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Abstract. During the ARK XXV 1+ 2 expedition in the photochemical source of CO and light alkenes enhanced in
Arctic Ocean carried out in June-July 2010 aboard thepolar waters of the Arctic Ocean, with a minor contribution
R/V Polarstern we measured carbon monoxide (CO), non- of a biological source of CO. The biological source of iso-
methane hydrocarbons (NMHC) and phytoplankton pig- prene is observed in the different water masses but signifi-
ments at the sea surface and down to a depth of 100 m. Theantly increases in the warmer Atlantic waters.
CO and NMHC sea-surface concentrations were highly vari-
able; CO, propene and isoprene levels ranged from 0.6 to
17.5nmol %, 1 to 322 pmol ! and 1 to 541 pmol £, re-
spectively. The CO and alkene concentrations as well as theﬂ’
sea-alr f_ques were enhanc_e_d in polar waters off Of.Green'Carbon monoxide (CO) and non-methane hydrocarbons
land, which were more stratified because of ice melting and - g .
. . - : (NMHC) are ubiquitous in the remote marine troposphere
richer in chromophoric dissolved organic matter (CDOM) : L T
than typical North Atlantic waters. The spatial distribution and play a key role in determining the oxidizing capac-
yp : P ity of Earth’s atmosphere (Thompson, 1992; Prather et al.,

of the surface concentrations of CO was consistent with our, . k
current understanding of CO-induced UV photoproduction2001)' These compounds are major consumers of OH radi-

in the sea. The vertical distributions of the CO and alkenes,Cals and are stro.ngly .|nvolv.ed in lowering Ievgls of this dom-
: inant atmospheric oxidant in the remote marine atmosphere.
were comparable and followed the trend of light penetra-

tion, with the concentrations displaying a relatively regular The lifetime of tropospheric CO is approximately 2 months

exponential decrease down to non-measurable values beIO\%:rUtzen’ 1994; Prather, 1996), while the NMHC lifetimes
50pm However, no diurnal variations of CO or alkene con- fange from a few hours up to several days (Logan et al.,
L ' . . . : 1981; Atkinson, 1990). Isoprene has long been recognized as
centrations were observed in the stratified and irradiated sur; . )
. . the dominant NMHC produced (Rasmussen and Went, 1965;
face layers. On several occasions, we observed the existen

of subsurface CO maxima at the level of the deep Chloro_%?mmerman et a.ll" 1988). Wh|le terrestrial vegetation is the
main source of isoprene, it has been shown that productive

phyll maximum. This finding suggests the existence of a non- . L X
photochemical CO production pathway, most likely of phy- oceanic areas can emit isoprene at rates that can potentially

S . X influence the budget of reactive trace gases and oxidants
toplanktonic origin. The corresponding production rates nor-. .
) X in the remote atmosphere (Bonsang et al., 1992; Broadgate
malized to the chlorophyll content were in the range of those

. . et al., 1997; Ayers et al., 1997; Lewis et al., 1999, 2001;
estimated from laboratory experiments. In general, the verti-

cal distributions of isoprene followed that of the phytoplank- Carslaw et al., 1999; Liakakou etal,, 2007). In addition to its

ton biomass. These data support the existence of a dominar‘?thOtOChemical role, isoprene is also a precursor of secondary
' PP organic aerosols over continental areas (Claeys et al., 2004;
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Kanakidou et al., 2005 and references therein; Kroll and Seare air—sea gas exchange and microbial oxidation (Zafiriou et
infeld, 2008) and, possibly to a lesser extent, over the oceanal., 2003; Xie et al., 2005 and references therein; Zhang et al.,
(Arnold et al., 2009; Gantt et al., 2010). 2008). For NMHC numerous studies have shown the exis-
Surveys of CO (Swinnerton and Lamontagne, 1974; Con-+ence of their utilization by microorganisms (Shennan, 2006;
rad et al., 1982; Stubbins et al., 2006; Xie et al., 2009) andBrakstad and Bonaunet, 2006) as well as for low molecular
NMHC concentrations (Rudolph and Ehhalt, 1981; Bonsangweight hydrocarbons (£2Cg) including isoprene (Alvarez et
etal., 1988, 1992; Milne et al., 1995) in the ocean and the real., 2009; Palmer and Shaw, 2005) compared to heavier com-
mote marine atmosphere have shown that the surface ocegounds such as petroleum hydrocarbons.
is generally a source of reactive CO and NMHC because In polar regions, which are the most sensitive areas to the
of its supersaturation with respect to the atmosphere. Estieffects of global warming, only a few authors have reported
mates of the global marine emissions of CO span a largeoceanic CO and NMHC measurements (Linnenbom et al.,
range from 3 to 600 Tg C y'* (Bates et al., 1995; Zuo and 1973; Bates et al., 1995; Hudson and Ariya; 2007; Xie et al.,
Jones, 1995; Rhee, 2000; Zafiriou et al., 2003). The result2009). The variability of seasonal ice cover, extremes of so-
of more recent assessments are of few TgCySBtubbins et  lar radiation and variable inputs of freshwater and terrestrial
al. (2006) provided rather low fluxes of 3t72.6 TgCyr 1. dissolved organic matter should impact photochemistry, air—
The global marine emissions of NMHC are estimated tosea gas exchange and microbial processes (Frey and Smith,
range between 2 and 50 Tg Cyt These emissions were ob- 2005; Retamal et al., 2007; Opsahl et al., 1999). It is expected
tained from regional measurements extrapolated to the globahat Arctic ice melting, leading to the reduction of ice thick-
scale (Bonsang et al., 1988; Guenther et al., 1995; Plassiess and ice coverage, would impact the depth of the mixed
Dulmer et al., 1995; Ratte et al., 1998). For example, thelayer and of the euphotic zone, with a deeper penetration of
value of 2 TgCyr?! provided by Plass-Dimer et al. (1995) light in the water column. This change should have major ef-
was based on measurements conducted only in oligotrophitects on plankton (Elder et al., 2007; \Ahgberg et al., 2008;
waters. The marine source of isoprene is estimated to rangEilertsen and Holm-Hansen, 2000). In addition, due to the
between 0.31 and 1.09TgCyr. These values are quite shrinking of sea ice, photochemical processes in the water
small compared to the estimated global emissions of isoprenand the air-sea exchange of gases will be enhanced. More-
of ~400-750 Tg Cyr! (Guenther et al., 2006; Mleretal.,  over, the increases of sea surface temperature and dissolved
2008). organic matter inputs are expected to stimulate bacterial pro-
Marine CO and NMHC are hypothesized to be pro- duction (Xie et al., 2009).
duced mainly photochemically from the interactions be- Here, we report the results of the first study combining
tween UV-light and chromophoric dissolved organic matter horizontal and vertical measurements of CO, light NMHC,
(CDOM). Consequently, dissolved CO concentrations canphytoplankton pigment concentrations, and a series of phys-
display strong diurnal variations, with maxima in the early ical and chemical parameters to assess the production and
afternoon and minima at dawn (Swinnerton et al., 1970; Con+temoval pathways of CO and NMHC in North Atlantic and
rad etal., 1982; Jones, 1991, Bates et al., 1995; Zafiriou et al Arctic waters during the summer months.
2008). The photochemical 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., 1993,2 Study area
1998; Riemer et al., 2000), and estimates of the global pho- . .
toproduction of CO in sea water have been recently deter-SamIOIeS were collected during a seven-week-long cruise
; ) . . (ARK XXV1 +2, 10 June-29 July 2010) on the RR6-
mined (Fichot and Miller, 2010). The production depends on L
. S X larsternfrom Bremerhaven, Germany, to Reykjavik, Iceland,
the UV-absorption coefficient of CDOM in the water column .
. : through Longyearbyen (Greenland) and Svalbard (Fig. 1).
and the CO quantum yield, which are both wavelength de-_ . : . )
. . . v... This cruise covered a wide range of environments from pop-
pendent and relatively well parameterized (Kettle, 2005; Xie :
- . N ulated/coastal areas (North Sea) to remote marine areas and
et al., 2009; Fichot and Miller, 2010). Additional sources of ) .
i . rom temperate areas to the high Arctic.
CO have been recently reported: dark production (Zhang e{ ) : . .
. ) ; During this campaign, we carried out several transects,
al., 2008) and photoproduction on particles (Xie et al., 2009). - : S
. X X hich will be presented here as four separate sections: two
Biological production of CO has also been recently observe

. . : —S transects (section 1 from S8 to 75 N and section 4
in laboratory experiments, but the production pathways €< om 69 N to 78.5 N) and two E—W transects (section 2 at
main unclear (Gros et al., 2009). To date, there has bee '

no evidence for the biological production of CO from field 75° N and section 3 at 783). Special attention was paid

observations. Conversely, isoprene is known to be produce%ﬁ the long-term deep-sea observatory HAUSGARTEN in

biologically (Bonsang et al., 1992, 2010: Shaw et al., 2003, e easterp Fram Strait (section 3, magnified area in Fig. 1).
7 i o The pack ice was met along the Greenland coast from 16 to
2010; Milne et al., 1995; Arnold et al., 2009), making it inter- :
. : . . 2 20 June and from 18 to 25 July. All of the date and time val-
esting to investigate the spatial and temporal variation of CO

and isoprene concomitantly. The main sinks of oceanic COues are given in UTC.
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Fig. 1. Map of the cruise track of the R/PolarsternARK 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.

Sea-surface measurements were performed using thmelting of sea ice and the occurrence of precipitation that
ship’s membrane pump. During the first part of the cruiseexceeds evaporation. These factors result in an outflow of
(from 16 to 21 June 2010), the sea-surface sampling had ttow-density water through the upper layer and an inflow of
be interrupted to avoid damaging the membrane pump whilehigh-density water through lower layers, with the establish-
crossing the thick pack ice. A total of 33 depth profiles were ment of a strong pycnocline in summer. The outflow is re-
carried out, which were separated into two lots: 10 stationsstricted to the western side of the basin, while the inflow-
(section 2) and 23 stations (section 3). Only surface seawaing warm waters from the Atlantic Ocean spread through
ter measurements were carried out during section 1 and se@n intermediate layer. A full description of this complex
tion 4. hydrology can be found atttp://www.incois.gov.in/Tutor/

The hydrology of the investigated area has been describedegoc/pdffiles/colour/double/07P-Arctic-right.ptifsing the
by Rudels et al. (2004) and Blindheim and Rey (2004). Themethod of Schlichtholz and Houssais (1999), different water
hydrology is particularly driven by two factors: seasonal masses were identified and classified (Table 1). The method
changes in the water density in relation to the formation anddescribed in their study was originally applied to Fram Strait
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Table 1. Classification of water masses (adapted from Schlichtholzwithin the variability of CO and NMHC. Niskin bottles are

and Houssais, 1999). known to be potentially a cause of erratic contamination (Xie
etal., 2009). In this case we should have observed anomalous
Water mass Temperature Salinity high concentrations particularly evident for depth samples
Atlantic water with low salinity (AWs) ~ ©>5°C §<34.4 representing 10 to 15 % of our data of the profile stations.
Warm Atlantic water (WAW) ©>2"C §>34.91 A second possible cause of artifacts concerns the stor-
Fresh Atlantic water (FAW) ®>1°C 34.4< S <34.91 . . .
© <0°C §<347 age in glass bottles. To check for potential storage arti-

Polar water (PW) ®>0°C S<34.4 facts, we first conducted an experiment in which a series

of 8 duplicated samples were successively analyzed for CO
and NMHC within 7h. Samples were collected at station

and water masses located between 77.15 and 8W.18/e  S68 (7SN, 8.06 W; 27 June, 10:30). The first flask was
have applied this method to our whole study area to sorimmediately analyzed. after samplmg., and the other flasks
our samples according to similar water characteristics. FoWvere stored at 8C until further analysis. We observed that
sea surface temperature (SST) higher tha@ &nd salinities the CO concentrations, which were in the range of 0.1 to
lower than 34.4, a new class has been added (namely Af-8 nmol L2, were significantly lower after several hours of
lantic water with low salinity due to freshwater inputs, Aws) Storage. Because the flasks were perfectly sealed, gas ex-
to differentiate it from polar waters. This classification will change with the surrounding air was negligible; the CO loss

facilitate the understanding of the influences of water massefollowed roughly a first-order kinetics, which was on average
on the distributions of gases. equal to (5.7:4.0)x 10®s1 or 0.5£0.3d"2. In parallel,

no significant change in the NMHC concentration was ob-
served. A second set of experiments was conducted on ten

3 Experiments duplicates of surface samples taken at station s73N75
12.58 W; 28 June, 16:30) with a CO initial concentration of
3.1 Sample collection and storage 2.1 nmol L. We observed a more complicated pattern char-

acterized by a relatively slow decrease during the first 4h

Clean surface seawater was measured online. The water wag 4.0x 10-6s71(0.35d"1) followed by a rapid decrease of
pumped using a membrane pump from a 6 m depth inlet an@.0x 10-°s71 (1.7 d~1) in the next 3 h of storage. These ob-
transported through a Teflon pipe to the analytical laboratoryservations were in accordance with the hypothesis of a mi-
A 1/8" Teflon line was then used to connect the seawater inletrobial consumption during the storage period, according to
to the systems of gas extraction. the range of kinetics observed by Xie et al. (2005, 2009) and

In addition, vertical profiles of dissolved CO and NMHC Tolli and Taylor (2005).
were performed at the different stations from the surface Nevertheless, the CO levels were not corrected for losses
to a depth of 100 m. Seawater samples were collected fronduring storage. Instead, we decided to maintain the follow-
standard 12 L Niskin bottles and then transferred to 1 L UV-ing procedure: priority was always given to the analysis of
protected glass bottles, which were overfilled before cappinghe surface samples, which are enhanced in CO, as will be
to eliminate headspace. The bottles were pre-rinsed with seashown later. Because the last samples analyzed were always
water prior to the sample collection. Six to ten depths werethe deepest ones, it is plausible that the steep vertical gra-
investigated according to the fluorescence profile provideddients observed between the surface and 100 m depth are in
by a “conductivity, temperature, depth” (CTD) sensor to ob- fact less steep than in reality due to some loss of CO in the
tain a better resolution at the depth of the chlorophythax- deep samples. In contrast, no storage artifact was observed
imum. During the first part of the cruise (sections 1 and 2),for NMHC, including isoprene.
six samples were collected in duplicate. During the second
part of the cruise (sections 3 and 4), the samples were nd3.2 Analytical methods
duplicated, and the vertical resolution was improved (i.e., 10
samples per vertical profile). The samples were not filtered3.2.1 Extraction of CO and NMHC
to avoid filtration artifacts and potential contamination. The
surface water samples were analyzed immediately after colThe CO and the NMHC extraction from the seawater was
lection, whereas the remaining samples were stored@t 0 performed using the same procedure: an automated gas-
and analyzed subsequently within 10 h. segmented continuous-flow-equilibration method similar to

Artifacts due to the sampling though the water pump andthat described by Xie et al. (2001). Two extraction cells were
effects of the membrane were not particularly checked. How-used and coupled to two different analyzers. Briefly, the ex-
ever, surface or subsurface samples collected from the Niskitraction cell was a glass coil in which synthetic air and seawa-
bottles during profiles studies and through the water pumper were introduced continuously via a Teflon “tee” to form
during continuous surface measurements were compared. Negularly spaced air—water segments. At the air—water inter-
significant difference was observed; this difference remainedace, equilibration occurs by the diffusion of dissolved gases
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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, availabitpt/www.ceset.unicamp.brinariaacm/ST405/Lei%20de%20Henry pdf

Compound Henry's law constantat  Theoretical extraction Experimental Detection limit
25°CmolL~latm1 yield (%) extraction yield (%)  [NMHGhin
co 9.5x 104 97.7 56 0.08 nmol £t
Ethene 4.% 1073 90.0 90 0.93pmol 1
Propene 4.8 1073 89.6 88 0.61pmol 1
1-butene 4% 1073 91.2 75 0.79 pmol 1
Isobutene 4.% 1073 89.8 74 1.16 pmol 1
1-pentene 251073 94.3 78 2.11pmol 1
Isoprene 1.3% 1072 76.1 64 5.14 pmol [
Propane 151073 95.6 95 1.47 pmol £l
n-butane 1. 1073 97.2 95 1.13pmol 1
n-pentane 8.610~4 98.1 96 1.45pmol

into the gas phase. Partially equilibrated gas was continu-fy, of 20 mL min! and anfg of 5 and 20 mL min® for CO
ously flowing through a glass air—water separator and di-and NMHC, respectively.

rected to the dedicated analyzer through 4 $f8inless-steel

line. 3.2.2 Instruments for CO and NMHC analyses

For the CO measurements, we used a 6.1 m long, 4 mm i'dCO d usi h h ith a h
and 6 mm o.d. glass coil. The inlet water-sample flow rate was measured using gas chromatography with a hot

(fw) into the cell was regulated (20 mL mif), and the flow mercuric-oxide detgctor (RGD2, Trace Analytica'l, Menlo
rate of synthetic air ) was 5mL mirL. The ratio offa/ fuy Park, CA, USA) directly coupled to the extra_lctlon cell.

was 0.25, which was chosen to provide sensitivity and goodTh(_a system was composed of two 1-mL nominal yolume
extraction efficiency (Xie et al., 2001). The dimensions of the Stainiess-steel injection loops (for samples and calibration,

extraction cell were adapted to the NMHC measurements_respectively). Prior to the field experiment, a series of tests

Because the NMHC analyzer requires higher flow rates of Vas dqne in the laboratory in order .to caliprate t'he sample
air, we optimized the geometrical characteristics of the cell!OOp with respect to standard loop: it consisted in measur-

to obtain a larger exchange surface between the air—watdP'9 the standard alternatively i_n each loop. The differencg
segments. We used a 7.1m long, 6mm i.d. and 9mm o dobserved was lower than 1%, i.e., of the order of the preci-

glass coil (custom-blown). The inlet water sample and gas_smn of the measurements. The pre-column (0.77 m length,

extraction flow rates were both fixed at 20 mL minfor a 0.32¢m 0.d., containing Unibeads 1S 60/80 .m.esh) and the
ful fuu ratio equal to 1 column (0.77m length, 0.32cm o.d., containing molecu-
The water flow was regulated using a Gilson peristaltic lar S|e\_/e 13_>X GO/B0 mesh) were heated aP@5and the
A mercuric-oxide detector was operated at 265 The CO

pump (model Minipuls 3, Gilson Inc., Middleton, WI, USA) o 15 mi d | h
through 2.4 mm i.d. silicon tubes, and the synthetic air-flow retention time was 1.5 min, and a complete chromatogram

rates were regulated using a mass-flow controller (mode’as'[ed for 2.5 min. :
GFC17, 0-50 mL min?, Aalborg, Orangeburg, NY, USA). NMHC megsurementg w'ere.performed using gas chro-
The flow rates, which were carefully determined in the lab- matography with a photoionization detector (GC-PID, Inter-

oratory, were regularly checked for stability aboard. The ex_science, GIobaII\IA?alyzer Solutions, Ereda, :;”‘)' '[(I)_cr:erllw_ove
traction yield (given in Table 2) was optimized in the labora- Water vapor, a Nafion dryer system (Perma Pure LLC, Toms

tory using both seawater and fresh water (Milli-Q). The re- River, NJ, U|SA)dand atrap f|I:¢e<:] with malgne_sr|;]1m perchlo-l
sults showed no significant differences. The flow rates werdate were placed upstream of the gas Inlet. The air sample

optimized to provide the highest extraction efficiency (see\mf1S pumped at 20 mL mitt for 20 min. The gas inlet was
Eq. A6 in Appendix A for NMHC). For CO, because the in- driven by two membrane valves that control the load and the

strument flow rate should not exceed 5 mL minthe extrac- injection into the trap. NMHC were trapped using three ad-

tion efficiency was lower but was still in a reasonable rangesorbent$ (Carbosieve SI”’. Qarbopack B and Carbopack X )
and very reproducible packed in one trap. Our original plans were to use the Peltier

Table 2 shows the theoretical and experimental extractionSySten_] to cootI. the_lt_Lap ‘r’:fSOC’ but thE s(,jysiem L"’_‘p'dtlil be-
efficiencies in the experimental conditions defined, i.e., ant@Mme Inoperative. Thereiore, we worked at ambient temper-
ature, and consequently ethene was not properly quantified

using our instrument. The trap was purged with nitrogen. A

www.biogeosciences.net/10/1909/2013/ Biogeosciences, 10, 19352013
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DB1 pre-column (8 mlength, 0.32 mmi.g.1 um) was used. 14.0 -

This column is a nonpolar column that retains the heavies 13.0 Pr%pe“e +/- std dev.

NMHC (> Cg) prior to backflushing. The second columnis = 120 o

an Alb,O3-NaxSOy capillary column for G-Cs (30 m length, § 110 A ° °

0.32mm i.d.x 5um). The flow rate of carrier gas (helium) § 5o — — _O_O —_—y——_————— -

was 3mLmin!. The gas chromatography oven was oper-'§ 9.0 | o° o o&° F oo ©

ated isothermally. g 80 - OOOO R S )
E 7.0 *TOO_ e e e e e - — — — — —506-

3.2.3 Calibration of CO and NMHC and accuracy of iz o °

the measurements 4'0

13/06/10  22/06/10  01/07/10  10/07/10  19/07/10  28/07/10

The calibration of CO was performed automatically using aFig. 2. Response of the detector to multiple injections of propene
standard gas of CO in synthetic air (1820 ppbvina40L from the NPL calibration gas.

aluminum cylinder) provided and calibrated by the National

Oceanic and Atmospheric Administration (NOAA, Boulder,

CO, USA). Taking into account the experimental extraction Was therefore calculated as

efficiency for CO, and the analytical conditions and param-
eters (respective volumes of the gas phase and water phasé

~200ppbv of CO in the gas phase corresponds to an initialy, the whole, the precision of the CO and NMHC measure-
CO concentration in seawater of about 4 nmotlwhichis 1 ants was 2.5% and 10 %, respectively, and their accuracy
in the range of the highest CO concentrations in the seawatefas 12 9 and 20 %, respectively, including the reproducibil-

generally observed at the surface. Due to the linearity of they, of the measurements, the blank and the standard variabil-
detector, the calibration was extrapolated to lower and highef,,

value. A sample and a standard were injected alternately, and” gthene was not considered, because it was not properly an-

each sample measurement was directly calibrated against thgy ;o4 propene was the most abundant light alkene detected
preceding standard. Humidity in the sample did not produce, g qyantified using our system. Propene accounted for 40 %
interferences in the calibration, but a regular shift of the COy4 7004, of the total alkenes, regardless of the total concentra-
retention time toward shorter values. The column was CONS€fon of alkenes (Fig. 3). Hence, propene will be considered

quently periodically regenerated. _ _ as representative of the whole family of light alkenes.
The NMHC measurements were calibrated twice a day us-

ing an NMHC standard provided by the National Physical3.2.4 Phytoplankton taxonomy assessed using marker
Laboratory (NPL, Teddington, Middlesex, UK) containing pigments
30 hydrocarbon species in nitrogen. The nominal concen-
trations of NMHC were in the range of 3.83 to 4.08 ppbv, Biological samples were collected in the Greenland Sea and
and the precision was 0.08 ppbv for each compound. Thd-ram Strait. Water sampling was conducted with Niskin bot-
calibration gas was injected into the analyzer for 2 min at atles attached to a CTD (conductivity, temperature, depth)
flow rate of 30 mL mirm®. The response of the detector was sensor (SBE 9 plus, Sea-Bird Electronics Inc, Washington
checked carefully for potential drifts. No significant drift was D.C., USA) mounted on a stainless frame and, for the surface
observed during the cruise. The absolute variability of the dessamples, with a membrane pump (6 m depth) from an over-
tector response was approximately 20 % for propene (Fig. 2Jlow outlet of the gas-measurement line. In total, 650 samples
and of the same order of magnitude for the other NMHC.  were collected, with 122 surface samples and 528 samples
A blank measurement was performed systematically af-from depth profiles in the upper 100 m of the water column.
ter the calibration to prevent from-memory effects. Blanks The depth resolution was between 6 to 10 samples per sta-
were also measured regularly by stopping the water flow intion.
the extraction cell and allowing the air to circulate into the  For the determination of pigments, 1-3 L of seawater were
cell to the analyzer. The average value of all of the blanksfiltered onto 25 mm Whatman GF/F filters with a pressure of
was used to correct the CO and NMHC concentrations. Thdess than 120 mbar. After the filtration, the filters were folded,
detection limit (DL) for CO, considering the smallest peak immediately frozen in liquid nitrogen and stored-a80°C.
area measurable, was 0.08 nmolLFor NMHC, the instru-  The collected samples were all analyzed in the laboratory
mental DL was relatively low, but the blanks displayed high within 8 months.
levels and high variability (based on standard deviation of The samples were measured using a Waters HPLC system
the blankopiank), which exceeded the instrumental DL. The (Waters Corporation, Milford MA, USA) equipped with an
minimum detectable value ([INMHG],) reported in Table 2  autosampler (model 717 plus autosampler), an HPLC pump

[)\IMHC]min = [NMHC]measured— [NMHC]bIankZ DL + Oblank- (1)

Biogeosciences, 10, 1909935 2013 www.biogeosciences.net/10/1909/2013/



S. Tran et al.: A survey of carbon monoxide and non-methane hydrocarbons 1915

08 station bttp://www.awi.de/de/infrastruktur/schiffe/
07 T l [ polarstern/bordwetterwarte/continuooeasurements/

06 [— I N sensorinformation).

0,5 +—

Seawater characteristics (water temperature and salin-
ity) were obtained from the Data Acquisition and Man-
agement System for Marine Research, which was updated
continuously from on-board facilitieshitp://www.pangaea.
de/PHP/CruiseReports.php?b=Polargte@DOM measure-

—_—
—
I

04 4
03 BN B B B B

02 BN B B B e

propene / sum of alkenes

050 50100 10050 150200 200250 250-300 300350 350-400 400-450 ments were conducted with the FerryBox system of the

sum ofalkenes (pmol 1) Helmholtz-Zentrum Geesthacht (HZG). The sensor was a

Fig. 3. Propene versus total light alkenes plotted against the totalCyclops-7 CDOM SubmerSIbI_e fluor(_)m(_-:-ter (TL_Jm?" Designs
concentration of alkenes. Inc. Sunnyvale, CA, USA) with excitation/emission wave-

length of respectively 325 nm and 425 nm. This instrument

was integrated in a FerryBox system, continuously monitor-
(model 600 HPLC LCD pump), a photodiode array detec-ing data from the surface water (6 m). The entire instrument
tor (model PDA 2996), a fluorescence detector (model 2475rovides a self-cleaning every day, and no drift is usually ob-
fluorescence detector) and the Empower software. For anaserved. The values presented here were not calibrated and
lytical preparation, 50 pL of an internal standard (canthaxan-will be reported in arbitrary units to display their evolution
thin) and 2 mL of acetone were added to each filter samplealong the cruise. The density was estimated from vertical
and homogenized for 20s. After centrifugation, the super-CTD profiles (courtesy Gereon Budeus).
natant liquid was filtered through a 0.2 um filter and placed Optical in-water profiles were measured using two types
in Eppendorf cups from which aliquots (100 uL) were trans- of RAMSES hyperspectral radiometers (TriOS GmbH, Ger-
ferred in the autosampler vials {€). Just prior to analy- many), which measured the radiance and irradiance in a
sis, the sample was premixed with a 1M ammonium ac-wavelength range from 350 nm to 950 nm and with a spec-
etate solution in a 11 (v/v) ratio in the autosampler and tral resolution of approximately 3.3nm and a spectral accu-
injected onto the HPLC system. The pigments were anatacy of 0.3nm. The radiance sensor had a field of view of
lyzed using reverse-phase HPLC with a VARIAN Microsorb- 7°, while the irradiance sensor had a cosine collector fixed
MV3 C8 column (4.6x 100 mm) and HPLC-grade solvents in front of the instrument. All of the measurements were ob-
(Merck KGaA, Darmstadt, Germany). Solvent A consisted tained with an automated integration time of the respective
of 70 % methanol and 30 % 1 M ammonium acetate, and solsensor between 4ms and 8s. A reference irradiance device
vent B contained 100 % methanol. The gradient was modwas placed above the water surface to monitor the down-
ified following Barlow et al. (1997). The eluting pigments welling incident sunlight and allow the normalization of the
were detected by absorbance (440nm) and fluorescenda-water measurements according to Stramski et al. (2008).
(Ex: 410 nm, Em> 600 nm). The profile data were averaged in discrete intervals of

The pigments were identified by comparing their retention2m down to a depth of 48 m, of 4m down to a depth
times with those of pure standards and algal extracts. Addiof 80m and of 10m for the measurements below 80 m.
tional confirmation for each pigment was completed usingBecause surface waves strongly affected the measure-
on-line diode array absorbance spectra from 390-750 nmments in the upper few meters, the upwelling irradiance
The pigment concentrations were quantified based on thend radiance at the surface were determined from deeper
peak areas of external standards, which were spectrophoteneasurements that were extrapolated to the sea surface
metrically calibrated using extinction coefficients published (Stramski et al., 2008; Ocean Optics Protocols For Satellite
by Bidigare (1991) and Jeffrey and Vesk (1997). For correc-Ocean Color Sensor Validation, Revision 4, Volume 1ll, and
tion of experimental losses and volume changes, the concerhttp://www.archive.org/details/nasachdoc20030063138
trations of the pigments were normalized to the internal stanPAR irradiance profiles were calculated as the integral of
dard canthaxanthin. irradiances for wavelengths from 400nm to 700nm for
The taxonomic structure of the phytoplankton communi- each depth interval, and the UVA irradiance profiles were

ties was derived from photosynthetic pigment ratios using thecalculated as the integral for wavelengths from 350 nm to
CHEMTAX® program (Mackey et al., 1996), and the phy- 400 nm (unfortunately, the sensor was not optimal and the
toplankton group composition is expressed in chlorophyll measurements from 350 nm to 320 nm were questionable).
concentrations. A total of 22 radiometric profiles were collected from the

CTD stations at noon down to a maximum depth of 190 m.

3.2.5 Environmental data and ancillary measurements

Standard meteorological information (wind speed and
global radiation) was obtained from the ship’s weather
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4 Results Table 3. Mean and maximum concentrations of CO and NMHC
recorded during the cruise.
4.1 Variability of the surface CO and NMHC

concentrations (nmolL~Y)  Mean+1SD Maximal value
Throughout the cruise, the surface-seawater CO concen- co 4.2+3 175
trations showed a high degree of variability. The values (pmolL=1) Mean+1SD Maximal value

ranged from 0.6 to 17.5nmol!, with a mean value of

4.2+ 3.0nmol L. The mean background value was calcu- 2 Ergptene f&: ig igi
lated during the period from 25 July at 18:00 UTC to 26 July c -butene

. . L 2  Isobutene 2420 210
at12:20 UTC, during which a very low variability of CO con- j—(‘ 1-pentene & 12 130
centration over at least 12 h occurred, and it was estimated at Isoprene 2631 541
1.64 0.9 nmol L=1. A few measurements of atmospheric CO
were performed during our campaign and showed a quasi- , Fropane 1%32 451
constant level of approximately 939 ppbv. Considering % '5%3‘:;?]26 zi Sg l‘gig

, 4 1 a1 g n

the Henry’s law constant of CO (8x/10~*mol L™+ atm ) % n-pentane 1211 64

(Yaws and Yang, 1992), the equilibrium between the air
and sea surface would lead to a seawater concentration of
0.08 nmol 1. Consequently, the seawater was always su-
persaturated, and the ocean served as a net source of C£2 variations along the four sections
to the atmosphere. Near shore waters and open ocean wa-

ters distinguished by bathymetry and salinity showed Sig-g4ch of the following plots displays the surface concentra-

nificant differences: the CO cog<l:entrati_ons were higher intions of CO, propene, sea-surface temperature, CDOM lev-
nearshore waters (744.4 nmol L) than in the open ocean |5 giobal solar radiation, latitude, bathymetry and wind

_1 . .
(4.0+2.5nmol L"), most likely due to the input of ad- gheed and chlorophyd. Note that gaps in the records were
ditional CDOM from the rivers or meltwater (Cauwet and g, tg several reasons, including the shift from surface sam-
Sidorov, 1996; Wheeler et al., 1997; Gibson et al., 2001). pling to vertical sampling, instrument calibration or instru-

The NMHC and CO measurements were performed simul4ant failure
taneously. However, because an analysis of NMHC lasted for g ction one (Fig. 5) covered a large latitudinal range from

approximately 40 min in contrast to 5min for CO analysis, he Norwegian coasts to Greenland and crossed the Norwe-
there are fewer measurements of NMHC than of CO alongyian gasin (cf. bathymetry Fig. 5d). The surface-seawater

the cruise track. Moreover, because daytime was usually ded-q oncentration ranged from 1.0 to 11.7 nmokL with
icated to measurements at fixed stations, most of the surfacg 1 ean value of 4.3 2.1 nmol -1 (Fig. 5a). The average
NMHC measurements were performed at night.

i ! ) propene concentration was %8 pmol L~1. There was no
Throughout the cruise, the isoprene concentrations var

tlear correspondence between CO and propene. The sea-

ied widely, ranging fr?m undetectablelvalges (the detectiongrface temperature decreased towards the north frot@ 11
limit was at 5pmolL™) to 541 pmol L, with an average 1, _( g °C. There was a clear transition from Atlantic wa-

of 26+ 31 pmol L__l' Mean and maximal values of CO and (o () masses to polar water (PW, Fig. 5b). A front was
NMHC concentrations are presented in Table 3. The NMHC ¢ qssed while approaching Jan Mayen Island, characterized
concentrations at the surface were in the range of a pmbl L by a temperature drop of°® associated with a change of
to several hundreds of pmoft. The dominant class of light water masses from warm Atlantic water (WAW) to fresh At-
hydrocarbons was alkelnes. The |0W615t levels of CO anqyptic water (FAW). CDOM values were low all along this
propene were 0.6 nmorL. anq 1.pmol L=, respectively. section (below 0.5 arbitrary units) but increased slightly on
The wide range of variability in CO and propene concen-i,e Greenland shelf. The sunniest days were observed at the
trations is shown in the contour plots presented in Fig. 4,heginning of the transect (Fig. 5¢), during which the total ra-
together with the distribution of CDOM. The CDOM lev-  jistion reached 900 Wi, while on the other days the max-

els were higher in the pack ice along the Greenland coas{y,,m radiation was below 600 WTR. There was a decreas-
where CO and alkene levels were enhanced. In particulari,ng trend in wind speed (Fig. 5d) from 25 misat the be-

hot spots of CO and propene concentrations occurred on thSinning of the section to 3nT4 by the end. Surface chloro-
N-S transect between 76 and”™8 Another hot spot of CO  phvil ; measurements were performed (Fig. 5e), with values
concentration occurred close to Jan Mayen Island, but u”for'ranging from 1045 to 3102 nglL. Only two vertical profiles

tunately no alkene measurements were conducted in this r§yere recorded: one close to Jan Mayen Island and the second
gion. Similarly, low concentrations of CO and propene Were ong the Greenland coast.

simultaneously observed when low concentrations of CDOM ' ggction two (Fig. C1 shown in Appendix C) crossed the
occurred. Greenland Basin roughly at 75. The surface-seawater CO
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(a) €O [nmol L]

(b) propene [pmol L]

(c)

10°w
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Fig. 5. Section 1.(a) Sea-surface CO (nmoftl) and propene
(pmol L~1) concentrations;(b) sea-surface temperatur€Q),

a classification of water masses (P¥Wolar 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 nm 2y and latitude (deg){d) bathymetry (m)
and wind speed (nT&}); and (e) chlorophylla surface concentra-
tion (umol L=1).

of propene was 2% 14 pmol L~1. The transect stations in-
cluded FAW masses with an average SST of2®84°C and
constant low CDOM values. At the end of this transect and
during a short route toward the north, WAW masses were en-
countered. Ten stations were sampled during the transect at
75° N while only three chlorophyll: surface concentration
measures were performed: on 21 June at 10:30 and 15:00,
and on 22 June at 11:55, with chlorophyNalues of respec-
tively 1322ng -1, 2582 ng -1 and 4276 ng L.

Section 3 (Fig. C2 in Appendix C) covered the entire
Fram Strait from east to west. The ship sometimes trav-
elled north to reach the HAUSGARTEN area of inves-
tigation. The sampling from this section lasted 23 days.
A total of 23 stations were investigated. The CO values
ranged from 1.0 to 14.4 nmot, with a mean surface CO
concentration of 3.8 2.6 nmol "1, The propene concen-

trations in surface waters (at a depth of 6m) throughout the studytration ranged from 2 to 303 pmof, with an average

area.

concentration ranged from 0.5 to 10.5 nmofi_with a mean
CO value of 4.3:2.6nmolL~1. The propene concentra-
tions were quite low (in the range of 1 to 72 pmoil) but

value of 87+ 44 pmol L~1. Chlorophylla surface concentra-
tions were also documented and values ranged from 163 to
2606 ng L-1. During this section, the ship crossed four dif-
ferent water masses (PW, AWs, FAW and WAW), with sharp
changes of the sea-surface temperature (up°®) #vhile
meeting PW. The CDOM values increased 5-fold at the end

showed the same pattern as CO. The average concentratiari this section. It appears that the CO concentrations were
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Fig. 6. Focus on section 3 from 7 to 9 Julya) Sea-
surface CO (nmolLC1) and propene (pmoltl) concentrations;

o July, when the CO concentration began to decrease, while
(b) sea-surface temperatureQ), a classification of water masses

(PW=polar water, FAW= fresh Atlantic water, WAW= warm At- tl;.e pr;)(;:)en_e \II:?A[\L;\(/? S remall(ne? glgh. Off of tJap Mayen Island
lantic water and AWs= Atlantic water with low salinity) and (Fig. 7d), in » a peax o concentration was mea-

1
CDOM levels (in arbitrary units)(c) total radiation (W r2) and surgd (17.5nmol L7). Unfortunately, the propene concen-
latitude (deg);(d) bathymetry (m) and wind speed (m%; and  trations were not measured, and the solar-radiation and wind-

(e) chlorophylla surface concentration (umotil). speed sensors were switched off from 26 July in the morning
(Fig. 7c, d).

In general, it appears that CO and NMHC concentrations
much more influenced by the presence of polar waters tha@PpPear to vary with surface-seawater temperature (Figs. S to
by irradiance. For a better visibility, Figure 6 focuses on the 7)- Specifically, between 7 to 9 July (Fig. 6) and from 24 to
period from 7 to 9 July. 25 July (Fig. 7), temperature drops of 5 to 7 degrees are asso-

The last section (Fig. 7) on the way back from the Green-Ciated with a simultaneous increase of CO and propene con-
land coast to Iceland lasted 3 days. Pack ice was preserfentrations. On average, polar waters (PW), which are char-
over the Greenland shelf. The polar waters were associate@Cterized by low temperature:6°C) and salinity & 34.7),
with the East Greenland Current and had high CDOM lev-are enhanced in CO and propene (alkenes), with mean con-
els (Fig. 7b). The CO, propene and chloroplytioncentra- ~ centrations of 6.5 nmolt! and 125 pmol L1, respectively
tions ranged from 1.1 to 17.5 nmott, 45 to 322 pmol L2 (Table 4), whereas FAW or WAW contained 2-fold lower
and 189 to 804 ngt! respectively. High CO concentrations concentrations. It is particularly interesting to note that iso-
(mean value of 5.9 4.9 nmol L™%) up to 17.5nmol t* and prene displays an opposite trend, with concentrations signif-
high propene concentrations (average of 239 pmol L-1)  icantly higher in WAW than in FAW and PW.
were observed from 23 to 25 July (Fig. 7a). The CO con-
centrations seem to be influenced by the bathymetry and the
occurrence of pack ice (Fig. 7d). The CO and propene con-
centrations showed the same trend except for the night of 25
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Table 4. CO and NMHC mean concentrations standard deviation) sorted by water masses.

Atlantic water, Polar water  Fresh Atlantic  Warm Atlantic

low salinity water water
CO (hmol L™ 1) 25+1.7 6.5+ 3.2 3.4+24 3.3t2.2
propene (pmol £1) 63.6+23.8 124.8+60.6 58.4+36.1 51.2-49.8
1-butene (pmol 1) 58+3.2 21.1+15.6 4.8+6.4 3.7£5.2
isobutene (pmolC1) 12.8+9.8 27.8+17.9 20.4:12.5 26.8-28.1
1-pentene (pmol 1) 3.3£26 13.4+10.1 6.4+ 15.0 3.4+11.2
isoprene (pmol £1) 23.4+31.0 145+11.5 24.8:19.1 42.5-49.6
€O concentration (nmol L) Propene concentration (pmol 11) . P‘Rf::’agez‘o‘;E ’"’235;’ w0 isoprene concentration (pmol L) Chl a concentration (ng L)
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Fig. 8. Mean vertical profiles (in red} standard deviation (in
black) of CO(a) and propendb) concentrations and the vertical 801 801
distribution of PAR(c) for the whole cruise. % | %0 |
100 (a) 100 (b)
4.3 \Vertical di?ftribUtionS of CO and NMHC Fig. 9. Mean vertical profiles of isopreng@) and chlorophylla
concentrations (b) concentrations for the whole cruise. Red lines represent mean

concentrations, and dark lines correspond to the standard deviation.
All of the vertical profiles were first plotted together and av-

eraged, and the mean depth profiles of CO and light alkenes

down to a depth of 100 m are displayed in Fig. 8. The con-served a steep decrease of concentration with depth (e-fold
centrations show a regular decrease with depth comparablgyr CO respectively of 6.3 to 8.4 m for CO; 13.2 to 15.4 for
to that of light penetration (PAR, Fig. 8 and UVA, Fig. 10).  propene). In contrast, in open-water stations in AW or WAW
Inthe case of isoprene, its vertical distribution is more con-(e.g., stations s64 to s170, and station s194), the concentra-
sistent with the chlorophy# distribution than with the pro-  tions at the surface are significantly lower and the e-fold sig-
file of the light-penetration curve (Fig. 9) and is CharaCterizednificant|y greater for CO and propene, as shown in F|g 10,
by a systematic subsurface maximum between 10 and 30 yhich compares to typical PW and AW stations. The vertical
depth. distributions of CO and propene are clearly influenced by the
Table 5 summarizes, for the different stations identified by||ght profile, and generally the vertical gradients of CO and
their water masses, the main characteristics of the CO anglropene appear steeper in PW stations.
propene vertical distribution (propene being assumed to be
representative of the alkenes): the concentration at 5m depth.4 Sea-air fluxes
(the most frequently subsurface depth collected from Niskin
bottles), the e-fold value and the coefficient of determinationFrom the entire dataset we estimated the sea-air flux of the
for an exponential fitted profile. different gases. For this aim, sea-air fluxes were determined
PW stations (and particularly stations s224 and s237) withfrom the measurements taken at 6 m depth and the trans-
significant sea-ice coverage had the highest concentrationfer velocity parameterizations available from Wanninkhof
of CO (5.5 and 12.2 nmolt! respectively). For propene, (1992) and Liss and Merlivat (1986). The Schmidt numbers
PW stations s182, s224 and s237 present also high CO leAppendix B) were described as a quartic function of the sea
els at the surface (146 to 149 pmoil). Besides this highest surface temperature. We made the distinction between the
gas concentrations in a shallow mixed layer (12 m, 14 m andlifferent water masses according to the classification in Ta-
15 m respectively for stations s182, s224 and s237), we obble 1. This statistical analysis was therefore based on a total
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Table 5. Locations of the station during the ARK XXV cruise.

Station Water Date/Hour Lat. Lorfy. Wind SST ML CO Propene
°N mass speed depth

ms1 °C m nmolL"1P efoldm R2¢ | pmolL~1P efoldm  R2C
S1 AW 15Jun13:25 71.40 -8.45 6.7 1.47 27 3.95 26.75 51.2 0.908
S2 PW 17 Jun 17:25 74.64 —17.99 44 -1.32 28 1.90 62.24 485 0.934
S5 PW 18 Jun 03:50 74.91 —16.45 6.1 -1.60 nd 0.94
S9 PW 18 Jun 15:45 75.00 —14.45 3.0 -1.44 20 1.77 70.77 341 0.862
S14 PW 19 Jun 00:35 75.00 -12.54 4.1 1.86 20 0.51 16.96 49.3 0.724
S20 FAW  19Jun13:10 75.00 —10.59 4.4 2.72 28 0.67 8.84 ND 0.017
S25 FAW  20Jun08:30 75.00 -7.35 4.7 1.02 18 4.33 35.72 24.0 0.942
S41 FAW 23Jun05:35 76.21 -1.15 8.5 2.26 45 1.25 13.51 42.2 0.988
S44 FAW  23Jun15:45 76.00 —2.22 5.4 1.92 40 2.06 . 12.13 20.1 0.880
S64 WAW 26 Jun 14:50 75.00 5.49 6.4 4.98 32 0.96 28.3 0.r89 10.38 11.3 0.960
S68 WAW 27 Jun 10:30 75.00 8.06 16.0 5.50 40 0.84 021 6.89 629 0.912
S102 WAW 2 Jul 13:30 78.83 4.99 2.6 5.78 25 4.29 930 61.67 10.6  0.947
S111 AW 3 Jul 09:00 78.83 8.67 3.2 5.77 10 1.97 . .y61 31.87 10.5 0.849
S124 AW 3Jul 21:55 78.9 6.77 3.6 6.08 30 2.18 .840 19.68 7.7 0.885
S129 AW 5 Jul 16:05 78.92 4.99 2.8 541 18 2.58 959 36.74 6.1 0.943
S134 AW 6 Jul 17:55 79.03 7.00 3.9 4.98 5 1.15 . 936 26.51 5.8 0.983
S136 AW 7 Jul 02:55 79.03 11.09 4.8 2.35 15 3.02 .879 56.88 8.6 0.978
S139 WAW 7 Jul 17:10 79.11 4.61 4.8 4.82 45 0.87 .838 21.06 21.0 0.583
S157 WAW 9 Jul 19:30 78.84 5.48 4.6 6.24 nd d 91.96 15.2 0.961
S167 WAW  10Jul 08:10 78.83 4.20 6.2 6.42 50 1.24 .29 30.65 13.1 0.860
S170 AW 11Jul23:50 79.15 2.75 2.7 3.94 40 2.21 .893 60.94 11.2 0921
S173 PW 12 Jul 13:00  79.00 4.30 2.1 0.02 15 nd 40.56 16.2 0.796
S179 AW 14 Jul 10:40 79.73 4.47 2.8 6.11 10 1.25 . D63 26.42 16.1 0.729
S182 PW 15Jul 08:40 79.93 3.09 8.8 0.75 12 2.07 . 0,972 146.05 7.1 0.931
S185 PW 16 Jul 02:45  79.28 4.33 12.7 2.35 15 1.89 . 0/925 47.38 13.3 0.982
S194 AW 17 Jul 11:40 78.83 0.40 7.5 455 15 3.73 .84 33.81 129 0.967
S200 PW 18 Jul 01:35 78.83 1.90 2.9 6.02 40 1.13 . 0,897 14.73 155 0.872
S203 AW 18 Jul 13:00 78.83 —-0.80 3.7 5.21 20 36.33 14.0 0.890
S211 PW 20Jul12:55 78.84 —1.44 13.0 1.47 20 29.10 7.2 0.895
S216 PW 21Jul01:15 78.83 —3.00 8.86 0.28 20 1.60 30.12 19.2 0.736
S224 PW 22 Jul 23:25 78.83 —4.93 7.37 —-1.26 14 5.52 145.64 13.2 0.686
S229 PW 23Jul09:25 78.83 —7.05 2.695 -1.28 18 0.60 49.81 16.0 0.833
S237 PW 23Jul19:55 78.83 —11.01 5.68 0.32 15 12.19 148.93 15.4 0.906

2 | ongitude:—West+East,
b concentration of CO and propene measured at 5 m depth, and
¢ e-fold (m) and coefficient of determinatiat? for a fitted exponential decrease with depth.

of 3376 data points for CO fluxes, 327 for alkenes and 255antic water with low salinity or warm Atlantic waters (AWs
for isoprene. Owing to the rapid decrease of CO and alkeneand WAW) to 11.0-23.6 pmol nf d~1 in cold waters (FAW
with depth, a correction factor was applied to calculate theand PW), i.e., roughly a factor 2-fold. The same variabil-
concentrations at the surface seawater. This correction factaty (2- or 3-fold increase) is observed for propene between
was based on the e-fold value determined for the differentAtlantic water and polar waters (44—161 nmotfd—1 to
water masses, considering in a first approach that the trac&99-337 nmolm?d~1); a difference of the same order of
gases followed roughly an exponential decrease with deptimagnitude is also noted for 1-butene. Isoprene fluxes are
described in Table 5. The correction factor was respectivelyery significant of the order of the propene or isobutene
for of the order of+31 % to+40 % for CO (depending on fluxes, but on the opposite they present their maximum in
the water masses) are23 % to+52% for alkenes. A correc-  warm waters (85—-148 nmol™ d—1) and their lowest values
tion factor was not applied for isoprene since the variability (4.6-8.8 nmolm?d~1) in Atlantic waters (with low salin-
of the vertical distribution did not enable the derivation of a ity).
constant factor. However, on the basis of the average profile
(Fig. 9) and the general increase of isoprene with depth in the
upper layers, we can estimate that these fluxes are probably
overestimated by 30% .

Sea-air fluxes are presented for both parameterization (Ta-
ble 6) for CO and for the major alkenes and isoprene. For CO,
sea-air fluxes increase from 6.1-14.1 umofd—1 in At-
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Table 6. Sea-air flux of CO and NMHC deduced from surface water measurements and piston velocities (averages, standard deviation).
Fluxes are based on surface concentration estimated from the 6-m depth measurements and from the averaged e-fold values in the differer
water masses. The e-fold value measured for propene is used for all the alkenes. No correction is applied for isoprene, which must be
considered as overestimated by about 30% on the basis of the averaged depth profile.

Atlantic Water Polar Water Fresh Atlantic Water Warm Atlantic Water

L&M WAN L&M WAN L&M WAN L&M WAN
co pmolnT2d~!  6.15(7.5) 14.1(19.1) 13.6(10.6) 23.6(18.6) 11.0(10.8) 20.5(8.7] 8.4(6.5) 13.8(10.4)
Propene  nmolm2d-1 53 (31) 93(42)| 199(148) 337(252)  44(66) 90 (122)| 98 (155) 161 (249)
i-Butene nmolnT2d~1  6.3(3.7) 11(5.2)] 41 (29) 69 (50) 26 (47) 54 (87)| 54 (63) 91 (102)
1-Butene nmolm2d-1  3.9(2.2) 6.8(3.1) 33(31) 56 (52)| 1.3(2.4) 3.0(4.6)| 4.9(15) 8.7 (28)
Isoprene  nmolm2d~1 4.6 (4.4) 8.8(6.2)] 24 (20) 42 (36) 22 (42) 46 (76)| 85(204) 148 (389)

L&M: from the parametrization of Liss and Merlivat (1986).
WAN: from the parametrization of Wanninkhof (1992).

(a) Typical open ocean station ’(b) Typical open ocean station (c) Typical open ocean station PaCIfIC Ocean (BateS et al, 1995). The Va|UES reported here

€O nmol L potential density UVA (350-400 nm) W m2

propen (c10) pmol L1 were thus of the same order of magnitude. Nevertheless, the
e R | s e s R 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 (Pladgrier et al.,
1995), but as no specific investigations of NMHC were per-
formed in Arctic regions, a direct comparison with previous
%0 = data cannot be made.
T — _ Conc_erning the sea-_air fluxes of CO, Fhe values reported
comor potential density in the literature by various authors are in the range of 0.2
w0 oo e mol| me e me e e to 13 umolm2d~1 (Conrad et al., 1982; Bates et al., 1995)
. with averaged estimates from 1.9 to 2.7 umofd—1 for
the North or South Atlantic and Pacific Ocean (Bates et
al., 1995; Stubbins et al., 2006). Higher values of the or-
der of 20 umolm2d-1 were however reported by Erikson
(1989) and Gammon and Kelly (1990) in the same oceanic
areas. Closer to our investigation area, sea-air fluxes in the
Amundsen Gulf (Xie et al., 2009) span over a large range
from 0.06 to 44pumolm?d-1 with an average figure of
6.2 umol nT2d~—1 comparable to our lowest estimate in At-
lantic waters. Clearly, sea-air fluxes of CO appeared signifi-
cantly enhanced in polar or fresh Atlantic waters, and corre-
spond to the highest range of values previously reported.
For alkenes, Plassillmer et al. (1993) have estimated for

—co

----propene

Fig. 10. CO (nmolL~1) and propene (pmoltl) (a, d) concen-
trations and potential densitiéls, e) of a typical open-ocean station
(s194) and a typical ice station (s237). Vertical profile of UVA (from
350 to 400 nm) penetratigie) measured at s194 in the open ocean.

5 Discussion the Atlantic Ocean (8 to 39\) sea-air fluxes of propene of
100-300 nmol m2d~1 comparable to our estimate in WAW
5.1 Surface concentrations and sea-air fluxes or PW, and for 1-butene an average of 157 nmofuir?,

which is about 2-fold greater than our observations but com-
For dissolved CO, our results are comparable to other meaparable to our estimate for the sum of butenes. As for
surements of surface water in the Arctic Ocean, particularlyCO, sea-air fluxes of propene and of butenes in polar wa-
with the first measurements by Swinnerton and Lamontagneers were significantly higher than in other water masses,
(1974), who report an average concentration of 2.5nmélL  and were in the range of the highest values previously re-
Recently, the CO concentration measured in the Beauforported. Isoprene emission rates in WAW are in the range
Sea (during spring) ranged from 0.98 to 13 nmot|with of figures previously reported in the North Sea: 67.4 to
a mean value of 4.72 2.42 nmol L (Xie et al., 2009). For 112 nmolnT2d~! (Broadgate et al., 1997; Palmer and Shaw,
other oceanic areas, the surface-seawater CO concentratio@905). Our sea-air fluxes of isoprene in FAW and PW
are in the range of 0.4 to 2.6 nmotL over the Atlantic  (22—46 nmolnT2d—1) can be compared to the estimates of
Ocean (Stubbins et al., 2006) and 0 to 5.8 nn1dl bver the
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the same authors for high latitudes or subpolar areas, withributions. As a first approach, our results indicate that solar
a range of 31.6-51.6 nmol n2d~! for the Bellingshausen radiation drives the vertical distributions of CO and alkenes,
Sea (Antarctica). whereas phytoplankton abundance is the dominant factor ex-
plaining the vertical structure of isoprene concentrations in
5.2 Turnover of CO, alkenes, and isoprene in the mixed the euphotic zone.
layer and effect of temperature For all the measured species, one dominant sink effect in
the mixed layer is the gas exchange at the seawater interface,
The mean vertical profiles of CO and selected NMHC usually described as wind-dependent piston velocity. Several
concentrations measured in the upper 100 m of the oceaparameterizations have been proposed; the most frequently
throughout the entire campaign showed that the concentraused are the parameterizations of Liss and Merlivat (1986)
tions of those compounds in the water column gradually de-based on tracer exchanges in wind tunnel and over lakes, or
creased with depth (Fig. 8a and b), as reported in many otheWanninkhof (1992) for the open ocean. These parameteri-
studies (Conrad et al., 1982; Johnson and Bates, 1996; Ohtaations follow either a segmented linear dependence (Liss
1997; Kettle, 2005; Day and Faloona, 2009; Yang et al.,and Merlivat, 1986) or a polynomial dependence with the
2011). This trend was characterized by a quasi-exponentiavind speed (Wanninkhof, 1992), and both are related by a
decrease with a variable e-fold value of a few meters (forpower law dependence (2/3 or 1/2) of the Schmidt number
PW) to 15-20 m (for AW), attributed to the rapid attenuation Sc (or of diffusivity) for the exchanged species in seawater
of the actinic flux available for CDOM photolysis. The high- (Appendix B). Whereas the Liss and Merlivat parameteriza-
est CO concentration at each station was always observed &ibn seems more appropriate to describe gas exchanges over
the sea surface and then decreased rapidly in the top 100 hakes, it is considered as a lower limit of the piston veloc-
layer. The variation patterns of CO concentration were com-ty. Moreover it was pointed out that the roles of breaking
parable to those of photosynthetically active radiation (PAR)waves bubbles, and organic active material at the sea surface
(Fig. 8c) and UVA penetration, indicating that the produc- could introduce large uncertainties, which are difficult to es-
tion at different depths was principally driven by the decreasetimate (Nightingale et al., 2000). Therefore, we will use both
of light intensity. In the absence of mixing, the CO profile parameterizations, considering the Wanninkhof parameteri-
would be expected to roughly coincide with that of UV pene- zation as an upper limit, and we used an average of these two
tration, according to other reports (Zafiriou, et al., 2003; Ket- approaches.
tle, 2005; Xie et al., 2009). Microbial consumption is probably the most important
Because the mean propene depth profile (Fig. 8b) and lighterm acting on the turnover of CO in surface seawater. The
C4-Cs alkenes presented the same pattern, a similar mechmicrobial consumption of CO has been intensively studied in
anism of production can be assumed, as already suggeste@rious oceanic environments, and particularly in warm At-
by Ratte et al. (1998). Our results were thus in agreementantic and polar waters (Xie et al., 2005, 2009). According
with other studies and confirmed that CO and alkene con+o these authors, microbial CO consumption follows a com-
centrations have very similar production mechanisms in theplex pattern from first-order kinetic at low substrate (CO)
euphotic zone, mainly driven by light (UV) penetration. The concentration (typically of the order of 2 nmott) to zero-
alkane concentrations seemed to be well mixed in the wateorder kinetics or even saturation at greater CO concentra-
column and did not show any significant variability (profiles tions. This term seems to be strongly dependent on the wa-
not shown here). Ratte et al. (1998) investigated alkane meaer mass characteristics, and several parameterizations have
surements in seawater and described similar features. The abeen proposed, linearly depending on chlorophyll a, and fol-
thors concluded that alkane concentrations generally exhiblowing a linear or an exponential dependence on temperature
ited irregular fluctuations, and thus the factors determining(Xie et al., 2005). According to their proposed parameteriza-
alkane concentrations were different from those for propeneion (kco (in h=1) = 0.053 [chla] +0.0081) for a first-order
and isoprene. consumption rate in the Beaufort Sea, which corresponds to
Many authors have already reported the existence of avater masses similar to the water masses that we have inves-
deep-maximum pattern for isoprene concentration profilegigated, we tentatively derived a figure of a first-order con-
(Bonsang et al., 1992; Milne et al., 1995), which was sim- sumption term (in h') of 0.0226 [chla]-0.0038 (with a co-
ilar to that of phytoplankton productivity in terms of chloro- efficient of determinatiorR? of 0.82) based on our storage
phyll a concentration. experiment at station s68 for a substrate concentration of CO
Our results demonstrate the importance of the differenower than 2 nmol £, chlorophylla concentrations varying
variables that influence the temporal and spatial variabilitywith depth from 0.3 to 1.2 pgt!, and a temperature ofE.
of CO or NMHC in the ocean. The surface variability of CO For higher CO concentrations (2 to 4 nmaiLtypically),
and NMHC and their vertical distributions in the euphotic we used a saturation kinetic obtained by the same authors in
zone depend on the combination of sources and sinks involvepen ocean waters of the Beaufort Sea of 0.06 nméH-1.
ing solar radiation, temperature, ventilation at the air—sea in-The temperature effect was not included in our parameteri-
terface, CDOM content and phytoplankton biomass and diszation, but it could have a significant effect, according to the
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linear dependence dfco pointed out by Xie et al. (2005). ity) on the surface-seawater temperature, leading to a varia-
This effect can easily lead to a 2- or 3-fold uncertainty ac-tion in the overall contribution of this sink in the budget of
cording to the range of temperature in the investigated watethe water column and consequently of the residence time of
masses. CO or NMHC in the water column and of their accumula-

Whereas no significant effect of microbial consumption tion rate. Lower temperatures associated with lower diffusiv-
was observed for NMHC in our experiment on a time scaleity coefficients and exchange speeds are in favor of an in-
of 10 h, this term is probably not negligible, because in thecrease of CO or NMHC levels due to an increase of their res-
absence of a significant sink, alkenes should be transporteidlence time in the surface layers. For the range of tempera-
by eddy diffusion downward below the mixed layer and the tures observed~ 6°C in WAW, ~ —1.5°C in PW), the vari-
euphotic zone. Indeed, many studies have reported variouation of the piston velocity proportional & ~/2 or §¢=2/3
mechanisms of hydrocarbon utilization by bacteria and mi-is reduced by 30 % from WAW to PW. Considering the con-
croorganisms in sea water (Shennan, 2006; Brakstad anttibution of the ventilation to the atmosphere to the global
Bonaunet, 2006). For isoprene, a biological sink involving turnover previously estimated (12 to 24 %), it appears that
soil bacteria has been observed (Fall and Copley, 2000) , buhe physical effect of temperature is therefore of secondary
the degradation or oxidation by marine microorganisms isimportance in the variability of the CO concentrations ob-
not clearly established (Shaw et al., 2003). However, an avserved (2-fold variation) between WAW and PW.
erage value ofpj, of 0.06 day ! has been tentatively used by  For alkenes and isoprene, the effect of temperature leads to
Palmer and Shaw (2005) in global marine isoprene budgetsa relative change in the Schmidt number of roughly 50 % be-
Considering the probable large variability of this sink with tween warm and cold waters. This physical effect of temper-
the temperature, we will however consider this effect as secature is still not sufficient to explain the observed variability
ondary importance in cold or polar waters. Other sinks, suchin the concentrations, which vary more than 2-fold between
as oxidation, similar to the reactions of alkenes and diene®VAW and PW. The microbial consumption term, although
with radical species correspond to very slow kinetics (Mill et highly uncertain and with a lower contribution than for CO,
al., 1978) and are most likely of minor importance (Riemer can significantly increase their residence time in colder PW
et al., 2000). masses.

The vertical transport toward deeper layers will not be con-  In summary, the physical effect of temperature through the
sidered here as a first approximation, because the concentraariation of the sea—air exchange term cannot explain the in-
tions of the measured species fall to negligible values at therease of CO and alkene surface-seawater concentrations ob-
bottom of the euphotic zone, and consequently any advectioserved in the Arctic Ocean; the variation of their residence
or diffusion term should be close to zero. time through the microbial consumption effect is probably a

From the characteristics of the different stations inves-main factor to take into account.
tigated, we derived therefore a rough estimation of the
turnover of CO and isoprene in the mixed layer (Table 7)5.3 Photoproduction of CO and alkenes
based on the best estimates of the microbial consumption

term and the contribution of the sea—air exchange piston velNumerous variables were considered to explain the observed

locity (Kw) and the mixed layer depthZ{y ) with a time variations in the surface concentrations of CO and propene.
constant given by Solar radiation must be first considered owing to the fre-

quently observed diurnal cycle of these compounds in sta-
k= ﬂ ) tions. The average global radiation diurnal cycle is shown in
VAV Fig. 11a. The maximum solar radiation of 28839 W nT2
On the whole, the CO turnover in the mixed layer varies °ccurred between 12:00 and 15:00 UTC, and minimum val-
between 0.1 and 1.7-d with a mean value of 0.6 0.4 d-1. ues were measured at night, with an average value of
On the average, for CO, the contribution to the global 31E 15Wm*2..Compared with the average diurnal cycle of
turnover in the mixed layer of the exchange with the atmo- CO concentration over the cruise (Fig. 11b), in which no sig-

sphere is of~ 24 % for FAW or PW and 12 % for AWs and nificant diurnal cycle was detected, solar radiation seemed

WAW. The isoprene turnover is about one order of magnitudet 1 be the dominant process that explained the CO vari-

lower with an average figure of 0.860.07 d-1, which can ability at the surface. Although daily surface-seawater CO

be considered as a lower limit, since no relevant microbialMéasurements were not performed during the whole period
consumption term can be used (due to station sampling), the measurements did not reveal

As shown in Figs. 6 and 7 and Table 4, there was a cleaP"Y clear diurnal signals. These results are in agreement with

link between water masses and CO/propene concentrationd€ observations of Xie et al. (2009), who found that no di-

Several reasons can be considered to explain the dependendg@! cycle of surface-water CO concentration occurred in
of CO or NMHC surface concentrations on temperature. ASPiNg. Similarly, the alkene surface measurements, although

first possible effect could be purely physical and due to thecpnducted with a reduced spatial resolution, did not show any
dependence of the air—sea exchange velocity (piston velocdiurnal trends.
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Table 7. Estimated turnover (dayl) of CO and isoprene in the mixed layer, and corresponding averaged production rates.

Station®° N  Water  Averaged CcO CcO Isoprene Isoprene
mass chhk turnover production turnover production
pgL—la dl  107"molm3d-1 d-1 pmolgchla=1d=1
S1 AW 3.56 0.89 155 0.046 0.20
S2 PW 0.24 0.06 0.57 0.015
S5 PW
S9 PW 0.30 0.08 0.76
S14 PW
S20 FAW 3.27 1.71 11.9 0.018 0.29
S25 FAW 1.98 0.34 16.4 0.031 0.19
S41 FAW 2.94 1.60 11.2 0.045 0.37
S44 FAW 1.24 0.60 5.63 0.020 0.22
S64 WAW 0.71 0.35 2.10 0.040 1.57
S68 WAW 1.02 0.71 4.01 0.175 5.63
S102 WAW 2.73 0.67 14.6 0.006 0.16
S111 AW 0.92 0.44 7.70 0.022 0.77
S124 AW 1.90 0.96 12.6 0.009 0.23
S129 AW 1.43 0.69 11.8 0.010 0.25
S134 AW 0.97 0.53 5.30 0.074 4.34
S136 AW 0.43 0.20 3.74 0.041 2.23
S139 WAW 1.34 0.65 3.40 0.015 0.64
S157 WAW
S167 WAW 0.98 0.48 2.04 0.025 0.81
S170 AW 0.92 0.41 3.93 0.004
S173 PW 0.58 0.006 0.07
S179 AW 0.74 0.33 3.91 0.018 1.73
S182 PW 0.25 0.28 4.09 0.170 32.7
S185 PW 0.87 0.77 11.4 0.279 8.06
S194 AW 0.79 0.71 18.5 0.114 4,55
S200 PW 1.10 0.51 2.47 0.005 0.19
S203 AW 2.30 0.015 0.53
S211 PW 1.00 0.212 3.07
S216 PW 0.54 0.34 3.01 0.102 3.77
S224 PW 1.28 0.73 19.0 0.097 1.66
S229 PW 1.06 0.50 2.23 0.007 0.16
S237 PW 0.31 0.16 20.0 0.056 1.24

2 Chlorophyll depth weighted average.

The fluorescent signal of CDOM measured on boardof CDOM based on monthly climatology, and Fig. 12 shows
(Figs. 5b, 6b, 7b) was 5-fold greater in PW than in the othertheir estimates for our investigation area. Our spatial distri-
water masses. Several authors (Belzile et al., 2000; Scullyputions of CO at the sea surface (Fig. 4a) can be compared to
and Miller, 2000) have noted the release of organic mattetthe output of their model, facilitating the description of sim-
during ice melting due to algae growing in the ice, which ilarities between our measured concentrations and their cal-
might explain the generally higher values of CDOM in the culated production rate at the sea surface. From the turnover
ice-covered PW. An additional source of CDOM in sea ice of CO evaluated in Table 7, we have derived average val-
could be the incorporation of detritus from rivers during ice ues of the production rate of CO in the mixed layer, which
development on the Siberian shelvesi(hberg et al., 1994). can be also compared. The hot spot of measured CO along
The co-occurrence of CO and CDOM production in PW the Greenland coast was unfortunately not documented in
combined with UV radiation is known to be the main source their model (Fig. 12a). Higher production rates were found
of CO in seawater, and our observations confirmed this comin the west side of section 2 (at 7H) and along section 4
bination as a first-order process. (transect north to south) before Jan Mayen Island. The CO

Fichot and Miller (2010) have recently studied and simu- measurements showed high concentrations in the same area
lated the global production of CO by the photodegradationfrom 75 N to 80° N, where high values of CDOM were also
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found. In this area, the measured CO and CDOM values fitted™
with the photochemical production of CO at the sea surface
as pointed out by Fichot and Miller; high CO average pro-
duction rates in the mixed layer(1 x 108 molm=—3d—1)
deduced from our data at the stations s20, s25 and s41 and at
stations s224 and s237 close to the Greenland coast confirm
this general pattern. However, the other areas with high pro-
duction rates did not match with the variability of our mea-
surements, demonstrating the limit of comparison between
the production rates calculated per day on the basis of cli-
matological databases and our local measurements at a given
location.

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. This assump-
tion is consistent with the comparison of the order of mag-
nitude of their quantum yield® (in mole of CO or alkenes 0 1e08 208 808 4e-08 5e08
produced per mole of photon in UV absorbed by CDOM) mol(CO) m day
with respect to photoproduction. This is however very lim-
ited since the sinks for CO and alkenes are probably quité=ig. 12.Surface CO productiofa) and CO production at a depth of
different. Wavelength-weighted quantum yields of CO pho- 20 m(b) adapted from Fichot and Miller (2010), courtesy C. G. Fi-
toproduction have been estimated in various marine environ¢hot:
ments by different authors (Zafiriou et al., 2003; Zhang et al.,

2006; Xie Get al., 2009; Stubblins etal 2011), with arange of 1y anes to CO that we have observed on surface seawater (Ta-
to 5x 10> molecule photon” in the Amundsen Gulf (Xie e 4): the hypothesis of a common photoproduction process

et al., 2009). For alkenes, no specific data can be found i gikenes, and CO is consistent with our knowledge of the
such marine environments, which excludes a direct compar-

; > ““’magnitude of their sources and sinks.

ison; however, quantum yields for alkenes photoproduction

derived from studies at mid-latitudes (Riemer et al., 2000),5.4 Influence of biology on trace gas production

or from laboratory experiments on seawater (Ratte et al.,

1998), lead to values of 2 or 3 order of magnitude lower thanHowever, in addition to these common fates characteriz-
for CO at the same latitudes @ x 10~® molecule photon?; ing the vertical distributions of CO and alkenes, a differ-
Zafiriou et al., 2003). This is also the range of the ratios ofence is the occurrence of relatively high, secondary deep
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CO concentrations, which were usually observed close to thef concentration at 15 m depth, the same as the maximum of
chlorophyll maximum (purple dots in Fig. 1). chlorophyll a concentration. This chlorophylt maximum

Considering that the photoproduction of CO is, at 20 mwas driven by a combination of several algae groups, such as
depth, 2 or 3 orders of magnitude lower than at the surfacePhaeocystiscoccolithophorids, prasinophytes and dinoflag-
according to the simulations of Fichot and Miller (2010), the ellates. Among those species, prasinophytes seemed to drive
occurrence of significant level of CO in depth can be at-the isoprene concentration at 15m depth. At station s182
tributed to downward transport by advection and diffusion. (Fig. 13g), the most northern station (79M), the maxima
The CO profile would display in that case a regular decreasof isoprene and chlorophydl concentrations were governed
ing trend according to the most frequently observed profiles}py diatoms and coccolithophorids.
only a source “in situ” would be able to produce the observed The maximum isoprene level was observed for most of the
deep relative maximum that we have noted on some specifistations at the same depth as the chlorophythaximum,
profiles. Figure 13a—g present the vertical profiles of CO,or slightly above this maximum. This offset between these
isoprene, chlorophyll and phytoplankton species at seven senaxima has already been observed previously by Bonsang et
lected stations. At the five stations s124, s139, s167, s17@l. (1992) and Milne et al. (1995), who suggested that there
and s229 (Fig. 13a—e), a deviation from the decreasing promight be no direct link between isoprene and chlorophyll and
file following the light penetration was found for CO. Among that isoprene could rather be produced by the degradation
those stations, this deviation of CO concentration with depthof an organic precursor. However, Moore et al. (1994) note
(most pronounced at station s167) usually aligned with thethat the total rate of photosynthesis is a function not only of
maximum of chlorophylla or occurred slightly above this chlorophyll content but also of the light intensity, which de-
maximum of chlorophyllz. For comparison, two other sta- creases exponentially through the water column. Therefore,
tions (s179 and s182), where no deviation was observed fothese authors suggested observing the level of maximum iso-
CO, are reported in Fig. 13f and g. prene lying above the chlorophyll maximum. Finally, McKay

A mechanism of photoproduction by particles previously et al. (1996) and Shaw et al. (2003) assumed that isoprene
described by Xie et al. (2009) can be first considered, but itappears during phytoplankton growth and is most likely pro-
would involve the presence of UV radiations at this depth andduced either directly by the plankton or through the oxidation
it is consequently much less probable owing to the profileof exuded dissolved organic carbon.
of UV penetration generally observed. The degradation of From the vertical profiles of the compounds and their cor-
pigments or phytoplanktonic components under PAR radia+esponding abundance in the water column, a biological pro-
tion, still available at theses depths, is also one other possiblduction rate (Table 8) could be inferred. The estimations of
mechanism to be considered (Nelson, 1993; Rontani, 200the CO production through this secondary biological process
and references therein). However, a previous study of Grosre made by considering the different@ in the water col-
et al. (2009) based on laboratory experiments on phytoplankumn content between the observed CO profile and the CO
ton cultures has shown that CO was produced directly fromprofile fitted without this secondary maximum (assuming a
phytoplankton groups exposed to PAR in the absence of U\guasi-exponential decrease). This excess is then normalized
radiation, and that no production occurred on the filtered me+to the chlorophyll concentration measured at these levels to
dia, which excludes a possible photoproduction mechanisnobtain pg of CO per g of chlorophyll and, then, using the
on CDOM at these wavelengths. These considerations thereverage turnover (Table 7):
fore strongly suggest an origin of this secondary CO maxi-
mum linked to biologically related processes. Pco.pio=1AQ. (3)

Concerning the vertical isoprene profiles for these five sta- This calculation leads to values from 16.5
tions, the deep subsurface maximum aligned with the maxto ~ 63.4pumolCOgchl a~1d=! (mean value of
imum chlorophylla concentration and the CO secondary 46.1 umolCOgchla~1d~1). Comparing the CO pro-
maximum previously discussed. At station s124 measurediles to the species-concentration profiles, we have observed
on the Fram Strait close to Spitsbergen, a profile of isoprenghat Phaeocystis dinoflagellates and to a lesser extent
showed two maxima, the first one at 5-10 m depth and thaliatoms were dominant when this deviation appeared. The
second one at 20—-25m depth, exactly as the chlorophyll average value calculated from our five stations with an
profile, which was represented by mosBhaeocystigype additional source of CO appears to be in the lower range of
algae. Associated with the CO profiles of s167, a station alsdhe diatom production rates determined in the laboratory.
on the Fram Strait, the maximum isoprene value occurredndeed, Gros et al. (2009), working on several species of
at the maximum value of chlorophydl concentration be- phytoplankton, have found production rates ranging from 19
tween 20 and 30m depth. The peaks of isoprene seemeid 374 pmol COgchk—1d~1 for diatoms (with a median
to be driven once again bghaeocystidype algae but also value of 33umolCOgchla~1d-1), between 115 and
by dinoflagellates and to a lesser extent by diatom specie844 pmol CO g chk—1d~?! for cyanobacteria and values of
and one species of chlorophyte. At station s179 (78,7 56 and 6 umol CO g chl~1 d~* for the coccolithophorid and
Fig. 13f), the isoprene depth profile indicated a maximumchlorophyte, respectively. Unfortunately, ihaeocystisr
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Fig. 13. Profiles of CO (nmolLC1), propene (values have been multiplied by a factaio fit in the CO figure, pmol 1), isoprene
(pmol L~1), chlorophylla (ngL~1) levels and abundances of phytoplankton (ngudhi 1) for stations s124a), s139(b), s167(c), s170
(d), s229(e), s179(f) and s184q).
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Fig. 13 .Continued.

Table 8.CO production rate (ug CO g ¢t h~1 and umol CO g chh ~1 d 1) calculated for the five stations at which a biological produc-
tion of CO was observed in the mixed lay&i,_ 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.

Station VAVIES Ratio CO/Chl CO production CO production Isoprene production
(m) (gCOgchk~1) (ugCOgchk1h™1) (ugCOgchk1h 1d=1) (umolGHggchla—td—1)

s124 30 1.85 1073 74.0 63.4 0.23

s139 45 2.0& 1073 56.3 48.3 0.64

5167 50 9.60« 1074 19.2 16.5 0.81

5170 40 4.00¢ 1073 68.3 58.6 -

$229 18 2.46¢ 1073 51.3 43.9 0.16

Average (these 5 stations) 53.8 46.1 0.46

Average (median)

for all of the depth profiles 1.65(0.71)
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Table 9.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
(umolCOgchk—td=1) | (umol GsHg gChla=1 d~1)
@ | @ 3
Cvanobacteria Trichodesmium 344 3.00
y Synechococcus 115 4.97 1.4
Coccolithophorid Emiliania Huxleyi 56 1.0 1.0
Chlorophyte Dunaliella tertiolecta 6 0.4
. Fragilariopsis kerguelensis 65 0.56
Diatom (cold water) Chaetoceros debilis 374 0.65
Phaeodactylum tricornutum 33 1.12
Diatom (temperate water) Chaetoceros neogracilis 21 1.26
Skeletonema costatum 19 1.32 1.8

dinoflagellates have been measured in the laboratory. Despit@ere consequently driven by light penetration. However, at
the lack of diurnal survey of the CO profiles in the water the surface, the global solar radiation was not the main pa-
column, a large uncertainty characterizes our estimates,ameter that influenced the variability of the sea-surface con-
which should be considered only as order of magnitudecentrations; indeed, no CO or alkene diurnal cycles were ob-
since the CO concentration should significantly change aserved. Polar water showed a significant enhancement of CO
time scales of hours. Nevertheless, our observations werand alkene surface concentrations by a combination of two
thus consistent with the occurrence of a possible secondargffects: a reduction of the mixed-layer depth, in accordance
mechanism of CO production driven by in situ biological with a strong stratification and density gradient within the
processes. first 10 m, and an increase of the CDOM concentration. Sea-

For isoprene, similar calculations were conducted in theair fluxes of CO and alkenes estimated for theses oceanic ar-
mixed layer, considering the ventilation to the atmosphereeas correspond to the highest range of values generally ob-
as the dominant sink. Isoprene production rates are on theerved over the oceans.
average of 1.65%0.71)pumolGHggchl a1d! and of Biomass activity was also found to be an important pa-
0.46 pmol GHg g chl a—1d~1 for the five stations where a rameter. We have observed for the first time through in situ
secondary CO maximum was observed in the mixed layermeasurements that CO could be partly produced by a sec-
We can compare these production rates based on our in sitandary mechanism linked to the phytoplankton. Compared
measurements with values from the literature based on labato laboratory studies, this biological source of CO was of the
ratory experiments (Table 9). same order of magnitude as that previously estimated for di-

The mean isoprene production rate was in the range of proatoms under PAR radiation. In addition to these observations,
duction by diatoms and coccolithophorids reported by Shawwe have also confirmed the direct influence of biology on
et al. (2003) and Bonsang et al. (2010). However, we musthe production of isoprene and have shown that the isoprene
note that the isoprene production was highly algae-group deproduction was species-dependent. However, further work is
pendent, and only a few species were studied in the laboneeded to better characterize the role of sea ice in the source
ratory. Moreover, the light conditions of the laboratory ex- of CO and NMHC and to identify and quantify the main sinks
periments included PAR irradiance of approximately 75 to of isoprene and other NMHC in the water column.
100 pE nT2s~1, which is slightly greater than the conditions
of our field experiment.

Appendix A

6 Conclusion Determination of the extraction yield

A dataset of CO and NMHC concentrations combined with The theoretical extraction yield can be defined as the ratio of
biological measurements in high latitudes of the Arctic the mass of the volatile organic compound (VOC) extracted
Ocean is described. High variability of CO and propene wasin the gas phase to the initial mass in the water analyzed.
observed in the depth profiles and at the seawater surfacéAssuming that the VOC concentration in the gas phase of
The photodegradation of CDOM by light radiation was the volume Vg is in equilibrium (infinite contact time) with the
main identified process for CO and alkene production, andconcentration in the water phase of voluvig, according

the vertical profiles of CO and alkenes in the water columnto Henry’s equilibrium, the theoretical extraction yigldis
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given by the following equation:

Vg

PR (AD

V b
V_\?\/ + KnRT

Gas analyser
RGD2 for CO
GC-PID for NHMC

where K, is the Henry’s law constant in moHlatm1,
and R is the perfect gas constant in corresponding units
(0.08206 L atm K1 mol~1).

In our experimental conditions, the ratig/V,, is also
equal to the ratio of the flow rate of gaBy to the flow rate
of water (Fy) in the extraction cell, and Eq. (A1) becomes

ﬁ
po= (A2)
F_v?/ + KnRT

The experimental extraction yielgkéxp) is dependent on £y a1 Pprinciple of the closed system.
the time of contact between the gas phase and the aqueous
phase and various parameters, including the diffusion co-
efficients of VOC in the water phase and geometrical fac-Appendix B
tors, such as the internal section of the coil of the cell. The
yield can be experimentally determined by measuring theAir—-sea exchange: numerical determination of the
gas-phase concentration in the extraction cell flushed with‘piston velocity”
a water sample containing a known amount or concentration
of the hydrocarbon. However, this method requires the preThe piston velocity or air-sea exchange velocky, (in
cise determination of the initial concentration in the water cm ) of a given compound that is supersaturated in sea-
sample, which itself requires knowledge of the experimen-water is given by applying the parameterization of Liss and
tal extraction yield. To avoid a relatively complex procedure Merlivat (1986):
involving several iterative steps, we used a simple method

Mass flow

air water
controller ¥

wIN

consisting of performing the extraction in a closed systemso, _ ;- <£>_ (B1)
that the initial VOC concentration is not required a priori. In ="~ 7\ 600
the experimental design described in Fig. Al, the total vol-
ume of water isViy (in the flask and extraction device), and for u <3.6ms*and
the total initial VOC amount in the systefy is calculated 1
as follows: Ky = (2.85. — 9.65) (%)) ’ (B2)
Qo= Cw,0Vw, (A3)
where Cy, o is the unknown initial VOC concentration and for 3.6 <u < 13m st or Wanninkhof (1992):
Cw,: is the VOC concentration at tinre .
Assuming an extraction efficiengy, the amount of VOC Ko — 03112 (ﬁ)_z (B3)
removed per unit time from the water at a flow r&igin the W= e 660 ’

extraction cell is given by the following equation:

th VWdCW,t
o - @ —expFwCw, 1 (A4)
which leads to the following calculation:
Fw
Cw,r = Cw,0€XP(—pexp——1) (A5)
Vi
or
CW t FW
In—=-— —1. A6
CW,O MexpVW ( )

As the concentration in the gas phag; is directly propor-
tional toCy, , the extraction efficiencyexp is deduced from

the slope Ir% plotted versus the timg i.e., of the expo-

whereu (ms™1) is the wind velocity at 10m. The Schmidt
number Sc (dimensionless) is given by the ratifc = 5,
wherev is the kinematic viscosity of water (in &s 1) and

D is the diffusivity of the considered species in watbr,
which is dependent on temperature, is calculated by apply-
ing the classic Wilke and Chang (1955) equation:

D=74x108

M
YT, (B4)
nVa'

where n is the viscosity of seawater (in centipoise or
102gcmi s y is the association factor (2.6 for water);

M is the molar mass of water in gmot; T is the tempera-

nential decrease of the concentration of the VOC measureéire of seawater’K); Va is the molar volume of the consid-

in the gas phase in the extraction device.
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Appendix C
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Fig. C1. (a) Sea-surface CO (nmoft!) and propene (pmoltl)
concentrationsy{b) water temperature®°C), which included the
identification of water masses: P¥/fpolar water, FAW= fresh At-
lantic water, WAW=warm Atlantic water, AWs- Atlantic water
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