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Abstract

Exchangeable organic carbon (OC) dynamics and CO2 fluxes in the Antarctic Penin-
sula region during austral summer are highly variable. By stations, the region is a weak
source of CO2 to the atmosphere, however, continuous records of CO2 revealed this
area as a weak sink. OC fluxes are also in both directions but generally towards the5

ocean and much higher than CO2 fluxes, sometimes by a factor of 10. Surface ex-
changeable dissolved organic carbon (EDOC) measurements had a 43±3 µmolCL−1

overall mean, while the gaseous organic carbon equilibrated in water as given by the
Henry’s Law constant (H′) resulted in (GOC H′−1) concentrations of 46±3 µmolCL−1.
EDOC represents around 66 % of surface dissolved organic carbon (DOC) in Antarctic10

waters. There is a tendency towards low partial pressures of CO2 in waters with high
Chlorophyll a (Chl a) content and high fCO2 in areas with high krill densities. How-
ever, such relationships were not found for EDOC. Depth profiles of EDOC were also
quite variable and followed Chl a profiles, but only in some instances, while diel cycles
of EDOC revealed two distinct peaks around midday and middle of the short austral15

dark period concurrent with solar radiation maxima and krill night migration patterns.
However, there was no evident diel pattern for GOC H′−1. The pool of exchangeable
OC reveals itself as an important compartment of the carbon budget in the Antarctic
Peninsula and adds to previous studies highlighting its importance in the redistribution
of carbon in marine environments.20

1 Introduction

The ocean and the atmosphere exchange momentum, heat, gas, and materials across
an area of 361millionkm2, these interactions playing a major role in the dynamics of
the Earth’s System (Siedler et al., 2001). Gas exchanges play a key role in climate
regulation, as the ocean has already absorbed a large fraction of anthropogenically25

produced CO2 (Sabine et al., 2004), the major green house gas (ghg) contributing to
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global warming. However, the ocean acts as a source of other ghgs, such as methane
(Judd et al., 2002) and dimethyl sulfide (DMS) (Charlson et al., 1987; Ayers and Gillett,
2000). The ocean and the atmosphere also exchange a wide variety of volatile and
semivolatile organic compounds (VOCs and SOCs), although there is still a lack of
comphehensive assessment of the magnitude of these fluxes.5

Goldstein and Galbally (2007) predicted that over a million C10 compounds
(molecules with 10 carbon atoms) are likely to exist in the atmosphere, rendering the
estimation of organic carbon fluxes between the ocean and the atmosphere impossi-
ble to resolve on a single compound basis. Hence, the focus on a few relevant volatile
organic compounds, usually measured in marine ecosystems (Laturnus, 2001; Sinha10

et al., 2007), which account for a small fraction of the VOC and SOC compounds, do not
allow a quantitative estimation of the air–water exchange of organic carbon exchanged
at the ocean-atmosphere interphase.

There are numerous reports in the literature of studies demonstrating the production
of single compounds or, at best, a modest set of individual VOC and SOC compounds15

by marine organisms, from macrolagae to phytoplankton (Laturnus et al., 2000; Bravo-
Linares et al., 2007). These studies demonstrate that the production of exchangeable
organic carbon is ubiquitous in the ocean (Giese et al., 1999). However, the quantifi-
cation of the total amount of volatile organic carbon exchanged between the oceans
and the atmosphere remains challenging. Anthropogenic SOCs are also found in the20

atmosphere worldwide and their exchange with the ocean is dominated by the diffusive
fluxes from the gas-phase to the dissolved phase, while fluxes associated to aerosol
dry deposition account for a small fraction of the total deposition (Jurado et al., 2008).
However, there is neither an inventory of all anthropogenic SOC neither in the oceanic
nor terrestrial atmosphere.25

The problem, and the solution, is comparable to that of attempting to estimate the
pool of dissolved organic carbon in the ocean from the sum of the concentrations of the
individual compounds, with the operational solution being the development of the dis-
solved organic carbon concept and methods to collectively estimate the total pool of the
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compounds contributing to this pool in a single analysis (Spyres et al., 2000). Likewise,
one pathway towards rendering the analysis of air–sea exchange of semi-volatile and
volatile organic carbon was the development by Dachs et al. (2005) of concepts and
procedures for total semi-volatile and volatile flux measurements. Dachs et al. (2005)
proposed VOC and SOC compounds to be collectively measured as exchangeable5

dissolved organic carbon (EDOC), if measured in the water, or gaseous organic car-
bon (GOC), if measured in equilibrium with the atmosphere (Dachs et al., 2005; Ruiz-
Halpern et al., 2010). The concepts of EDOC and GOC provide an approach compa-
rable to that of conventional dissolved organic carbon (DOC) analysis to operationalize
the quantification of these compounds (in µmolCL−1) beyond the limitations associ-10

ated to approaches based on individual compounds (Dachs et al., 2005), which have
not been resolved for the marine DOC pool either. EDOC and GOC are exchanged
dynamically across the air–sea water interphase, a process that has been largely over-
looked as it is currently missing from oceanic carbon budget assessments (IPCC fourth
assessment (AR4) 2007). Yet, available studies identify the air–water exchange of or-15

ganic carbon as an important component of the carbon budget of the subtropical NE
Atlantic (Dachs et al., 2005) and subarctic fjords (Ruiz-Halpern et al., 2010), where
these fluxes have been recently quantified. Indeed, as predicted by Jurado et al. (2008)
these fluxes are comparable in order of magnitude to the fluxes of CO2, and organic
aerosols combined. Moreover, resolving EDOC is important because this is a com-20

ponent of DOC that is not captured with conventional measurements of DOC, which
operationally measures non-purgeable organic carbon, as purgeable DOC, equivalent
to EDOC, is removed from the pre-acidified sample along with DIC through the bub-
bling of the sample prior to DOC measurement involved in conventional marine DOC
measurements (Spyres et al., 2000).25

Polar ecosystems are characterized by intense biological activity. Thus, fluxes of
exchangeable organic carbon are likely to be of regional, or even, global relevance.
Indeed, Ruiz-Halpern et al. (2010) identified cold marine environments as areas poten-
tially supporting large air–seawater organic carbon (OC) fluxes for a variety of reasons:
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(1) Henry’s law constant (H′) is low at low temperatures, displacing exchangeable OC
to the water phase (Staudinger and Roberts, 2001); (2) polar macroalgae (Laturnus,
2001), and phytoplankton (Sinha et al., 2007) have already been identified as an impor-
tant source of a wide variety of VOCs, including halogenated VOCs, methanol, acetone,
acetaldehyde, DMS, and isoprene (Laturnus, 2001; Sinha et al., 2007); and (3) the in-5

crease in ice coverage in winter reduces the available area for these air–seawater OC
exchanges, reducing their fluxes in winter and leading to a potential large release dur-
ing 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 phyto-10

plankton 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 acts as a significant sink for CO2 (Sabine et al., 2004; Gruber et al., 2009) and15

connects the Pacific, Atlantic, and Indian oceans. Understanding the carbon budget in
the Southern Ocean is, therefore, of particular interest. 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 as yet. Here we examine the pools
of EDOC and GOC and the associated air–sea water exchanges of OC in the Antarctic20

Peninsula region, comparing 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 Data set and methodology

2.1 Study site

Three cruises were conducted onboard the Spanish R/V Hespérides along the Antarc-
tic Peninsula: ICEPOS (2 to 22 February 2005), ESASSI (5 to 16 January 2008) and
ATOS-Antarctica (28 January to 23 February 2009). The ICEPOS and ATOS-Antarctica5

cruises followed similar trajectories around the Antarctic Peninsula. They covered the
tip of the Antarctic Peninsula, from the Weddell Sea to the 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 Sampling10

During the ICEPOS cruise, coupled measurements of EDOC in surface waters and
GOC were taken at 61 locations, whereas only 20 and 25 coupled measurements
were taken during the ESASSI and ATOS-Antarctica cruises, respectively. In addition
to the coupled air–water measurements, depth profiles of EDOC concentration in the
water column were performed during the ICEPOS and ATOS-Antarctica cruises. Addi-15

tionally, several diel cycles and EDOC sampling at the surface microlayer (SML) were
conducted during the ICEPOS cruise. Finally, measurements of CO2 partial pressure
were concurrently taken in air and seawater.

2.3 CO2 measurements

Molar fraction of CO2 in air (xCO2−a) was measured continuously at 1 min intervals with20

a commercially available high precision (±1 ppm) non-dispersive infrared gas analyzer
(EGM4, PP systems), passing clean air free of emissions from the vessel through an
anhydrous calcium sulfate (Drierite) column to remove water vapor and avoid interfer-
ences in the detector. Seawater surface molar fraction of CO2 (xCO2−w) was measured
by circulating water from a depth of 5 m, depth where the intake of the continuous flow-25
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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 circulated through the gas analyzer as above.
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 water5

and air (Calleja et al., 2005). Partial pressure of CO2 in water and air corresponds to
that in dry air (xCO2). Then fugacity of CO2in water (fCO2−w) and air (fCO2−a) are cal-
culated by correcting for a 100 % water vapor pressure at 1 atm and by applying virial
equation of state (Weiss, 1974). The analyzer was calibrated by using a commercial
gas mixture of 541 ppm CO2 and N2.10

2.4 DOC, EDOC and GOC H′−1 measurements

Water samples for the analysis of EDOC and DOC were collected by using Niskin bot-
tles attached to a Rosette-CTD sampling system. 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. They were acidified to a pH < 2 by adding15

15 µL of concentrated (85 %) H3PO4, 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). Stan-
dards of 2 µmolCL−1 and 44 µmolCL−1 (provided by D. A. Hansell and W. Chen from
the University of Miami) were used to assess the accuracy of our estimates. EDOC and20

GOC samples were collected following the procedure described by Dachs et al. (2005)
and Ruiz-Halpern et al. (2010). Briefly, for GOC samples, filtered air (collected up-
stream from the boat to avoid contamination from in situ emissions) was bubbled for
approximately 30 min in 50 mL of high purity free of carbon Mili-Q water acidified to
a pH < 2 with concentrated (85 %) H3PO4. Defining the dimensionless Henry’s Law25

constant (H′) as the ratio of the concentrations in the gas phase and dissolved phase,
this procedure allow estimation of the concentrations of organic carbon equilibrated
with the gas-phase organic carbon (GOC H′−1). EDOC measurements were obtained
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by bubbling 1 L of sampled water with high-grade (free of carbon) N2 for 8 min, which we
determined to suffice to reach equilibrium. The stream of gas with the evolved EDOC is
redissolved in 50 mL of acidified, free of carbon Mili-Q water as for GOC H′−1, Finally,
EDOC and GOC H′−1 samples were stored in pre-combusted (4.5 h, 500 ◦C) glass
ampoules, sealed under flame, until analysis in the laboratory as for DOC, but with5

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 concentrations were
corrected for contamination by subtraction following the analysis of blanks, obtained
by directly bubbling the high purity acidified Mili-Q water with high-grade N2 without
the sample water after collection of each set of EDOC and GOC at the stations. Blank10

levels reflect the concentration of CO2 equilibrated with water at the low temperatures
of the southern ocean waters. The recoveries of the EDOC analysis was evaluated for
acetone and were 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 thousands of compounds with different volatility, recoveries may be higher for15

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 Whatmann GF/F filters at20

each station. After filtration, 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 µs25

pulse duration, and a bandwidth of 2425 Hz. The data obtained were processed by us-
ing SonarData Echoview 4 software. A maximum depth of 100 m and 80 dB of minimum
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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 du-
ration 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).5

2.6 Meteorological and seawater data

Pressure, wind speed (U10), air temperature and solar radiation (from a Aanderaa
meteorological station) and fluorescence, sea-surface temperature (SST), and salin-
ity (Sal) (from a Seabird SBE 21 Thermo-salinographer) were continuously measured
and averaged at 1 min intervals. Fluorescence was positively correlated with Chl a10

(r = 0.74, p < 0.05), allowing 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, integrat-
ing navigation and meteorological data, to correct the wind speed data from the ship
movement and flow distortion. The corrected wind velocities were then extrapolated to15

the wind velocity at 10 m (U10) by using the following logarithmic expression: U10 =Uz

[0.097ln(z/10)+1]−1, where z is the height of the wind sensor position (Hartman and
Hammond, 1985).

2.7 Flux calculations

Diffusive air–sea water exchange of CO2 was estimated by using the wind speed de-20

pendence of the mass transfer velocity (k600) from instantaneous wind speeds (U10,
ms−1) following the expression k600 = 0.222U2

10 +0.333U10 (Nightingale et al., 2000).
The calculation of air–sea water CO2 flux (FCO2

) used the expression (Eq. 1):

FCO2
= k600 ·S ·∆fCO2 (1)
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where ∆fCO2 is the difference between CO2 fugacity in the surface of the ocean and
that in the lower atmosphere (∆fCO2 = fCO2−w − fCO2−a), k600 the gas transfer co-
efficient, normalized to a Schmidt number of 600, and S is the CO2 solubility term,
calculated from sea water temperature and salinity (Weiss, 1974). Likewise, OC net dif-
fusive fluxes (Faw) were estimated as the sum of gross volatilization (Fvol= k0 · EDOC)5

and absorption (Fab=−k0 ·GOC H′−1), where k0 is the gas transfer velocity for ex-
changeable OC estimated from k600 values and Schmidt numbers assuming an aver-
age molecular weight (MW) of GOC of 120 gmol−1 and the same wind parameterization
as for CO2. Details for the associated uncertainties derived from the use of an average
MW are given in Ruiz-Halpern et al. (2010), and details on the direct measurement of10

GOC H′−1 are given in Dachs et al. (2005). 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 ATOS-Antarctica cruises, respectively (Fig. 1).
To characterize the stations sampled and to compare CO2 and exchangeable organic
carbon fluxes, hourly averages of SST, Sal, (U10), and fCO2−w, fCO2−a and FCO2

were15

calculated at the time EDOC and GOC H′−1 estimates were collected.

3 Results

3.1 Meteorological conditions and seawater column properties

The wind pattern was spatially variable, from lower velocities in sheltered areas to val-
ues higher than 20 ms−1 at some locations (Fig. 2a). Sea-surface temperature was20

close to 0 ◦C in the northeastern sector of the Antarctic Peninsula, close to the Antarc-
tic 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 Penin-
sula, between 60◦ W and 50◦ W, whereas the lower values were found in the western25

sector of the Antarctic Peninsula and eastern limb of the domain (Fig. 2c). Fluores-
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cence showed maxima (indicator of phytoplankton blooms) at several locations close
to the coastal margin of the Antarctic Peninsula (Fig. 2d).

Mean values for every area and cruise are shown in Table 1. In spite of the spatial
variability, the mean wind speeds were quite constant among the areas and for the
three cruises, ranging between 7 ms−1 in the western sector of the Antarctic Peninsula5

and 8 ms−1 in Bransfield Strait and Weddell Sea sector. Mean sea-surface tempera-
ture was close to 0 ◦C in the Weddell Sea sector of the sampled domain, but higher,
around 1.5 ◦C, in the Bransfield Strait and western sector of the Antarctic Peninsula.
However, the temperature range exceeded 4 ◦C as a minimum of −1.1 ◦C and a max-
imum temperature of 3.2 ◦C were recorded both in the Bellingsahusen Sea during the10

ATOS-Antarctica cruise. Salinities were less variable 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 in ICEPOS at the Bransfield
strait and a minimum of 32.53 in the Bellingshausen Sea during ATOS-Antarctica were15

recorded.

3.2 Chlorophyll a and krill distribution

Table 1 also reports the mean values for biological parameters. Chl a concentra-
tions 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 concentration20

(3.9 mgChl am−3, Table 1) was found in the Weddell Sea during the ATOS-Antarctica
cruise, while the lowest mean Chl a concentration was found in the Weddell–Scotia
Confluence region during the ESASSI cruise (0.8 mgChl am−3, Table 1). The lowest
Chl a record was 0.12 mgChl am−3 in the Bellingshausen Sea during ATOS-Antarctica
and an exceptionally high value of 31.66 mgChl am−3, almost 300-fold the minimum25

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
in the Weddell Sea side. Surprisingly, in the Bransfield Strait the mean concentration
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was twice the mean value of the neighboring areas. A maximum of 2.6×10−4 indm−3

was found in the Bransfield strait during ICEPOS and a minimum of 1.9×10−5 indm−3

in the Bellingshausen Sea during ATOS-Antarctica.

3.3 CO2 concentration and fluxes

The fugacity of CO2 in surface seawater was also highly variable with minima near5

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, the
partial pressures in the atmosphere, fCO2−a, were less variable and displayed the op-
posite trend (Fig. 3b). The difference between both fugacities, ∆fCO2, shows undersat-
urated areas along the coast of the Antarctic Peninsula, to the East of the peninsula,10

and next to the South Orkney Islands, whereas supersaturated areas were concen-
trated in the northern limb of the sampled domain and next to the South Shetland
Islands (see Figs. 1 and 3d). The FCO2

has a similar distribution than ∆fCO2, 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, the ex-15

ceptions being the northern edge of the domain, the South Shetland Islands region,
and several locations next to the Antarctic Peninsula that seem to act as a net source
of CO2 to the atmosphere (Fig. 3c).

Although the overall mean values of fCO2−w and fCO2−a were similar among cruises
and regions, the horizontal distribution shows variability of fCO2−w (see Table 2). At the20

sea surface, fCO2−w ranges from strong supersaturation in the Bransfield Strait during
ICEPOS to very strongly undersaturated in the Weddell Sea during the ATOS-Antartica
cruise (Table 2). Supersaturation values above 400 µatm were found in all cruises and
areas, while the Weddell Sea sector of the domain presented by far the most strongly
undersaturated station (148 µatm), followed by a station located to the West of the25

Antarctic Peninsula (282 µatm). In the Bransfield Strait, minima values were close to
equilibrium (350 µatm for fCO2−w and the same value for fCO2−a, see Table 2).
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Regarding the net fluxes of CO2 (FCO2
, see Table 3), a maximum of

39 mmolCm−2 d−1in the ocean uptake of carbon dioxide was found in the Weddell
Sea sector during the ICEPOS cruise, while the maximum emission of CO2 to the
atmosphere (27 mmolCm−2 d−1) was calculated also during the ICEPOS cruise but in
the Bransfield Strait. Only in the western sector of the Antarctic Peninsula, there is5

dominance in the number of stations showing a net CO2 uptake, while CO2 emissions
prevailed 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 and10

the sites more strongly supersaturated were those where the highest concentrations of
Krill were measured (Fig. 4).

3.4 EDOC and GOC H′−1 distribution

Surface water EDOC, GOC H−1 and DOC were, on average, quite similar among
cruises and regions (Table 2). However, the spatial variability of EDOC and GOC H′−1

15

was high, with similar coefficients of variation (C.V.) for EDOC and GOC H′−1 (388 %
and 341 %, respectively, ranging from virtually no EDOC present in surface wa-
ters at some stations to a maximum of 147 µmolCL−1; GOC H′−1 ranging between
9 µmolCL−1 and 137 µmolCL−1 among stations (Table 2). Despite this variability,
around 60 % of both EDOC and GOC H′−1 concentrations were comprised between20

10 and 50 µmolCL−1 (see Fig. 5). In contrast, DOC values were less variable, with
a DOC mean value of 59±4 µmolCL−1 (Table 2) and a C.V. of 37 %, with only two sta-
tions with values above 100 µmolCL−1. The air–sea water exchange of OC (Faw, see
Table 3) exceeded the net FCO2

at many stations (Wilcoxon Sign-Rank test, p < 0.05),
by as much as a factor of 10. Moreover, the air–sea water fluxes of CO2 were not al-25

ways in the same direction. There is a prevalence, though close to balance, of ocean
uptake of gaseous organic carbon among cruises and areas, except for the Weddell
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Sea sector where only 41 % of stations had net fluxes towards the ocean, and ESASSI
stations which were in balance (50 %). In fact, the strongest sink for OC was found
during the ESASSI cruise and reached 309 mmolCm−2 d−1, over the Weddell–Scotia
Confluence region. The strongest OC emission from the ocean (710 mmolCm−2 d−1)
was obtained in the Weddell Sea side during the ICEPOS cruise. These values of Faw5

are exceptionally high and are related to high wind events at the time of sampling. The
flux of OC spanned a much broader range than that of CO2, although two-thirds of
the Faw values were situated in a narrow band, between −40 and 40 mmolCm−1 d−1

(Fig. 6), while all the fluxes of CO2 at the sampled stations were located in this band.
Two thirds of the values represented net emission of CO2 to the atmopshere (Fig. 6).10

The Bransfield Strait presented a 100 % of supersaturated stations for CO2and only in
the western sector of the Antarctic Peninsula undersaturated stations did prevail over
the supersaturated ones (Table 3).

EDOC was independent (p > 0.05) of fCO2−w, SST or Sal, and no significant rela-
tionship was found between EDOC or Faw with Chl a or krill density (p > 0.05). There15

was no correspondence between EDOC and GOC H′−1 (Fig. 7), 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
(R2 = 0.55, p < 0.05, Fig. 7).

3.5 Depth profiles and diel cycles20

A total of 27 vertical profiles were performed, 5 during ICEPOS and 22 during ATOS-
Antarctica. Figure 8 contains representative examples of depth profiles of EDOC and
Chl a from two cruises showing 10 of these profiles an agreement between OC and
Chl a (Fig. 8a and b); 4 profiles of OC showed an opposite pattern than that of Chl a
(Fig. 8c); and 13 showed no clear pattern (Fig. 8d). A Pearson’s chi-squared (X 2)25

analyses showed these profile relationships to be different than expected by chance
(X 2 = 15.5, p < 0.001).
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The diel cycles performed during ICEPOS, from 3 to 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′−1 showed no diel variability (Fig. 9).

4 Discussion

4.1 Water column an biological properties5

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 followed similar tracks, whereas
ESASSI took place a month earlier in austral summer of 2008 and was restricted to10

the Weddell–Scotia Confluence region (Fig. 1). Indeed, the mean and median values
for the cruise data sets are remarkably similar for most of the properties shown in
this study, particularly the physical characteristics at the air–sea surface interface. The
western sector of the Antarctic Peninsula was, in general, warmer and less saline. At
the time of sampling, some of the stations had an elevated content of Chl a and showed15

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 form 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.20

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, cor-
roborates the patchy nature in the distribution of phytoplankton characteristic of Antarc-25

tic waters (Priddle et al., 1994). Krill density also displayed a patchy distribution, in
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agreement with previous observations (Murray, 1996), but the data presented here did
not show any relationship between krill abundance and Chl a concentration, contrary
to previous studies (Atkinson et al., 2004).

4.2 CO2 fluxes

The spatial variability of CO2 concentration in the sea surface layer was affected both5

by phytoplankton and krill abundance. These 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. Indeed, Krill does not only consume phytoplankton, hence decreasing
carbon fixation rates by algae, but it also remineralizes organic matter back to CO210

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 slow diffusing 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 time scales not captured by the survey conducted here.15

The fugacity of CO2 in air, fCO2−a, although less variable (approximately between
350 and 380 µatm, a range of less than 30 µatm, see Table 2), showed a distribution op-
posite to that of fCO2−w (Fig. 3a and b). The direction and potential intensity of carbon
dioxide flux is determined by the gradient between air and sea water fugacities, ∆fCO2.
Therefore, small scale, regional variability in atmospheric CO2 can lead to variability in20

air–sea water fluxes. This possibility, however, needs additional research, since most
global estimates of air–sea CO2 fluxes are based on regional mean atmospheric CO2
values (Takahashi et al., 1997, 2009). Wind speed, which has been postulated to have
a larger effect in CO2 fluxes in the coastal ocean (Nightingale et al., 2000), exerted
a strong modulation in the intensity of observed air–sea CO2 fluxes.25

Hourly-averaged FCO2
data point to a prevalence of net efflux of CO2 to the atmo-

sphere (1.6±1.2 mmolCm−2 d−1), observed in 72 % of stations (Table 3, Fig. 5). How-
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ever, 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. Indeed,
mapping of FCO2

data suggests marine waters around the Antarctic Peninsula to act
as a moderate sink for CO2 (Fig. 3c), in agreement with Gruber et al. (2009). The net
emission to the atmosphere in this region comes then from several hotspots at specific5

locations of strong emissions of CO2 to the atmosphere.

4.3 Organic carbon fluxes

Mean EDOC and GOC H′−1 values in this region (see Table 2) were remarkably con-
sistent with the values observed in the mid Atlantic (mean 40 µmolCL−1, range 10 to
115 µmolCL−1; see Dachs et al., 2005), highlighting the ubiquotous nature of this pool10

of carbon. The DOC values found in our study, with an overall mean surface DOC of
59±4 µmolCL−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 those15

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 amounts
only to 30–40 % of DOC (Dachs et al., 2005; Ruiz-Halpern et al., 2010). Because the
EDOC pool is not included in the conventional measurements of DOC, which rep-20

resents 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 rep-
resent a potentially important source of carbon to fuel microbial processes, since mi-
crobial communities are often limited by carbon concentrations in these environments25

(e.g. Bird and Karl, 1999). However, experiments on the utilization of VOC and SOC in
oceanic waters are still lacking and this hypothesis remains speculative.
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The relationship reported for the subtropical Atlantic and subarctic regions (Dachs
et al., 2005; Ruiz-Halpern et al., 2010) between atmospheric (GOC H′−1) and dissolved
exchangeable organic carbon (EDOC) was not seen in Antarctic waters (Fig. 7). This
indicates that maybe other processes in the water column and the atmosphere, than
simple equilibrium mixing between these two pools control the relative partitioning of5

EDOC and GOC H′−1. 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, by photochemical
degradation (Zepp et al., 1998) and chemical reactions with OH− radicals (Bunce et al.,
1991), the degree of EDOC released by phytoplankton through UV induced cell lysis10

(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 5 m depth and
those occurring at the ocean surface microlayer, which is not always the case (Calleja15

et al., 2005), implying rapid diffusion of organic carbon gases at small spatial scales.

4.4 Depth profiles and diel cycles

The depth profiles of EDOC revealed the dynamic nature of this carbon pool (Fig. 8)
and the participation of phytoplankton in the production of exchangeable organic car-
bon, consistent with its role as a source of DOC to the Antarctic marine environment20

(Ruiz-Halpern et al., 2011). Profiles also suggest active consumption in the water col-
umn 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., 1997). Moreover, antarctic krill has been recently demonstrated
to release large amounts of DOC available to the microbial community (Ruiz-Halpern25

et al., 2011), and is likely to contribute to the EDOC pool as well, either mechani-
cally, through sloppy feeding (Möller, 2007), or via direct excretion (Ruiz-Halpern et al.,
2011).
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The diel cycles performed provide further evidence of the dynamic nature of EDOC
in the water column (Fig. 9). The relative invariance in the atmosphere of GOC H′−1

across the diel cycle suggests that it is EDOC, and its associated production and con-
sumption dynamics, the determinant factor for the direction of the net organic carbon
exchange and, under uniform wind speeds, for the variations in the magnitude of these5

fluxes. Peak EDOC concentrations were detected both at midday and middle of dark
period. These cycles point to a progressive build up 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,10

initialized by an upward motion at dusk (Zhou and Dorland, 2004) and subsequent re-
lease of EDOC by sloppy feeding and excretion (Møller, 2005), a hypothesis that awaits
further experimental tests.

5 Conclusions

The flux of volatile OC was predominantly towards the ocean, as 57 % of the stations15

indicated an OC flux from the atmosphere toward 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 two20

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 suggest that
VOC and SOC are emitted in some parcels of water and absorbed in other, 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). Indeed,25

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 trans-
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port from source areas to sink areas. For instance, penguin colonies are expected to
be strong sources of volatile organic carbon that may enter the ocean downstream of
wind trajectories. Although volatile organic carbon emissions from penguin colonies
have not yet been assessed, penguin colonies have been found to be important sites
of secondary emissions of volatile persisten organic pollutants (Roosens et al., 2007),5

with organic carbon likely to follow the same pathway. However, the origin of the organic
carbon, possibly emitted from penguin colonies and other sites of intense biological ac-
tivity, is marine. Moreover, the role of the atmosphere in the transport of marine organic
carbon has not yet been addressed, but deserves further attention.

The data gathered during the three cruises in the Antarctic region provide compelling10

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 sub-
tropical 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 than15

in other regions since it accounts for a larger proportion of total dissolved OC, with con-
centrations closely approaching to those of (non-purgeable) DOC. Air-sea water EDOC
fluxes are also important, with the mean (±SE) ratio of the absolute air–sea OC flux to
the absolute CO2 across the study being 61±30. Variability in these fluxes, however,
resulted in air–sea water exchanges of organic carbon not too different from 0 when av-20

eraged 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. Whereas 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, are likely to move25

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. Be-
cause the components of the flux originated in the ocean or the atmosphere are likely
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to have different properties, the flux remains significant even if, on a carbon basis, they
are approximately in balance at the regional scale.

These results support previous reports (Dachs et al., 2005; Jurado et al., 2008; Ruiz-
Halpern et al., 2010) highlighting that the understanding of the carbon budget of the
ocean requires consideration of volatile and semivolatile organic carbon fluxes across5

the air–sea water interface. This 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: the radiative balance through
green house effects, the oxidative properties of the atmosphere, hydroxyl radical forma-
tion, ozone cycling and cloud and secondary aerosol formation. Likewise, little is known10

on the properties and possible effects of EDOC in the water column, and other possi-
ble producers other than micro and macroalgae. Indeed, bacteria can act as a source
(Kuzma et al., 1995) or as a sink (Cleveland and Yavitt, 1998) of VOC as it has been
demonstrated for the production and consumption of isoprene, and could contribute,
not only to the EDOC pool in the water column, but also to its turnover. Moreover, the15

molecular weight of volatile and semivolatile species is low compared to that of DOC,
and it is likely that these molecules can be taken up and metabolized by the microbial
community possibly contributing to metabolic processes in the ocean.

In summary, the data presented here provide evidence of important air–sea fluxes
of volatile and semivolatile species of organic carbon in the waters surrounding the20

Antarctic Peninsula, comparable in magnitude to air–sea CO2 fluxes. Understanding
the sources, sinks and cycling of volatile and semivolatile organic carbon is an impera-
tive to understand the carbon budget of the ocean.
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Table 1. Mean± standard error (SE), median and ranges for the physical and biological param-
eters 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 was no acoustic data to estimate krill density for the ESASSI cruise.

Surface SST Sal U Chl a Krill density
◦C ms−1 mgm−3 10−6 indm−3

Cruise
ICEPOS 1.40±0.09 33.70±0.05 8.2±0.5 2.4±0.3 85±8

1.70 [(−0.4)–(+2.1)] 33.80 [32.7–34.4] 8.6 [0.5–16.9] 2.2 [0.5–4.6] 72 [27–260]

ESASSI 0.32±0.13 34.21±0.04 7.4±0.7 0.8±0.1 no data
0.25 [(−0.5)–(+1.5)] 34.28 [33.75–34.38] 7.4 [1.7–11.9] 0.85 [0.17–1.27]

ATOS 1.30±0.20 33.80±0.09 6.6±0.5 3.9±1.4 66±6
1.62 [(−1.1)–(+3.18)] 33.80 [32.5–34.33] 6 [2.7–11.6] 1.68 [0.11–31.6] 62 [19–160]

Area
Weddell Sea sector 0.09±0.08 34.12±0.05 8.1±0.6 3.6±1.6 59±7

0.02 [(−0.47)–(+0.96)] 33.81 [32.74–34.43] 7.8 [1.7–13.3] 2.2 [0.5–4.6] 72 [27–260]

Bransfield strait 1.61±0.09 33.98±0.03 8.1±0.6 2.6±0.4 110±11
1.75 [(−0.17)–(+2.76)] 33.90 [33.70–34.40]] 8.2 [0.5–16.9] 2.41 [0.33–7.7] 81 [20–260]

Western sector of the
Antarctic Peninsula

1.50±0.80 33.40±0.30 7.0±3.0 1.7±0.7 60±50
1.72 [(−1.1)–(+3.18)] 33.40 [32.50–33.80] 6.3 [2.4–12.7] 1.16 [0.12–4.55] 56 [19–160]
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Table 2. Mean± standard error (SE), median and ranges for CO2 fugacity in water and air,
EDOC, GOC H′−1 and DOC throughout the track 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 is no DOC data for the
ESASSI cruise.

Surface fCO2−w fCO2−a EDOC GOC H′−1 DOC
µatm µatm µmolCL−1 µmolCL−1 µmolCL−1

Cruise
ICEPOS 368±10 356±1 36±4 35±3 54±1

374 (183–475) 357 (345–374) 27 (0–147) 29 (11–134) 54 (45–63)

ESASSI 396±8 357±1.4 40±8 43±9 no data
400 (271–440) 358 (345–366) 31 (0–125) 34 (9–136)

ATOS 341±13 367±1.4 60±5 73±5 62±7
364 (148–416) 367 (350–379) 57 (1–102) 70 (16–104) 54 (45–181)

Area
Weddell Sea sector 346±16 360±1.4 49±7 40±5 71±16

387 (148–440) 360 (345–376) 42 (0–147) 30 (9–137) 56 (48.15–118.37)

Bransfield strait 401±6 360±1.0 39±5 50±4 54±1
389 (350–475) 359 (350–379) 34 (1–102) 44 (20–134) 53 (45–66)

Western sector of the
Antarctic Peninsula

344±7 356±1.4 41±6 47±8 58±5
351 (282–419) 353 (346–372) 21 (0–98) 21 (11–100) 54 (45–107)

Total Mean±SE 367±7 359±0.8 43±3 46±3 59±4
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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–sea water exchange), 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 Fvol Fab Faw FCO2
CO2 uptake OC uptake

mmolCm−2 d−1 mmolCm−2 d−1 mmolCm−2 d−1 mmolCm−2 d−1 % stations % stations

Cruise
ICEPOS 100±18 −90±11 10±17 1.0±2.0 20 56

48 (0–820) −70 [−360–(0)] −7 [−232–(+709)] 2.3 [−39–(+27)]

ESASSI 100±30 −120±40 −20±20 6.4±1.6 10 50
35 (0.6–556) −33 [−606–(0)] 3 [−310–(+101)] 4.1 [−5–(+21)]

ATOS 100±20 −130±20 −27±11 −2.0±1.4 46 71
72 (1–385) −88 [−457–(−24)] −15 [−161–(+63)] 0.05 [−20–(+13)]

Area
Weddell Sea sector 140±40 −120±30 20±30 −2.0±3.0 38 41

72 (0.6–820) −56 [−606–(0)] 6 [−310–(+710)] 1.2 [ (−38.7)–(+20.6)]

Bransfield strait 103±17 −129±16 −27±12 6.9±1.2 0 72
80 (0–457) −109 [−457–(0)] −18 [−232–(+224)] 4.26 (0–27.4)

Western sector of the
Antarctic Peninsula

66±13 −64±13 2.24±12 −1.5±0.8 56 52
41 (0–293) −45 [−386–(0)] −441 [−161–(+150)] −1.7 [−8.9–(+6.3)]

Total Mean ± s.e 107±13 −110±11 −2.17±11 1.6±1.2 28±10 57±5
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Scotia Sea

Fig. 1. Map of the region and the stations sampled during the three cruises: ICEPOS (triangles);
ESASSI (diamonds); ATOS-Antarctica (circles).
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Fig. 2. The distribution of shipboard continuous measurements of windspeed (U, ms−1, A),
sea-surface temperature (SST, ◦C, B), salinity (Sal, C), and fluorescence (Fl, D).
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Fig. 4. Scatterplots of fCO2−w vs Chl a (A) and Krill density (B). Data combined for all cruises
and stations.
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Fig. 5. Frequency distribution of surface EDOC and GOC H′−1 (µmolCL−1) for all three cruises.
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Fig. 7. Relationship between GOC H′−1 and EDOC at 5 m depth and the relationship between
EDOC in the surface microlayer (SML-EDOC) and EDOC at 5 m depth. The solid line shows
the fitted regression equation (GOC H′−1 =20.9+0.42 EDOC, R2 =0.55 ; p < 0.05). Data for
11 stations during the ICEPOS cruise.
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Fig. 8. Representative depth profiles of EDOC and Chl a. Example profile performed during
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in the water, and as GOC H′−1(single open circle) in the atmosphere, open squares (Chl a).

16210

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/16173/2013/bgd-10-16173-2013-print.pdf
http://www.biogeosciences-discuss.net/10/16173/2013/bgd-10-16173-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 16173–16211, 2013

Ocean-atmosphere
exchange of organic

carbon and CO2

S. Ruiz-Halpern et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

m
ol

 C
 L

-1

0

20

40

60

80

EDOC

GOC H'-1

m
ol

 C
 L

-1

0

20

40

60

80

so
la

r 
ra

di
at

io
n 

(W
 m

-2
)

0

200

400

600

800

1000

1200

1400 13-15 February 2005 
16-18 February 2005 

Time of day
  0

6:00
  1

0:00
  1

4:00
  1

8:00
  2

2:00
  0

2:00
  0

6:00
  1

0:00
  1

4:00
  1

8:00
  2

2:00
  0

2:00
  0

6:00
  1

0:00
  1

4:00
  1

8:00
  2

2:00

m
ol

 C
 L

-1

0

20

40

60

80

3-5 February

13-14 February

16-18 February

Fig. 9. Diel variability of EDOC (solid line, open circles) and GOC H′−1 (dashed line, open
squares). The top panel shows solar radiation for the different days sampled, data for the 3–
5 February cycle is missing due to equipment failure.
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