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Abstract

During the ARK XXV 1+2 expedition in the Arctic Ocean carried out in June–July 2010
aboard the R/V Polarstern, we measured carbon monoxide (CO), non-methane hydro-
carbons (NMHC) and phytoplankton pigments at the sea surface and down to a depth
of 100 m. The CO and NMHC sea-surface concentrations were highly variable; CO,5

propene and isoprene levels ranged from 0.6 to 17.5 nmol l−1, 1 to 322 pmol l−1 and
1 to 541 pmol l−1, respectively. The CO and alkene concentrations were enhanced in
polar waters off of Greenland, which were more stratified because of ice melting and
richer in chromophoric dissolved organic matter (CDOM) than typical North Atlantic
waters. The spatial distribution of the surface concentrations of CO was consistent with10

our current understanding of CO-induced UV photo-production in the sea. The ver-
tical distributions of the CO and alkenes followed the trend of light penetration, with
the concentrations displaying a relatively regular exponential decrease down to non-
measurable values below 50 m. However, no diurnal variations of CO or alkene con-
centrations were observed in the stratified and irradiated surface layers. This finding15

suggests that the production and removal processes of CO and alkenes were tightly
coupled. We tentatively determined a first-order rate constant for the microbial con-
sumption of CO of 0.5 d−1, which is in agreement with previous studies. On several
occasions, we observed the existence of subsurface CO maxima at the level of the
deep chlorophyll maximum. This finding represents field evidence for the existence of20

a non-photochemical CO production pathway, most likely of phytoplanktonic origin. The
corresponding production rates normalized to the chlorophyll content were in the range
of those estimated from laboratory experiments. In general, the vertical distributions of
isoprene followed that of the phytoplankton biomass. Hence, oceanic data support the
existence of biological production of CO and isoprene in the Arctic Ocean.25
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1 Introduction

Carbon monoxide (CO) and non-methane hydrocarbons (NMHC) are ubiquitous in the
remote marine troposphere and play a key role in determining the oxidizing capacity
of Earth’s atmosphere (Thompson, 1992; Prather et al., 2001). These compounds are
major consumers of OH radicals and are strongly involved in lowering levels of this5

dominant atmospheric oxidant in the remote marine atmosphere. The lifetime of tropo-
spheric CO is approximately 2 months (Crutzen, 1994; Prather, 1996), while the NMHC
lifetimes range from a few hours up to several days (Logan et al., 1981; Atkinson, 1990).
Isoprene has long been recognized as the dominant NMHC produced (Rasmussen and
Went, 1965; Zimmerman et al., 1988). While terrestrial vegetation is the main source of10

isoprene, it has been shown that productive oceanic areas can emit isoprene at rates
that can potentially influence the budget of reactive trace gases and oxidants in the
remote atmosphere (Bonsang et al., 1992; Broadgate et al., 1997; Ayers et al., 1997;
Lewis et al., 1997, 2001; Carslaw et al., 1999; Liakakou et al., 2007). In addition to its
photochemical role, isoprene is also a precursor of secondary organic aerosols over15

continental areas (Kanakidou et al., 2005 and references therein; Kroll and Seinfeld,
2008) and, possibly to a lesser extent, over the oceans (Arnold et al., 2009; Gant et al.,
2010).

Surveys of CO (Swinnerton and Lamontagne, 1974; Stubbins et al., 2006; Xie et al.,
2009) and NMHC concentrations (Rudolph and Ehhalt, 1981; Bonsang et al., 1988,20

1992; Milne et al., 1995) in the ocean and the remote marine atmosphere have shown
that the surface ocean is generally a source of reactive CO and NMHC because it is su-
persaturated with respect to the atmosphere. Estimates of the global marine emissions
of CO span a large range from 3 to 600 Tg C yr−1 (Bates et al., 1995; Zuo and Jones,
1995; Rhee, 2000). The results of more recent assessments are contrasting: Stubbins25

et al. (2006) provided rather low fluxes (3.7±2.6 Tg C yr−1), and using a model of CO
photoproduction in the euphotic layer, Fichot et al. (2010) predicted a global marine
source of CO of 41 Tg C yr−1. The global marine emissions of NMHC are estimated

4729

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/4727/2012/bgd-9-4727-2012-print.pdf
http://www.biogeosciences-discuss.net/9/4727/2012/bgd-9-4727-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
9, 4727–4792, 2012

Assessment of the
role of phytoplankton

S. Tran 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
|

to range between 2 and 50 Tg C yr−1. These emissions were obtained from regional
measurements extrapolated to the global scale (Bonsang et al., 1988; Guenther et
al., 1995; Plass-Dulmer et al., 1995; Ratte et al., 1998). For example, the value of
2 Tg C yr−1 provided by Plass-Dulmer et al. (1995) was based on measurements con-
ducted only in oligotrophic waters. The marine source of isoprene is estimated to range5

between 0.31 and 1.09 Tg C yr−1. These values are quite small compared to the es-
timated global emissions of isoprene of ∼400–750 Tg C yr−1 (Guenther et al., 2006;
Müller et al., 2008).

Marine CO and NMHC are hypothesized to be produced mainly photochemically
from the interactions between UV-light and chromophoric dissolved organic matter10

(CDOM). In accordance, dissolved CO concentrations can display strong diurnal varia-
tions, with maxima in the early afternoon and minima at dawn (Swinnerton et al., 1970;
Conrad et al., 1982; Jones, 1991; Bates et al., 1995; Zafiriou et al., 2008). The photo-
chemical production of CO (Kettle, 2005; Zafiriou et al., 2008; Xie et al., 2009) is better
understood than that of NMHC (Lee and Baker, 1992; Ratte et al., 1993, 1998; Riemer15

et al., 2000). The production depends on the UV-absorption coefficient of CDOM in
the water column and the CO quantum yield, which are both wavelength dependent
and relatively well parameterized (Kettle, 2005; Fichot and Miller, 2010). Additionally,
biological production of CO has been recently observed in laboratory experiments, but
the production pathways remain unclear (Gros et al., 2009). To date, there was no evi-20

dence for the biological production of CO from field observations. Conversely, isoprene
is known to be produced biologically (Bonsang et al., 1992, 2010; Shaw et al., 2003,
2010; Milne et al., 2005; Arnold et al., 2009), making it interesting to investigate the
spatial and temporal variation of CO and isoprene concomitantly. The main sinks of
oceanic CO are air-sea gas exchange and microbial oxidation (Zafiriou et al., 2003),25

while air-sea gas exchange is the only known sink for NMHC (Palmer and Shaw, 2005).
Evidence for the microbial consumption of NMHC, including isoprene, is lacking.

In polar regions, which are the most sensitive areas to the effects of global warm-
ing, only a few researchers have reported oceanic CO and NMHC measurements
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(Linnenbom et al., 1973; Bates et al., 1995; Hudson and Ariya; 2007; Xie et al., 2009).
The variability of seasonal ice cover, extremes of solar radiation and variable inputs
of freshwater and terrestrial dissolved organic matter should impact photochemistry,
air-sea gas exchange and microbial processes (Frey and Smith, 2005; Retamal et al.,
2007; Opsahl et al., 2009). It is expected that Arctic ice melting, leading to the re-5

duction of ice thickness and ice coverage, would impact the depth of the mixed layer
and of the euphotic zone, with a deeper penetration of light in the water column. This
change should have major effects on plankton (Häder et al., 2007; Wängberg et al.,
2008; Eilerksen and Holm-Hansen, 2000). In addition, due to the shrinking of sea-ice,
photochemical processes in the water and the air-sea exchange of gases will be en-10

hanced. Moreover, the increases of sea surface temperature and dissolved organic
matter inputs are expected to stimulate bacterial production (Xie et al., 2009).

Here, we report the results of the first study combining horizontal and vertical mea-
surements of CO, light NMHC, phytoplankton pigment concentrations, and a series of
physical and chemical parameters to assess the production and removal pathways of15

CO and NMHC in North Atlantic and Arctic waters during the summer months.

2 Study area

Samples were collected during a seven-week-long cruise (ARK XXV1+2, 10 June–
29 July 2010) on the R/V Polarstern from Bremerhaven, Germany, to Reykjavik, Ice-
land, through Longyearbyen (Greenland) and Svalbard (Fig. 1). This cruise covered a20

wide range of environments from populated/coastal areas (North Sea) to remote ma-
rine areas and from temperate areas to the high Arctic.

During this campaign, we carried out several transects, which will be presented here
as four separate sections: two N-S transects (section 1 from 58◦ N to 75◦ N and sec-
tion 4 from 69◦ N to 78.5◦ N) and two E-W transects (section 2 at 75◦ N and section 325

at 78.5◦ N). Special attention was paid to the long-term deep-sea observatory HAUS-
GARTEN in the eastern Fram Strait (section 3, magnified area in Fig. 1). The pack
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ice was met along the Greenland coast from 16 June to 20 June and from 18 July to
25 July. All of the date and time values are given in UTC.

Sea-surface measurements were performed using the ship’s membrane pump. Dur-
ing the first part of the cruise (from 16 to 21 June 2010), the sea-surface sampling
had to be interrupted to avoid damaging the membrane pump while crossing the thick5

pack ice. A total of 33 depth profiles were also carried out, which were separated into
two lots: 10 stations (section 2) and 23 stations (section 3). Only surface seawater
measurements were carried out during sections 1 and 4.

The hydrology of the investigated area has been described by Rudels et al. (2004)
and Blindheim and Rey (2004). The hydrology is particularly driven by two factors: sea-10

sonal changes in the water density in relation to the formation and melting of sea ice
and the occurrence of precipitation that exceeds evaporation. These factors result in an
outflow of low-density water through the upper layer and an inflow of high-density wa-
ter through lower layers, with the establishment of a strong pycnocline in summer. The
outflow is restricted to the western side of the basin, while the inflowing warm waters15

from the Atlantic Ocean spread through an intermediate layer. A full description of this
complex hydrology can be found in http://www.incois.gov.in/Tutor/regoc/pdffiles/colour/
double/07P-Arctic-right.pdf. Using the method of Schlichtholz and Houssais (1999),
different water masses were identified and classified (Table 1). The method described
in their study was originally applied to Fram Strait and water masses located between20

77.15 and 81.15◦ N. We have applied this method to our whole study area to sort our
samples according to similar water characteristics. For SST higher than 5 ◦C and salin-
ities lower than 34.4, a new class has been added (namely Atlantic water with low
salinity due to freshwater inputs) to differentiate it from polar waters. This classification
will facilitate the understanding of the influences of water masses on the distributions25

of gases.
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3 Experiments

3.1 Sample collection and storage

Clean surface seawater was measured online. The water was pumped using a mem-
brane pump from a 6 m depth inlet and transported through a Teflon pipe to the ana-
lytical laboratory. A 1/8′′ Teflon line was then used to connect the seawater inlet to the5

systems of gas extraction.
In addition, vertical profiles of dissolved CO and NMHC were performed at the dif-

ferent stations from the surface to a depth of 100 m. Seawater samples were collected
from standard 12 l Niskin bottles and then transferred to 1 l UV-protected glass bottles,
which were overfilled before capping to eliminate headspace. The bottles were pre-10

rinsed with seawater prior to the sample collection. Six to ten depths were investigated
according to the fluorescence profile provided by a “Conductivity, Temperature, Depth”
(CTD) sensor to obtain a better resolution at the depth of the chlorophyll maximum.
During the first part of the cruise (sections 1 and 2), six samples were collected in
duplicate. During the second part of the cruise (sections 3 and 4), the samples were15

not duplicated, and the vertical resolution was improved (i.e. 10 samples per vertical
profile). The samples were not filtered, to avoid filtration artifacts and potential con-
tamination. The surface water samples were analyzed immediately after collection,
whereas the remaining samples were stored at 0 ◦C and analyzed subsequently within
ten hours.20

To check for potential storage artifacts, we conducted an experiment in which a series
of 8 duplicated samples were successively analyzed for CO and NMHC within 7 h.
The first flask was immediately analyzed after sampling, and the other flasks were
stored at 0 ◦C until further analysis. We observed that the CO concentrations, which
were in the range of 0.1 to 0.8 nmol l−1, were significantly lower after several hours of25

storage. Because the flasks were perfectly sealed, gas exchange with the surrounding
air was negligible. Assuming first-order kinetics, the CO loss was on average equal to
(5.7±4.0)×10−6 s−1 or 0.5±0.3 d−1. Nevertheless, the CO levels were not corrected
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for losses during storage. Instead, we decided to maintain the following procedure:
priority was always given to the analysis of the surface samples, which are enhanced
in CO, as will be shown later. Because the last samples analyzed were always the
deepest ones, it is plausible that the steep vertical gradients observed between the
surface and 100 m depth are in fact less steep than in reality due to some loss of CO in5

the deep samples. In contrast, no storage artifact was observed for NMHC, including
isoprene.

3.2 Analytical methods

3.2.1 Extraction of CO and NMHC

The extraction of the dissolved gases was performed using an automated gas-10

segmented continuous-flow-equilibration method similar to that described by Xie et
al. (2001). Two extraction cells were used and coupled to two different analyzers.
Briefly, the extraction cell was a glass coil in which synthetic air and seawater were
introduced continuously via a Teflon “tee” to form regularly spaced air-water segments.
At the air-water interface, equilibration occurs by the diffusion of dissolved gases into15

the gas phase. Partially equilibrated gas was continuously flowing through a glass air-
water separator and directed to the dedicated analyzer through a 1/8′′ stainless-steel
line.

For the CO measurements, we used a 6.1 m length, 4 mm i.d. and 6 mm o.d. glass
coil. The inlet water-sample flow rate (fw) into the cell was regulated (20 ml min−1), and20

the flow rate of synthetic air (fa) was 5 ml min−1. The ratio of fa/fw was 0.25, which
was chosen to provide sensitivity and good extraction efficiency (Xie et al., 2001). For
the NMHC measurements, the system was the same except for the dimensions of
the extraction cell. Because the NMHC analyzer requires higher flow rates of air, we
optimized the geometrical characteristics of the cell to obtain a larger exchange surface25

between the air-water segments. We used a 7.1 m long, 6 mm i.d. and 9 mm o.d. glass
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coil (custom-blown). The inlet water sample and gas-extraction flow rates were both
fixed at 20 ml min−1 for an fa/fw ratio equal to 1.

The water flow was regulated using a Gilson peristaltic pump (model Minipuls 3,
Gilson Inc., Middleton, WI, USA) through 2.4 mm i.d. silicon tubes, and the synthetic air-
flow rates were regulated using a mass-flow controller (model GFC17, 0–50 ml min−1,5

Aalborg, Orangeburg, NY, USA). The flow rates, which were carefully determined in
the laboratory, were regularly checked for stability aboard. The extraction yield (given
in Table 2) was optimized in the laboratory using both seawater and fresh water (Milli
Q). The results showed no significant differences. The flow rates were optimized to
provide the highest extraction efficiency (see Eq. A6 in Appendix A for NMHC). For10

CO, because the instrument flow rate should not exceed 5 ml min−1, the extraction
efficiency was lower but was still in a reasonable range and very reproducible.

Table 2 shows the theoretical and experimental extraction efficiencies in the experi-
mental conditions defined, i.e. an fw of 20 ml min−1 and an fg of 5 and 20 ml min−1 for
carbon monoxide and NMHC, respectively.15

3.2.2 Instruments for CO and NMHC analyses

Carbon monoxide was measured using gas chromatography with a hot mercuric-oxide
detector (RGD2, Trace Analytical, Menlo Park, CA, USA) directly coupled to the ex-
traction cell. The system was composed of two 1 ml stainless-steel injection loops (for
samples and calibration, respectively). The pre-column (0.77 m length, 0.32 cm o.d.,20

containing Unibeads 1S 60/80 mesh) and the column (0.77 m length, 0.32 cm o.d., con-
taining molecular Sieve 13X 60/80 mesh) were heated at 95 ◦C, and the mercuric-oxide
detector was operated at 265 ◦C. The CO retention time was 1.5 min, and a complete
chromatogram lasted for 2.5 min.

NMHC measurements were performed using gas chromatography with a photo-25

ionization detector (GC-PID, Interscience, Global Analyser Solutions, Breda, NL). To
remove water vapor, a Nafion dryer system (Perma Pure LLC, Toms River, NJ, USA)
and a trap filled with magnesium perchlorate were placed upstream of the gas inlet. The
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air sample was pumped at 18 ml min−1 for 20 min. The gas inlet was driven by two mem-
brane valves that control the load and the injection into the trap. NMHC were trapped
using three adsorbents (Carbosieve SIII, Carbopack B and Carbopack X) packed in
one trap. Our original plans were to use the Peltier system to cool the trap at −8 ◦C, but
the system rapidly became inoperative. Therefore, we worked at ambient temperature,5

and consequently, ethene was not properly quantified using our instrument. The trap
was purged with nitrogen. A DB1 pre-column (8 m length, 0.32 mm i.d.×1 µm) was
used. This column is a nonpolar column that retains the heaviest NMHC (>C6) prior
to backflushing. The second column is an Al2O3-Na2SO4 capillary column for C2-C5

(30 m length, 0.32 mm i.d.×5 µm). The flow rate of carrier gas (helium) was 3 ml min−1.10

The GC oven was operated isothermally.

3.2.3 Calibration of CO and NMHC and accuracy of the measurements

The calibration of CO was performed automatically using a standard gas of CO in
synthetic air (187±20 ppbv in a 40 l aluminum cylinder) provided and calibrated by
the National Oceanic and Atmospheric Administration (NOAA, Boulder, CO, USA). A15

sample and a standard were injected alternately, and each sample measurement was
directly calibrated against the preceding standard. The NMHC measurements were
calibrated twice a day using an NMHC standard provided by the National Physical
Laboratory (NPL, Teddington, Middlesex, UK) containing 30 hydrocarbon species in
nitrogen. The nominal concentrations of NMHC were in the range of 3.83 to 4.08 ppbv,20

and the precision was 0.08 ppbv for each compound. The calibration gas was injected
into the analyzer for 2 min at a flow rate of 30 ml min−1. The response of the detector
was checked carefully for potential drifts. No significant drift was observed during the
cruise. The absolute variability of the detector response was approximately 20 % for
propene (Fig. 2) and of the same order of magnitude for the other NMHC.25

A blank measurement was performed systematically after the calibration to prevent
from-memory effects. Blanks were also measured regularly by stopping the water flow
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in the extraction cell and allowing the air to circulate into the cell to the analyzer. The
average value of all of the blanks was used to correct the CO and NMHC concentra-
tions. The detection limit (DL) for CO, considering the smallest peak area measurable,
was 0.08 nmol l−1. For NMHC, the instrumental DL was relatively low, but the blanks dis-
played high levels and high variability (based on standard deviation of the blank, σblank),5

which exceeded the instrumental DL. The minimum detectable value ([NMHC]min) re-
ported in Table 2 was therefore calculated as follows:

[NMHC]min ≥ [NMHC]blank +DL+σ (1)

On the whole, the precision of the CO and NMHC measurements was 2.5 % and 10 %,
respectively, and their accuracy was 12 % and 20 %, respectively, including the repro-10

ducibility of the measurements, the blank and the standard variability.
Because ethene was not considered because it was not properly analyzed, propene

was the most abundant light alkene detected and quantified using our system. Propene
accounted for 40 % to 70 % of the total alkenes, regardless of the total concentration
of alkenes (Fig. 3). Hence, propene will be considered as representative of the whole15

family of light alkenes.

3.2.4 Phytoplankton taxonomy assessed using marker pigments

Biological samples were collected in the Greenland Sea and Fram Strait. Water sam-
pling was conducted with Niskin bottles attached to a CTD sensor (SBE 9 plus, Sea-
Bird Electronics Inc, Washington D.C., USA) mounted on a stainless frame and, for the20

surface samples, with a membrane pump (6 m depth) from an overflow outlet of the
gas-measurement line. In total, 650 samples were collected, with 122 surface samples
and 528 samples from depth profiles in the upper 100 m of the water column. The depth
resolution was between 6 to 10 samples per station.

For the determination of pigments, 1–3 l of seawater were filtered onto 25 mm What-25

man GF/F filters with a pressure of less than 120 mbar. After the filtration, the filters
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were folded, immediately frozen in liquid nitrogen and stored at −80 ◦C. The collected
samples were all analyzed in the laboratory within 8 months.

The samples were measured using a Waters HPLC system (Waters Corporation,
Milford MA, USA) equipped with an autosampler (model 717 plus autosampler), an
HPLC pump (model 600 HPLC LCD pump), a photodiode array detector (model PDA5

2996), a fluorescence detector (model 2475 fluorescence detector) and the Empower
software. For analytical preparation, 50 µl of an internal standard (canthaxanthin) and
2 ml of acetone were added to each filter sample and homogenized for 20 s. After
centrifugation, the supernatant liquid was filtered through a 0.2 µm filter and placed in
Eppendorf cups from which aliquots (100 µl) were transferred in the autosampler vials10

(4 ◦C). Just prior to analysis, the sample was premixed with a 1 M ammonium acetate
solution in a 1:1 (v/v) ratio in the autosampler and injected onto the HPLC system. The
pigments were analyzed using reverse-phase HPLC with a VARIAN Microsorb-MV3
C8 column (4.6×100 mm) and HPLC-grade solvents (Merck KGaA, Darmstadt, Ger-
many). Solvent A consisted of 70 % methanol and 30 % 1 M ammonium acetate, and15

solvent B contained 100 % methanol. The gradient was modified following Barlow et
al. (1997). The eluting pigments were detected by absorbance (440 nm) and fluores-
cence (Ex: 410 nm, Em:>600 nm).

The pigments were identified by comparing their retention times with those of pure
standards and algal extracts. Additional confirmation for each pigment was completed20

using on-line diode array absorbance spectra from 390–750 nm. The pigment con-
centrations were quantified based on the peak areas of external standards, which
were spectrophotometrically calibrated using extinction coefficients published by Bidi-
gare (1991) and Jeffrey et al. (1997). For correction of experimental losses and volume
changes, the concentrations of the pigments were normalized to the internal standard25

canthaxanthin.
The taxonomic structure of the phytoplankton communities was derived from photo-

synthetic pigment ratios using the CHEMTAX® program (Mackey et al., 1996), and the
phytoplankton group composition is expressed in chlorophyll a concentrations.
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3.2.5 Environmental data and ancillary measurements

Standard meteorological information (wind speed and global radiation) were obtained
from the ship’s weather station. Seawater characteristics (water temperature and
salinity) were obtained from the Data Acquisition and Management System for Ma-
rine Research, which was updated continuously from on-board facilities (http://www.5

pangaea.de/PHP/CruiseReports.php?b=Polarstern). CDOM measurements were con-
ducted with the ferry box system of the Helmholtz Zentrum Geesthacht (HZG). The val-
ues presented here were not calibrated and will be reported in arbitrary units to display
their evolution along the cruise. The density was estimated from vertical CTD profiles
(courtesy Gereon Budeus).10

Optical in-water profiles were measured using two types of RAMSES hyperspectral
radiometers (TriOS GmbH, Germany), which measured the radiance and irradiance in
a wavelength range from 350 nm to 950 nm and with a spectral resolution of approxi-
mately 3.3 nm and a spectral accuracy of 0.3 nm. The radiance sensor had a field of
view of 7◦, while the irradiance sensor had a cosine collector fixed in front of the instru-15

ment. All of the measurements were obtained with an automated integration time of
the respective sensor between 4 ms and 8 s. A reference irradiance device was placed
above the water surface to monitor the down-welling incident sunlight and allow the
normalization of the in-water measurements according to Stramski et al. (2008).

The profile data were averaged in discrete intervals of 2 m down to a depth of 48 m,20

of 4 m down to a depth of 80 m and of 10 m for the measurements below 80 m. Be-
cause surface waves strongly affected the measurements in the upper few meters, the
upwelling irradiance and radiance at the surface were determined from deeper mea-
surements that were extrapolated to the sea surface (Stramski et al., 2008; Ocean
Optics Protocols For Satellite Ocean Color Sensor Validation, Revision 4, Volume III,25

and http://www.archive.org/details/nasa techdoc 20030063139). PAR irradiance pro-
files were calculated as the integral of irradiances for wavelengths from 400 nm to
700 nm for each depth interval, and the UVA irradiance profiles were calculated as
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the integral for wavelengths from 350 nm to 400 nm. A total of 22 radiometric profiles
were collected from the CTD stations at noon down to a maximum depth of 190 m.

4 Results

4.1 Variability of the surface CO and NMHC concentrations

Throughout the cruise, the surface-seawater CO concentrations showed a high de-5

gree of variability. The values ranged from 0.6 to 17.5 nmol l−1, with a mean value
of 4.2±3.0 nmol l−1. The mean background value calculated during the period from
25 July at 18:00 to 26 July at 12:20 UTC, during which a very low variability of
CO concentration occurred, was estimated at 1.6±0.9 nmol l−1. A few measure-
ments of atmospheric CO were performed during our campaign and showed a quasi-10

constant level of approximately 93±9 ppbv. Considering Henry’s constant of CO
(8.7×10−4 mol l−1 atm−1) (Yaws and Yang, 1992), the equilibrium between the air
and sea surface would lead to a seawater concentration of 0.08 nmol l−1. Conse-
quently, the seawater was always supersaturated. The ocean served as a net source
of CO to the atmosphere. The CO concentrations were higher in nearshore waters15

(7.4±4.4 nmol l−1) than in the open ocean (4.0±2.5 nmol l−1), most likely due to the
input of additional CDOM from the rivers or melt water (Cauwet and Sidorov, 1996;
Wheeler et al., 1997; Gibson et al., 2001).

The NMHC and CO measurements were performed simultaneously. However, be-
cause an analysis of NMHC lasted for approximately 40 min in contrast to 5 min for CO20

analysis, there are fewer measurements of NMHC than of CO along the cruise track.
Moreover, because daytime was usually dedicated to measurements at fixed stations,
most of the surface NMHC measurements were performed at night.

Throughout the cruise, the isoprene concentrations varied widely, ranging from un-
detectable values to 541 pmol l−1, with an average of 26±31 pmol l−1. Averaged max-25

imum values of CO and NMHC concentrations are presented in Table 3. The NMHC
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concentrations at the surface were in the range from undetectable values to several
hundreds of pmol l−1. The dominant class of light hydrocarbons was alkenes. The low-
est levels of CO and propene were 0.6 nmol l−1 and 1 pmol l−1, respectively.

The wide range of variability in CO and propene concentrations is shown in the con-
tour plots presented in Fig. 4, together with the distributions of CDOM. The CDOM5

levels were higher in the pack ice along the Greenland coast where CO and alkene
levels were enhanced. In particular, hot spots of CO and propene concentrations oc-
curred on the N-S transect between 76 and 78◦ N. Another hot spot of CO concentra-
tion occurred close to Jan Mayen Island, but unfortunately, no alkene measurements
were conducted in this region. Similarly, low concentrations of CO and propene were10

simultaneously observed when low concentrations of CDOM occurred.

4.2 Variations along the 4 sections

Each of the following plots displays the surface concentrations of CO and propene,
sea-surface temperature, CDOM levels, global solar radiation, latitude, wind speed and
bathymetry. Note that there are gaps in the records for several reasons, including the15

shift from surface sampling to vertical sampling, instrument calibration or instrument
failure.

Section one (Fig. 5) covered a large latitudinal range from the Norwegian coasts to
Greenland and crossed the Norwegian Basin (cf. bathymetry Fig. 5d). The surface-
seawater CO concentration ranged from 1.0 to 11.7 nmol l−1, with a mean value of20

4.3±2.1 nmol l−1 (Fig. 5a). The average propene concentration was 89±58 pmol l−1.
There was no clear correspondence between CO and propene. The sea-surface tem-
perature decreased towards the north from 11 ◦C to −0.6 ◦C. There was a clear tran-
sition from Atlantic Water (AW) masses to PW (Fig. 5b). A front was crossed while
approaching Jan Mayen Island, characterized by a temperature drop of 3 ◦C associ-25

ated with a change of water masses from WAW to FAW. CDOM values were low all
along this section (below 0.5 arbitrary units) but increased slightly on the Greenland
shelf. The sunniest days were observed at the beginning of the transect (Fig. 5c),
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during which the total radiation reached 900 W m−2, while on the other days, the max-
imum radiation was below 600 W m−2. There was a decreasing trend in wind speed
(Fig. 5d) from 25 m s−1 at the beginning of the section to 3 m s−1 by the end. Only two
vertical profiles were recorded, one close to Jan Mayen Island and the second along
the Greenland coast.5

Section two (Fig. C1 shown in Appendix C) crossed the Greenland Basin roughly at
75◦ N. The surface-seawater CO concentration ranged from 0.5 to 10.5 nmol l−1, with
a mean CO value of 4.3±2.6 nmol l−1. The propene concentrations were quite low
(in the range of 1 to 72 pmol l−1) but showed the same pattern as CO. The average
concentration of propene was 23±14 pmol l−1. The transect stations included FAW10

water masses with an average SST of 2.8±0.4 ◦C and constant low CDOM values. At
the end of the transect and during a short route toward the north, WAW water masses
were encountered. Nine stations were sampled during the transect at 75◦ N.

Section 3 (Fig. C2 in Appendix C) covered the entire Fram Strait from east to west.
The ship sometimes travelled north to reach the HAUSGARTEN area of investigation.15

The sampling from this section lasted 23 days. A total of 22 stations were investigated.
The CO values ranged from 1.0 to 14.4 nmol l−1, with a mean surface CO concentration
of 3.8±2.6 nmol l−1. The propene concentration ranged from 2 to 303 pmol l−1, with an
average value of 87±44 pmol l−1. During this section, the ship crossed four different
water masses (PW, AW, FAW and WAW), with sharp changes of the sea-surface tem-20

perature (up to 7 ◦C) while meeting PW. The CDOM values increased 5-fold at the end
of this section. It appears that the CO concentrations were much more influenced by
the presence of polar waters than by irradiance.

The last section (Fig. 7) on the way back from the Greenland coast to Iceland
lasted 3 days. Pack ice was present over the Greenland shelf. The polar waters were25

associated with the East Greenland Current and had high CDOM levels (Fig. 7b).
The CO and propene concentrations ranged from 1.1 to 17.5 nmol l−1 and 45 to
322 pmol l−1, respectively. High CO concentrations (mean value of 5.9±4.9 nmol l−1)
up to 17.5 nmol l−1 and high propene concentrations (average of 235±29 pmol l−1)
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were observed from 23 to 25 July (Fig. 7a). The influences of the bathymetry and pack
ice on the CO concentrations are obvious (Fig. 7d). The CO and propene concentra-
tions showed the same trend except for the night of 25 July, when the CO concentration
began to decrease, while the propene values remained high. Off of Jan Mayen Island
(Fig. 7d), in AW, a peak of CO concentration was measured (17.5 nmol l−1). Unfortu-5

nately, the propene concentrations were not measured, and the solar-radiation and
wind-speed sensors were switched off from 26 July in the morning (Fig. 7c, d).

In general, it appears that CO and NMHC concentrations are consistent with surface-
seawater temperature (Figs. 5 to 7). Specifically, between 7 to 9 July (Fig. 6) and from
24 to 25 July (Fig. 7), temperature drops of 5 to 7 degrees are associated with a simul-10

taneous increase of CO and propene concentrations. On average, polar waters, which
are characterized by low temperature (<5 ◦C) and salinity (<34.7), are enhanced in CO
and propene (alkenes), with mean concentrations of 6.5 nmol l−1 and 125 pmol l−1, re-
spectively (Table 4), whereas FAW or WAW contained 2-fold lower concentrations. It
is particularly interesting that isoprene displays an opposite trend, with concentrations15

significantly higher in warm waters than in polar waters.

4.3 Vertical distributions of CO and NMHC concentrations

All of the vertical profiles were first plotted together and averaged, and the mean depth
profiles of CO and light alkenes down to a depth of 100 m are displayed in Fig. 8. The
concentrations show a regular decrease with depth comparable to that of light pene-20

tration (PAR, Fig. 8 and UVA, Fig. 10). In the case of isoprene, its vertical distribution
is more consistent with the chlorophyll a distribution than with the profile of the light-
penetration curve (Fig. 9) and is characterized by a systematic subsurface maximum
between 10 and 30 m depth.

The stations s237 and s194, located in polar waters with significant sea-ice coverage25

and in open water, respectively, had the highest concentrations of CO and propene at
the surface. The other stations showed the same pattern to a lesser extent, which
will be discussed in Sect. 5.3. Polar waters (typical ice station: station 237) showed
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the highest gas concentrations in the mixed layer (0 to 15 m depth for station 237)
combined with a steep decrease of concentration with depth. In contrast, in open-water
stations (e.g. station 194), the decreases of CO and propene concentrations with depth
were spread throughout the upper 40 m layer, while the mixed layer was limited to 0 to
8 m of depth for station 194. As shown above, the vertical distributions of CO and5

propene are clearly influenced by the light profile. However, the vertical gradients of
CO and propene appear steeper in polar waters.

5 Discussion

For dissolved carbon monoxide, our results are comparable to other measurements of
surface water in the Arctic Ocean, particularly with the first measurements by Swin-10

nerton and Lamontagne (1974), who report an average concentration of 2.5 nmol l−1.
Recently, the CO concentration measured in the Beaufort Sea (during spring) ranged
from 0.98 to 13 nmol l−1, with a mean value of 4.72±2.42 nmol l−1 (Xie et al., 2009).
For other oceanic areas, the surface-seawater CO concentrations are in the range of
0.4 to 2.6 nmol l−1 over the Atlantic Ocean (Stubbins et al., 2006) and 0 to 5.8 nmol l−1

15

over the Pacific Ocean (Bates et al., 1995). The values reported here were thus of the
same order of magnitude. Nevertheless, the maximal values found in the Arctic Ocean
were the highest among the previously reported CO measurements in the open ocean.
For NMHC, our results are also in agreement with the previous data reported in the
literature (Plass-Dülmer et al., 1995), but because no specific investigations of NMHC20

were performed in arctic regions, a direct comparison with previous data cannot be
made.

The mean vertical profiles of CO and selected NMHC concentrations measured in
the upper 100 m of the ocean throughout the entire campaign showed that the con-
centrations of those compounds in the water column gradually decreased with depth25

(Fig. 8a and b), as reported in many other studies (Conrad et al., 1982; Johnson and
Bates, 1996; Ohta, 1997; Kettle, 2005; Day and Faloona, 2009; Yang et al., 2011). This
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trend was characterized by a quasi-exponential decrease with a variable e-fold value of
a few meters (for PW) to 15–20 m for AW, attributed to the rapid attenuation of the ac-
tinic flux available for CDOM photolysis. The highest CO concentration at each station
was always observed at the sea surface and then decreased rapidly in the top 100 m
layer. The variation patterns of CO concentration were comparable to those of photo-5

synthetically active radiation (PAR) (Fig. 8c) and UVA penetration, indicating that the
production at different depths was principally driven by the decrease of light intensity.
In the absence of mixing, the CO profile would be expected to roughly coincide with
that of UV penetration, according to other reports (Zafiriou, et al., 2003; Kettle, 2005;
Xie et al., 2009).10

Because the mean propene depth profile (Fig. 8b) presented the same pattern, a
similar mechanism of production can be assumed, as already suggested by Ratte et
al. (1998). Our results were thus in agreement with other studies and confirmed that CO
and alkene concentrations have very similar production mechanisms in the euphotic
zone, mainly driven by light (UV) penetration.15

The alkane concentrations seemed to be well mixed in the water column and did
not show any significant variability (profiles not shown here). Ratte et al. (1998) in-
vestigated alkane measurements in seawater and described similar features. The au-
thors concluded that alkane concentrations generally exhibited irregular fluctuations,
and thus the factors determining alkane concentrations were different from those for20

propene and isoprene.
Many authors have already reported this deep-maximum pattern for isoprene con-

centration profiles (Bonsang et al., 1992; Milne et al., 1995), which was similar to that
of phytoplankton productivity in terms of chlorophyll a concentration.

Our results demonstrate the importance of the different variables that influence the25

temporal and spatial variability of carbon monoxide or NMHC in the ocean. The sur-
face variability of CO and NMHC and their vertical distributions in the euphotic zone
depend on the combination of sources and sinks involving solar radiation, tempera-
ture, ventilation at the air-sea interface, CDOM content and phytoplankton biomass
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and distributions. As a first approach, our results indicate that solar radiation drives
the vertical distributions of CO and alkenes, whereas phytoplankton abundance is the
dominant factor explaining the vertical structure of isoprene concentrations in the eu-
photic zone. However, large deviations from these simple considerations are observed,
particularly if we try to understand the spatial and temporal variability of trace gases in5

the ocean.

5.1 Sinks and budgets in the water column

For a better understanding of the processes governing CO and NMHC in the water
column, a simple box model that includes the knowledge of the main identified sources
and sinks has been established.10

First, one dominant sink effect in the mixed layer is the gas exchange at the seawater
interface. Several authors have also suggested microbial consumption of CO in the
water column and introduced a microbial loss-rate constant derived from incubation
experiments of 0.55 d−1 for temperate waters (Kettle, 2005) and in the range of 0.49 to
0.69 d−1 for arctic zones (Xie et al., 2009). Our storage experiment (discussed in the15

section “Sample collection and storage”) led to a loss-rate constant of CO of 0.49 d−1

(5.7×10−6 s−1), surprisingly very close to the values reported by Xie et al. (2009). This
constant could therefore be attributed to microbial consumption and used in CO-budget
calculations.

No microbial consumption was observed for NMHC in our experiment; furthermore,20

this effect has never been reported in the literature and can therefore be considered as
negligible. Other sinks, such as oxidation, are most likely of minor importance (Riemer
et al., 2000).

The gas exchange at the interface is one main sink for all of the measured species,
according to their large supersaturation observed in surface waters. The corresponding25

piston velocity was calculated from the parameterization defined by Wanninkhof (1992)
and based on the determination of the Schmidt number according to classical diffusivity
equations (see Appendix B).
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The vertical transport toward deeper layers will not be considered here as a first
approximation because the concentrations of the measured species fall to negligible
values at the bottom of the euphotic zone, and consequently, any advection or diffusion
term should be close to zero.

On the basis of these preliminary considerations, a budget evaluation could be ap-5

proached from the determination of the content QML (in mol m−2) of a given species in
the water column by integrating its concentration from the surface to the depth of the
mixed layer (ZML):

QML =

ZML∫
0m

C(z) dz = CMLZML (2)

In a first approximation, the different sinks can be characterized using a first-order time10

constant. The constant, k, for ventilation to the atmosphere is given by the following
ratio:

k =
Kw

ZML
(3)

With the microbial consumption parameterized using a constant coefficient µ, the pro-
duction P of a given species (possibly including various processes ΣPML) in the mixed15

layer can therefore be derived from a steady-state equation:∑
PML =QML(

Kw

ZML
+µ) = CMLZML(

Kw

ZML
+µ) = CMLZML(k +µ) (4)

The budget can be relatively well calculated for the mixed layer, where the main sinks
are clearly identified (microbial consumption and air-sea transfer for CO; air-sea trans-
fer only for NMHC), and for the deeper layers, no significant transport occurs with the20

mixed layer through the pycnocline level. Budget calculations could be conducted using
the same approach; however, such calculations are more difficult to establish, particu-
larly for NMHC because no significant sink can be considered.
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5.2 Temperature and water-mass dependences

As shown in Figs. 6 and 7 and Table 4, there was a clear link between water masses
and CO/propene concentrations. Several reasons can be considered to explain the
dependence of CO or NMHC surface concentrations on temperature. A first possible
effect could be purely physical and due to the dependence of the air-sea exchange5

velocity (piston velocity) on the surface-seawater temperature, leading to a variation in
the overall contribution of this sink in the budget of the water column and consequently
of the residence time of CO or NMHC in the water column and of their accumulation
rate. Lower temperatures associated with lower diffusivity coefficients and exchange
speeds are in favor of an increase of the CO or NMHC levels due to an increase of10

their residence time in the surface layers.
As a first step, we evaluated the sensitivity to surface temperature of the CO bud-

get in the water column. The average profile of CO in water (Fig. 8a) appears to be
quasi-exponential with depth, (with an exponential coefficient of 7.5×10−2 m−1). This
observation is in accordance with the fact that the production rate is governed by the15

absorption of UV radiation, with a relatively constant absorption coefficient in the col-
umn, mainly driven by the CDOM content. Taking into account a mixed layer of ap-
proximately 20 m, the average CO concentration in the mixed layer given by Eq. (1) is
approximately [CO]surface/2, which is also very close to the CO measured at 6 m depth
of [CO]surface/1.6.20

The sinks of CO in the mixed layer include:

1. microbial consumption with a coefficient µ experimentally determined as
5.7×10−6 s−1 or 0.49 d−1, and

2. the exchange at the air-sea interface characterized by a loss coefficient given by
Eq. (2).25

Therefore, assuming a steady state for the content of CO in the mixed layer, with a con-
stant photoproduction term, sensitivity tests were made for a microbial consumption µ
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experimentally determined and surface-seawater temperature of 11.5 ◦C (the maximum
observed during the campaign) and −1.4 ◦C (the minimum observed).

For this range of temperatures, we have:

Kw,11.5 = 5.91×10−5 ms−1 and Kw,−1.35 = 3.90×10−5 ms−1 (5)

This calculation leads to a Kw/ZML coefficient (Eq. 2) of ∼3.0×10−6 and5

∼2.0×10−6 s−1 for the maximum and minimum observed temperatures, respectively.
Therefore, it can be stated that microbial consumption and air-sea exchange corre-
spond to sinks of the same order of magnitude. The sum of these sinks, according to
the range of variation of surface temperature, consequently only varies from 8.0×10−6

to 9.0×10−6 s−1, a figure that can only explain ∼10 % of the CO variability. The phys-10

ical effect of temperature is therefore of minor importance in the variability of the CO
concentrations observed (2-fold variation) between WAW and PW.

Similar calculations can be conducted for alkenes. However, in this case, no microbial
consumption is involved. The only sink in this case is the air-sea gas exchange, and
the effect of temperature would be more pronounced, with a relative change in the15

Kw/ZML coefficient of roughly 50 % between warm and cold waters. This physical effect
of temperature is still not sufficient to explain the observed concentrations, which vary
more than 2-fold between WAW and PW. In summary, these considerations clearly
show that the physical effect of temperature cannot explain the increase of CO and
alkene surface-seawater concentrations observed in the Arctic Ocean.20

5.3 Photoproduction of CO and propene

Numerous variables were considered to explain the observed variations in the sur-
face concentrations of CO and propene. The first obvious variable is solar radiation
because in previous studies, a relation between these compounds and the diurnal
cycle has been observed. The average global radiation diurnal cycle is shown in25

Fig. 11a. The maximum solar radiation of 295±139 W m−2 occurred between 12:00
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and 15:00 UTC, and minimum values were measured at night, with an average value
of 31±15 W m−2. Compared with the average diurnal cycle of CO concentration over
the cruise (Fig. 11b), in which no significant diurnal cycle was detected, solar radiation
seemed not to be the dominant process that explained the CO variability at the sur-
face. Although daily surface-seawater CO measurements were not performed during5

the whole period (due to station sampling), the measurements did not reveal any clear
diurnal signals. It seemed that light did not act directly on the CO variability. These
results are in agreement with the observations of Xie et al. (2009), who found that
no diurnal cycle of surface-water CO concentration occurred in spring. Similarly, the
alkene surface measurements, although conducted with a reduced spatial resolution,10

did not show any diurnal trends.
The fluorescent signal of CDOM measured on board (Figs. 5b, 6b, 7b) was 5-fold

greater in PW than in the other water masses. Several authors (Belzile et al., 2000;
Scully and Miller, 2000) have noted the release of organic matter during ice melting
due to algae growing in the ice, which might explain the generally higher values of15

CDOM in the ice-covered PW. An additional source of CDOM in sea ice could be the
incorporation of detritus from rivers during ice development on the Siberian shelves
(Nurnberg et al., 1994). The co-occurrence of CO and CDOM production in PW com-
bined with UV radiation is known to be the main source of CO in seawater, and our
observations confirmed this combination as a first-order process.20

Fichot et al. (2010) have recently studied and simulated the global production of CO
by the photo-degradation of CDOM, and Fig. 12 shows their estimates for our investi-
gation area. Our spatial distributions of CO at the sea surface (Fig. 4a) are compared
to the output of the model by Fichot et al. (2010), facilitating the comparison of the
variability of our measured concentrations and their calculated production rate at the25

sea surface. The hot spot of measured CO along the Greenland coast was unfortu-
nately not documented in the model (Fig. 12a). Higher production rates were found in
the area of section 2 (at 75◦ N) and along section 4 (transect north to south) before
Jan Mayen Island. The CO measurements showed high concentrations in the same
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area from 75◦ N to 80◦ N, where high values of CDOM were also found. In this area, the
measured CO and CDOM values fitted with the photochemical production of CO at the
sea surface.

However, the other areas with high production rates did not match with the variability
of our measurements, demonstrating the limit of comparison between the production5

rates calculated per day and our local measurements of concentrations at a given
location. However, the model still provides a good general view of sea-surface CO
fluxes over the whole Arctic.

The similar behavior of CO and alkenes suggests that their sources in oceanic waters
have a common origin in the UV-induced photodecomposition of organic matter. This10

assumption can be confirmed by the comparison of their average concentrations at
the surface throughout the experiment and their quantum yields Φ (in mole of CO or
alkenes produced per mole of photon in UV absorbed by CDOM) with respect to photo-
production. However, because the sinks for CO and alkenes are different, we consider
that their mean concentrations in the mixed layer are driven by the equilibrium between15

their sinks and sources (Eq. 3). These quantum yields of photo-production have been
estimated on average for CO at 1.8×10−5 (1×10−4 to 2×10−6 for wavelengths from
300 to 400 nm, Zafiriou et al., 2003) and 2 to 3 orders of magnitude lower for propene,
isobutene and 1-butene (Table 5, Riemer et al., 2000). On the basis of Eqs. (2) and (3)
with a hypothesized common photochemical source (i.e. production proportional to the20

quantum yield), we should have a constant ratio (R) for CO and alkenes:

CML(k +µ)

Φ
= R (6)

The results are presented in Table 5 for the mean conditions of temperature and wind
speed measured for the vertical profiles. The results show that the ratio given by Eq. (4)
is very close for CO and alkenes and that the hypothesis of a common photoproduction25

process for CO and alkenes is consistent with our knowledge of the magnitude of their
sources and sinks.
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However, in addition to these common fates characterizing the vertical profiles of
CO and alkenes, great variability was observed in the absolute concentrations, with
the surface concentration roughly reflecting the variability in depth and the contents
of the water column. Two main differences can be found between our profiles and
the simulations of Fichot et al. (2010). First, we still find significant CO concentrations5

at 20 m depth, while the model of Fichot et al. (2010) showed very low or even no
photo-production of CO (Fig. 12b) at this depth in the same study area. A second main
difference is the occurrence of relative high secondary deep CO concentrations, which
were usually observed close to the chlorophyll maximum (purple dots in Fig. 1).

Because Fichot et al. (2010) showed that there was no photo-production from CO10

at 20 m depth, the deviation of the CO standard profile should be due to a previously
unconsidered variable.

We have until now taken into account only simple physical or chemical parameters
to understand the CO and NMHC distributions in the upper layer of seawater. However,
this approach failed to explain all of the observed variability, and it is therefore neces-15

sary to take into account the role of biology for a better understanding of the evolution
of trace gases in the studied environment.

5.4 Influence of biology on trace gas production

The comparison of our data as displayed in Fig. 4 with the modeling results of Fichot
et al. (2010, Fig. 12) suggests that CDOM was not the only variable that influenced CO20

concentration. Indeed, the levels of chlorophyll a in seawater seem to also drive some
events of high CO concentrations, as on 19 and 26 July. Figure 13 shows, for example,
that high concentration of CO aligned with an increase of chlorophyll a concentrations,
while CDOM concentration was low. This observation was consistent with the study of
Gros et al. (2009), who performed laboratory experiments with phytoplankton and have25

suggested that CO was produced directly from phytoplankton groups exposed to PAR.
This event indicates for the first time an in situ biological source of CO in the ocean.
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Figure 14a to d present the vertical profiles of CO, isoprene, chlorophyll and phy-
toplankton species at four selected stations. The impact of the biomass observed on
surface-seawater CO measurements has also been observed in the depth profiles, as
illustrated in Fig. 14a and b at stations s124 and s167. At these stations (and five
others not presented here), a deviation from the decreasing profile following the light5

penetration was found for CO. Among those stations, the maximum of chlorophyll a
usually aligned with the deviation of CO concentration with depth (most pronounced at
station 167), suggesting a biological origin of this secondary CO maximum. We note
that sometimes the deviation of CO pattern occurred slightly above the maximum of
chlorophyll a. For comparison, two other stations (s179 and s182), where no deviation10

was observed for CO, are reported in Fig. 14c and d.
Concerning vertical isoprene gradients, as shown in Fig. 9, the average profile of iso-

prene concentrations had a deep subsurface maximum that aligned with the maximum
chlorophyll a concentration, reinforcing the conclusion that the secondary maximum
observed for CO was due to biological production.15

At station s124 measured on the Fram Strait close to Spitzbergen, a profile of iso-
prene showed two maxima, the first one at 5–10 m depth and the second one at
20–25 m depth, exactly as the chlorophyll a profile, which was represented by mostly
Phaeocystis-type algae. Associated to the CO profiles of s167, a station also on the
Fram Strait, the maximum isoprene value occurred at the maximum value of chloro-20

phyll a concentration between 20 and 30 m depth. The peaks of isoprene seemed to
be driven once again by Phaeocystis-type algae but also by dinoflagellates and to
a lesser extent by diatom species and one species of chlorophyte. At station s179
(79.7◦ N, Fig. 14b), the isoprene depth profile indicated a maximum of concentration at
15 m depth, the same as the maximum of chlorophyll a concentration. This chlorophyll a25

maximum was driven by a combination of several algae groups, such as Phaeocystis,
coccolithophorids, prasinophytes and dinoflagellates. Among those species, prasino-
phytes seemed to drive the isoprene concentration at 15 m depth. At station s182
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(Fig. 14c), the most northern station (79.9◦ N), the maxima of isoprene and chlorophyll
a concentrations were governed by diatoms and coccolithophorids.

The maximum isoprene level was observed for most of the stations at the same depth
as the chlorophyll a maximum, but sometimes it appeared slightly above this maximum.
The offset between these maxima has already been observed previously by Bonsang5

et al. (1992) and Milne et al. (1995), who suggested that there might be no direct link
between isoprene and chlorophyll and that isoprene could rather be produced by the
degradation of an organic precursor. However, Moore et al. (1994) note that the total
rate of photosynthesis is a function not only of chlorophyll content but also of the light
intensity, which decreases exponentially through the water column. Therefore, these10

authors suggested observing the level of maximum isoprene lying above the chlorophyll
maximum. Finally, McKay et al. (1996) and Shaw et al. (2003) assumed that isoprene
appears during phytoplankton growth and is most likely produced either directly by the
plankton or through the oxidation of exuded dissolved organic carbon.

From the vertical profiles of the compounds and their corresponding abundance in15

the water column, a biological production rate (Table 6) could be inferred according to
the calculations described below. The estimations of the CO production through this
secondary biological process are made by considering the difference ∆Q in the water
column content between the observed CO profile and the CO profile fitted without this
secondary maximum (assuming a quasi-exponential decrease). This excess is then20

normalized to the chlorophyll concentration measured at these levels to obtain µg of
CO per g of chlorophyll, and then, using the k factor estimated for the exchange term
at the air-sea interface and the microbial consumption with a constant µ, the production
by biological processes PCO,bio is given by a term derived from Eq. (3):

PCO,bio = ∆Q(k +µ) (7)25

This calculation leads to values from 18 to 72 µmol CO g Chl a−1 d−1 (mean
value 41±20 µ mol CO g Chl a−1 d−1). Comparing the CO profiles to the
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species-concentration profiles, we have observed that Phaeocystis, dinoflagellates
and to a lesser extent diatoms were dominant when this deviation appeared.

For isoprene, similar calculations were conducted in the mixed layer, and in this case,
the only sink was the exchange with the atmosphere. Isoprene production rates are on
the average of 1.13 µmol C5H8 g Chl a−1 d−1 and of 0.60 µmol C5H8 g Chl a−1 d−1 for5

the five stations where a secondary CO maximum was observed in the mixed layer. We
can compare these production rates based on our in situ measurements with values
from the literature based on laboratory experiments (Table 7).

The mean isoprene production rate was in the range of production by diatoms and
coccolithophorids reported by Shaw et al. (2003) and Bonsang et al. (2010). However,10

we must note that the isoprene production was highly algae-group dependent, and
only a few species were studied in the laboratory. Moreover, the light conditions of the
laboratory experiments included PAR irradiance of approximately 75 to 100 µE m−2 s−1,
which is slightly greater than the conditions of our field experiment.

Concerning CO, Gros et al. (2009) measured several species of diatoms, cyanobac-15

teria, one species of coccolithophorid and one species of chlorophyte. The authors
found production rates ranging from 19 to 374 µ mol CO g Chl a−1 d−1 for diatom
species (with a median value of 33 µmol CO g Chl a−1 d−1), between 115 and 344 µmol
CO g Chl a−1 d−1 for cyanobacteria and values of 56 and 6 µmol CO g Chl a−1 d−1 for
the coccolithophorid and chlorophyte, respectively. No Phaeocystis or dinoflagellates20

have been measured in the laboratory. The average value calculated from our five
stations with an additional source of CO was in the lower range of the diatom produc-
tion rates determined in the laboratory. Our observations were thus consistent with the
occurrence of a secondary mechanism of CO production driven by in situ biological
processes.25
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6 Conclusions

A dataset of CO and NMHC concentrations combined with biological measurements in
high latitudes of the Arctic Ocean is described. High variability of CO and propene was
observed in the depth profiles and at the seawater surface. The photo-degradation of
CDOM by light radiation was the main identified process for CO and alkene production,5

and the vertical profiles of CO and alkenes in the water column were consequently
driven by light penetration. However, at the surface, the global solar radiation was not
the main parameter that influenced the variability of the sea-surface concentrations;
indeed, no CO or alkene diurnal cycles were observed. Polar water showed a signifi-
cant enhancement of CO and alkene surface concentrations by a combination of two10

effects: a reduction of the mixed-layer depth, in accordance with a strong stratification
and density gradient within the first 10 m, and an increase of the CDOM concentration.

Biomass activity was also found to be an important parameter. We have observed
for the first time through in situ measurements that CO was directly produced by phy-
toplankton. Compared to laboratory studies, the biological production of CO was of the15

same order of magnitude as that previously estimated for diatoms. In addition to these
observations, we have also confirmed the direct influence of biology on the produc-
tion of isoprene and have shown that the isoprene production was species-dependent.
However, further work is needed to better characterize the role of sea ice in the source
of CO and NHMC and to identify the main sinks of isoprene and other NMHC in the20

water column.

Appendix A

Determination of the extraction yield

The theoretical extraction yield can be defined as the ratio of the mass of the NMHC
extracted in the gas phase to the initial mass in the water analyzed. Assuming that the25
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NMHC concentration in the gas phase of volume Vg is in equilibrium (infinite contact
time) with the concentration in the water phase of volume Vw, according to Henry’s
equilibrium, the theoretical extraction yield µ is given by the following equation:

µ =

Vg

Vw

Vg

Vw
+KhRT

(A1)

where Kh is the Henry’s constant in mol l−1 atm−1, and R is the perfect gas constant in5

corresponding units (0.08206 l atm K−1 mol −1).
In our experimental conditions, the ratio Vg/Vw is also equal to the ratio of the flow rate

of gas (Fg) to the flow rate of water (Fw) in the extraction cell, and Eq. (A1) becomes:

µ =

Fg

Fw

Fg

Fw
+KhRT

(A2)

The experimental extraction yield (µexp) is dependent on the time of contact between10

the gas phase and the aqueous phase and various parameters, including the diffusion
coefficients of NMHC in the water phase and geometrical factors, such as the internal
section of the coil of the cell. The yield can be experimentally determined by measuring
the gas-phase concentration in the extraction cell flushed with a water sample contain-
ing a known amount or concentration of the hydrocarbon. However, this method re-15

quires the precise determination of the initial concentration in the water sample, which
itself requires knowledge of the experimental extraction yield. To avoid a relatively com-
plex procedure involving several iterative steps, we used a simple method consisting of
performing the extraction in a closed system so that the initial NMHC concentration is
not required a priori. In the experimental design described in Fig. A1, the total volume20

of water is Vw (in the flask and extraction device), and the total initial VOC amount in
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the system Q0 is calculated as follows:

Q0 = CW,0Vw (A3)

where Cw,0 is the unknown initial VOC concentration and Cw,t is the NMHC concentra-
tion at time t.

Assuming an extraction efficiency µ, the amount of NMHC removed per unit time5

from the water at a flow rate Fw in the extraction cell is given by the following equation:

dQt

dt
=

VwdCw,t

dt
= −µexpFwCw,t (A4)

which leads to the following calculation:

Cw,t = CW,0 exp.(−µexp
FW

Vw
t) (A5)

or10

ln
Cw,t

CW,0
= −µexp

FW

Vw
t (A6)

As the concentration in the gas phase Cg,t is directly proportional to Cw,t, the extraction

efficiency µexp is deduced from the slope ln
Cw,t

CW,0
plotted versus the time t, i.e. of the

exponential decrease of the concentration of the VOC measured in the gas phase in
the extraction device.15

Appendix B

Air-sea exchange: numerical determination of the “piston velocity”

The piston velocity or air-sea exchange velocity Kw (in cm h−1) of a given com-
pound that is supersaturated in seawater is given by applying the parameterization
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of Wanninkhof (1992):

Kw = 0.31.u2
(
Sc
660

)− 1
2

(B1)

where u (m s−1) is the wind velocity at 10 m. The Schmidt number Sc (dimensionless)
is given by the ratio Sc = ν

D , where ν the kinematic viscosity of water (in cm2 s−1)
and D is the diffusivity of the considered species in water. D, which is dependent on5

temperature, is calculated by applying the classic Wilke and Chang (1955) equation:

D = 7.4×10−8

√
γM

ηV 0.6
a

T (B2)

where

– η is the viscosity of seawater (in centipoises or 10−2 g cm−1 s−1)

– γ is the association factor (2.6 for water)10

– M is the molar mass of water in g mol −1

– T is the temperature of seawater (◦K)

– Va is the molar volume of the considered species.
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Table 1. Classification of water masses (adapted from Schlichtholz and Houssais, 1999).

Water mass Temperature Salinity

Atlantic water with low salinity (AWs) Θ>5 ◦C S <34.4
Warm Atlantic Water (WAW) Θ>2 ◦C S >34.91
Fresh Atlantic Water (FAW) Θ>1 ◦C 34.4<S < 34.91
Polar Water (PW) Θ<0 ◦C S <34.7

Θ>0 ◦C S <34.4
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Table 2. Theoretical and experimental extraction yields for carbon monoxide and NMHC in
our experimental conditions. Henry’s law constants were taken from Sander (1999, available
at: http://www.rolf-sander.net/henry/henry.pdf).

Henry’s Theoretical Experimental Detection
constant at 25 ◦C extraction extraction limit

Compound mol l−1 atm−1 yield (%) yield (%) [NMHC]min

CO 9.5×10−4 97.7 56 0.08 nmol l−1

Ethene 4.7×10−3 90.0 90 0.93 pmol l−1

Propene 4.8×10−3 89.6 88 0.61 pmol l−1

1-butene 4.7×10−3 91.2 75 0.79 pmol l−1

Isobutene 4.7×10−3 89.8 74 1.16 pmol l−1

1-pentene 2.5×10−3 94.3 78 2.11 pmol l−1

Isoprene 1.3×10−2 76.1 64 5.14 pmol l−1

Propane 1.5×10−3 95.6 95 1.47 pmol l−1

n-butane 1.2×10−3 97.2 95 1.13 pmol l−1

n-pentane 8.0×10−4 98.1 96 1.45 pmol l−1
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Table 3. Mean and maximum concentrations of CO and NMHC recorded during the cruise.

(nmol l−1) Mean±1 SD Maximal value

CO 4.2±3 17.5
(pmol l−1) Mean±1 SD Maximal valueA

lkenes

Propene 80±58 322
1-butene 10±13 101
Isobutene 24±20 210
1-pentene 8±12 130
Isoprene 26±31 541

A
lkenes

Propane 11±32 451
Isobutane 3±20 320
n-butane 24±96 1013
n-pentane 12±11 64
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Table 4. CO and NMHC mean concentrations (±1 standard deviation) sorted by water masses.

Atlantic Water, Fresh Atlantic Warm Atlantic
low salinity Polar Water Water Water

CO (nmol l−1) 2.5±1.7 6.5±3.2 3.4±2.4 3.3±2.2
propene (pmol l−1) 63.6±23.8 124.8±60.6 58.4±36.1 51.2±49.8
1-butene (pmol l−1) 5.8±3.2 21.1±15.6 4.8±6.4 3.7±5.2
isobutene (pmol l−1) 12.8±9.8 27.8±17.9 20.4±12.5 26.8±28.1
1-pentene (pmol l−1) 3.3±2.6 13.4±10.1 6.4±15.0 3.4±11.2
isoprene (pmol l−1) 23.4±31.0 14.5±11.5 24.8±19.1 42.5±49.6
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Table 5. Quantum yields and budget of CO and alkenes in the mixed layer. The quantum yield
values are (1) from Zafiriou et al. (2003) and (2) from Riemer et al. (2000). k is calculated for
an average surface temperature of 3.5 ◦C, an average wind speed of 9 m s−1 and a mixed layer
of 20 m. See the text and Eq. (3) for details.

Quantum CML k (s−1 R=
Species yield Φ (mol l−1) at 3.5 ◦C) µ (s−1) CML(k +µ)/Φ

CO 1.80×10−5 (1) 4.2×10−9 2.3×10−6 5.7×10−6 1.87×10−9

Propene 1.13×10−7 (2) 80×10−12 1.9×10−6 0 1.35×10−9

isobutene 0.23×10−7 (2) 24×10−12 1.7×10−6 0 1.77×10−9

1-butene 0.09×10−7 (2) 10×10−12 1.7×10−6 0 1.89×10−9
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Table 6. CO production rate (µg CO g Chl a−1 h−1 and µmol CO g Chl a−1 d−1) calculated for
the five stations at which a biological production of CO was observed in the mixed layer. ZML
is the depth of the mixed layer. For isoprene, the average and median production rate in the
mixed layer was also calculated for all of the depth profiles.

Ratio CO CO Isoprene
ZML CO/Chl Production Production Production

Station (m) (g CO
g Chl a−1)

µg CO
g Chl a−1 h−1

µmol CO
g Chl a−1 d−1

µmol C5H8

g Chl a−1d−1

s124 30 1,85E-03 40 34 0.41
s139 45 2,08E-03 45 39 0.83
s167 50 9,60E-04 22 18 0.98
s170 40 4,00E-03 84 72 -
s229 30 2,46E-03 52 44 0.19

Average (these 5 stations) 49 41 0.60

Average (median) for all of the depth profiles 1.13 (0.41)
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Table 7. CO and isoprene production rates determined in laboratory experiments on selected
phytoplankton species by (1) Gros et al. (2009); (2) Bonsang et al. (2010); and (3) Shaw et
al. (2003).

Species Name
CO production rate Isoprene production rate

(µmol CO gChl a−1 d−1) (µmol C5H8 gChl a−1 d−1)
(1) (2) (3)

Cyanobacteria
Trichodesmium 344 3.00
Synechococcus 115 4.97 1.4

Coccolithophorid Emiliania Huxleyi 56 1.0 1.0
Chlorophyte Dunaliella tertiolecta 6 0.4

Diatom Fragilariopsis kerguelensis 65 0.56
(cold water) Chaetoceros debilis 374 0.65

Diatom Phaeodactylum tricornutum 33 1.12

(temperate water) Chaetoceros neogracilis 21 1.26
Skeletonema costatum 19 1.32 1.8
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Fig. 1 
Fig. 1. Map of the cruise track of the R/V Polarstern ARK XXV 1+2. The cruise began on
10 June 2010 in Bremerhaven, Germany, and ended on 29 July 2010 in Reykjavik, Iceland.
The purple and yellow dots displayed in the magnified area show the position of stations of
special interest (Sect. 5.3).
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Fig. 2. Response of the detector to multiple injections of propene from the NPL calibration gas.
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Fig. 3. Propene versus total light alkenes plotted against the total concentration of alkenes.
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Fig. 4. Distributions of CO (a), propene (b) and CDOM (c) concentrations in surface waters (at
a depth of 6 m) throughout the study area.
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Fig. 5. Section 1. (a) Sea-surface CO (nmol l−1) and propene (pmol l−1) concentrations; (b) sea-
surface temperature (◦C), a classification of water masses (PW=Polar water, FAW=Fresh
Atlantic Water, WAW=Warm Atlantic Water and AWs=Atlantic Water with low salinity)
and CDOM levels (in arbitrary units); (c) total radiation (W m−2) and latitude (deg); and
(d) bathymetry (m) and wind speed (m s−1).
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Fig. 6. Section 3. (a) Sea-surface CO (nmol l−1) and propene (pmol L−1) concentra-
tions; (b) sea-surface temperature (◦C), a classification of water masses (PW=Polar water,
FAW=Fresh Atlantic Water, WAW= Warm Atlantic Water and AWs=Atlantic Water with low
salinity) and CDOM levels (in arbitrary units); (c) total radiation (W m−2) and latitude (deg); and
(d) bathymetry (m) and wind speed (m s−1).
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Fig. 7. Section 4. (a) Sea-surface CO (nmol l−1) and propene (pmol l−1) concentrations, (b) sea-
surface temperature (◦C), a classification of water masses (PW=Polar water, FAW=Fresh
Atlantic Water, WAW=Warm Atlantic Water and AWs=Atlantic Water with low salinity)
and CDOM levels (in arbitrary units); (c) total radiation (W m−2) and latitude (deg); and
(d) bathymetry (m) and wind speed (m s−1).
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Fig. 8. Mean vertical profiles (in red) ± standard deviation (in black) of CO (a) and propene
(b) concentrations and the vertical distribution of PAR (c) for the whole cruise.
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Fig. 9. Vertical profiles of mean isoprene (a) and chlorophyll a (b) concentrations for the whole
cruise. Red lines represent mean concentrations, and dark lines correspond to the standard
deviation.
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Fig. 10. CO (nmol L−1) and propene (pmol L−1) (a, d) concentrations and potential densities
(b, e) of a typical open-ocean station (s194) and a typical ice station (s237). Vertical profile of
UVA (from 350 to 400 nm) penetration (c) measured at s194 in the open ocean.
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Fig. 11. (a) Average diurnal cycle of the solar radiation (W m−2) and (b) of CO (nmol l−1) over
the whole cruise (full solid line), with the standard deviation (light solid line).
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Fig. 12. Surface CO production (a) and CO production at a depth of 20 m (b) from Fichot et
al. (2010).
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Fig. 13. Variability of surface-seawater CO concentration (nmol l−1) combined with chlorophyll
a measurements (ng l−1) during the event of 26 July 2010.
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Fig. 14. Profiles of CO (nmol l−1), propene (values have been multiplied by a factor x to fit in
the CO figure, pmol l−1), isoprene (pmol l−1), chlorophyll a (ng l−1) levels and abundances of
phytoplankton (ng Chla l−1) for stations s124 (a), s167 (b), s179 (c) and s182 (d).
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26 
 

where Cw,0 is the unknown initial VOC concentration and Cw,t is the NMHC concentration at time t. 

Assuming an extraction efficiency µ, the amount of NMHC removed per unit time from the water at a 

flow rate Fw in the extraction cell is given by the following equation: 

 
tww

twwt CFµ
dt

dCV

dt

dQ
,exp

,

, (A4)
 

which leads to the following calculation: 
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As the concentration in the gas phase Cg,t is directly proportional to Cw,t, the extraction efficiency µexp 

is deduced from the slope 
0,

,

W

tw

C

C
Ln  plotted versus the time t, i.e., of the exponential decrease of the 

concentration of the VOC measured in the gas phase in the extraction device. 

 

 

Fig. A1: Principle of the closed system. 

 

 

 

 

  

Mass flow 
controller

Gas analyser
RGD2 for CO
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air water

Fig. A1. Principle of the closed system.
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Fig. C1. (a) Sea-surface CO (nmol l−1) and propene (pmol l−1) concentrations; (b) water tem-
perature (◦C), which included the identification of water masses: PW=Polar water, FAW=Fresh
Atlantic Water, WAW=Warm Atlantic Water, AW=Atlantic Water with low salinity, and CDOM
concentration (ppb); (c) global radiation (W m−2) and latitude (deg); and (d) bathymetry (m) and
wind speed (m s−1) for section two.
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Fig. C2. (a) Sea-surface CO (nmol l−1) and propene (pmol l−1) concentrations; (b) water tem-
perature (◦C), which included the identification of water masses: PW=Polar water, FAW=Fresh
Atlantic Water, WAW=Warm Atlantic Water, AW=Atlantic Water with low salinity, and CDOM
concentration (ppb); (c) global radiation (W m−2) and latitude (deg); and (d) bathymetry (m)
and wind speed (m s−1) for section three.
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