Atmos. Chem. Phys., 13, 1107Bt087 2013 Atmosphenc _g
www.atmos-chem-phys.net/13/11073/2013/ . g
d0i:10.5194/acp-13-11073-2013 Chemistry >
© Author(s) 2013. CC Attribution 3.0 License. and Physics @

Air—sea dimethylsulfide (DMS) gas transfer in the North Atlantic:
evidence for limited interfacial gas exchange at high wind speed
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Abstract. Shipboard measurements of eddy covariancesea gas exchange controls the oceanic uptake and/or release
dimethylsulfide (DMS) air—sea fluxes and seawater concenef carbon dioxide, oxygen, nitrous oxide, methane, halocar-
tration were carried out in the North Atlantic bloom region in bons, dimethylsulfide (DMS) and ammonia, and the cycling
June/July 2011. Gas transfer coefficiertg) show a linear  of volatile toxic pollutants such as mercury and many pesti-
dependence on mean horizontal wind speed at wind speedsdes (Butler et al., 2010; Stramma et al., 2008; Bange et al.,
up to 11 ms?t. At higher wind speeds the relationship be- 2009; Lana et al., 2011; Johnson et al., 2008; Sabine et al.,
tweenkggo and wind speed weakens. At high winds, mea- 2004; Soerensen et al., 2010; Harman-Fetcho et al., 2000).
sured DMS fluxes were lower than predicted based on thd®arameterization of air—sea gas transfer is one of the major
linear relationship between wind speed and interfacial stressincertainties in global biogeochemical models (e.g. Elliott,
extrapolated from low to intermediate wind speeds. In con-2009). A better understanding of gas transfer rates and their
trast, the transfer coefficient for sensible heat did not exhibitcontrolling factors is needed in order to predict how air—sea
this effect. The apparent suppression of air—sea gas flux ajas fluxes will vary in the future in response to changing cli-
higher wind speeds appears to be related to sea state, as daate and anthropogenic emissions.

termined from shipboard wave measurements. These obser- The air—sea flux of gas is proportional to the concentration
vations are consistent with the idea that long waves suppresdifference across the interfacA () and a gas transfer coef-
near-surface water-side turbulence, and decrease interfacifitient, K, expressed in water-side unifsy, (Liss and Slater,
gas transfer. This effect may be more easily observed forl974):

DMS than for less soluble gases, such as,t@cause the

air-sea exchange of DMS is controlled by interfacial rather Fboms = Kw - AC. (1)
than bubble-mediated gas transfer under high wind speed ) o
conditions. Ky includes the combined effect of diffusive and turbulent

processes on both sides of the interface that limit the transfer
of gas between the bulk seawater and air phases. The physi-
cal forcing for gas transfer is wind stress and buoyancy at the
1 Introduction sea surface. Whitecaps/bubble production, wind—wave inter-
actions and surface films all play a role in determining the
Gas exchange between the ocean and atmosphere is a mate of gas transfer (Wanninkhof et al., 2009).
jor term in the global budgets of many compounds with Estimates of oceanic gas transfer coefficients and their
biogeochemical and climatic importance. For example, air—-dependence on wind speed, diffusivity, and solubility have
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been derived from the global oceanic inventory of excess
radiocarbon, laboratory wind-wave experiments, and dual
tracer experiments witAHe and Sk (e.g. Ocampo-Torres
et al.,, 1994; Watson et al., 1991; Sweeney et al., 2007;
Liss and Merlivat, 1986; Wanninkhof, 1992; Wanninkhof and
McGillis, 1999; Nightingale et al., 2000; Ho et al., 2006; 50" N
Broecker et al., 1985; Wanninkhof et al., 2009). A number
of physical process-based models have been developed to es- {
timate air—sea gas transfer rates. These include the effects of 40" NfE=——
turbulent transport, buoyancy, bubbles, Langmuir circulation ’ = ) o
and wind—wave interactions (e.g. Fairall et al., 1996, 2011,

Hare et al., 2004; Johnson, 2010; Rutgersson et al. 201 1Fig. 1. Cruise track from the Knorr_11 study, with the location of
Soloviev et al., 2007; Soloviev, 2007) stations marked in red. The cruise track is superimposed on a satel-

lite map of chlorophylk from MODIS.

5 Chl a, mglm3

Gas solubility exerts a significant influence on air-sea ex-
change. Gas transfer rates are controlled by transport on the

seawater side of the interface for relatively insoluble gases(41 53 N, 70.68 W: Fig. 1), and roughly half of the cruise

like CO,. More soluble gases, like acetone, are controlled ) . - . .
rimarily by transport on the atmospheric side of the inter- &3 spent in thg hlgh—produgt|V|ty, hlgh—latltud_e waters.of
P the North Atlantic bloom. This study was designed to in-

face. Solubility also determines the extent to which white- . : .
. crease the observational database for gas transfer in a region
caps and bubbles contribute to gas transfer (Woolf, 1997). . . - . .
of the oceans where biological activity results in exception-

For example, bubbles are believed to dominate the gas trans-

fer for CO, at high wind speeds, while they are a relatively ally large air—sea DMS and GGluxes. This study also rep-
) resented an opportunity to revisit a region where an earlier
minor component of the flux for DMS.

The influence of wind—wave interactions on gas transferStUdy observed anomalously high DMS gas transfer coef-

. . : ficients inconsistent with current models (Marandino et al.,
is an understudied aspect of air-sea gas exchange. Thereéﬁog)

evidence that waves can influence near-surface turbulence '
(Schnieders et al., 2013; Savelyev et al., 2012) and that the

presence of swell may modify the roughness of wind S€as, \iethods

(Garcia-Nava et al., 2009, 2012). Laboratory studies have

demonstrated that flow separation at wave crests can create Mast-mounted instrumentation and data
a shielding effect on the lee side of the wave, and reduce the

friction velocity at the surface (Veron et al., 2007; Reul et al.,

1999, 2008). Some models have attempted to incorporate thehe eddy covariance setup was mounted on the Knorr bow
effect of waves into the estimate of gas transfer (Soloviev efmast at a height of 13.6 m above the sea surface. This in-
al., 2007, SO'OVieV, 2007, Soloviev and SChIUSSGl, 1994), bub|uded two sonic anemometers (Campbe” CSAT3)’ measur-
it has not been observed directly in the field (Nightingale etjng 3-dimensional winds and sonic temperature, and two
al., 2000; Smith et al., 2011). Systron Donner Motion Pak Il (MPII) units measuring plat-
Micrometeorological techniques involve the direct deter- form angular rates and accelerations. Air sampling inlets for
mination of air—sea gas fluxes on the atmospheric side of thg¢yms, consisting of 3/8 ID Teflon tubes, were mounted
interface. Eddy covariance measurements have been madg2 m from the sensing region of the anemometers at the
at sea for CQ (e.g. McGillis et al., 2001, 2004; Miller et same height. Analog signals from the anemometers, motion
al., 2010) and for DMS (Huebert et al., 2004; Marandino etsensors, and mass spectrometer were filtered using Butter-
al., 2007, 2008, 2009; Blomquist et al., 2006; Yang et al.,worth filters (15Hz cutoff frequency) and logged at 50 Hz
2011; Huebert et al., 2010). Micrometeorological techniquesysing a multichannel data acquisition system (National In-
have the potential to measure gas transfer rates on shortetyments SCXI-1143) and custom Labviéwoftware. Data

timescales than the integrative geochemical or surface oceafiom the ship’s compass and GPS systems were logged digi-
budget techniques, providing the opportunity to study the rea|ly at 1 Hz.

sponse of the sea surface to local changes in wind and wave

fields. The difference in solubility between DMS and £0 2.2 Atmospheric DMS

offers the potential to differentiate between interfacial and

bubble-mediated gas transfer (Blomquist et al., 2006). Atmospheric DMS levels were measured using an atmo-
This paper presents eddy covariance measurements apheric pressure chemical ionization mass spectrometer

air—-sea DMS flux on a June/July 2011 cruise aboard thg API-CIMS). DMS detection involved proton transfer from

R/V Knorr in the North Atlantic Ocean (Knorr_11). The H3O% to DMS in the gas phase, followed by quadrupole

cruise started and ended at Woods Hole, Massachusetts, US#ass filtering and ion counting detection of protonated DMS

acquisition setup
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(Marandino et al., 2007; Blomquist et al., 2010; Bandy et uses quadrupole and ion detection electronics from a modi-
al., 2002). A new instrument was used in this study (UCI fied residual gas analyzer (Stanford Research Systems RGA-
mesoCIMS), consisting of a heated ion source 4D0oper-  200). It is less sensitive than the mesoCIMS, but adequate to
ated at 550 Torr), a declustering region (0.5 Torr), and differ-detect DMS over the range of concentrations encountered in
entially pumped quadrupole entry and ion detection cham-the surface of the open ocean.
bers. A full description of the instrument is provided in the  The equilibrator construction consists of a coiled outer
Supplement. PFA tube (8 mx 3/8’ ID) and a porous inner concentric
The mesoCIMS was located in a container van on thePTFE membrane inner tube (3mm ID, 60-70% porosity;
Knorr 02 deck, one level above the main deck. Air was International Polymer Engineering). Surface seawater was
drawn from the bow mast inlet to the instrument van throughsupplied by the ship’s non-toxic bow pumping system, with
a 28m length of 3/8 ID Teflon tubing at a flow rate of an intake depth of 6 m. A seawater flow of approximately
80 L min~1. These conditions provided fully turbulent flow 1L min—1was supplied to the equilibrator. The seawater flow
(Re > 10000). The air flow rate was maintained by a rotary rate was monitored using a GEMS flow meter (Gems Sen-
vane pump, with active control provided by a mass flow me-sors & Controls; P/N 155421). A purified air counterflow
ter, automated butterfly valve, and PID controller. An air flow of 400 mL mir® flowed through the inner membrane tube
of 1L min"! was drawn off the main inlet flow through a (Aadco Instruments Pure Air Generator). The air exiting the
Nafion™ membrane drier and through the mass spectromeequilibrator was diluted with purified air to give a total flow
ter ion source. This air flow was controlled by a mass flow of 1.5 L min—?! of purified air, passed through a Nafion mem-
controller and diaphragm pump. brane drier (Perma Pure MD-110-72FP) and directed through
Standardization of DMS measurements was accomplishethe ion source. The ion source in this instrument was oper-
by introducing a tri-deuterated DMS gas standard (d3-DMS)ated at 1 atmosphere. All gas flows were mass flow controlled
into the main air flow a few cm downstream of the air in- and logged. In high wind conditions, a debubbling reservoir
take. The preparation and delivery of DMS gas standards isvas inserted in the seawater flow and a peristaltic pump was
described in the Supplement. Protonated DMS A= 63) used to deliver bubble-free seawater to the equilibrator. The
and d3-DMS f:/z = 66) were continuously monitored in quantity of air in the seawater line was never sufficient to
selected ion mode with a 45 ms dwell time and a delay ofsignificantly bias seawater DMS levels.
5ms. The sensitivity of the instrument to DMS during the The seawater measurements were calibrated by contin-
cruise was approximately 100 Hz ppt as estimated from uously adding isotopically labeled aqueous d3-DMS stan-
the response to the d3-DMS standards. Every two hours, dard to the seawater flow prior to entering the equilibrator.
3-way valve mounted on the bow mast diverted the flow of A working standard of 0.13mM d3-DMS was delivered at
gas standard to waste. The response of the d3-DMS signal flow rate of 30 uL min® using a syringe pump (New-Era
to this event provides a measure of the delay and frequenciNE300). The working standard was prepared daily by dilu-

response loss associated with the inlet tubing. tion of a primary standard (43 mM d3-DMS in ethanol, pre-
Atmospheric DMS levels were calculated as follows: pared prior to the cruise) with deionized water.
The DMS concentration in seawater in the equilibrator is
DMS, = Se3  Fsd - Cank (2)  calculated as follows:
Se6  FTotal S F
: DMSsw = =22 . 1. cgyq, ()
where Se3 and Sge represent blank-corrected signals from Ses  Fsw

DMS and d3-DMS, respectively (Hz¥'sig and Frota are
the gas flow rates of the d3-DMS standard and the inlet ai
(Lmin—1); and Crank is the gas standard mixing ratio. The €nts (PA) of protonated DMSn{/z = 63) and d3-DMS

raw d3-DMS signal was averaged over each 10 min flux in-(7/z = 66), respectivelyCsq is the concentration of d3-
terval to remove variability caused by motion sensitivity of PMS liquid standard (nM):Fsq is the syringe pump flow

. 1 . . -
the mass flow controller used to supply the gas standard offt€ (L Mim=); andFsw is the seawater flow rate (L mir).
this cruise. Seawater concentrations were averaged at 5 min intervals.

Prior deployments of the miniCIMS utilized a gas standard
2.3 Seawater DMS added to the air stream as it exited the equilibrator (Saltzman
et al., 2009). This approach requires complete equilibration
DMS in seawater was continuously monitored using a sec-across the membrane, which requires some effort to quanti-
ond API-CIMS instrument (UCI miniCIMS) and a porous tatively validate during cruise conditions. The use of liquid
membrane equilibrator. Details of the construction and perstandards was prompted by concern regarding the possible
formance of the mass spectrometer and equilibrator are giveloss of gas exchange efficiency of the equilibrator membrane
in Saltzman et al. (2009) and are only briefly described heredue to fouling by gelatinous material encountered during
The miniCIMS ion source chemistry and principles of de- passage through phytoplankton blooms. Although apparently
tection are similar to those described earlier. This instrumentare, this effect was observed during a recent cruise in the

1563 and Sge represent the average blank-corrected ion cur-
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South Pacific (S. J. Royer, personal communication, 2011)from the data set. These can result from changing environ-
In that case, the membrane was completely blocked and remental conditions, such as the passage of atmospheric fronts,
quired cleaning with strong acid to restore gas exchange. Thehanges in wind direction, transects across oceanographic
use of a liquid standard eliminates the requirement for com{ronts, etc., and presumably do not reflect the local air-sea
plete equilibration, since both the natural DMS and the d3-flux. These intervals were identified by examining the cu-
DMS standard are transported across the membrane. mulative sum (low to high frequency) of normalized flux
Underway lines can become contaminated with al-(Fsuym/Fpwms) as a function offnorm (f - z/U1on), Where f
gal/bacterial mats, which can alter the concentrations of varis frequency (Hz)z is the measurement height, abidy, is
ious biogeochemically produced compounds (Juranek et alimean wind speed at 10 m height and for neutral conditions.
2010). To address this issue we periodically placed an unThe criteria for elimination are outlined in the Supplement.
derwater pump over the side of the ship and made nearThis process removed 461 of the 1437 flux intervals. This
surface measurements. DMS concentrations from the undetreatment resulted in reduced scatter in the data but did not
water pump at 5m (Fig. 2c, pink squares) compared wellintroduce an obvious bias.
with those from the vessel’s non-toxic supply (Fig. 2c, green The distortion of air flow over the research vessel is
circles). These comparisons show that the ship’s seawatea source of uncertainty in eddy covariance measurements.
line was not significantly influenced by biological growth.  Flow distortion is believed to have a relatively small effect on
scalar fluxes (Pedreros et al., 2003). To minimize the impact
2.4 DMS flux calculation (eddy covariance data of flow distortion, shipboard eddy covariance studies typi-
processing and quality control) cally use relative wind sector as a quality control criterion.
Following careful analysis of Knorr_11 wind sector data (see
The calculation of DMS air—sea flux from the shipboard mea-Supplement) flux intervals with a mean relative wind direc-
surements involved the following steps: (1) correction of thetion > |90] were excluded.
measured apparent winds for ship orientation and motion; (2) Diffusion of DMS during passage through the inlet tub-
adjustment of the relative timing of wind and DMS measure-ing caused attenuation of fluctuations in the mixing ratio
ments to correct for delay in the inlet tubing; (3) computation at the detector relative to those in ambient air (Massman,
of the DMS flux, <w’c’>; (4) identification of intervals with  2000; Lenschow and Raupach, 1991). This effect is quite
excessive flux at low frequency; and (5) correction for flux small at the high air flow rates used in this study. The pro-
loss due to attenuation of high-frequency fluctuations in thecess was modelled as a low-pass first-order Butterworth fil-
inlet tubing. Momentum and heat fluxes were also computedter, with a time constant adjusted to match the response of
The measured winds were corrected for ship motion usinghe DMS signal to a step change in d3-DMS at the inlet in-
3-dimensional accelerations and angular rates from the Moduced by switching the 3-way valve. This filter was applied
tionPak Il, GPS and compass. The measured winds are rdn an inverse mode to the DMS signal. Flux- and frequency-
tated into the ship frame of reference, resulting in zero meamormalized DMS cospectra were bin-averaged into 2's
vertical wind and a single horizontal wind vector. These rel-wind speed bins. Binned cospectra were inverse-filtered to
ative winds are then transformed into an Earth frame of ref-give an estimate of the high-frequency flux signal lost in the
erence. Details of the motion correction procedure are givertubing. A “gain” (Gnf) was then computed from the ratio of
by Edson et al. (1998) and Miller et al. (2008). these fluxesGns was computed for flux frequencies <1 Hz
The 28 m inlet tubing introduced a delay of about 2.2 s be-to avoid the amplification of noise (Blomquist et al., 2010).
tween the wind signal and the DMS signal. This delay wasGps displayed a small linear dependence on mean wind speed
estimated by periodically cycling the 3-way valve delivering (Gr = 1.00794-0.0008 U1q,). This wind-dependent correc-
d3-DMS to the inlet and recording the time delay between thetion was applied to the data based on the mean wind speed
voltage driving the valve and the resulting change in DMS for each flux interval.
signal. A similar estimate of the delay was obtained by opti-
mizing the cross correlation between DMS and vertical wind.2.5 DMS gas transfer velocity calculation
DMS fluxes were calculated for 10 min flux intervals by in-
tegrating the frequency-weighted cospectral density of DM
and vertical wind. No corrections were made for fluctuations
in air density due to changes in water vapor or temperature
(i.e. Webb et al., 1980) because the air stream was driedkpms =
passed through a considerable length of tubing, and heated
prior to analysis (Marandino et al., 2007). The internal d3-where Fpus is the measured DMS air—sea flux
DMS standard exhibited negligible covariance with vertical (molm—2s~1), DMSg,, is the seawater DMS level (mol
wind, confirming that no density correction is required. m~3), DMS,;r is the atmospheric DMS partial pressure
Flux intervals exhibiting excessive flux (either positive or (atm), and Hpus is the temperature-dependent DMS sol-
negative) at low frequencies were flagged and eliminatecubility in seawater (molatm!m=3; Dacey et al., 1984).

glotal gas transfer velocities were calculated from the cruise
data using the equation

Fpowms _ Fpwms
AC ~ DMSgy— DMSyi - Hpms'

(4)
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Fig. 2. Time series data from the Knorr_11 cruise. Dashed black line on top panel indicates neutral atmospheric stab#it§)( Sub-
mersible pump DM§y error bars aret1o.

Kpms values were calculated from the cruise data using
10 min averages of DMg, DMSsy, and Hpys, and the
10 min flux calculations described above.

The total gas transfer velocity of DMK ms) reflects the kego = kuw - (
combined effect of processes at both the air and water sides
of the air—sea interface. The relative importance of air- vs.where Sgpums is calculated according to Saltzman et
water-side resistance varies as a function of wind speed andl. (1993) using the in situ seawater temperature recorded at
solubility (McGillis et al., 2000). Our Knorr_11 cruise ob- the bow of the ship.
servations were used in conjunction with the NOAA COARE
gas transfer model (version 3.1v) to estimate the air-side gag-6 Surface wave measurements
transfer coefficient for DMS associated with each of the air— ,
sea flux measurements (Fairall et al., 2011). The water- SIdeWave measurements were conducted using a 75kHz ul-

only gas transfer coefficienty, was then obtained from the trasonic sensor (U-GAGE QZTSOU Banner Engineering) in
expression combination with a+=20 ms < two-axis linear accelerom-

eter (DE-ACCM2G2, Dimension Engineering). The ultra-
" [ 1 1 }—1 sonic sensor was mounted at the end of a steel pole, which
W — i

1
660 )‘ 2
Scpms

(6)

(®) was suspended vertically through the hawsehole at the bow
of the ship, and then bolted to a mount that had been welded
where Kpws is the total DMS gas transfer coefficient,is  to the ship. The accelerometers were attached to the top of
the dimensionless Henry's Law constant for DMS, dad  the steel pole, and were aligned to measure pitch and roll.
is the air-side gas transfer coefficient obtained from NOAA Analog outputs of the ultrasonic sensor and accelerometer
COARE. The average (mean) difference betwégnand were logged at 100 Hz.
Kpwms was 6 %. To facilitate comparison of these results with  The ultrasonic sensor was programmed for a range of 8m
various gas transfer parameterizatioggyvas normalizedto  and an update rate of 10 Hz. Ultrasound pulses were emit-
a Schmidt number of 660 (GCat 25°C): ted and the time lag of the echo recorded. The distance to

Kpms o -ka
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the undulating surface was determined using the speed ofthere SST was several degrees warmer than the overlying
sound with compensation for changes in air temperatureair. Bulk sensible heat fluxes typically ranged fren20 to
Ship motion was removed using the acceleration data, and-40 W m~2. Atmospheric boundary layer stability was close
the residual signal represents a time series of sea surfade neutral (defined aig/L| < 0.07) for > 75 % of the cruise.
elevation. These data were bandpass-filtered between 0.0bhe atmosphere was consistently unstabfé.(< —0.07) in

and 0.5 Hz. One-dimensional surface wave spectra were prahe Gulf Stream (DOY 181) and during the low wind speed
duced in 30min averages. This method was compared t@eriod on DOY 184. A stable atmosphere suppresses the
data from a commercially available waverider (Datawell Di- size of turbulent eddies, which Yang et al. (2011) identify
rectional Waverider Mk Ill) during an experiment in Nor- as potentially anomalous in their eddy covariance data. The
way, and yielded good agreement (Christensen et al., 2012Knorr_11 cruise encountereg L > 0.05 very infrequently

For the data set here, a comparison was made with the ouf< 8 % of the cruise) and with no apparent bias upon the data.
put from the ECMWF Wave Model (WAM), with 6-hourly The cruise track involved transit across strong gradients
output and 0.1 horizontal resolution. The shipboard wave in chlorophyll associated with the continental shelf and the
sensor data contain more variability (more consistent withhighly productive North Atlantic bloom region (Fig. 1).
changes in measured local winds), but on average agree weChlorophylla concentrations along the ship track were ex-
(within 10 %) with WAM with respect to significant wave tracted from 4 km resolution MODIS AQUA satellite ocean

height and mean and peak periods. color images. These data ranged from 0.2 to 1.9mgm
_ (Fig. 2b). A high chlorophyll region was encountered over
2.7 Whitecaps the relatively shallow Grand Banks coastal shelf on the north-

. ) . ward transect (DOY 180). Numerous phytoplankton blooms
Whitecap areal coverage was measured using a digital caMyere encountered in the high-latitude North Atlantic. Dis-
era (CCSMPX, Campbell Scientific) trained on the sea SUr-cree pigment samples collected in these blooms during DOY
face to collect images at a sample period of about 1s. The g7 g 191 0 indicate a mixture of prymnesiophytes (likely

camera is housed in an enclosure with a fan/heater to Conggcoolithophores), diatoms and dinoflagellates (D. Repeta,
trol condensation. Images were post-processed to Calcmatﬁersonal communication, 2012).

the whitecap fraction of the sea surface, following Callaghan’ ggawater DMS levels (DMS) ranged from about 2 nM

and White (2009). in the Gulf Stream to a high of 10.0-14.3 nM in a large al-
gal bloom west of ST187 (DOY 188). In general, elevated
DMS levels in the high-latitude North Atlantic are associated

3 Results T ) o
with high chlorophyll levels. However, the relationship is not
3.1 Cruise track, meteorological, and oceanographic simple because DMS production and consumption pathways
setting change due to shifts in species composition and the activi-

ties of algal and bacterial populations (Stefels et al., 2007).

The cruise track for this study was north from Woods Hole, A previous cruise in this region found high DMglevels in
MA, through the Gulf Stream and northwest Atlantic shelf conjunction with the MODIS measurement of particulate in-
into the high-latitude North Atlantic (Fig. 1). The ship re- organic carbon (Marandino et al., 2008), and a similar cor-
turned to Woods Hole via North Atlantic Drift and north- respondence was observed during Knorr_11. Atmospheric
west Atlantic shelf waters. The cruise was carried out inDMS levels (DMS;;) ranged from 64 to 1867 ppt. In gen-
early—mid-summer from 24 June to 18 July 2011 (DQOY 175—eral, higher atmospheric DMS levels were encountered over
199). The majority of the sampling time was spent north the highly productive high-latitude waters. However, DMS
of 50° N in the Arctic biogeochemical province as defined is also influenced by a number of other parameters, such as
by Longhurst (1995). Four stations in this region (ST181, variability in wind speed, air mass trajectories, atmospheric
ST184, ST187, ST191) were occupied for periods of 24 hoxidation rates, and boundary layer height. The surface ocean
or more, and the remainder of the data was collected undemas always supersaturated with DMS, and atmospheric DMS
way (Fig. 1, shaded gray in Fig. 2). Station locations werelevels were more than an order of magnitude lower than those
selected to sample regions of elevated seawater DMS anih surface seawater. Thus, the air-sea DMS concentration dif-
pCO, drawdown and/or were defined opportunistically so asference was essentially controlled by the Ddg8oncentra-
to collect data during strong frontal events with intermediatetion.
to high wind speeds. Eddy covariance DMS flux (pms) measurements for

Meteorological and oceanographic measurements durind0 min flux intervals are shown in Fig. 2d. DMS flux ex-
the cruise are shown as time series in Fig. 2. Sea surfachibits a higher degree of variability than either DMSor
temperatures (SST) ranged from roughly°@5in the Gulf ~ wind speed alone, as expected given that both parameters
Stream region to about 2C in the high-latitude North At-  contribute to control the flux. The lowegippms were ob-
lantic. Surface air temperatures were withihi—2°C of SST  served in the Gulf Stream on DOY 181 with low wind speed
for most of the cruise, with the exception of the Gulf Stream,and DMS,y, and the highes¥pyus were observed during
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the period of high DM§, and wind speed on DOY 188. 5-27.2C). Theky solubility adjustment has been applied to
Gas transfer coefficients were computed from the measuredll eddy covariance data sets presented in Fig. 3b with the
Fpms and air—sea concentration difference (Eqs. 4—6) andexception of this study and data from the tropical and sub-
are shown as a time series in Fig. 2e. In general, variations itropical Pacific (Marandino et al., 2007, 2009).

the gas transfer coefficient correlate with the mean horizon- The large spread in gas transfer coefficients and complex-
tal wind speed (Spearmarns= 0.53,« < 0.01,n = 1083). ity of the k vs. U relationship argues that factors other than
This correlation is particularly clear during frontal passageswind speed exert a significant control on gas transfer. In an
when wind speed changed rapidly, such as the end of DOeffort to identify these factors, we subdivided the cruise data
181 and during DOY 184. There is a notable exception neainto segments: each of the four stations and the transects be-
the end of the cruise, where gas transfer coefficients hardlyween them (Fig. 4a, b; Table 1). This reveals some signifi-
varied during a period when wind speeds ranged from 5 tocant differences in gas transfer over the course of the cruise.

18 ms ! (DOY 190.1-190.3, ST191). Most notably, ST184 and ST187 define a trend line with a
slope &/U) roughly twice that defined by the data from
3.2 Gas exchangekieo) vs. wind speed Uig,) ST191. As mentioned above, at ST191 the gas transfer co-

efficient shows evidence of leveling off or decreasing with
The relationship betweeksso and horizontal wind speed is increasing wind speed.
shown as a scatter plot (Fig. 3a). There is a positive correla- Data from the underway transects are concentrated primar-
tion for the data set as a whole, but it is clear that the data ardy in the intermediate wind speed range (Fig. 4b). In the 6—
not normally distributed about a single linear trend line. The12m st wind speed range the transect data have a similar
gas transfer coefficients exhibit the highest values at intermelowerk/U bound as the station data, but a considerably wider
diate wind speeds (5-10 m%), while at higher wind speeds range. Taken alone, the transect measurements give the im-
(10-17 ms?) the gas transfer coefficients level off or even pression of very steep wind speed dependence. More likely,
decrease. This is clearly illustrated when the data set is binthe wide range ok/U reflects the much larger variability
averaged by wind speed (Fig. 3b). Bin-averaged gas transfan conditions (DMSQy, wind speed, waves) encountered dur-
velocities at wind speeds greater than 11thdemonstrate ing transects. To our knowledge, there are no previous eddy
a marked departure from the trend observed at lower winccovariance gas flux studies comparing data from station and
speeds. transect measurements.

Bin-averaged Knorr_11 gas transfer coefficients are com- An earlier cruise in the high-latitude North Atlantic coc-
pared to previously published shipboard DMS eddy covari-colithophore bloom southwest of Iceland reported DMS gas
ance measurements (Fig. 3b). Bin-averaged Knorr_11 gasansfer velocities that were substantially elevated relative to
transfer coefficients are similar to those from previous stud-typical open-ocean data (Knorr_07, Marandino et al., 2008).
ies for wind speeds from 0 to 11 m% Only two previous  Marandino et al. (2008) speculated that the anomaly was
studies have reported DMS flux data for wind speeds greatecaused by accumulation of DMS- or DMSP-rich biological
than 11 ms: the DOGEE and Southern Ocean GasEx stud-material at the sea surface, but this remains unverified. Sub-
ies (Huebertetal., 2010). The Knorr_11 data are significantlystantially elevated gas transfer velocities were not observed
lower than the DOGEE and Southern Ocean GasEx studieduring Knorr_11 although the cruise track did not extend as
at high wind speeds. far north as Knorr_07, and the seawater DMS levels were

Direct comparison of gas transfer coefficients measuredyenerally lower.
under different conditions in various field programmes is
complicated by the influence of sea surface temperatur®.3 Transfer coefficients for momentum Cp10) and
(Huebert et al., 2010; Yang et al., 2011). Sea surface temper-  sensible heat Cy10)
ature influences DMS solubility, which affects the relative
importance of air-side vs. water-side resistance. A secondddy covariance momentum and sensible heat fluxes were
issue is the effect of temperature on gas diffusivity, which calculated from the Knorr_11 measurements using 10 min
is described by the Schmidt numb&uabvs). The effect of  averaging intervals. DragCp10) and sensible heaiC{10)
temperature on solubility arfigyys are accounted for in the transfer coefficient values were calculated from the data fol-
calculation ofk,, andkegg respectively (see Methods). In ad- lowing Kondo (1975). Knorr_1Xp;o shows a general in-
dition, the bubble-driven component of gas transfe (s crease from approximatelydx 10-3to 1.5 x 10~2 as wind
inversely related to gas solubility (Woolf, 1997). The tem- speeds increase from <5misto 20ms?! (Fig. 5a). The
perature effect orty, is difficult to estimate, because it re- measured transfer coefficients are in reasonable agreement
quires a priori knowledge about the relative contributions of with those calculated using the NOAA COARE model for
bubble and non-bubble fluxes under field conditions. Yangthe Knorr_11 conditions (Fig. 5a, b). Knorr_11,19 data
et al. (2011) used the COARE model to demonstrate thatluster around & 10-3 with little or no wind speed depen-
the uncertainty introduced by this correction is small for dence (Fig. 5b). NOAA COARE model heat transfer coeffi-
DMS (<5 % atUiq, = 10m s for a temperature range of cients for these conditions exhibit a bias high at lower wind
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Fig. 3. Left panel: 10 min average DMS gas transfer coefficients vs. mean horizontal wind speed during the Knorr_11 cruise, expressed as
kggo and Uzq, (see Methods). Meakggg values were calculated for 1 m$ Uy g, bins (closed squares, error bars represenstd. error;

minimum data points per intervat 6). For reference we plot the NOAA COARE model output using the turbulent/molecular coefficient,

A =1.6, and the bubble-mediated coefficieBt= 1.8, for CO, and DMS (using average Knorr_11 input parameters) and the Nightingale

et al. (2000) parameterization (NOO). Right panel: bin average gas transfer coefficients from this study (Knorr_11) compared with previously

published DMS eddy covariance measurements: Wecoma (Marandino et al., 2007), Knorr_06 (Marandino et al., 2008), SO-GasEx (Yang et
al., 2011), DOGEE (Huebert et al., 2010), BIO (Blomquist et al., 2006), TAO (Huebert et al., 2004) and VOCALS (Yang et al., 2011).
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Fig. 4. Knorr_11 gas transfer coefficients plotted as a function of wind speed. The left panel shows data segregated into the individual
stations as follows: stations 181 (blue), 184 (red), 187 (green) and 191 (black). The right panel shows data from underway transits segregatec
as follows: DOYs 179-180.8 (blue), 181.8-183.7 (red), 184.7-186.7 (green), 187.9-189.7 (black) and 193.2—193.4 (pink).

speeds and a bias low at the higher wind speeds. There ihe waves at the peak frequency (older swé&llg,/Cp < 1;
no evidence of suppression of either momentum or sensiblgounger wind sed/1q,/Cp > 1). The frequency of the peak
heat transfer coefficients under the high wind speed condiin the wave spectrum was similar at all stations, occurring

tions during ST191. between 0.05 and 0.3 Hz. Older swell was encountered dur-
ing all four stations. Significant wave heigtii€) rarely ex-
3.4 Waves, whitecaps and gas transfer ceeded 3m except during ST191 (Fig. 6¢). During ST191

the wave field was dominated by young waves which built
Wave spectra, wave age and significant wave heigly) (  rapidly from Hs =2 to 5m as a result of strong local winds
were examined to compare the wave fields among the dif{Fig. 6b). Even at intermediate winds (8-12m}s consis-
ferent stations occupied during the cruise (Fig. 6). Wave agdently larger wave heights occurred at ST191 compared to the
was characterized a1q,/Cp, Where Cp is the speed of other stations. During this period of strong winds and large,
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Table 1. Average (meanggg values forlyq, bins. Error bars represesitone standard error, number of data pointsi¢ in brackets. Entire
cruise data were binned into 1 msbins. Station data were binned into 2 misbins. Minimumn per wind speed bie= 6.

U1q, Bin Average Entire Cruise Station 181 Station 184 Station 187 Station 191
1
2 1.9+03(9) 24+0.4(12) -2 - -
3 3.3+ 0.3 (36)
4 4.14+0.3(53) 2.9+0.2(25) 5.4+ 0.9 (9) 4.2+ 0.3 (45) -(5)
5 6.2+ 0.4 (53)
6 8.8+ 0.5 (43) -(2) -(5) 9.6t 0.6 (29) 8.1+ 0.4 (24)
7 11.9+ 0.6 (105)
8 12.1+ 0.6 (133) - 15.8:1.1(7) 13.5+£0.8(35) 8.6+ 0.7 (26)
9 16.0+ 0.8 (113)
10 19.9+ 1.0 (85) — 19.4-1.1(15) -2 9.8+ 0.5 (26)
11 17.8+ 0.8 (95)
12 19.5+ 1.0 (62) - 20.2:1.3(18) 11.7+ 0.5 (43)
13 14.2+ 0.7 (53)
14 16.1+ 1.4 (34) - 26.5+ 2.3 (8) 12.44+ 0.5 (56)
15 15.34+ 1.4 (23)
16 12.7+ 1.4 (14) - - 12.3: 0.5 (27)
17 12.64+ 0.6 (11)
18 11.5+ 0.9 (9) - 12.2+ 1.0 (18)
19 14.2+ 2.2 (7)
20 - - - (5)

X107 X107

4

3.

(@]
ay
O
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Fig. 5. Momentum (left) and sensible heat (right) transfer coefficients during Knorr_11. Black: eddy covariance measurements for 10 min
intervals. Red: transfer coefficients calculated using the NOAA COARE model (Fairall et al., 2003) for the environmental conditions en-
countered during Knorr_11.

wind-driven waveskggo values (Fig. 6d) were anomalously was nearly two-fold larger at station 191 (5m maximum)

low wheneverHs exceeded 3 m (Fig. 7a). than at station 184 (3m maximum). The anomalous low
Whitecap area coverage varied during the cruise from beDMS gas transfer coefficients observed during station 191

low detection to a maximum of about 5%. Whitecaps ex- may therefore be more directly linked to the appearance of

ceeded 2% on two occasions during the cruise. These odarge waves than to the onset of whitecaps (Fig. 7b).

curred during stations 184 and 191, associated with wind

speeds exceeding 15mlsand with young, wind-driven

seas. Although the two stations exhibited similar whitecap

coverage during their peak winds, significant wave height
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4 Discussion long waves (Donelan et al., 2010). Long waves and short

waves are coupled through both hydrodynamic and wind-

The data from Knorr_11 confirm the linear dependenck of relatgd processes. This coupling has a significant ".“paCt
- on air-sea transfer of momentum and it must also influ-

vs. U at low to intermediate wind speeds observed in pre- . :
. ; ; U ence gas transfer. There has been little study of this phe-
vious eddy covariance studies. This wind speed dependenceé

appears to weaken at higher wind speeds in the presence omenon with regard to gas transfer, although a recent wind—

large waves. The data show evidence of spatial/temporal vari\—NaVe tank study showed suppression of DMS gas transfer in-

A . . ; duced by superimposing mechanically generated waves on
ability in thek vs. U relationship, suggesting that gas transfer - ) )
in the North Atlantic is not well described by a single mono- a wind-generated wave field (Rhee et al,, 2007). The pres

tonic relationship betweek and mean wind speed/for). ence of long waves may affect gas transfer of different gases

Most gas transfer parameterizations are based solely on thlt%g different extents. For example, gas transfer of,d®

relationship betweek and mean wind speedi{o,), but it _|ghly sensitive to large wave breaking and bubble forma
L . tion. By contrast, bubble-mediated exchange of the more sol-
is widely recognized that gas transfer rates reflect a number o - .
: : uble DMS is minor, and DMS is likely more strongly influ-
of different processes that influence near-surface turbulence

and mixing (Wanninkhof et al., 2009). We speculate that Van_enced by processe; that affect small-scale interfacial turbu
. : . . . . lence (Woolf, 1997; Blomquist et al., 2006).
ations in surfactants and/or wind—wave interactions are likely S : | .
It is interesting thakesp Showed evidence of suppression

Carzgzrce)ft(\)/?nz?l:lgiyegk r\llzvg [snht;]vlvsnsxgiﬂ as transfer is ref'Jl thigh wind speeds during Knorr_11 at ST191 (Fig. 4), while
y 9 the transfer coefficients for sensible heat did not (Fig. 5b).

lated to the presence and microbreaking of small-scale wave . . : e -
o ) ensible heat transfer is entirely air-side controlled. This dif-

(Ocampo-Torres et al., 1994; Jahne et al., 1987; Zappa . . Sl o .
. L i erence in behaviour indicates that air-side turbulence in-
al., 2004). Small-scale wave properties are primarily wind-

driven, but they can also be modulated by the presence 0?reased strongly with wind speed, while the interfacial stress
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Fig. 7.Knorr_11 gas transfer coefficients plotted as a function of wind speed, with symbol color indicating significant wavéeigdht
% whitecap area coverage).

controlling DMS flux did not. Laboratory studies have sug- ence of long waves and to wave age (Fig. 8). Interfacial trans-
gested that air flow separation at the crests of large waves cdfier was parameterized using the Soloviev (2007) model (see
effectively shield the troughs from wind stress (Reul et al., Supplement for equations).
1999, 2008; Veron et al., 2007). This could reduce surface The bubble-mediated transfer term is a small contribution
stress at the sea surface and increase water-side resistartospys, SO the sensitivity of gas transfer to wave age results
(thereby reducingsso). In this scenario, the sensible heat primarily from changes in interfacial transfer.
results suggest that sufficient atmospheric turbulence must Organic surfactants on the sea surface offer an alternate
be associated with the flow separation process to maintaiexplanation for wide variations ik vs. wind speed. Surfac-
strong atmospheric mixing even while surface stress is retants modify the viscoelastic properties of seawater and sup-
duced. press surface turbulence. This, in turn, suppresses the forma-
The modulation of surface ocean turbulence by large gravtion of small-scale waves and reduces gas transfer (Salter et
ity waves has been incorporated into some physical processal., 2011; Frew et al., 1990). Marine surfactants are related
based surface renewal and energy dissipation gas transféo the abundance and chemistry of biologically generated or-
models (Soloviev et al., 2007; Soloviev, 2007; Soloviev andganic matter in the water column and to wave breaking, as
Schlussel, 1994). Soloviev (2007) used the dimensionlessurfactants are transported to the sea surface via bubbles. Itis
Keulegan number to scale the relationship between tangerbelieved that surfactants can influence gas transfer at all wind

tial and total surface stress: speeds, both by influencing interfacial transfer and by alter-
5 ing bubble surface properties (Wurl et al., 2011). The effect
Ke=u; / gV, (7) of surfactants has not yet been incorporated into gas trans-

fer models, presumably because of the lack of information
whereu, is water-side friction velocityy is seawater vis-  about their distribution and properties. There were no mea-
cosity, andg is gravity (Csanady, 1978). In this model, the surements of surfactant properties on Knorr_11, and thus we
relationship between total surface wind stress and tangentialannot quantify their effect upon gas exchange during this

surface wind stress is given by study.
Ttotal
Ttangential= %7 ©)) .
1+%¢/Kecr 5 Conclusions

whereKecr is based on the wave breaking parameterizationThe data from Knorr_11 demonstrate that eddy covariance
of Zhao and Toba (2001). This leads to a formulation thatDMS flux measurements, in conjunction with continuous
links Kecr (and interfacial gas transfer) to wave age, peakseawater measurements, have the potential to capture vari-
frequency, or significant wave height (Soloviev et al., 2007).ability in air-sea fluxes on sufficiently short timescales to
The same wave breaking parameterization has also been usegsolve underlying processes if the relevant physical mea-
to describe the sea state dependence of gas transfer by bukdrements are available. The relatively high solubility of
bles (Woolf, 2005; Soloviev et al., 2007; Zhao et al., 2003). DMS makes the flux sensitive to the interfacial component of
Simulations of the conditions during the Knorr_11 cruise il- gas transfer and relatively insensitive to the bubble-mediated
lustrate the potential sensitivity of gas transfer to the pres-component (Blomquist et al., 2006). For this reason DMS
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Fig. 8. Measured and modelled DMS gas transfer coefficients. Sym-
bols: Knorr_11 station data. Curves: model simulations from the
COARE 3.1 DMS par_ameterlzatlon which d_oeg not |nclude WaV?SAIves, J., Banner, M. L., and Young, I. R.: Revisiting the Pierson-
(blue) and the Soloviev (2007) parameterization using mean in- . oo -
. - Moskowitz asymptotic limits for fully developed wind waves, J.
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191(U1q, /Cp = 0.89) Phys. Oceanogr., 33, 1301-1323, 2003.
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