Response to Referee #1
RC : Smith et al. have written a nice paper with some interesting new results...

The paper is laid out in a logical way, and written in a concise manner. | have no changes to suggest
(except maybe make Figure 6 square, since it is a one-to-one comparison). | recommend that it be
published as is.

AC : We thank the reviewer for these positive comments. We have changed Figure 6 to have a
square aspect ratio.

Response to Referee #2

RC: Itis a pleasure to read such a clear and well-written manuscript. The authors present a detailed
comparison between eddy covariance (EC) and gradient flux (GF) measurements of DMS flux from
the southern ocean during the SOAP cruise. The introduction is very thorough and can bring most
readers up to speed even if they are not familiar with some or all of the experimental and theoretical
details. The experiments, analysis, and discussion are all very clearly presented, and the conclusions
appear to be sound. With a paper like this, the reviewer’s task becomes not “is this paper any good?”
but rather “What (if anything) can | suggest to improve the manuscript?”

AC : Thankyou for the comments and careful reading of the paper.

RC : The one thing | expected to see in this paper is some discussion of the role that surfactants might
play in air-sea gas exchange. There were one or two places where surface buildup, microlayer
enrichment (P. 15, I. 9) or near-surface gradients (P. 3, 1. 13; P. 4, |. 32) were mentioned, but these
seemed to refer more to the buildup of DMS itself rather than surfactants. Certainly in phytoplankton
blooms in the nutrient-rich southern ocean there exists the possibility of large multi-functional
organic molecules accumulating at the surface and influencing exchange across the surface
microlayer. See Pereira et al., Biogeosciences, 13, 3981, 2016 for a recent reference; many earlier
publications (quite a few of them referenced in that one) have also suggested that surface layer
composition can have a significant impact on air-sea flux of trace gases. This should affect the EC and
GF results roughly equally, and not significantly change the conclusions of the intercomparison
between methods. But it will not be accounted for in the COAREG parameterizations, unless the
surface layer were thick enough to affect the measured turbulent energy dissipation rate. (Which
seems unlikely, and epsilon only appears in Eq. 4 to the 1/4 power anyway.) In contrast, the
discussion of the role of air bubbles is informative and seems complete.

AC: This is a good point, and while surfactants were not measured during SOAP, discussion of their
potential effect has been added in the following places:

Introduction (p2, 132):

“A further effect on gas exchange in winds under ~10 m s may arise from surfactants in the sea
surface microlayer. Significant reductions in K have been measured in laboratory studies (e.g. Frew
et al., 1990) and in open ocean measurements (Salter et al., 2011).”

Section 4.4 paral:

“It is possible that these conditions of reduced mixing and convergence of biogenic material were
conducive to an increase in surfactant activity in the sea surface microlayer, leading in to a reduction
in K (Salter et al., 2011). This reduction would affect both EC and GF, but not COAREG.”

Section 4.5 para 2:



“Also the extrapolation will not allow for microlayer-based processes such as surfactants, which is
consistent with the fact that on DOY 53 K. did not decrease to the same extent as K derived from
micrometeorological measurements.”

RC : During periods of atmospheric stability, the agreement between the two experimental methods
but disagreement with the COAREG parameterization, is intriguing. Is it worth extending (maybe not
in this paper) this analysis to include previous EC or GF gas flux measurements during periods of
atmospheric stability? (Is there something fundamentally different about stable conditions, or is it
just particular to these results?) Figures 5d and 7 show the discrepancy very clearly for this cruise.

AC : The atmospheric stability is accounted for in the stability functions for GF, and these provide
good agreement with EC. However, unlike a terrestrial situation, in this experiment the atmospheric
stability was accompanied by surface-ocean stability which affects both the dynamics of aqueous
transfer and the biogeochemistry. We certainly encourage a closer examination of previous gas flux
measurements for similar effects, but as the referee suggests, this is beyond the scope of this paper.

RC : Some more detailed and technical comments:

Abstract, . 14 Is east of New Zealand really the southwest Pacific? | had always considered 180 E or
W to be the central Pacific, but that is in the tropics. Not important at all; if the study location is
generally considered to be the southwest Pacific then don’t change it.

This term is in general usage, and in particular, is used in the published SOAP overview paper (Law et
al., 2017), so it has not been changed here.

I. 16 might want to define “API” = atmospheric pressure ionization
The abbreviation has been defined: “atmospheric pressure chemical ionization mass spectrometry
(API-CIMS)”

P. 3, I. 34 hyphenate Monin-Obukhov
Change made

P.4,1. 9, Is “closeby” a word? (Two countries divided by a common language?)
Corrected to “close by”

I. 14, Might want to mention that Liss and Merlivat is one of the earliest parameterizations of K, or
something like that. Or maybe everyone knows that already.

This has been elaborated as : “one of the earliest parameterizations, Liss and Merlivat (1986).”

I. 14 I really don’t think “trialled” is a word. How about “performed trials” or “tried”? (See also P. 16,
l.31)

Changed to : “performed trials using”

I. 21 “gas transfer parameterizations”?
“transfer” inserted

P.5,1. 17 “crowsnest” or “crow’s nest”?
Corrected to “crow’s nest”

l. 21 “ship’s”
Correction made



I. 22 “Ecotriplet b660 backscatter” is a bit of jargon. Simplify (“backscattered light”), expand (to say
what it’s for), or delete?

Expanded by the phrase “(an indicator of coccolithophores)”, since it is of biogeochemical import
for DMS.

P. 6, 1. 7 “LES” is defined twice.
Second definition has been removed

1. 22 and 25, Since the integrated stability function depends on z, don’t you need to find the slope of
the concentration profile vs. (In(z) - Psi(z/L)) in order to calculate C*/kappa? (And Figure 4 shows that
you did that too.)

In(z) has been explicitly expanded to: “(In(z) —W.(z/L))”

P. 7, 1. 23-26, Was the same aqueous DMS concentration used for both EC and GF analyses of K?
(Which is perfectly reasonable, but means that intercomparisons of K between the two methods
depend only on measured fluxes. The discussion of fetch effects in 4.3 is fine, no need to add much or
anything here.)

This has been clarified in Section 3.3 by the addition of this text:

“For both EC and GF, Cw was obtained from the same miniCIMS measurements, so that
intercomparisons of K depend only on measured fluxes.”

P. 9, 1. 14. I'm not sure how much validity there is in R"2 for only four data points. (Just an opinion; no
changes needed.)

P. 10, I. 10-12. Would a plot of u* vs. u* for the two methods be useful? Probably just the summary
here (along with Figure 6) is sufficient; | suppose the authors have already done this.

The plot of u* from the two methods has been done, but in the interests of space has not been
included. To indicate this, the following sentence has been added:

“This slope is very close to that from a direct regression between u+from bulk fluxes and u+from
EC.”

P. 11, I. 10, stratification leads to high fluxes? Walker et al., 2016 mention surfactants as possibly
contributing to suppressed ventilation until winds pick up. But fluxes would be low until this occurs.
The description of the stratification reported in Walker et al. 2016 has been expanded to include
surfactants, to read:

“Anomalously high DMS fluxes followed this, and Walker et al. (2016) suggest that the stratification
provided optimal conditions for the accumulation of DMS in near-surface waters, through
concentration of phytoplankton and reduced diffusive loss to sub-surface water, as well as possibly
surfactant suppression of ventilation. This accumulation would then have been ventilated to the
atmosphere when winds subsequently increased and stratification was eroded.”

P. 12, I. 19 Could real-time motion correction be made for REA? (This doesn’t need to go in the paper;
just curious.)

Conceptually it could, but the errors in estimating the real-time vertical motion of the platform are
much larger than when postprocessing is an option.

P. 13, 1. 3, “data are sparse”
“is” changed to “are”

P. 14, I. 29 “suppresses”
“supresses” changed to “suppresses”



P. 15, I. 4, “near-surface”
“near surface” changed to “near-surface”

I. 9, Could this be a place where surfactants are playing a role? (K from EC and GF lower than from
using COAREG.)

Yes, the following text has been added:

“It is possible that these conditions of reduced mixing and convergence of biogenic material were
conducive to an increase in surfactant activity in the sea surface microlayer, leading in to a reduction
in K (Salter et al., 2011). This reduction would affect both EC and GF, but not COAREG.”

I. 14, need to define K660

K660 has been changed to K, since all Ks presented have been normalised to a Schmidt number of
660. A statement to this effect has been added to Section 3.3:

“K was also normalised to normalized to a Schmidt number of 660 (CO; at 25 °C) to facilitate
comparison with other experimental results.”

I. 18 “so they could have [had] a”
Changed to “so they could have had a significant effect..”

I. 19-21 True, there could be a bias. But if there were enhanced DMS at the ocean surface, it would
lead to higher flux, and higher calculated K if using the bulk [DMS] at 5-6 m depth.
Agreed. These two speculative sentences have been removed.

P. 16, I. 27, “The GF experiment/sampling equipment/whatever was deployed. . .”
Changed to: “The GF sampling equipment was deployed...”

P. 17, 1. 18 First grant # looks like it is missing some digits.
Grant number corrected to: “grant numbers: 0851068, ...”

Figure 1c. What is height above surface (or water level) on the spar buoy after it is deployed?
When deployed, the water level is approximately 1.6 m below the top of the yellow structure. A
sentence has been added to the caption:

“The sea surface is approximately 5.3 m above the base when deployed.”

Figure 4 As mentioned earlier, the x-axis label text has the stability adjusted height.

Might want to put something about the error bars in the caption (it is already in the text), because
they are different between top and bottom even though they are both for DMS concentration or
mixing ratio. Also would be good to make the tick labels, axis labels, and subplot titles a little larger.
They are at the limit of readability now.

A sentence about the error bars has been added to the caption for upper and lower plots.

“Error bars are the standard deviation of multiple samples.”

“Error bars are calculated from the residual error of the fit.”

The font size has been increased.

Figure 6 “Gradient Flux”? (y-axis label)
Label on y-axis has been changed to “Gradient Flux”

Figure 7 — put the arrow and DOY53 inside the axes or somewhere else. Right now they interfere with
the x-axis label.
This was an error during pdf conversion which will be fixed.



Figure 9 — also plot K-EC vs. K-COARE? And/or K-EC vs. Ke? This may or may not be informative.
Figure 9 is pretty clear as is. And there is no need to make this paper any longer.

These were considered but we do not think these will significantly add understanding. And as the
Reviewer states there is no need to make the paper longer. They have not been included.

References:

Frew, N. M., Goldman, J. C.,, Dennett, M. R., and Johnson, A. S.: Impact of phytoplankton-generated
surfactants on air-sea gas exchange, Journal of Geophysical Research: Oceans, 95, 3337-3352,
do0i:10.1029/JC095iC03p03337, 1990.

Salter, M. E., Upstill-Goddard, R. C., Nightingale, P. D., Archer, S. D., Blomquist, B., Ho, D. T., Huebert,
B., Schlosser, P., and Yang, M.: Impact of an artificial surfactant release on air-sea gas fluxes during
Deep Ocean Gas Exchange Experiment Il, J Geophys Res-Oceans, 116, 2011.
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Abstract. Direct measurements of marine DMS fluxes are spararticularly in the Southern Ocean. The Surfacean
Aerosol Production (SOAP) voyage in February-Ma2€12 examined the distribution and flux of dimegfide (DMS)
in a biologically-active frontal system in the dowest Pacific Ocean. Three distinct phytoplankttwoims were studied
with oceanic DMS concentrations as high as 25 nimfolMeasurements of DMS fluxes were made using twiegendent
CIMS), and the gradient flux technique (GF) from an aatoous catamaran platform. Catamaran flux measuntsnaze
relatively unaffected by air flow distortion andeamade close to the water surface where gas gtadiea largest. Flux
measurements were complemented by near-surfac@drgghhic measurements to elucidate physical fagtdhsencing
DMS emission. Individual DMS fluxes derived by Efosied significant scatter and, at times, consistepartures from
the COARE gas exchange parameterization. A directparison between the two flux methods was cawigdo separate
instrumental effects from environmental effectsj ahowed good agreement with a regression slojed6f (¢ = 0.89). A
period of abnormal downward atmospheric heat flakamced near-surface ocean stratification and eetiwerbulent
exchange, during which GF and EC transfer velazisbowed good agreement but modelled COAREG vahere
significantly higher. The transfer velocity derivédm near surface ocean turbulence measurementa spar buoy
compared well with the COAREG model in general, shdwed less variation. This first direct comparidetween EC and
GF fluxes of DMS provides confidence in compilatimiflux estimates from both techniques, and aftsthe stable periods

when the observations are not well-predicted byGRRAREG model.

1 Introduction

The transfer of gases across the air-sea intetfiasea significant influence on global climate, awdis an important

parameter in climate models. Of particular interestimethylsulfide (DMS), a biogenic gas origimatifrom phytoplankton,
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which is the primary source of reactive naturaffisuln the atmospheric marine boundary layer (Aaérend Crutzen,
1997). The potential for oxidation products of DNtSplay a role in aerosol production and modificatiand hence the
global radiation budget, has stimulated a numbestotlies aimed at quantifying the surface ocearcemmations and
estimations of global DMS fluxes (e.g. Lana et20]11).

While climatologies of aqueous DMS have been degpedqLana et al., 2011), direct measurements of DIM&s are rare,
particularly over the remote Southern Ocean. IstEdMS fluxes typically rely on gas transfer parésnigations, with the
flux of a gas ) between the ocean and atmosphere calculated thientransfer relationship with concentration gratlie
across the interface:

F =K (Cw-aCa) 1)
whereK is the gas transfer velocit;a and Cw are the DMS concentration in air and water respelgt anda is the
dimensionless Ostwald solubility coefficient for [B(Dacey et al., 1984; Saltzman et al., 1993), witpositive flux
indicating sea-to-air emission. In theory, the @mration gradient should be measured across #mowsé sublayer at the
surface (~100 um), whereas in practice it is nolynaleasured on research vessels between the dechtlevel and the

seawater intake several meters below the surface.

In contrast to the measurement of near-surface@asentration gradients, measurement and paramegtiern of the transfer
velocity, K, is more challenging and subject to greater uag#st, particularly at high wind speeds (Wanninkeofal.,
2009). K has traditionally been parameterized in terms iofdvepeed, the most readily available measurenagtargely
based on dual tracer experiments using & °He (Wanninkhof, 1992; Nightingale et al., 2000; Eial., 2006), most
commonly in the form of a quadratic relationshimpwéver, there are issues arising from the tempdlspatial scales of
these and other estimateskafFor example, dual tracer experiments generalbgirsite over days and 100 km scales, bomb
carbon estimates are decadal and cover basin sgalemicrometeorological estimates cover periods3ff minutes and
scales of several km. Consequently, processestopeom different scales may have different infloes onK. In addition,
there are other factors influencing gas transfae fle of bubbles in enhancing the transfer dflinsle gases, such as O
is widely recognized (e.g. Woolf, 1997; Wanninklaefd McGillis, 1999), but while corrections for tHéfusion rates are
used for different gases via the Schmidt number gifference in solubility between the two tracansl CQ is not generally
considered (Bell et al., 2017). When simple wipdexl parameterizations are applied to a weaklypfolgas such as DMS,
the bubble effect is very much reduced relativeCt®,, and DMS is better fitted as a linear, rather tlaaguadratic,
relationship with wind speed (Blomquist et al., 80Goddijn-Murphy et al., 2012). In additiok,depends on the resistance
in the water and the atmosphere; Bell et al. (2@BB)mated the atmospheric contribution for DM&pgroximately 7 % of

the total, whereas for less soluble gases suchOastle airside contribution will be lowe further effect on gas exchange

measured in laboratory studies (e.g. Frew et @80} and in open ocean measurements (Salter @0afl). B ‘[ Formatted: Font: Italic
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It is convenient to parameterikeprimarily in terms of wind speed, but the primainyver of gas exchange is near-surface
turbulence, whether under a small-eddy surfacewehmodel (Lamont and Scott, 1970) or a mixing-kbngodel (Donelan
and Soloviev, 2016). For environments in which tlebce is driven by factors other than wind, sustbenthic boundary
layer turbulence in shallow estuarine flows or daop impacts, unifying approaches based upon edtbjpation rate as a
measure of turbulence, have been considered (Zetpgla 2007), but measurements in the open ocearaee (Esters et al.,
2017).

The NOAA-COARE algorithm was developed to providemare physically-based parameterization for gagefiu by
separating the turbulent viscous stress from theeviarm stress related to bubble production, ansl sfeown promising
results for both C@and DMS (Fairall et al., 2011; Yang et al., 20H9wever, current understanding of the mechanisms o
air-sea gas exchange are imprecise, and othergahysiocesses may come into play that are not milyreaptured within
the COARE model. For example, Marandino et al. 8pGncountered anomalously large DMS fluxes during

coccolithophore bloom in the North Atlantic, whidtey attributed to the presence of near-surfaceigmnés.

Eddy covariance (EC) is the most direct method efsuring gas fluxes (Blomquist et al., 2006; Maianct al., 2007)
since it does not make assumptions about the steucf the turbulent boundary layer. However, EQuiees rapid, high-
precision measurements of gas concentration, wamehhen correlated with the vertical componertudfulent wind speed
corrected for platform motion. THews calculated from eddy covariance DMS fluxes durihg Surface Ocean Aerosol
Production (SOAP) experiment (Bell et al., 2015)wad considerable variability, which is typicaltbése measurements of
a turbulent process. An ongoing issue is the extemthich the variability is inherent in the meamment technique, or due
to other factors, and also whether it can be redludgell et al. (2015) showed that some of thetscai koms arose from
spatial inhomogeneity of the seawater DMS concéotra but significant variability still remained.Wind and flux
measurements are also challenging on a vessel #iecairflow around the ship’s superstructure canabcelerated or
decelerated (Yelland et al., 1998), with a depeodem wind direction. This can be a significantdaavhere wind speed is
an explicit parameter, such as with gas transfrcitees and drag coefficients. Other issues sumation correction and
airflow, can also influence shipboard flux measwram(Landwehr et al., 2015). An additional comgiima is the
generation of turbulence by the interaction offlw with the vessel’s structure, such as the legdidge of the hull and/or
smaller support structures (Oost et al., 1994). &tfiect of this on the apparent gas flux is notlveown nor whether
advected atmospheric turbulence is affected by fitistortion. Computational fluid dynamics (CFD) Hasen used in a
number of studies seeking to quantify the magnitfdéow acceleration (Yelland et al., 1998; Popieeal., 2004; Moat et
al., 2005).
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An alternative direct flux measurement approacthé Gradient Flux (GF) technique, which is lesclithan EC as it

using the GF method were made by Putaud and Ng{i@36) with 2 or 3 air intakes on a ship. In orteavoid issues of
the DMS gradient being influenced by air flow disian over the superstructure of the research Veagaatform has been
used in other experiments, primarily in estuarineaastal environments. McGillis et al. (2004) usedatamaran during
GaseEx-2001 with a motorized traveller on a masatople a range of heights to generate @@files, combined with CO
sampling from a boom on the ship’s bow. A catamattached to a boom alongside a vessel, with soséravelling up the
mast has also been used successfully in estuaridstérmine the gas exchange of.QOrton et al., 2010; Zappa et al.,
2007; Zappa et al., 2003). Although this approaak advantages in using the same sensor at alltheighintroduces
uncertainty due to the lack of simultaneous sangglina turbulent atmosphere. Recently, Omori ef24117) reported DMS
gradient fluxes from a tethered buoy cldsg with intakes running back to the ship and défer heights sampled
sequentially using proton transfer reaction-massspmetry (PTR-MS).

In order to validate the GF technique for oceamipligations, flux estimates derived from GF haverbeompared with

other direct and indirect techniques, with a vgriet results. For example, Putaud and Nguyen (196pprt a GF flux

with promising results, although without the coroptions of ship motion. Hintsa et al. (2004) subsetly used the stable
platform RPFLIP in the northeast Pacific to measure DMS fluxesgidioth GF and REA techniques. They found DMS
gradient fluxes were half that of REA fluxes wittetlargest discrepancy during stable to neutratlitioms. Zemmelink et
al. (2004) also used the GF technique to measureS DMxes during GasEx-2001 in the equatorial Pacifnder
predominantly light winds. Their comparison of deensfer rates with EC fluxes of GBGhowed a substantial difference,
with a high degree of scatter that could not beoaoted for, and they concluded it was not posdiblderive accurate gas
transferparametrizations from in-situ measurements. Toneit® these discrepancies, a direct comparisondmivGF and
EC is desirable.

The Surface Ocean Aerosol Production (SOAP) exmarim(Law et al., 2017) examined the role of surfacean
biogeochemistry in influencing marine boundary fagerosol, with a strategy of targeting phytoplankblooms east of
New Zealand, that were potentially significant seuregions for aerosol precursors. These bloontesepted a significant
source of DMS (Bell et al., 2015), and providedafuable opportunity for validation of micrometeargical techniques and
parameterizations. Beyond the inherent importantemeasuring DMS fluxes, the SOAP campaign also Bbug
intercompare sampling platforms and techniques. HBeDMS flux measurements during SOAP followed rifean trends

modelled by COARE, but when viewed in detail thersre periods of significant departure between measand modelled
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K (Bell et al., 2015). Although significant sub-sacé DMS gradients were not observed during SOAResDMS flux
anomalies relative to COARE were potentially atitdal to sea-surface microlayer production (Walkel.e 2016).

This paper focuses on GF DMS fluxes measured fremall autonomous catamaran launched from the neseassel. The
data provide the opportunity to compare the fluxeslelled by COARE with two independent measurertesitniques (GF
and EC) on different platforms. Turbulence and reemface ocean temperature were also measureddrdrifting spar-
buoy to provide supporting information on near-ag€ structure and stratification. This paper exasimvhether
observations from the two approaches are in agnegmed also assesses in detail the contributigrhgsical conditions on
the waterside to flux deviations from COARE. Figalihe practicality of using eddy dissipation rate a proxy for gas
transfer in the open ocean is considered.

2 Methods

The SOAP study was carried out on the R&ngaroaduring February and March 2012 in the biologicalpductive
frontal waters of the Chatham Rise {84174-183E), east of New Zealand, where nutrient-rich sulbafetic water meets
warmer subtropical water (Law et al., 2017). Theyage strategy was to survey regional surface bidusaical
distributions during the night, and focus samplohgring the day on the areas showing highest DMSemmations,
chlorophylla and CQdrawdown. A range of other biological and physiceasurements were made from the vessel and
platforms launched from the ship, to charactetge liogeochemical and hydrodynamic influences acetrgas emissions

and aerosol production (Law et al., 2017).

2.1 Environmental measur ements

The RV Tangaroawas equipped with an automatic weather station $)\Wiounted on top of the croswest above the
bridge (Fig. 1a). While this position gave the césa unobstructed airflow from all directions, iasvstill subject to some
flow distortion as air was displaced and accelerdig the ship’s superstructure. These effects wesdelled in Popinet et
al. (2004), and a correction for the airflow distm for the RVTangaroaas a function of azimuth was used in Smith et al.
(2011). A data acquisition system (DAS), locked3®S time (UTC), logged the main stémavigation parameters and a
range of underway measurements such as sea stefaperature, chlorophyll fluorescence, and Ecaitipb60 backscatter

(an indicator of coccolithophoresMeasurements are all time-referenced to day af yPOY) in UTC. The COARE3.5

algorithm (Edson et al., 2013) was used to traesland speeds to a standard 10 m height. Thisarersi COARE removes
the reliance on earlier ship measurements of COARE3airall et al., 2003) which may be subject ioflaw distortion
effects, and provides better agreement with indégenobservations (e.g. Yang et al., 2014). COABRE®&s also used to
computeu-, Uion (U1o adjusted to neutral stability), bulk sensible ¢atdnt heat fluxes. The COAREG3.1 model (Fairtll e

al., 2011) updated earlier meteorological versiaith a focus on gas transfer, and was used heobt&in predicted gas
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transfer velocities based on wind speed and atnesi&phtability. Wave data were obtained from Wavéshidll forecast
data using NOAA/NCEP winds at 0.%0 km) resolution, with wave parameters from ¢hgsdded data selected at the

gridpoint closest to th€angaroaposition.

2.1.1 CFD airflow distortion adjustments

The airflow around RVTangaroawas originally modelled by Popinet et al. (2004)ng the computational fluid dynamic
(CFD) model, Gerris, employing a large-eddy scaES) approximation. The model showed an uplift ofaver the ship
with an increase from ~1 m over the bow to 6 m dherbeam, in addition to flow acceleration andetferation, and the

development of turbulence and recirculation. FolfayPopinet et al. (2004), CFD simulations werainefocussing on the

the model did not explicitly include viscosity, brefied on numerical viscosity which in many sitoas produces realistic B ‘[Delﬂed:)

results (Popinet et al., 2004). A further limigatiwas that the inflow velocity was assumed unifevitlh height (with a slip
condition at the ocean surface); thus, there isogarithmic velocity profile with height in thesesults. The numerical
model of the ship’s superstructure did not incltite temporary foremast where instruments were nealjr@nd contained

no detail smaller than 0.5 m (e.qg. railings). Idiidn, no account was made for the dynamic piteth @Il of the ship.

2.2 Gradient flux method for DM S

The strong source of DMS in the ocean gives risa thecreasing atmospheric concentration with hedgjoive the sea
surface in the overlying lower atmospheric marireirigary layer. Monin-Obukhov similarity (MOS) thgois used to

describe the turbulent diffusion of gas away frém $ea surface, with a fluk, given by:

=t (€
F=-ut = @c(z/L) (alnz) @

whereu- is the friction velocity, C« is the scaling parameter for gas concentrafipi is the von Karman constant (taken as

0.4), ¢, is the stability function for mass,is the height above the mean water level lansl the Monin-Obukhov scaling
length representing the atmospheric stability ia Hurface layer. Equation (2) can be integratedive an equation
expressing the concentration gradient against keigh

C(2) = Clzoe) + =[In(z/20c) = ¥e(z/1)] ®
wherezy is the surface roughness f6r(McGillis et al., 2004), an®#, is the integrated form @f. originally developed
over land. The form of, has been examined over the ocean, and we follewdsulting scalar functional form used in
COARE3.5 (Edson et al., 2013). From Eg. (3) it tenseen that the measured slope of the concemtratofile against
(In(z) —¥.(z/L)) is simplyC+/x, and this can then be used in Eq. (2), togethtrwj to determine the DMS flux.

In order to minimize airflow distortion effects gas gradients, a Kiwi-Cat catamaran was instrunterated deployed from

the ship for gas sampling for periods of ~4-6 hoams 6 separate occasions (Fig. 1b) in three bloomsdiffering
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phytoplankton species composition (see Law e®all7). Safety considerations limited deploymentwited speeds below
~12 m & (25 knots) and wave heights < 3.5 m. The ship taaied a position approximately 1 km downwind of th
catamaran during sampling to avoid contaminatidect$, and a drogue was used to maintain the hgadithe catamaran
into the wind. At the top of the catamaran masb (B above mean sea level), a small Airmar PB22@asdhic
weatherstation measured wind speed, direction anm snotion parameters. Four gas intakes, with Kdlant scrubbers to
minimize DMS loss by ozone, were fitted at logaritb heights up the mast of the catamaran (with amietake height of
2.5 m). The intakes fed an autosampler that c@tbeir simultaneously from each inlet into TedlaKgnaar bags for 15-
30 minutes. All heights were sampled simultaneotsigvoid the possibility of gradient distortionedto non-stationarity or
non-uniformity in the air-flow, which could happéheights were sampled sequentially. Every halimi@ new set of 4
bags was sampled. At the end of each deploymergatesamples were returned to Tremgaroa and analysed using sulfur
chemiluminescence detection gas chromatography {SCP(Walker et al., 2016). Calibration was cafrigut using an
internal methylethylsulfide (MES) permeation tulme €orrection of detector drift, and an external ®Mermeation tube
housed in a dynacalibrator. A five-point caliboativas performed twice per day, and a running stahdvery 12 samples
(Walker et al., 2016). A subsequent internationgrcalibration (Swan et al., 2014) indicated thatanalytical method was
93.5 + 3.8 % accurate with 2.6 % variation. A sysaéic ‘blank’ value was removed from field sampégter analysis of
sample bags filled with nitrogen indicated somedwea DMS in the system. The GF bag analysis assumdoss of DMS
from the bags. However, our tests revealed a M3-% decrease in DMS per hour of storage, whicdoimewhat higher
than that of Zemmelink et al. (2002a), who foundil&e bags could be stored for 7 days without DM&ldData used here
were analysed typically within 12 hours of collectiso losses were minimised.

2.3 Eddy covariance DM S flux

The DMS eddy covariance (EC) system used during B@#&s mounted on the bowmast of ffengaroa(Fig. 1a). It
comprised dual Campbell CSAT3 sonic anemometeBys&ron Donner motion correction package and amtzke (Bell et
al., 2015). The EC instrumentation is located abthe deck (at 12.6 m above mean sea level) ansl @ssumed that
measurements take place in the constant flux sutéger, so that uplift should not affect the fhesults. Atmospheric DMS
was measured with an atmospheric pressure cheiigisition mass spectrometer (mesoCIMS) after dryimith flux
measurements made every 10 minutes, as detailBelliet al. (2013). A second mass spectrometeni@iS) measured
flow-through sea-water DMS concentratio®j from an intake at 6 m depth, and averaged atristeiintervals, with a
mean relative error of £ 5 %. A comparison of digesd DMS was made between the miniCIMS and the SIDused for
the gradient measurements, which indicated a coratam offset of ~1.2 nmol L DMS (Walker et al., 2016). For the last

catamaran deployment on DOY 64, no seawater corati&mt or EC DMS flux data were available.
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2.4 Spar Buoy

A spar buoy was used to provide auxiliary inforraaton sub-surface temperature structure and turbeleuring SOAP.
Three deployments were made at the initial centreach of the three SOAP phytoplankton blooms (letval., 2017),
lasting 1 to 4 days. The total length of the dewi@s 6.9 m, with three vertical arms near the serfarranged around the
central pole to spread buoyancy and reduce pittt{fig. 1c). The central pole extended 5.3 m belbe water surface,
where a drag plate was mounted to dampen heavemoliidium beacons and an Airmar weatherstatienewmounted on
top of the spar, transmitting location, and pravigivind and motion data. A vane kept the spamnaligin the direction of
drift. Pitch and roll were generally < 1(®5" percentile), and the mean drift was 0.5" & general, the spar followed the
swell motion, but rode through the shorter wind esvBeneath the water surface, RBR TR_1060 temyperatcorders,
with 0.09 C accuracy (and 0.0000& resolution), were mounted every 0.5 m to providfiermation on temperature

stratification.

A Vector Acoustic Doppler Velocimeter (ADV) was muad at a mean depth of 0.7 m to provide relatweent and
turbulence information. The ADV had a sample rdt&6Hz and was oriented so that the sensitivaxis was perpendicular
to the drift direction and spectra would be fremnrvertical heave motion. In the example spectig @&, thew-component
in red shows a lower noise floor, and a spectrapesithat is consistent with the theoretical -5/3niagorov inertial
subrange, while the-component has a higher noise floor and is domihatewave motion centred around 0.2 Hz. The
turbulent energy dissipation rate) (vas determined using the inertial dissipationhodt(Drennan et al., 1996), with an
extension to unsteady advection typical of a wawdrenment (Terray et al., 1996). This was appliedhew-component
across a section of the power spectral densityiloigions in the frequency range 1.5 to 4 Hz whigdis above the wave
motion spectral peak. This method has providedaui@ble comparison between the inertial dissipatiizhnique using the
ADV, and an Aquadopp that sampled turbulence spati@homson, 2012). The ADV-derived value ofvas used in the
formulation of the surface renewal model (Lamond &tott, 1970; Zappa et al., 2007) which estimategms transfer
velocity, K,

Ke=A(e 14 gsli2 o)
wherey is the kinematic viscositycis the Schmidt number, ardis a constant that is likely dependent upon messent
depth.

3 Results
3.1 Environmental conditions

During the SOAP campaign, winds varied between dair8.3 m &) and a maximum >20 ni*sduring the passage of a
southerly front (Fig. 3a, Law et al., 2017). Foe thitial part of the campaign air-sea temperatlifierences were small,
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with small heat fluxes out of the water (Fig. 3buring DOY 51-55, warm, moist air from the northeohaid the surface
ocean, resulting in a reversal of heat flux, ansbah period of negative latent heat flux associatétth fog. The
corresponding atmospheric stability parameter (a/af positive (stable) during this period (Fig..38)ronger winds and
colder air from the south followed, leading to gezaheat fluxes out of the water and generally r@ub unstable
atmospheric conditions. Significant wave heiglfiig)(3d) from WaveWatch Il ranged between 2 and.5However, the
wave age (Cp/W) (Fig. 3e) indicated that swell dominated the wéeéd for the majority of the time, which is typicof
this region (Smith et al., 2011). This indicatedttthe most energetic waves were travelling sigaiftly faster than the
wind speed, and were undergoing active developmgtduring occasions of rapidly increasing winds.example of the
latter was on DOY 60.7 when a storm front crossedregion, although the actively wave-generatingtesps generally
passed relatively rapidly. During the catamaraniagpents examined here, wind speeds ranged betwesrd 10 m§
with mean values shown in Table 1. The average Waight varied between 1.3 and 2.2 m, with a wayeweell above 1.2,
indicating swell-dominated wave conditions.

3.2 Gradient Fluxes

Examples of the atmospheric DMS profiles obtainedtiee catamaran are shown in the upper panelsgf4Fi Where
possible, replicate gas chromatograph analyses e@red out on each sample bag. When multipleyaealare available
the standard deviation of these are plotted as baxs in the upper panels of Fig. 4, and are &ffyion the order of +5 ppt.
The lower panels of Fig. 4 show DMS versus thedbthe height coordinate corrected for atmosphstability, together
with a least square fit of a logarithmic profild¢svn in red). From Eg. (2) and (3), the DMS fluxetated to this slope. The
quality of the profiles varied, as shown in the te@mples in Fig. 4, due to both instrumental amdrenmental causes.
Data were only used where the gradient*fitalue exceeded 0.5. The residual error of thevdis used to calculate the error
in parameters, which in turn was used to deterrtineerror bars for each sampling point. During dgpient 4 on DOY 53,
the upper level intake was contaminated and nod usdhe analysis. As the campaign progressedraugments were
made to the technical method, primarily autosamptertrol for bag collection, which resulted in iropements in the

quality of the concentration profiles, and redueedr bars.

Sinceu- was not directly measured on the catamaran, tvere two alternatives for obtaining it for calcidat of DMS
fluxes from Eq. (2): the bulk flux (corrected farflow distortion) from the nearby RWangaroa or the directly measured,
motion-correctedr from EC measurements onbodrangaroa The gradient fluxes estimated using theleQLandwehr et
al., 2017) are shown in Fig. 5a in red, overlaintoe EC continuous 10-minute data, for 20 dayshef $OAP voyage.
Figure 5a highlights the wide range in fluxes dgrBOAP, reflecting the variability in wind speedhdathe spatial and
temporal variability of aqueous DMS concentratidhe EC data encompasses the full range of dathding when the

ship was on station and underway, and traversingrsé DMS source regions, whereas the compariSo€ @and GF data
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in Fig. 5b-f are when the ship was on-station amdagiability was lower. Nevertheless, the DMS flean vary by a factor

of 8 at a fixed location during the day, as on D@(Fig. 5e).

Despite the overall variability of the flux, thedsdcovariance and gradient flux measurements agraewell overall (Fig.
5b-f), particularly when considering that their Splaseparation varied between 300 m and 13 kmIéTap An exception to
this was DOY 48, when there was believed to bea# Ia the autosampler, and so data from DOY 48nateused in
subsequent analysis. In panels 5b-f the error Berscalculated from the least squares fit of thedignt, as in Fig. 4,
combined with the relative standard deviationuefduring the sampling period, thus indicating bdile guality of the
gradients, and the variability in winds speed aer sample. The best agreement was obtained on B8&hd 58, under
conditions of light and moderate wind respectiv€lp DOY 60 theTangaroamoved up to 13 km away from the catamaran
in order to retrieve other instruments which magoamt for some of the difference. At times (e.g.\YD@B) flux variability

on a timescale of hours can be O(100 %), while terooccasions (e.g. DOY 49) consistent trendseai@ent on this

timescale.

A direct comparison between the GF and EC fluxesh@wn in Fig. 6, with EC and GF fluxes averagedrafie same 15 —
30 minute intervals. The GF values usingderived from the motion-corrected EC system prewidtter agreement than u
derived from bulk fluxes incorporating airflow ceoted wind speeds. The least squares linear diahslope of 0.96 {=
0.89), while the bulk formula gives lower flux vakiby an average of 10 %, with a fitted slope 38@P=0.86).This slope
is very close to that from a direct regression leetwu- from bulk fluxes andi from EC.This suggests that the CFD

modelling has over-compensated for the airflow Bregion, resulting in ar that is too low, as examined in detail by
Landwehr et al. (2017). It is likely that small-Ee&eatures of th@angarog such as the foremast and railings, which were
not included in the model, may have a significédfeéat on the airflow corrected wind speeds. In ttase, both the airflow

distortion and the bulk formulation have increadegluncertainty in gradient fluxes.

3.3 Comparison of GF and EC gastransfer velocities

The commonly used equation for bulk gas transfer, @), can be used to derive the gas transfercitgl& from the
measured flux, and water and air DMS concentrations

K = F/(Ca/H —Cw) (5)

K was obtained from the measured DMS fluxes fronh &€ and GF methods, and the DMS concentratiorir i(Ca) and

water Cw). For both EC and GECw was obtained from the same miniCIMS measuremsntthat intercomparisons & _ - { Formatted: Font: Italic

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 2

depend only on measured fluxgs.was also normalised to_normalized to_a Schmidt bemof 660 (CQ at 25°C) 10T B { Formatted: Font: Italic

facilitate comparison with other experimental réstThe 10-minute EC values &f (Bell et al., 2015) were again average\\i\\ { Formatted: Font: Italic

N R .
over the same time intervals as the GF valiegalues are often presented as an average ovaabeegs or within wind Formatted: Subscript

Formatted: Superscript
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speed bins, due to the inherent or instrumentahbdity; however we consider much higher tempa@dles, with estimates
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of K over 30-minute intervals. Figure 7a shows a pfdf @erived by both methods where coincident data \aeeslable,
against wind speed adjusted to neutral stabiligether with the COAREG3.1 parameterization. THeKGvalues are
generally lower than the E® values, consistent with a similar bias in the flcomparison (Fig. 6), but show better
agreement with the COAREG curve than EC. HoweVeret is a clear anomaly with the COAREG curve ffier period of
low winds on DOY53, despite good agreement betvi@ermnd EC methods at this time.

In Fig. 7b the GK data are colour-coded with respect to atmosphéatailgéy and Uo is not adjusted to neutral stability.
COAREGK is shown for the mean conditions during SOAP, alsd for extremes of air-sea temperature differehoéng
SOAP (thin lines). The relative humidity extremaisring SOAP were also used in this calculation. Téege in the
COAREG curves due to atmospheric stability effestelatively small in comparison to the experinatrors in the GK
data, which mostly fall within error bounds of tberve. However, it is clear that the anomalousias on DOY 53
occurred under conditions of strong atmospherigilétathat are outside the uncertainty bounds flG@AREG.

3.4 Ocean Stratification

The spar buoy monitored temperature stratificafiorthe upper 5 m of the water column during the epldyments.
Nocturnal temperature profiles were well mixed listdepth range by convection, whereas minor daytstnatification
developed in the early afternoon. However, on taysg strong stratification up t6 @ mi* developed. The first period on
DOY 47 developed under conditions of extremelytiginds (<3 m $) and high insolation (Fig. 8a). The solar irradian
peaked at approximately DOY 47.05 at this longitudigh the build-up in stratification peaking later DOY 47.12, and
maximum warming occurring in the upper 2 m. Undese calm conditions, the air temperature alsceasad by 3C
during the afternoon. Anomalously high DMS fluXeowed this, and Walker et al. (2016) suggest tha stratification

would then have beerentilated to the atmosphere when winds subsequieatieasedind stratification was eroded

A second period of strong ocean stratification wassured on DOY 53 under somewhat stronger wineldspe5 m 3. The
stratification on DOY 53 was associated with anesgied period of atmospheric stability with reversg¢mospheric heat
fluxes when warmer moist air overlaid the oceamy.(Bb). It was during this period that the stronscrepancy between
measureK values and COAREG was observed (Fig. 7b), withiSagmtly lower derivedK values from EC and GF than
for COAREG. The temperature structure of the upp8rm of the water column (Fig. 8b) shows stromgtsication, but
structured in quite a different manner to DOY 4Twridg DOY 53, stratification extended well belovettepth of the spar
buoy. At times temperature oscillations also ocedirthroughout the depth of the spar buoy, with epléude that
decreased towards the water surface, consistehtintiérnal wave activity with a period of ~12 mifihese increasing

temperature excursions with depth are in contm8t@Y 47, where maximum temperatures were conftogtie upper 2 m
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where solar insolation was strongest. While the lauge of the internal wave was damped near théaser it potentially
contributed to surface convergence/divergence zamelssurface patchiness. This process may haveitnaed to the
heterogeneity of surface DMS concentrations replooie Bell et al. (2015). The stratification driveg the reversed heat

flux persisted until after midnight local time.

3.5 Turbulent dissipation rate and K

Turbulence derived from the ADV was measured dutirgg3 deployments of the spar buoy during the S@afpaign.

The spar buoy drifted with the ocean currents, aitinack marked by characteristic inertial osditlas. The position of the
ship was dictated by multidisciplinary measurenmeguirements, so that the distance between theastipspar buoy was
~15 km during catamaran deployments on DOY 47 &abother times ship-based activities took p@se- 45 km away.
Wind records from the spar buoy suggest that this @lose enough to be within the same mesosca&oméigical regime,

but far enough that some differences in wind spee@ apparent (e.g. Fig. 8a).

K¢ was derived from water-side turbulence using EgndA=0.2, and is compared with the COAREKGandK calculated
from EC (Fig. 9). Wherea¥; is derived directly from turbulence measuremetit® main input to the COAREG
parameterization is wind. The lowest valuescofvere observed during the calm, stratified period ROY 47 when
turbulence was expected to be weakest, and DOYHe®hwtrong waterside stratification was observenivéver K, did not
fall off to the same extent a§ from COAREG or EC under light winds on DOY 47 aB8. Within the limited data
coverageK: follows the trends of the COAREK but there is noticeable deviation from EC dateD@ 48 which started
late on DOY 47, when EC fluxes were significantighter. This was also the period when EC exceede ARED, and
significant DMS enhancement in the surface mictayas reported by Walker et al. (2016). These mhsiens support
the suggestion that the enhanced DMS fluxes on @8Yvere associated with biogeochemical effectseratian physical

processes driven by the wind.

4 Discussion

To our knowledge this is the first published studydirectly compare EC and gradient flux methods BS from a
seagoing platform. The results show good agreeemieen these two independent methods (Fig. 6n@iweight to the
validity of both sets of measurements. The slopihefregression between the two methods (0.96)%value (0.89) shows
considerably better agreement than a previous cosgueof GF with REA (Hintsa et al., 2004), whiauhd a difference of
a factor of 2. A limitation of REA over the oceas that it requires real-time motion correction, evhiis extremely
challenging as post-processing corrections likese¢hosed in EC (e.g. incorporation of time symmefittering of ship
motion) cannot be made. In contrast to the Hintsd. estudy, the EC and GF techniques also showed ggreement under
conditions of strong atmospheric stability (Fig. Despite this agreement, there were significaffeidinces from th&
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predicted by the COAREG model during the strattfmaevent on DOY 53. The following discussion siolers the relative
merits of the GF and EC techniques, and assessdadtors that may give rise to variability betwékese techniques, and

also differences with COAREG model outputs. Theliappon of turbulent dissipation rate is also ddesed.

4.1 Logistical considerations

The GF method has some benefits for flux deternunafThe accumulation of sample gas over 15-30 temipllowed by
later off-line analysis allows good analytical pssen by standard gas chromatographs and so instruoosts are modest,
compared to EC which requires fast response, higbigion gas sensors. The use of a catamaran fioplisey also has
advantages in that it is not influenced by the majoflow distortion of a large ship, and air sdimg is close to the water
surface where gas vertical gradients are largestmproving sensitivity. On the other hand, depleyrmof the GF technique
on a remote platform such as a catamaran, is logjiist more difficult, and limited to a smaller @& of open ocean

conditions, wind speeds less than 10 ‘masd moderate wave conditions. EC is not limitedhis way, and is able to

4.2 Assumption of Monin-Obukhov similarity (MOS)

One of the fundamental issues with the GF methaddependence on assumptions of Monin-Obukhov aiityil(MOS).

MOS is well established over land, but there hantsme caution in translating MOS theory concepthe open ocean
which is complicated by an actively deforming sugf@hat may generate a wave boundary layer (WBdt)gbhove the ocean
surface in which a wave influence may exist. Howetreere have now been sufficient studies (e.goRds al., 2004; 2013)
that provide compelling evidence of the succesafiplication of stability functions developed ovand to neutral and
unstable conditions at heights above the wave bemyridyer. The height of the WBL has been subjechany definitions,

from z ~ Hs, the significant wave height (Edsorakf 2004), to 3.7 Hs (Chalikov, 1995). It seemat tnost interaction

between waves and fluxes occurs within ~1 Hs. Tiosld severely limit the ability of the EC techn&to determiner, _ - { Deleted: u*

when used within the WBL, due to wave-generatedqane and vertical motion. With the GF technique,have taken the
u- component from the ship-based EC measurementsshwéiie assumed to be above the WBL. In contrast, ga
concentrations are not subject to wave pressueetsffand consequently it has been suggested #hat mvodulation of gas
fluxes would be less than for momentum fluxes (Bdsbal., 2004). It is worth noting that Prytheethal. (2015) found a
residual motion signal in momentum flux spectrajolthwas caused by motion-induced flow distortiothea than wave-
induced momentum flux. Their results suggest th&L\effects may not be as severe as has been sedgéstieed, the
consistency between gradient fluxes measured dtogbe water surface and EC fluxes measured at Ieight, and
averaged across many wave cycles (see Fig. 5) stsgfat any WBL effect was not large in the SOARIg region, which
was dominated by ~2 m swell (Fig. 3c, Table 1). Msmmend that the used in the GF calculation is obtained from ship-

based measurements above the influence of the \MLwithin the constant flux surface layer, as lasgthe ship is close
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by during the 15-30 min measurement interval. i dhsence of EC measurements on the ship thealteris to use a
bulk parameterization af- based on measured wind speed; however, this mayliject to significant airflow distortion
which numerical CFD airflow correction cannot alwafully resolve (Fig. 6; Landwehr et al., 2017) uitieg in GF

estimates that do not compare as favourably weHg@ fluxes (Fig. 6, this paper).

A further consideration is the extent that the @Raentration profiles were affected by the heavihefcatamaran following
the wave motion. The catamaran will ride throulgbrsperiod waves, but follow the longer wavestha hypothetical case
where the concentration profiles remain unchantfeddcatamaran autosampler collects air while ttekantraverses air over
a range of heights as the catamaran follows theewastion. We have evaluated the impact under fiseraption of a
logarithmic concentration profile with height, aad equal time spent over the spread of heights. [Byeprofile was
integrated over the height of a typical wave todfile average concentration and its difference feomundisturbed
measurement. The integration has a simple anagtigion under the assumption of a sinusoidalicertisplacement due
to a monochromatic swell. For typical measureddogfiles, the effect of a peak-to-trough wave heigh to 2 m was less
than 1 % at the upper three measurement heightsh&dowest height (0.5 m), a 1 m wave height vaBult in a measured
increase on the order of 2 % over the undisturtadev This is likely to represent a worst casegesithe concentration
profile close to the water surface will be upliftedsome degree by the wave progression, alongthitltatamaran (Mahrt
et al., 2005; Prytherch et al., 2015). Consequetliis effect is regarded as relatively minor imgarison with other
sources of uncertainty. This provides a furthert@st to EC, in which the significant correlatiohgas concentration with
vertical velocity induced by wave motion has tocheefully compensated for.

4.3 Footprint difference

There is a significant difference in the samplingtprint between the gradient measurements onatsmaran close to the
water surface centred at 2.5 m, and the EC measumtsnbased at 12 m on the ship. The footprint moti&ljun et al.
(2015) predicts that the distance to peak footpmititbe over twice as large on tAi@ngaroaas the catamaran. The footprint
model assumes a spatially homogenous source reigamever, Bell et al. (2015) showed that stronghpsources typical
of a bloom can influence the footprint from muchgler distances than a uniform source. In particuter EC footprint has
the potential to be influenced by seawater DMS eatrations up to ~5 km upwind (depending on wineksf). In contrast,
the GF footprint at similar wind speeds only exterd2 km upwind. Hence, some difference in fluxesMeen EC and GF
can be expected when the seawater DMS distribigioron-uniform. There were factors that mitigateiagt the footprint
difference during SOAP. First, the catamaran wagapé positioned upwind of the ship by ~2 km to dveixhaust
contamination (Table 1), improving the footprintteta Second, both catamaran and ship were sulgecstow (0.5 m'$
wind-driven drift through water, which over the cs&i of 30 min would provide close to a kilometerttier spatial

averaging of any non-uniformity in seawater DMS.
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4.4 Boundary layer stability and near surfacewater stratification

Our understanding of fluxes under stable conditismeuch more limited than neutral or unstable dows (Edson et al.,
2007), and data from stable conditions are oftemphki discarded (e.g. Yang et al., 2011). It is p@shsurprising that the
transfer velocity results during the stable conditi on DOY 53 were so tightly clustered (Fig. #)d ahowed such close
agreement between GF and EC, since Blomquist €2@10) report that the theoretical flux uncertgifdue to atmospheric
turbulence) increases markedly under stable camditiBoth GF and EC values Kf were consistently lower than the
COAREG parameterization. The downward heat fluxhese stable situations gresses the vertical motion of shear-
generated atmospheric turbulence, which is refteniehe stability functions¥(;). The agreement between the GF method
(dependent upo¥,) and EC (independent 8f), suggests that the discrepancy with COAREG dagsarise from the
stability functions themselves. DMS exchange edpminantly water-side controlled, so it is alsgartant to determine
the characteristics of the water column, where eph@l models assume that the surface interfabeéty accessible to
renewing/replenishing eddy activity from below. Té@vnward heat flux during SOAP caused stratifmatf near-surface

waters (Fig. 8b), limiting mixing and near-surfaoebulence, and the surface mixed layer depth sidolabm 21 m to 14 m

concentrations. The stable ocean-side also prodaeditions to support internal waves which arelljito have contributed

significant patchiness in the ocean distributios@water DMS through the convergence/divergentieeofvave motionlt

is possible that these conditions of reduced mixind convergence of biogenic material were cond@utivan increase in

affect both EC and GF, but not COAREG. ~ +{ Formatted: Font: Not Italic )

On the other occasion when strong ocean strafificatas observed (DOY 47, Fig. 8a), observed vabfd§ were also
lower than expected from COAREG (Fig. 9). Indioas of microlayer enrichment followed these calmdittons when
strong near-surface stratification had built up (aet al., 2016). It is often assumed that at Wewd speeds, transfer will
be underpinned by convectively generated turbulernecontrast, the conditions here produced stablan stratification
during the day near the surface, which suppresssdtransfer. Under the low wind speed on DOY 4Taly be more

accurate to model the sea-surface as a rigid furdich would have a Schmidt number exponent of @ther than the

related to mesoscale conditions is likely to be enpersistent than daytime solar heating under canditions. During
SOAP these downward heat flux conditions laste@as@OY 51.5-54.5) sothey could havehada significant effect on

net DMS fluxes _ — -| Deleted: . The concentration of material near the sea seifaay
have led to enhanced near surface production of BMbBelevated
concentrations. Underway measurements, which ade msing a
typical intake 5-6 m beneath the surface, will usdmple such a
surface concentratiocausing a bias in the estimationK.
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4.5 Turbulent Energy Dissipation Rate

Models of gas exchange suggest that the turbuleergg dissipation rates) is a parameter more directly relateckiahan
wind speed, since it is generated by both windsstend breaking waves. Whitehas been used to estimate gas transfer
velocities in several estuarine and coastal measemts (e.g. Zappa et al., 2007; Tokoro et al., p06Bservations of the
open ocean relationship wikhare limited to just one study (Esters et al., J0The results here show thés derived from
¢ followed the COARE parameterization more closéigrt the EC data did, but it did not exhibit the sarange of
variation, particularly during lulls in wind speeth particular, while minimum values of were observed during
stratification eventsK, did not decrease to such low levels as the obddf@ or COARE®. This may be due in part to
the spatial separation of spar buoy and ship, sivind speed at the spar buoy did not drop to timeesextent as the ship.
The ADV was orientated on the spar to minimize riigt&nce by turbulence from waves impacting the spaicture, but
this may not have removed all of the influence.r€fee, the spar buoy estimatescadre likely to be an upper limit for the
true value. Measurement ofrom a ship would clearly not be possible due tewhlarger wave and wake effects.

The SOAP spar buoy turbulence measurements weega &ka mean depth of 0.7 m. This is very clogheacsurface, but the
actual exchange happens at the air/sea interfaeeewheasurements are extremely difficult to obt8imme studies have
attempted to extrapolate to the surface (Esteat,2017) while others (e.g. Zappa et al., 20@k)ehnot. This will affect the
constantA in Eq. 4. Breaking waves generate subsurface tenoel which may exceed the wind stress generatediémce
(following a ‘law of wall’ variation with depth) bgn order of magnitude (Terray et al., 1996). Epatation to the surface is
thus dictated by the parameters of the model deplay parameterize this effect. Terray et al. (1986nd enhancement of
turbulence within a layer ~H#is deep, but within this layer it was roughly const@y this measure, and with wave height
>1 m at all times (Fig. 3), the ADV at 0.7 m depths within the enhanced turbulence zone. Thus,ikge fixed is
appropriate. The caveat to this is that during SQ#éHs was dominated by swell rather than an activelykirgg young

sea, which would have elevated turbulence levalso the extrapolation will not allow for microlaeased processes such

micrometeorological measurements.

A further factor that may affect the parametermatof K usinge is that recent laboratory measurements by Deamé et
(2016) find that turbulence dissipation near theaking wave crest is saturated, and does not vacghmwith wavelength
and slope. They suggest that either bubbles lingitdegree of turbulence intensity, or that theulemce is spread across
varying depths. In the latter cagewould need to be measured at multiple depths mtedyiated through the water column.
While appealing from a physical point of view, thility of usinge¢ in a predictive sense fdt requires further testing and
confirmation, particularly in view of the weak depience oK. one (i.e.K. ~&%).
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5 Conclusions

Sea-to-air DMS fluxes measured above the oceambigxdimgnificant scatter due to the heterogeneitgedwater DMS in the
horizontal (Bell et al., 2015) and vertical (Sinisag, 2017), potential microlayer influences (Wallet al., 2016), and also
the inherent stochasticity of the turbulent atmesjghboundary layer. Fluxes have been measuredessitdly in the
terrestrial environment by both eddy covariance)(B@d gradient flux (GF) techniques, but the magngironment poses
much greater challenges with motion corrections;flaw distortion, and aerodynamic complicationsusad by a
dynamically disturbed water surface. The SOAP cagmparovided a unique opportunity to directly comgpthe EC and GF
methods. The GEampling equipmenwas deployed on an independent platform from thp shith minimal air flow
distortion. Despite the differences in platformse two techniques showed good agreement (regreskipe = 0.96,%=
0.89), providing support for the validity of botachniques in this environment. The range of valitsbof fluxes over
periods of 4 — 5 hours on occasions greatly exab#ue experimental uncertainties. The use of teMtuéddy dissipation
rates near the surface to calculate gas transfecitye(K:) was also trialled, using measurements from dingifspar buoy.
This method showed closer agreement with COARE@® @ in general, although it did not reflect thage of variation
observed with the other techniques. During a jlenfoatmospheric and near surface ocean stratditaEC and GF agreed
well, but were significantly lower than predicte¢ the COAREG parameterization. These data suggestsgematic
discrepancy under stable conditions and is a foithestration that factors other than wind speeel ianportant for air/sea
gas fluxes. The SOAP observations have providedabde insight into the factors modulating gas transinder stable

conditions, for which there is less understandivantfor neutral or unstable conditions.

Data availability. The underway DMSsw can be downloaded at httpa#/geagel.noaa.gov/dms/select.php. The remaining
data are available by request email to m.smith@.ciovaz.
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Tables

Deploy- DOY (UTC) Time (NZST) Mean wind Ca Mean Cw Mean flux Wave Hgt Wave Age  Distance

ment # speed (MY (ppt) (M) (umol m?d?)  (m) ship-cat (km)

1 48.08-48.23  17-Feb 14:00-18:30 5.9 300- 16.5 10 1.7 3.2 0.3-3
500

2 49.08-49.3 18-Feb 14:30-18:00 6.0 350- 17.0 30 1.6 34 1-3
750 15-45

3 53.10-53.23  22-Feb 14:30-18:00 4.3 285- 13.9 5 1.9 4.0 1-3
400

4 58.06-58.25  27-Feb 13:30-17:00 7.7 6.4 11 2.0 6 2. 0.7-2

60.06-60.21  29-Feb 13:30-17:00 7.2 175- 5.0 10 21 2.3 0.6-13

340

6 64.85-65.0 5-Mar 8:30-12:00 3.6 40-210 NA 7.5 3.3 5.6 1-2.6

Table 1. Summary of environmental conditions and®a&dncentrations in air (Ca) and water (Cw) duf@rgdient Flux measurements.
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Figures

Figure 1.

a) Positions of EC sampling mast and AWS meteorological anemometer on RV Tangaroa b) Catamaran
gradient flux sampling platform with intakes up the mast c) Spar buoy with temperature loggers at 0.5 m
intervals and ADV close to sea surface. The sea surface is approximately 5.3 m above the base when deployed.

Figure 2

Example of Vector velocity spectra, at a mean depth of 0.7 m, for the 3 components. The inertial dissipation
method was applied to the w component across the frequency range 1.5 to 4 Hz, shown by vertical dashed
lines. The black dashed line indicates the slope of the theoretical Kolmogorov inertial subrange.

Figure 3.

Background environmental parameters. a) Wind speed adjusted to 10 m height (U10) b) Sensible and latent
heat fluxes derived from COARE3.5 c) Stability parameter z/L, with negative denoting unstable conditions; zero,
neutral stability; and positive, stable conditions d) Significant waveheight from WaveWatch Il e) Wave age
(Cp/U10) with 1.2 denoting full development. Spar buoy deployments are denoted by the red horizonal bars, and
catamaran GF deployments by the * symbol in the top panel.

Figure 4.

Examples of DMS gradients a) good quality data b) poorer quality. The upper plots show the decrease in DMS
concentration away from the sea surface. Error bars are the standard deviation of multiple samples. The lower
plots show the concentration decrease against the log of stability adjusted height, as described in Equation 3,
with the least squares fit of the log profile shown in red. Error bars are calculated from the residual error of the
fit.

Figure 5.

DMS fluxes during SOAP, estimated by eddy covariance (EC, blue dots), and gradient flux (GF, red dots) during
catamaran deployments for a) all voyage data and b)-f) individual periods of catamaran deployment, using EC
u*. Note the change in scale for d) —f).

Figure 6.
Direct comparison of DMS flux measured by GF and EC techniques, using different evaluations of u* for GF,
from direct EC measurements (black filled circles), and from bulk formulae (open circles).

Figure 7.

a) DMS gas transfer velocities from GF and coincident EC as a function of wind speed adjusted to neutral
stability (Uion). The transfer velocity from the COAREG3.1 algorithm calculated for neutral stability with
parameters A=1.6; B=1.8, is shown by the green line. b) GF transfer velocities as a function of Uy, colour coded
by atmospheric stability (z/L). The transfer velocity from COAREG for mean conditions, together with the
extremes of stability are shown by the green lines, unstable (upper) and stable (lower). The cluster of points
with positive stability with low k660 are from DOY53.
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Figure 8

Wind speed (upper) and subsurface temperature structure measured by the spar buoy (lower) a) under calm
5 atmospheric conditions on DOY 47 (following Walker et al., 2016) b) during stable atmospheric conditions with

downward heat flux on DOY 53. Indications of internal wave activity (period 12 min) are centred at 53.15.

Depths of temperature measurements (m) are shown on the legends.

Figure 9.
10 Gas transfer velocity, K, calculated from turbulent eddy dissipation rate (€), COAREG, and EC 10-min data.
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Figure 1. Positions of EC sampling mast and AWS meteorological anemometer on

RV Tangaroa

a) Catamaran gradient flux sampling platform with intakes up the mast

b) Spar buoy with temperature loggers at 0.5 m intervals and ADV close to sea
surface. The sea surface is approximately 5.3 m above the base when deployed.
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Figure 2. Example of Vector velocity spectra, at a mean depth of 0.7 m, for the 3 components.
The inertial dissipation method was applied to the w component across the frequency range
1.5 to 4 Hz, shown by vertical dashed lines. The black dashed line indicates the slope of the
theoretical Kolmogorov inertial subrange.
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Figure 3. Background environmental parameters. a) Wind speed adjusted to 10 m height
(U10) b) Sensible and latent heat fluxes derived from COARE3.5 c) stability parameter z/L,
with negative denoting unstable conditions; zero, neutral stability; and positive, stable
conditions c) significant waveheight from WaveWatch Il d) Wave age (Cp/U,,) with 1.2
denoting full development. Spar buoy deployments are denoted by the red horizonal bars,
and catamaran GF deployments by the * symbol in the top panel.
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Figure 4. Examples of DMS gradients a) good quality data b) poorer quality. The upper plots show the
decrease in DMS concentration away from the sea surface. Error bars are the standard deviation of multiple
samples. The lower plots show the concentration decrease against the log of stability-adjusted height, as
described in Equation 3, with the least squares fit of the log profile shown in red. Error bars are calculated
from the residual error of the fit.
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Figure 5: DMS fluxes during SOAP, estimated by eddy covariance (EC, blue dots),
and gradient flux (GF, red dots) during catamaran deployments for a) all voyage
data and b)-f) individual periods of catamaran deployment, using EC u*. Note the

change in scale for d) — f).
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Figure 6. Direct comparison of DMS flux measured by GF and EC techniques, using different
evaluations of u* for GF, from direct EC measurements (black filled circles), and from bulk
formulae (open circles).



-1
Ksgo (CM NI)

(a) (b)

30 : 30 ‘ ‘ r
@® Gradient k Gradient k
@® Eddy Cov k COARE k 0.15
COARE k '
257 . n 25 .
0.1
20 ° J.. ° ] 20 A
[ ) —
o o° £
15 . ‘ ° 515 'Y 107005 %
o0 3 ®
. "e e® 0 . [
10+ ‘ o0 1 10 ]
& ‘ ’
) o®
57 7 5, .
0.05
. ‘ ‘4— DOY53 ‘ ' <4— DOY53
I L L L L L L L L L L L L L L L L L L L L L L L L L L L L
0 5 10 15 % 5 10 15

-1
Usion (ms™) U, (ms?h

Figure 7. a) DMS gas transfer velocities from GF and coincident EC as a function of wind speed
adjusted to neutral stability (U,,,). The transfer velocity from the COAREG3.1 algorithm calculated for
neutral stability with parameters A=1.6; B=1.8, is shown by the green line. b) GF transfer velocities as a
function of U,,, colour coded by atmospheric stability (z/L). The transfer velocity from COAREG,
together with the extremes of stability are shown by the green lines, unstable (upper) and stable
(lower). The cluster of points with positive stability with low k660 are from DOY53.
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Figure 8. Wind speed (upper) and subsurface temperature structure measured by the spar buoy (lower)
a) under calm atmospheric conditions on DOY 47 (following Walker et al., 2016) b) during stable
atmospheric conditions with downward heat flux on DOY 53. Indications of internal wave activity (period
12 min) are centred at 53.15. Depths of temperature measurements (m) are shown on the legends.
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Figure 9. Gas transfer velocity, K, calculated from turbulent eddy dissipation rate (),
COARE model, and EC 10-min data.



