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Abstract. Air-sea CQ exchange depends on the air-seal Introduction

CO, gradient and the gas transfer velociky,(computed as

a function of wind speed. Large discrepancies among reThe role of air-sea exchange as a sink for atmospherig CO
lationships predictingc from wind suggest that other pro- is assessed through a major concerted international effort to
cesses also contribute significantly to modulate,G&-  €xamine CQ fluxes across the air-sea boundary layer. The
change. Here we report, on the basis of the relationship beaccurate parameterization of the air-sea gas exchange pro-
tween the measured gas transfer velocity and the organic caf€ss is an important pre-requisite to quantify geographically
bon concentration at the ocean surface, a significant role ofhe CQ uptake and release by the ocean for a better under-
surface organic matter in suppressing air-sea gas exchanggtanding of climate change feedback mechanisms. The cal-
at low and intermediate winds, in the open ocean, confirmingculation of air-sea C®flux (FCO,) is typically based on an
previous observations. The potential role of total surface orindirect bulk method where data sets of global distributions
ganic matter concentration (TOC) on gas transfer velogjty ( Of surface water C@partial pressure, increasingly available
was evaluated by direct measurements of air-seafi@es  (Takahashi et al1997, 2002), and wind speed’) are used

at different wind speeds and locations in the open ocean. Acas model input variables. Fluxes are commonly determined
cording to the results obtained, high surface organic mattefrom the bulk formula:

contents may lead to lower air-sea £€@uxes, for a given
air-sea CQ partial pressure gradient and wind speed below

1 .
5ms, compared to th"’.‘t o_bserved at low organic matt.erwhere ApCQO; is the difference between G(partial pres-
contents. We found the bias in calculated gas fluxes resultm% : :
ure in the surface ocean and that in the lower atmosphere

from neglecting TOC to co-vary geographically and season- _ _ )
ally with marine productivity. These results support previ- (APCO, = pCO — pCOy,) and represents the thermody

ous evidences that consideration of the role of organic mattepamIC driving force that determines both the potential extent

in modulating air-sea Cexchange may improve flux esti- and direction of the flux.k is the gas transfer velocity, it-
9 9 y Imp .. self driven by near-surface turbulence in the water boundary

¥ayer (Donelan 1990), which represents the kinetic term and
affects the magnitude of GGexchange. Ands is the CQ
solubility term, easily calculable from water temperature and
salinity data (Weiss 1974).

While ApCO, can be accurately obtained by in situ mea-
surementsk is difficult to quantify and is, in practice, pre-
dicted from one of the multiple parameterizations deriving

Correspondence ta¥l. LI. Calleja k from wind (U) (Liss and Merlivat, 1986; Nightingale et
BY

(mcalleja@ucsc.edu) al., 2000a, b: Wanninkhof, 1992: Wanninkhof and McGillis,

FCO;k x S x ApCOy (1)

in surface organic concentration across the ocean.
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1999), as wind speed is considered the main factor affectin@ Sampling and methods
turbulence in the air-sea interface and fluxes can then be eas-
ily computed from accurate routinely acquired wind speed2.1 Location
measurements. This assumption considers wind as the main
driving kinetic parameter. However, as Zappa et al. (2007)Water samples within the top cm of the sea surface and
demonstrated recently, wind is only a proxi of turbulence atCO, measurements were conducted at 41 stations, away
the aquatic boundary layer (and thusk)f The high scat- from coastal influences, in two different locations; along
ter within datasets whehis plotted against wind speed, ac- the NE Subtropical Atlantic Ocean (between 14 ant\82
counting for differences among parameterizations that carand 19 and 28N) during September 2002 (cruise COCA 1),
lead tok values differing by more than a factor of 2, remains May—June 2003 (cruise COCA 2), and October 2004 (cruise
a source of uncertainty in flux estimates, and indicates thaBADE 2); and along the Antarctic Peninsula on the South-
more research is needed to gauge the effects of other preern Ocean (between 55 and°&, and 62 and 67S) dur-
cesses that are not controlled by wind speed in modulatingng February 2005 (cruise ICEPOS). Sampling and measure-
gas transfer kinetics. Among these are the effects of wavesents were performed from a boat drifting upwind from the
traveling faster than winds (Smedman et al., 1999), micro-research vessel to avoid any possible contamination. The
breaking of small-scale waves altering the surface roughnessumber of stations where measurements were conducted was
(Zappa et al., 2004), hydrostatic increase of the,@@r-  limited by the oceanic conditions when a small boat could
tial pressure in bubbles (Keeling, 1993), and abundance obe safely deployed to conduct these measurements. The
organic surfactants in the surface microlayer (Frew, 1997)boat was driven some miles away from the research vessel
These processes occurring in the air-sea interface have beda avoid contamination during measurements, and was left
recognized by oceanographers to affect gas transfer velocityrifting during sampling. Most of the measurements (n=40)
In particular, recent efforts to study organic properties neamwere performed at winds between 1 and 127th sAnd one
the sea-water interface over the last decades has provided emeasurement alone was possible at higher (15.9%ngind
idence of accumulation of synthetic (Goldman et al., 1988)speeds.
and naturally occurring (Frew et al., 1990) surface-active or-
ganic matter at the sea surface, as well as surface layer e-2 Instrumentation
richment in organic carbon content (Calleja et al., 2005),
bacterial concentrations (Zemmelink et al., 2005) and amindDetermination of water surface GOpartial pressure
acids (Kuznetsova et al., 2004). In the presence of surfacépCOw) and atmospheric COpartial pressure {COoa)
films, near-surface turbulence is suppressed /am@n be  was performed using a high-precisiontlppm) non-
significantly reduced at a given wind speeé@hde et al., dispersive infrared gas analyzer (EGM-4, PP-systems) at 1
1987). This effect has been previously documented to bemin recording interval. Before entering the gas analyzer, the
particularly important under low wind conditions (Frew et gas stream was circulated through a Calcium Sulfate col-
al., 2002). However, the relationship between this surfaceumn to avoid interferences from water vapor. A peristaltic
active organic material on open-ocean waters and gas trangump, pumping water from the top cm by the use of a floating
fer velocity has not yet been assessed at in situ conditionglevice, and a gas exchange column (Mini-Module %25
A possible reason for that is the fact that the organic con-Membrane Contactor, Celgard) with an effective surface area
tent of seawater is often determined instantaneously over disef 0.5 n?, a total volume of 52 ml and a water flow of about
crete stations whereasis commonly examined using tracer 300 mImirr? were utilized for air-surface sea-water equi-
technigues which are not able to describe the patchiness dibration, resulting in a residence time of only 10s and no
organic matter in the ocean, making the evaluation of theirtemperature difference between in situ seawater and water in
relationship difficult. the equilibrator. The gas phase was continuously circulated
Here we test the effect of the organic matter content in thethrough the equilibrator and the infrared gas analyzer. Gas
ocean surface layer on the air-seafafas exchange by ex- analyzer was calibrated using two dry standards: pure nitro-
amining the relationship between empirically determined gasgen (0.0 ppm) and a gas mixture of €énd N> containing a
transfer velocityk, and the total organic carbon (TOC) con- CO; molar fraction of 541 ppm, which revealed an accuracy
centration in the upper cm of water surface, at samples acrossf +1 ppm in the determinations gfCO,. All pCO, mea-
a range of contrasting locations in the North East Subtropi-surements were corrected for water vapor pressure and tem-
cal Atlantic and the Southern Oceans. We do so by the usgerature, and final results reflectp€O, at 1 atmospheric
of the chamber method that allows géxchange rate mea- pressure with 100% saturation of water vapor and in situ tem-
surements from short time and spatial scales, as surface TOpRerature.
content may vary widely with biological processes changing Water sampling for TOC measurements: Surface layer wa-
along the day and across space. Thus, the use of the chambier from the top centimeter was sampled using a peristaltic
method allowed us the examination of organic matter patchpump with the inlet held within the top cm of the water col-
iness among sites where gas transfer velocity was measuredmn by a floating device, so that we estimate that water
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samples represent a layer a fewcm thick. We, therefore, -
hereafter refer to these samples as top cm depth. Water sar s | e
ples from 5m depth were collected from Niskin bottles at- ot TR 1t
tached to a Rosette sampler system. TOC measurement§ ss|°* " )
were performed from waters sampled from both, the surfaceg |
top centimeters and 5m depths. 10 ml of each sample weres | I .
transferred to pre-combusted glass ampoules®@36r 5 h) 340 | I *.
and kept acidified (pH: 1-2) until analysis by High Temper- 335
ature Catalytic Oxidation on a Shimadzu TOC-5000A. Stan- ’
dards of 44—-4%mol C L~ and 2umol C L~1, provided by
D. A. Hansell and Wenhao Chen (Univ. of Miami), were Fig. 1. Two examples of the linear correlation betwge®O, (ppm)
used to assess the accuracy of the estimates. inside the bell and time (min) obtained by the direct chamber mea-
Using equipment from the research vessel barometrigurements of air-sea Gexchange afA) the Atlantic Ocean and
Pressure, Wind speed, air Temperature (Aanderaa metedB) the Southern Ocean.
rological station) and sea-surface (4 m depth) Salinity and
water Temperature (Seabird SBE 21 Thermo-salinographer) ) o .
were measured at 1min intervals at the time of sampling"9 the creation of artificial turbulence (@mn et al., 2007).
and averaged for the time period of each flux measurement! he readings opCO; inside the chamber were acquired ev-
Pitch, roll and heading of the research vessel were als@'Y minute during 10-20 min, and G@uxes (FCO,) were
recorded at 1 min intervals and used in a routine embedded ioMPuted from the slope of the linear regressiofe{feraged
the software integrating navigation and meteorological datéd-93+0.01) of pCO;, against time according to Frankignoulle

to correct wind speed for the ship movement and flow distor-(1988). Figure 1 provides some examples of measurements
tion. The corrected wind velocities were then converted toobtained once the whole system has been cleaned with fresh

wind at 10m (/10) using the logarithmic correctiobi,o=U,  Surface air and the chamber laid on the sea surface. The lin-
[0.097 Ing/10)+1]~1 wherez is the height of the wind sensor €&T increase or decrease of atmosphe@c, in the bell pro-

L L L L L L
5 10 15 20 0 5 10 15 20

time (min) time (min)

position (Hartman and Hammond 1985). vides estimates of both the direction and magnitude of the
flux (Fig. 1).
2.3 Flux measurements Concerns have been raised that the presence of the floating

device interferes with the processes governing gas exchange

The floating chamber method (Frankignoulle, 1988) has beerfBelanger and Korzum, 1991). Two main criticisms are un-
mainly used in coastal water bodies, where temporal andler discussion: the main one is the idea that the chamber
spatial resolution is required. To our knowledge, this tech-device isolate water from wind influence (Liss and Merlivat,
nique has not been previously used to estimate @i@xes  1986), hence blocking surface wind turbulence. However, as
under oceanic conditions, where gas transfer velocities arair-sea gas exchange is mainly controlled by turbulence in
mostly derived by the use of tracers. For the purpose of thighe aquatic boundary layer (Kremer et al., 2003; McGillis
work, exchange rates estimated from short time and spatiatt al., 2001), if the measurements are performed over an
scale variations were required, as the organic carbon conter@trea that is large enough relative to that influenced by the
at the top centimeters could vary widely with the roughnesschamber device, the method should be reliabiéii et al.,
conditions and with biological processes changing along thel987), which is the case of our flux measurements, that were
day and across space. To analyze the effect of surface TO@chieved under long fetch oceanic water mass. Moreover,
content on gas transfer velocity using non-intrusive methodsKremer et al. (2003) tested experimentally the chamber dis-
i.e. that integrate the gas exchange process over large spturbance on the wind speed showing that air turbulence in-
tial and time scales, were not appropriate. Thus, we used theide the chamber slightly increased gas flux by only 2-12%,
chamber method as a valuable tool that allows discrete multiwhich represent an error below classical sampling variabil-
point measurements with high temporal (minutes) and spatiaity. The second criticism is that chamber pressure gener-
(below n?, i.e. the area covered by the chamber) resolutionates unnatural turbulence on the water surface resulting in
scales. artificially high exchange rates (Marino and Howarth, 1993;

The chamber, consisting in a plastic circular cone (volumeMatthews et al., 2003). This becomes more important at very
16 L, surface 0.12m?) connected through a close air cir- low wind speeds €1 ms1) and over still and smooth wa-
cuit to the infrared gas analyzer (EGM-4, PP-systems), wader bodies. None of these circumstances were present within
floating and drifting freely, as proposed by Frankignoulle this study were wind speeds ranged from 1.8 to 15.7ms
(1988), to avoid possible unnatural turbulence on the wateand measurements were achieved under rough oceanic water
surface generated by the chamber pressure, during the tinf@asses.
of sampling. It also included a weight allowing the chamber Despite previously described discrepancies, the chamber
walls extending 3—5 cm into the water column, further avoid- technique has been previously reported to agree with other
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direct methods within 10-30% (Borges et al 2004a, 2004b). [laMss EWs2 MWMG9  1MG04 GasEx200L  thiswork
Also, a recent comparison of G@luxes obtained by the use . D
of the chamber and the eddy covariance technique showets o g
little discrepancies between both methods &Gu et al., -5
2007). However, these agreements have only been observe
in coastal waters and reservoirs, and our measurements ar
performed at the open ocean, so the gas transfer velocitie:
estimated here could still be controversial.

Averaged CO:z Flux (mmol m2 d-1)
iR
&

-35 AO autumn AO late spring SO austral summer

2.4 Calculation of the transfer velocity &) Fig. 2. Comparison of regional and seasonal averaged air-sea CO

. . . measured fluxes within this workSE), with fluxes inferred from
The CQ flux s derived by: the wind-speed parameterizations of Liss and Merlivat (1986), Wan-
1 V dpCO, ninkhof (1992), Wanninkhof arld McGillis (1999) and McGillis et
FCOy = ——— (2) al. (2004). AO means Atlantic Ocean, and SO means Southern
A RT dt Ocean

whereA is the air-sea interface are#,is the volume of the

headspace inside the chamligiis the temperature® is the intermediate situation in the upwelling waters of the
gas constant andpCO,/dt is derived from the slope of the NW African Coast of the Subtropical Atlantic Ocean
linear change opCO, against time 1) inside the chamber (3.5ugChlaL~1). Sampled surface waters ranged from

headspace. strongly under-saturated in GQ189uatm) in the South-
Combining Egs. (1) and (2) empirical air-water €@as  ern Ocean, to waters super-saturated (4a8n) relative to
transfer velocitykemp Was estimated by: atmospheric equilibrium in the upwelling system; from the
coldest waters0.26°C) to very warm ones (27.0C); and
_ 1V dpCO 1 3) from low marine Salinity values close to ice-melting areas
~  ART dt S x(pCOuy — pCOp) during the Austral summer (33.1) to high Salinity waters in

. e . . the Atlantic Ocean (37.65).
wheresS is the CQ solubility in seawater at in situ conditions Observed TOC values ranged between 54 and

calculated from water Temperature and Salinity according t°131;LmoI CL! in the upper 2cm of the surface wa-
Weiss (1974) angCOy,, andpCOy, are the measured par- or¢ \ind speeds at the time of sampling were significantly
tial pressure of C®in the water surface and in the atmo- higher in the Southern Ocean (#8.5m s L; Table 1) than

sphere respectively. Resultitigwas then normalized to a the Atlantic Ocean (5:61.9 msL: Table 1).
Schmidt number of 660, corresponding to £i@ seawater ’

. ; ) High wind speeds over the cold nutrient-rich polar wa-
at 20C, by assuming that is proportional toaSc™:

ters, with high biological activity and lowCO, values ren-
S\ der them a strong sink for atmospheric £(Jakahashi et
keso = k x (—) 4) al., 1997). Accordingly, the measurements we performed
660 during the austral summer (February) at South ¢fG(at-
itudes identified a strong net uptake of atmospheric, CO
with a water surfaceCO,,, as low as 18%atm, and mea-
sured air to sea fluxes averagire?1.6+27.4 mmolC n?
d-1 (SD, Table 1), or+8.4mmolCnr2d-1 (SE, Fig. 2).
On the other hand, our data from the subtropical NE
coefficient of the linear regression pCO, against time and Atlantic _Oc_ean was recorded in late spring (May—June_:),
and beginning of autumn (September—October), detecting

1
averaged 3'3:&0'7) gmkr . . seasonal variability within the oligotrophic waters of the
All the relationships derived from the data and described :
subtropical temperate gyre. We found these waters to

in the “Results and discussion” section where weighted by . . : . ;
the number of observations per bin-average data be acting as a qet GOsink during late spring, with
' CO; fluxes averaging-3.1+5.1 mmol Cnt2d~* (SD, Ta-

ble 1), or+1.7 mmolCnr2d~1 (SE, Fig. 2) and as a net
3 Results and discussion CO, source to the atmosphere during autumn, with,CO
fluxes averaging 6:86.4 mmolC nT2d~1 (SD, Table 1), or
Our measurements encompassed a wide range of oceang-1.3mmol C nt2d~1 (SE, Fig. 2). Our flux results are con-
graphic conditions, extending from nutrient-rich and highly sistent with the direction of those reported for the same geo-
productive waters in the Southern Ocean (gfChla L—1) graphical zone using climatological surface oce&©O, and
to very oligotrophic and unproductive waters in the Sub- seasonal, biological and temperature effects (Takahashi et al.,
tropical NE Atlantic Ocean (0.05g Chla L~1), with an 2002).

wheren=15 for U1p>5m st andn=2/3 for Ujp<5ms1.
Note that the significant potential influence of organic
films would probably lead to deviations on (Jahne and
HauRecker, 1998; Liss and Merlivat, 1986). The error of
the estimates of obtainddwas derived from the correlation
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Table 1. Regional and seasonal averagesD) air-sea CQ gradients ApCOy), water Temperature (SST), Salinity, G®uxes (FCQ),
gas transfer velocitiekgp), wind speedsl(1o) and organic carbon concentration in the top cm’s (TOC) measured or estimated within this
work, for the different sites and sampling periods.

Site Sampling period pCO SST Salinity FCQ k660 Uyo TOC
(’atm) I{®) (ppt) (mmolcndd™)  (emhl)  (msl (’molCcL™Y
Atlantic Ocean  autumn 3545139 25.%#1.7 36.80.5 6.8:6.4 21.4:195 5.0:1.9 10117
Atlantic Ocean late spring —11.7+£128 22.41.4 36.%04 —3.145.1 37.2:24.8 8.0t1.9 103t10
Southern Ocean  austral summer —56.7458.5 1.3t1.0 33.8:0.3 —21.6+27.4 75.%58.3 7.8t4.5 69+11
CO, fluxes measured within this work were compared 250

with fluxes calculated using different parameterizations of

the gas transfer velocityk, with the wind velocity, U, :\:E\gzasmmm ;

(Fig. 2); the traditional linear equation of Liss and Merlivat 200 | T aMG 99 Mo

(1986), the quadratic and the cubic formulations proposed by _—. W92 .
Wanninkhof (1992) and Wanninkhof and McGillis (1999), -~ 150 — — L&M 86 /

respectively, and the one recently proposed by McGillis et
al. (2004) derived from Gas-Ex2001 data, all of them nor-
malized to the Schmidt number of 660 by using Eq. (4). Fig-
ure 2 shows that Liss and Merlivat (1986) equation yielded
calculated CQ fluxes that were by a factor of 2 to 5 be-
low the measured flux, with the higher discrepancies found
when, on average, a net efflux was inferred during autumn
at the Subtropical NE Atlantic. The differences where less
drastic when a net influx was inferred in both, the Atlantic
and the Southern Ocean, although the flux magnitude dif-
fer an order of magnitude among sites. When there is a
net CQ sink by the ocean, the measured flux values are in
between values calculated from the quadratic (Wanninkhof,Fig- 3. Th(_e relationship between the _apparent gas transfer.velocities
1992) and the cubic (Wanninkhof and McGillis, 1999) equa- (ke60) derived from this study and wind spedy). Open circles
tions. Nevertheless, there are still differences of up to 3094 cPresent individualg estimated values from each measurement.
between the gas exchange rates derived in this study an?f“d square symbols represégbo values averaged(SD) by bins

e ) 2ms1 of U1o. The solid line represents the fitted relation-
the closest calculated fluxes. Similar differences, of 3O_Ship between gas transfer velocity and wind speed (E®};0)

50% between short-term GCbalance-derived fluxes and (cmp-1)=13.33 ¢-5.50)+0.50 £0.09) U310 (ms~ )2, (R2=0.88,
wind parameterizations-derived fluxes, have been recently <0.01). kggginferred from wind-speed parameterizations of Liss
reported by Kuss et al. (2004), who suggested that windand Merlivat (1986), Wanninkhof (1992), Wanninkhof and McGillis
speed parameterizations could considerably underestimat@999) and McGillis et al. (2004) are plotted for comparison.

the air-sea C@ gas exchange. In both, the calculated and

the measured flux rates of our study, the thermodynamigoral scales. Whereas the floating chamber technique used
and solubility terms from Eq.1j are the same, and the only yields estimates applicable to small time and spatial reso-
changing variable is the gas transfer velocttyHence, dis-  |ution, those from the literature taken for comparison aver-
crepancies found within the Gluxes should necessarily age the gas exchange process over larger time and spatial
be found on discrepancies between the empirically deterscales. The high values could also be artificially enhanced
mined gas transfer velocity and that parameterized from windby unnatural turbulence generated by the chamber pressure,
speed. although this method’s artifact should just affect measure-

Bin-averaged and row gas transfer velocities estimatedNents performed at low wind speeds (Marino and Howarth,
within this work are plotted against wind in Fig. 3. The 1993; Matthews etal., 2003).
Liss and Merlivat (1986), Wanninkhof (1992), Wanninkhof Thus gas transfer velocities repprted here are treated as ap-
and McGillis (1999) and McGillis et al. (2004) equations are Parent values and sh'ouldn’t be directly extrapolated outside
plotted for comparison. The gas transfer velocities obtained"€ Small scales applicable to the rates. _
were consistently higher than those predicted from wind us- 'N€ relationship between the empirically-determined gas
ing non-intrusive methods. The reason for the difference intfansfer velocitykemp, and wind speed was statistically ana-
magnitude might refers to the difference in average condilyzed (see Table 2), and we found the best fit to be described

tions affecting gas exchange over different spatial and tembY the regression equation

k660 (cmh

-1
u,ms
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Table 2. Correlation functions between; the estimated gas transfer veldgity, €m 1) and the wind speed at 10m heiglt; o, m s
based on unbinned and bin-averaged data over winds of Zmesd the calculated residuals of gas transfer veloditys(cm h~1) and

the organic carbon content at the top cm’s of the water surface (J@®)C L—1) based on unbinned and bin-averaged data over TOC of
10umol L~ 1L,

2

Function Equation r p n
kesoVs.U1g Unbinned Linear keeo=—17.38(:10.15)+9.00£1.48)/19 0.49 <0.0001 40
(all U1 range) Power kepo=7.376:5.72)+0.65¢-0.09)U2, 0.60 <0.0001 40
Exponential kggg=6.23¢1.93)&-18*0.10U10 0.62 <0.0001 40
U1o-Bin averagé Linear ke60=5.94E10.57)+5.48£1.53)U19 0.76 0.0231 6
Power ke60=13.33¢:5.50)+0.504-0.09)U 2, 0.88  0.0055 6
Exponential  kggo=14.89¢:1.30)&-14(0.04U10 0.76  0.0240 6
kggoVvs. TOC Unbinned Linear kres=47.38(10.86)-0.54(0.11)TOC 0.59 0.0002 18

(Ujo<5ms™t TOC-Bin average Linear kres=50.41¢10.13)-0.57¢t0.10)TOC  0.86  0.0028 7

* kgeo value derived at-12 ms™1 was not considered in the fit to avoid strong bias derived from a single observation.

test, p<0.0001) (Fig. 4a). This enrichment in TOC did

not decline significantly with increasing wind speed(.16;
k(U10)(cmh™t) = 13.33(+5.50)+ (5) p>0.05) within the wind range observed in this study (from
0.50(£0.09) (U1o(ms™1))?(R? = 0.88, P <0.01) 2to 12ms*). This enrichment can be both because par-

tially hydrophobic molecules are naturally surface active and

Note that bin-average data points shown in Fig. 3 rep_because organig matter is scavenged by rising air bubbles
resentkemp average values estimated from 3 or more ob-and then deposited at the sea surface when they break at
servations §=3-11), but the data point at12ms? rep- hlgher wind speeds (Tseng et al., 1992). Surfgce—actlve or-
resents just one observation alone. To avoid strong bia§anic substances (SAS) represent a large fraction of total or-
derived from a single observation that data value was no@@nic carbon (Hunter and Liss, 1982) composing the main
considered in the fit. The quadratic wind dependency ob-Part of TOC being absorbed at different phase boundaries.
served suggest a similar trend to that of the Wanninkhof'sAccordingly microlayer surfactant concent_ratlons hf';lve been
long- term parameterization (Wanninkhof, 1992), althoughrece”“y documented to clearly correlate with organic carbon
with a high intercept at zero wind speed (13.33crhhwe  content (Frew et al., 2002). Thus the TOC enrichment we
also observed that at low wind speedgd<5ms™1) k did observe at topcm p_omt to an implicit enrlc.hment of SAS or
not vary predictably, not even significantly, with wind speed Surfactants at the air-sea boundary layer in the open ocean,
(R?=0.05; P>0.5), and noted an increase of gas transfer atSuggesting that it could have potential effects on air-sea gas
low winds. McGillis et al. (2004), during the Gas-Ex 2001 €xchange. To better evaluate those effects we have exam-
experiment in the Equatorial Pacific, also observed a veryn€d changes of gas transfer velocity related to top cm's TOC
weak dependence of the gas transfer with wind when thos&ontent.
were below 6ms?!, and a high gas transfer value at zero At high organic carbon content at the sea surface
wind (8.2cmitl). The enhancement factor under the sam-(>90.mol C L~1) estimates of apparent gas transfer veloci-
pling conditions in this study is calculated to be less than 7%ties, are significantly lower than those found at lower TOC
(Wanninkhof and Knox, 1996), indicating that environmen- content €90u.molCL™1). This pattern suggests that or-
tal factors, other than winds, may be also modulating lowganic content is damping sea surface turbulence leading to
and intermediate-wind gas exchange, as also suggested liywer gas transfer rates at a wide range of wind speeds (up
McGillis et al. (2004). to 12ms1), while low organic carbon content is leading to

At low winds, surfactants are known to particularly mod- higher gas transfer rates for the same wind speed values. This
ulate gas exchange because of dampening of waves and tumodulating effect is stronger at the range of wind speed be-
bulence (Frew, 1997; McKenna and McGillis, 2004). Data low 5ms-1. To better evaluate the possible effect of the or-
of surface organic carbon concentration presented here hawganic carbon content, we removed the wind dependency by
been collected under natural conditions and may be relatethspecting the relationship between the residual& gdur
to the potential modulating effect of surfactants. We ob-empirically-estimated apparent gas transfer velodityap,
served the upper top cm of the ocean to be consistently erand that predicted from wind alon&gesidua=kemp— k (U10)]
riched by, on average, 26:2.8umolCL~1 in TOC rela-  and the organic carbon content at the top cm’s. To avoid bias
tive to that observed at 5m depth (Wilcoxon sign rankedbetween different techniques and models, we use the trend
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140 lead to faster gas fluxes than predicted from wind alone at
A 1:1 those low wind regimes. According to this pattern, at surface
R waters with TOC content higher than ol C L~1 (where
= 120 residuals are zero, on average), the organic content in the
o surface can reduce the transfer velocity, both statically by di-
O ool rectly impeding the transfer of gas molecules across the sea
g ¢ surface, and dynamically by reducing the near-surface turbu-
? . o lence. Because the absolutevalues obtained in this work
s 80F o o' °*° could be artificially enhanced due to method limitations, our
0 e, o ° . o ,
0 A result cannot really be considered as quantitative, and don’t
- 60 L * aim to provide empirical relationship to derivégsg versus
$ e o TOC, but to bring evidences of the significant suppressing
o e effect of surface TOC concentration on gas exchange in the
40 e ' ' ' open ocean.
These results suggest that the surface enrichment in TOC
30 at the top cm’s brings an implicit enrichment in surface ac-
B tive hydrophobic organic substances at the air-sea boundary
20 layer influencing interfacial processes and reducing air-sea
o~ gas transfer velocity. Although we have observed this en-
< 10 | richment to be present across a wide range of wind speeds,
g and there is experimental evidence supporting the idea that
:_; oL soluble surfactants can also play a major role influencing
3 gas exchange at high turbulent conditions (Goldman et al.,
® 0t 1988), our data suggest that it has stronger effects under low
N wind regime and low turbulent conditions, as previously doc-
20 L umented (Frew et al., 2002). Soluble surfactants modulating
near-surface turbulence hydrodynamically are believed to de-
30 ) ) ) ) rive largely from phytoplankton exudates and their degrada-
40 60 80 100 120 140 tion products (Frew et al., 1990; Goldman et al., 1988; Zutic

et al., 1981). Production of this material appears to be sea-
sonal and has been linked to biological productivity cycles
_ S _ (Gasparove andCosovt, 2001) and autochthonous produc-
Fig. 4. (A)_ The relationship between Fotgl organic carbon (TOC) tjgn by phytoplankton (Géparove et al., 2005). Accord-
concentration at 5m_de_pth and that within the top_2 cm of the Wa'ingly, high release rates of organic carbon by phytoplankton
ter S.urfac?' The solid line represents the 1 to .1.|'ne’ (zB)dthe' are documented for the studied areas (Alonso-Laita et al., in
relationship between the residuals of the empirically-determined . . . .
reparation), suggesting an involvement of phytoplankton in

apparent gas transfer velocity in this study and that predicted b)P .
wind speed from Eq. (5), and the TOC concentration within the the development of the enriched TOC layer and surfactant

top cm of the water surface at wind speeds below 5hsOpen  activity in the ocean surface affecting the dissipation rate of
circles represent individuakesiquaiestimated from each measure- near-surface turbulence. Atmospheric organic carbon inputs
ment. Solid circles represefifresiquavalues averagedt{ SE) by ~ have been also reported to be very high at the time of sam-
bins of 10umol C L1 of TOC. The solid line represents the fit- pling performed at the Subtropical Atlantic Ocean (Dachs et
ted linear regression equatiokiesigual(Cm ~1)=53.07 ¢-10.77)-  al., 2005). Thus we believe that both, atmospheric deposi-
0.57 (£0.11) TOC fzmol CL™1); R?=0.84,p<0.01. tion and phytoplankton exudation, constitute probable alloc-
thonous and autochthonous sources respectively of organic
matter potentially contributing to the formation of surface
of k& with wind observed from our data using Eq. (5), so that active substances and enrichment of TOC surface concen-
any possible artificially enhancement of gas transfer rates du@ation.
to the chamber device will be accounted in bothy, and Recent work evaluating chemical composition and physic-
k(U10), and hence subtracted when calculatingsiduals. ochemical properties of organic matter in the ocean surface
The dependency of the residualsiofvith TOC content  reveal the presence of a complex mixture of molecules cov-
in the top cm were analyzed at different wind regimes, andering a wide range of solubility, surface activity and molec-
we found the residuals to be strongly and significantly nega-ular masses with an apparent structural organization ex-
tively correlated with TOC in the top cm of the ocean surfacehibiting a spatial and temporal variability (§aarove and
at wind speeds below 5nt$ (R2=0.86, p<0.01, Fig. 4b;  Cosove 2001, G&parove et al., 2007). Transformation
Table 2), indicating that low TOC in surface waters could and consumption of biogenic surface-active substances and

TOC top cm (umol C L")
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subsequent production of refractory compounds have beeously assumed, while TOC-rich productive areas of the ocean
also documented (Gaarove andCosovt 2003). Thus, elu- may be weaker sinks than hitherto believed. This is consis-
cidation of the chemical characteristics of surface TOC con-tent with the differences found between the averaged mea-
tent, and identification of its sources and sinks are basic cluesured and parameterized fluxes shown in Fig. 2. Measured
on the understanding of its physicochemical properties andluxes during the highly productive austral summer of the
sea surface renewal time to better evaluate its modulating efSouthern Ocean, where high phytoplankton exudation is ex-
fects on gas transfer rates. pected, shows influx values ranging between fluxes inferred
According to our data, at winds below 5misa TOC  from two widely used wind-parameterizations (Wanninkhof,
content higher than 98mol C L1 in surface layer waters 1992; Wanninkhof and McGillis, 1999). In contrast, fluxes
will have suppressive effects on G@as transfer velocity measured during the autumn in the oligotrophic waters of
(Fig. 4b). This is consistent with Frew et al. (2002) data, the subtropical NE Atlantic, present an average value up to
where suppressive effects of surfactants on gas transfer ve2.7 times higher than that inferred from the same parameter-
locity tend to be stronger at surfactant concentrations higheizations. Thus suggesting that TOC-poor unproductive areas
than 1 mg -1, corresponding to an organic carbon content of could be greater Csources to the atmosphere than previ-
around 9Qumol C L~1, during the productive spring season ously thought. Moreover, oligotrophic regions are character-
(Frew et al., 2002; Fig. 1a). Despite the trend being the samezed by a smalpCO, gradient between water and air and by
Frew et al. (2002) observed smallechanges over a greater low wind speeds conducive to a major contribution of organic
TOC range than those derived from our observations. Dif-matter on modulating air-sea G&uxes.
ferences in the magnitude and TOC ranges affectinguld This imply that substantial errors in flux computations
be explained by the fact that reduction measured in our may be incurred if generic k-wind relationships are employed
work is dependent on the bulk TOC concentration of the sur-or the purpose of computing global air-sea £dx budgets
face top cm, whereas that measured by Frew et al. (2002) deyr specific ecosystem metabolic studies.
pends on the excess of microlayer surfactant relative to that
in the underlayer water. As surfactants are just a percent-
age of the bulk TOC concentration, the whole TOC effect .
must be masking the pure surfactant effect investigated bf' Conclusions

Frew et al. (2002). Thus, there should be other processes, = ] ) ]
apart from surfactants, accounting for the whole TOC ef- Our findings suggests that consideration of organic carbon at

fect on suppressing gas transfer velocity. The formation ofth€ 0cean surface effects on gas transfers velocity may have
surfactants could also reinforce effectively the chemical enmportant implications for our understanding of the net,CO
hancement as suggested by Kuss and Schneider (2004), sinflgx across the global ocean. The examination of the gas
both processes are specially favored under conditions of |0V@r.ansfer velocities, derived from this study, allows the analy-
wind regimes and high biological production, which yields SiS Of top cm’s TOC content effect on gas transfer rates and
low surfacepCOy/pH ratios and high TOC phytoplankton could prove useful in elucidating the role of other properties
production. operating over short time and space scales in controlling air-
Models that estimate gas transfer velocity based on wings€@ C@ fluxes, which has been identified as one of the ma-
speed alone have used empirical data originated from sys©" challgnggs of research in this area (McGillis et al., 2001,
tems with very variable organic carbon content, ranging from2004: Nightingale et al., 2000b).
low-TOC oceanic waters (McGillis et al., 2004; Wanninkhof ~ In summary, the results presented here, obtained under
and McGillis, 1999), to high-TOC lake waters (Wanninkhof in situ open ocean conditions, provide clear evidence that
et al., 1985), or are based on laboratory experiments in windhe organic matter content of the water surface has suppres-
wave tunnels (Broecker and Siems, 1984) with a highly ac-sive effects on air-sea GQyas fluxes al low and interme-
curate control of wind speed measurements, but with no condiate wind speeds<5 ms-?), confirming previous sugges-
trol over the organic carbon content of the water used. Outtions (Frew et al., 2002, 2004). These results indicate that
results indicate that the bias in calculated gas fluxes resultthe estimation ok, and thus of air-sea gas exchange over
ing from neglecting TOC may co-vary geographically and this wind regime, can be greatly improved by considering
seasonally with marine productivity, as unproductive areaghe TOC concentration in the top cm of the ocean along with
of the ocean tend to be more depleted in TOC than producwind velocity, once parameterizations integrating over rele-
tive areas. Previous results (Frew et al., 2002) are consisvant temporal and spatial scales are developed.
tent with this prediction as they documented higher micro- Accordingly, large international programs to assess air-sea
layer SAS/DOC ratios at cruises performed during the pro-CO, exchanges should be extended to consider concentra-
ductive spring season than those performed at late summeions, nature and properties of organic matter content in the
and fall. Thus CQ@ fluxes in TOC-poor unproductive ar- ocean surface affecting the stability of the surface layer of
eas, which are often net sources of JDuarte and Prairie, the ocean and hence of gas transfer kinetics. We believe that
2005; Takahashi et al., 2002), could be larger than previthis is an essential work to be done in order to accurately
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re-assess the role of the ocean as & 6@k and the impact Transfer at Water Surfaces, edited by: Donelan, M. A., Drennan,

of changes in ocean ecosystems on this process. W. M., Saltzman, E. S., and Wanninkhof, R., 153—-159, Washing-
ton DC, USA, 2002.
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