Islands. These less
saline waters are derived from the melting of the ice sheet
during austral summer, as well as fresh water delivery from
meltwater close to shore, and the accumulation of icebergs
from the Weddell Sea in the South Orkney Islands, which
has been shown to stimulate phytoplankton growth (Smith
Jr. et al., 2007). Late spring and summer blooms are indeed
controlled by abiotic factors as well as grazing pressure, and
are generally found in the marginal ice zone (Lancelot et al.,
1993; Arrigo et al., 1998).
The large variability in Chl a concentrations, spanning
two orders of magnitude, corroborates the patchy nature in
the distribution of phytoplankton characteristic of Antarctic
waters (Priddle et al., 1994). Krill density also displayed a
patchy distribution, in agreement with previous observations
(Murray, 1996). The sparse data set presented here, and the
active swimming behavior of krill swarms compared to freefloating phytoplankton, did not allow us to find any relationship between krill abundance and Chl a concentration, contrary to previous studies of long-term, high-spatial-resolution
data sets analyzed by Atkinson et al. (2004).
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4.2 CO2 fluxes
The spatial variability of CO2 concentration in the seasurface layer was affected both by physical as well as biological factors. The colder, less saline waters from melting had,
in general, lower f CO2−w (Fig. 4) as a result of increased
solubility of CO2 . Furthermore, meltwater may deliver nutrients and enhance phytoplankton growth, which would further
www.biogeosciences.net/11/2755/2014/

draw down the amount of CO2 available for exchange. The
phytoplankton and krill abundance relationships were as expected: stations with the highest concentrations of Chl a supported the strongest undersaturation of CO2 , whereas stations
were strongly supersaturated in CO2 where krill abundance
was highest (Fig. 5). Indeed, krill not only consumes phytoplankton, hence decreasing carbon fixation rates by algae,
but also remineralizes organic matter back to CO2 through
respiration (Mayzaud et al., 2005). However, the relationships between CO2 and the spatial heterogeneity in Chl a and
krill were weak and driven by extremes. As CO2 is a slowdiffusing gas, these relationships are expected to be weak,
since krill is highly mobile and the partial pressure of CO2
would average out physical and biological processes over
longer timescales not captured by the survey conducted here.
The fugacity of CO2 in air, f CO2−a , although less variable
(approximately between 350 and 380 µatm, a range of less
than 30 µatm; see Table 2), showed a distribution opposite to
that of f CO2−w (Fig. 3a and b). The direction and potential
intensity of carbon dioxide flux is determined by the gradient between air and seawater fugacities, 1f CO2 . Therefore,
on a small scale, regional variability in atmospheric CO2
can lead to variability in air–seawater fluxes. This possibility, however, requires additional research, since most global
estimates of air–sea CO2 fluxes are based on regional mean
atmospheric CO2 values (Takahashi et al., 1997; Takahashi et
al., 2009). Wind speed, which has been postulated to have a
larger effect on CO2 fluxes in the coastal ocean (Nightingale
et al., 2000) and is forecast to increase in the future (Young
et al., 2011), exerted a strong modulation in the intensity of
observed air–sea CO2 fluxes.
Hourly averaged F CO2 data point to a prevalence of net efflux of CO2 to the atmosphere
(1.6 ± 1.2 mmol C m−2 d−1 ), observed in 72 % of stations (Table 3, Fig. 5). However, the cruise track was not a
random transit through the region, and therefore the statistics
of hourly averaged do not necessarily represent the regional
patterns. The range in fluxes is widened when no hourly
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Figure 11. Diel variability of f CO2−a , f CO2−w , SST and salinity.
The top panel shows solar radiation for the different days sampled;
data for the 3–5 February cycle are missing due to equipment failure.

Time of day

Figure 10. Diel variability of EDOC (solid line, open circles) and
GOC H 0−1 (dashed line, open squares). The top panel shows solar
radiation for the different days sampled; data for the 3–5 February
cycle are missing due to equipment failure.

averaging was performed (Fig. 3c). There was a maximum emission to the atmosphere of 63.5 mmol m−2 d−1 ,
a maximum uptake of −151.6 mmol m−2 d−1 and a mean
of −0.3 mmol m−2 d−1 . Mapping of F CO2 data suggests
marine waters around the Antarctic Peninsula to be highly
variable, and high-resolution measurements are necessary to
appropriately estimate regional fluxes (Fig. 3c, Table 3). The
emission to the atmosphere in this region thus comes from
several hotspots at specific locations of strong emissions
of CO2 to the atmosphere. These emissions may come
from areas with low productivity where high heterotrophic
metabolism could support these fluxes. Overall, the region
was found to be in near balance (i.e., neutral) with a net flux
near 0.
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4.3

Organic carbon fluxes

Mean EDOC and GOC H 0−1 in this region (see Table 2,
Fig. 7) had similar values between cruises, with the interannual variability less important than the overall variability, and were remarkably consistent with the values observed in the mid-Atlantic (mean 40 µmol C L−1 , range 10
to 115 µmol C L−1 ; see Dachs et al., 2005). This highlights
the ubiquitous nature of this pool of carbon. The DOC values found in our study, with an overall mean surface DOC
of 59 ± 4 µmol C L−1 (Table 2) consistent with previous reports (e.g., Kähler et al., 1997), points to Antarctic surface waters as those supporting the lowest DOC pool in the
ocean. Furthermore, in some cases DOC concentrations were
lower than actual EDOC values. The low values of DOC
render EDOC concentrations, comparable to those found in
other areas (Dachs et al., 2005; Ruiz Halpern et al., 2010),
proportionately more important in Antarctic waters. EDOC
amounts, on average, to 67 % of the DOC present (Table 2),
whereas in the mid-Atlantic and subarctic regions EDOC
www.biogeosciences.net/11/2755/2014/
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amounts only to 30–40 % of DOC (Dachs et al., 2005; RuizHalpern et al., 2010). Because the EDOC pool is not included in the conventional measurements of DOC, which
represents the non-purgeable fraction of dissolved organic
matter (Spyres et al., 2000), these results indicate that neglecting the EDOC pool may be a particularly important gap
in understanding the carbon cycle in Antarctic waters. Indeed, EDOC could represent a potentially important source
of carbon to fuel microbial processes, since microbial communities are often limited by carbon concentrations in these
environments (e.g., Bird and Karl, 1999), and several studies
have demonstrated the use of VOCs and SOCs as a source
of carbon for bacteria (Cleveland and Yavitt, 1998). However, experiments on the importance of the remineralization
of EDOC for oceanic metabolism are still lacking.
There was no relationship between GOC H 0−1 and SMLEDOC, and the relationship reported for the subtropical
Atlantic and subarctic regions (Dachs et al., 2005; RuizHalpern et al., 2010) between atmospheric (GOC H 0−1 ) and
dissolved exchangeable organic carbon (EDOC) was weak in
Antarctic waters (Fig. 7). This indicates that processes other
than simple equilibrium mixing between these two pools
control the relative partitioning of EDOC and GOC H 0−1
in the water column and the atmosphere. Possible reasons
to explain this weak relationship may come from more intense UV radiation in the Antarctic Peninsula (Madronich et
al., 1998), affecting some of the volatile species present in
the atmosphere and the SML by photochemical degradation
(Zepp et al., 1998; Lechtenfeld et al., 2013) and chemical reactions with OH radicals (Bunce et al., 1991), the degree of
EDOC released by phytoplankton through UV-induced cell
lysis (Llabrés and Agustí, 2010) and subsequent photochemical degradation in the water column, or rapid bacterial usage
of EDOC (Villaverde and Fernandez-Polanco, 1999). However, the positive relationship between 5 m depth EDOC and
SML-EDOC (Fig. 8) provides support for a tight coupling
between the processes occurring at 5m depth and those occurring at the ocean surface microlayer, which is not always
the case (Calleja et al., 2005), implying rapid diffusion of organic carbon gases at small spatial scales. Unfortunately, this
relationship does not currently allow us to assess the magnitude and direction of the flux of EDOC throughout the water
column.
4.4

Depth profiles and diel cycles

The depth profiles of EDOC revealed the dynamic nature of
this carbon pool (Fig. 9) and the participation of phytoplankton in the production of exchangeable organic carbon, consistent with its role as a source of DOC to the Antarctic marine environment (Ruiz-Halpern et al., 2011). Profiles also
suggest active remineralization in the water column where
other components, such as bacteria, may consume EDOC,
since bacteria are often limited by carbon supply in Antarctica, where the DOC pool is particularly small (Kähler et al.,
www.biogeosciences.net/11/2755/2014/
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1997). Moreover, Antarctic krill has been recently demonstrated to release large amounts of DOC available to the microbial community (Ruiz-Halpern et al., 2011), and is likely
to contribute to the EDOC pool as well, either mechanically,
through sloppy feeding (Møller, 2007), or via direct excretion (Ruiz-Halpern et al., 2011).
The diel cycles performed provide further evidence of the
dynamic nature of EDOC in the water column (Fig. 10).
The relative invariance in the atmosphere of f CO2−a and
GOC H 0−1 across the diel cycle suggests that it is EDOC
and f CO2−w , as well as its horizontal inhomogeneity, the
dominant factors controling the direction of the net carbon
exchange and, under uniform wind speeds, for the variations
in the magnitude of these fluxes. Peak EDOC concentrations
were detected both at midday and in the middle of the dark
period. These cycles point to a progressive buildup of EDOC
in the water column as the day progresses: at midday, phytoplankton receives more light (both PAR and UV) and photosynthetic organic carbon production, and UV-induced damage accumulates; at midnight, the peak could possibly be related to krill’s vertical migration patterns, initialized by an
upward motion at dusk (Zhou and Dorland, 2004) and subsequent release of EDOC by sloppy feeding and excretion
(Møller, 2005). However, as the cruise track traversed several
water masses, these hypothesis remain speculative, and await
further experimental tests. For f CO2−w , however, this pattern was less marked, with increased concentrations at night
only on one occasion (13 February), and the changes observed can be attributed to the different physical properties
of the local surface waters crossed along the ship tracking
(Fig. 11).
5

Conclusions

The flux of volatile OC was predominantly towards the ocean
(Table 3, Fig. 5), which corroborates previous reports of the
ocean as a global sink for VOC and SOC (Dachs et al., 2005;
Jurado et al., 2008; Ruiz-Halpern et al., 2010). However, a
large portion (43 %) of the stations supported a net export of
OC to the atmosphere, which has not been observed in the
NE subtropical Atlantic or Greenland fjords, the other two
areas where total VOC and SOC fluxes have been assessed
(Dachs et al., 2005; Ruiz-Halpern et al., 2010). This dual
source–sink nature for VOC and SOC suggests that VOC and
SOC are emitted in some parcels of water and absorbed in
others, providing a pathway for the rapid redistribution and
transport of organic carbon within the ocean supplementing
that mediated by water mass transport (Dachs et al., 2005).
Provided the lack of terrestrial sources of organic matter in
the Southern Ocean, it is likely that organic matter is redistributed across the ocean through atmospheric transport from
source areas to sink areas. Moreover, the role of the atmosphere in the transport of marine organic carbon has not yet
been addressed, but deserves further attention.
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The data gathered during the three cruises in the Antarctic region provide compelling evidence for an important and
dynamic role of volatile and semivolatile organic carbon in
carbon cycling in the Southern Ocean, consistent with previous reports in the subtropical Atlantic (Dachs et al., 2005)
and subarctic fjords (Ruiz-Halpern et al., 2010), as well as
model calculations (Jurado et al., 2008).
EDOC pools in Antarctic marine waters may be comparatively more important than in other regions since they account for a larger proportion of total dissolved OC, with
concentrations closely approaching those of (non-purgeable)
DOC. Air–seawater EDOC fluxes are also important; however, variability in these fluxes resulted in air–seawater exchanges of organic carbon not too different from 0 when averaged across stations and cruises (Table 3), suggesting that
emission and absorption of VOC and SOC represent pathways for transport and redistribution that are balanced across
the region. While emission and uptake of VOC and SOC
compounds may be in approximate balance in this region, the
individual compounds are probably not, as some components
of this flux, such as persistent organic pollutants or methanol
(Yang et al., 2013), are likely to move predominantly from
the atmosphere to the ocean, whereas some others, such as
DMS, have oceanic sources and are expected to flow from
the ocean to the atmosphere. Because the components of the
flux originated in the ocean or the atmosphere are likely to
have different properties, the flux remains significant even if,
on a carbon basis, they are approximately in balance at the
regional scale.
The net flux of organic carbon, comparable in magnitude
to the flux of CO2 , is the result of a complex mixture of
fluxes of different compounds. These compounds are also
active in the atmosphere: they affect the radiative balance
through greenhouse effects, the oxidative properties of the
atmosphere, hydroxyl radical formation, ozone cycling and
cloud and secondary aerosol formation. Likewise, little is
known about the properties and possible effects of EDOC in
the water column, as well as other possible producers other
than micro- and macroalgae. EDOC in the water column is
affected by several forcing factors, including temperature and
salinity, that will affect their solubility. Biological processes
in the water column, also affect EDOC concentrations. Phytoplankton would be involved in the production of EDOC
together with bacteria (Kuzma et al., 1995), which can also
act as a sink of VOC (Cleveland and Yavitt, 1998), as it has
been demonstrated for the production and consumption of
isoprene. Thus, by its remineralization, bacteria could contribute not only to the EDOC pool in the water column but
also to CO2 production. Moreover, the current ocean acidification scenario may influence EDOC concentrations by
changing the volatility of some compounds (i.e., protonation), removing them from the EDOC pool and transferring
them to the DOC pool.
In summary, the data presented here provide evidence of
important air–sea fluxes of volatile and semivolatile species
Biogeosciences, 11, 2755–2770, 2014

of organic carbon in the waters surrounding the Antarctic
Peninsula, comparable in magnitude to air–sea CO2 fluxes.
Understanding the sources, sinks and cycling of volatile and
semivolatile organic carbon is an imperative to understand
the carbon budget of the ocean.
The Supplement related to this article is available online
at doi:10.5194/bg-11-2755-2014-supplement.
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