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Abstract. The ocean-atmosphere flux of a gas can be calcuthe various components of this numerical scheme should be
lated from its measured or estimated concentration gradienapplied only in the absence of experimental data providing
across the air-sea interface and the transfer velocity (a termobust values for parameters for a particular gas of interest.
representing the conductivity of the layers either side of the
interface with respect to the gas of interest). Traditionally
the transfer velocity has been estimated from empirical rela-  |ntroduction
tionships with wind speed, and then scaled by the Schmidt
number of the gas being transferred. Complex, physicallyThe rate of exchange of a trace gas between the atmosphere
based models of transfer velocity (based on more physicahnd ocean (or other water surface) is often calculated from
forcings than wind speed alone), such as the NOAA COAREgbserved or inferred concentrations of the gas of interest,
algorithm, have more recently been applied to well-studiedfrom point measurements in individual field studies or aver-
gases such as carbon dioxide and DMS (although many stuchged or modelled data used in regional or global budgets of
ies still use the simpler approach for these gases), but there igace gas fluxes. When such calculations are undertaken, the
a lack of validation of such schemes for other, more p00r|y“two-phase” model of gas exchange, as applied to the air-sea
studied gases. The aim of this paper is to provide a flexibleinterface byLiss and Slate(1974 is often used. This model
numerical scheme which will allow the estimation of trans- gssumes that the transfer of gases is controlled by layers of
fer velocity for any gas as a function of wind speed, tempera-molecular diffusion on either side of the interface. The flux
ture and salinity, given data on the solubility and liquid molar of a gas across the air-water interface can be expressed as that
volume of the particular gas. New and existing parameteri-through either of the two molecular layeisigs and Slater
zations (including a novel empirical parameterization of the 1974 (Eq. 1).
salinity-dependence of Henry's law solubility) are brought
together into a scheme implemented as a modular, extensiblé = —Ka(Cg— KnCi) = —Kw(Cq/Kn—C)) (1)
program in the R comput_lng enV|rqnment which IS ava'!ablewhere Cg and C, are the bulk gas phase and liquid phase
in the supplementary online material accompanying this pa- . . . . )
) o ) - I concentrations respectively aig is the dimensionless gas-
per; along with input files containing solubility and structural _— \ T
data for~90 gases of general interest, enabling the calcula-over'.“q.UId for"? of the Henry's _Iaw c_onstant, which IS th_e
. X s equilibrium ratio of concentrations in the gas and liquid
tion of their total transfer velocities and component parame- hase for the aas in question:
ters. Comparison of the scheme presented here with altern:?- 9 q '
tive schemes and methods for calculating air-sea flux param- Csg
eters shows good agreement in general. It is intended thafkH = Cq @

whereCsq andCg are the inter-facial equilibrium concentra-
Correspondence tayl. T. Johnson tions of the gas in questiork, and K, are the total transfer
BY (martin.johnson@uea.ac.uk) velocities for the system as expressed from the point of view
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of the liquid and gas phases respectively. Each are composadercury vapour to long-chain hydrocarbons), which are of-
of the two single-phase transfer velocities, one representingen conducted by biogeochemists or microbiologists rather
the rate of water side transfel,() and one representing the than experts in quantifying air-water fluxes.

air-side transferi): The selection of air-side and water-side transfer velocity
parameterizations is the focus of the first section of this pa-

Ky= [i+ 1 1t (3) per. Using literature data on solubilities in freshwater and
kw Ky ka seawater, an empirical relationship between solubility and
1 K §alinity has bgen derivc'ad.(in the abseqce of a suitable exist-
Ka= [k_a + E]*1 (4)  ing relationship) and this is presented in Sect. 3. Parameter-

izations are available for viscosity and diffusivity in air and

The transfer velocity in either phase can be represented as a\}gqater and terms from which they are derived, and measured

empirical or physically-based function of the physical forc- thate': Is avail;able éo qua(;wtify thtﬁ Henfry’s lda\tI:] solubility, and ted
ings (typically wind speedy), the gas- (and medium-) de- e temperature-dependence thereof, and these are presente

pendent Schmidt numbes, andn, the exponent to which in the description of the full numerical scheme in Sect. 4,
C ]

the Schmidt number is raised (representing the degree of rev-vith further details provided in Appendix A. After a descrip-

newal of the surface layers due to turbulent mixing), &q. tion (.)f. the softwa_re |mplementa_1t|on of th_e scheme ($e°t- 5),
sensitivity analysis and comparison of this scheme with other

k=f(u)Sg" (5) data/models is presented in Sect. 6. The supplementary mate-
rial contains a full implementation of the scheme, along with

It is generally accepted thag, o« Sz %5 and thatka oc S;%¢7  input data for 90 trace gases of possible interest to end users,

(most empirical parameterizations are implicitly “tuned” to coded in the open-source R software environment, which is

these exponents) and these relationships are not investigatdbely available for use in other studies.

here. Various parameterizations of the physical forcing scal-

ing factors forky andk,, are available in the literature (e.g. ) ] o

Liss and Merlivat 1986 Wanninkhof 1992 Nightingale 2 Selection of transfer velocity parameterizations

et al, 2009. Along with ka andky parameterizations, three Transfer velocity parameterizations are the source of much

gas-specific terms are required in order to calculate the trans-

fer velocity for a given gas: the Henry’s law solubility (which ongoing investigation and debate in the community and it

. : . . is not the aim of this work to indicate which one this au-
is used in calculating the total transfer velocity from the com-

ponent velocities), and the air and water Schmidt numbers 0¥h0r believes is "best", or closest to reality (if the two things
the gas ' are different). There is significant uncertainty (commonly

Approaches more detailed than empirical relc";ltionshipsquoteOI as a factor of 2) in the water-side transfer veloc-

. . éty, which is far better studied thak,. It is realistic to
between wind speed and transfer velocity are often use assume that the uncertainty in the air-side transfer veloc-
e.g. NOAA COARE Fairall et al, 1996 2003 or MESSY y

AIR-SEA (Pozzer et a).2006. However, such generally ity is, therefore, even greater, with almost complete lack of
X ) o . measurement/validation for trace gases. However, even for
physically-based schemes require extensive information on;. ) ) . .
; i . dimethylsulfide (DMS), for which there are in the region of
the physical properties of the gas and/or more detailed phys: .
. . . 50000 surface seawater concentration measurements com-
ical forcing data than wind speed alone and are, therefore

more appropriate for well-studied gases such as, @B or piled into a recent climatology, uncertainty in the estimated
DMS (dimethyl sulfide), where concentration uncertainty is global ocean-atmosphere DMS flux due to the uncertainty in

better constrained and physical characteristics of the gasetge extrapolated global concentration fields is at least as large

. ; .~ as the uncertainty introduced by the difference between using
have been determined experimentally, or where a detailed". : . :
) . - Liss and Merlivai(1986 andWanninkhof(1992 to estimate
study of physical parameters is commonly undertaken, e.g. in . .
4 . C the transfer velocityl(ana et al.2010. Therefore, it can be
eddy-covariance or other “micro-meteorological” flux stud- .
argued that for pretty much any gas less well-studied than

I€s. Furthermore, such _schemes contam_ tunable parametebﬁws, the selection of transfer velocity parameterizations is
which are poorly quantified due to a paucity of data and may

. iy robably a small consideration in terms of total uncertainty in
vary for different gases due to unquantified or unaccounte . ) .
o . ; . __understanding fluxes (at least when extrapolating point mea-
for gas-specific effects. While a simpler, broadly empirical

scheme cannot hope to address these issues, there is a gq%LHements over large scales of time and/or space). Nonethe-

X . . . €ss, it is necessary to select a default parameterization for
case for a generalized scheme which will allow the quick and ; .
. . . . _“both phases in order to implement the scheme presented here
simple quantification of trace gas fluxes given concentration o . . .
. . o and it is useful to take an informed approach to this selection
data, wind speed, temperature and salinity and the minimuny_ ~. T
i T : . . to aid understanding, if not accuracy.
physico-chemical information about the gas possible, to fulfil
the requirements of a long “tail” of studies covering a wide

range of poorly-studied trace gases (from e.g. ammonia to

Ocean Sci., 6, 91332 2010 Www.ocean-sci.net/6/913/2010/



M. T. Johnson: Air-water gas transfer velocity scheme 915

— Liss 1973

- Mackay and Yeun 1983
——- Duce etal. 1991
L Shahin et al. 2002
— 02
—— CHI3

5000

4000

3000

-1
ka/cm hr
15000 20000 25000 30000 35000
T

10000
T
AN
\
\
\
-1
ka/cm hr
2000

\
\
\
\
\
1000

5000
T
\
\

0
0

0 5 10 15 20 25 30
wind-speed / m s wind-speed / m s

Fig. 1. Comparison of different parameterizationskgf the air-side transfer velocity (Eg6.to 9) for O, and CHB, calculated at 13C,
where applicable. Note that the parameterizatiohisd (1973 (black line), is neither temperature nor gas specific. For this and subsequent
transfer velocity figures (Fig& — 5) the right-hand panel reproduces the 0—7 m/s wind speed section of the left-hand plot.

Within the R programme provided in the supplementary from wind tunnel studies and S02 from an in situ study using
information, all of the simple empirical parameterizations a water-surface-sampling device. Note that there are other
mentioned below are implemented along with the physicallywind and field studies ok, resulting in parameterizations
based model diVoolf (1997); so the “selection” process be- which are not considered here, as this analysis is focussed on
low is merely a selection of the default parameterization forexperimental measurements based specifically on trace gas
the scheme (Sect. 5 discusses implementation of the schenfleixes rather than water vapour flux, the experimental data
and the selection of alternative default sub-models). In thewhich can be considered to be efficiently synthesized by the
future, it can be expected that improvements to both ourbulk parameterizations such as D91 akwdfery et al(2007,
physical understanding of gas exchange and our ability t®2010 (discussed below).
measure trace gas fluxes directly will lead to new and better

_ _ -2/3 -
parameterizations which could and should be implementedY83ka=1x 10"3+46.2x 10~° u. S, P omsh (@)
in this scheme to supersede those currently present. 1
L73k3=0.005+0.21u190 (cms ) (8)
2.1 Air-side transfer velocity, k 05 1
S02ka= D3> x[0.98u10+1.26] (cms-) 9

The air-side transfer velocity is generally expressed as a ) . . -
function of wind speedy (or specifically, when consider- Wheresc, is the Schmidt number anfl, is the diffusion co-
ing field measurementsyo — the wind speed at 10 m above efficient of.the gas in air (Eq23t0 26in t'he. descrlptl.on. of
the water surface). A commonly used parameterization inth€ numerical scheme, Sect. 4). The friction veloaity,is
studies of trace gas exchange is thaDafce et al.(1991) related to the wind speed by the drag coefficiént (Eq.10).
[henceforth D91], (Eg6), which is derived from micro- Us o

meteorological theory (detailed below) and which dependsCD = (u_lo) (10)

on the molecular weight of the gas (MW) as well as wind ] o
speed. MY83 apply the wind speed dependeT parameterization

of Smith (1980 when extrapolating their wind tunnel data to
U10 —1 environmental conditions (EG4J):
D9lky=——""-—+ S 6 :
o 770445 MWY/3 ( ) (©)

This is compared in Figl with the correlations fork,
presented iMackay and Yeur{1983 [MY83], Liss (1973 The wind-tunnel-derived formulation of MY83 overesti-
[L73] and Shahin et al(2002 [S02] (Egs.7 to 9) for O, matesk, relative to D91. As recognised by MY83, labo-
and CH§ (chosen as examples of relatively small and largeratory experiments may tend to overestimate transfer veloc-
molecules, respectively). L73 and MY83 are both derivedities relative to environmental conditions, due to fetch and

10% Cp =0.61+0.063u19 (11)

WwWw.ocean-sci.net/6/913/2010/ Ocean Sci., 6, 9B2-2010
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Fig. 2. Comparison oDuce et al(199]) k5 applying different parameterizations 6f) with the k3 parameterization dflackay and Yeun
(1983, for CHzl and G,. Duce/MW is the molecular-weight based derivationkgfpresented bybuce et al.(199]) (Eq. 6). Duce/Sc
corresponds to Eq.2with Cp = 1.3 x1073. Duce/Smith corresponds to EtR with the drag coefficient term fror8mith (1980 (Eqg. 11).

roughness effects (because of the the non-equilibrium wave Further investigation of the D91 parameterization is re-
field under short fetch) and edge effects (increased turbuvealing. The full derivation can be found in their paper, but
lence due to wave reflection). Conversely (and in contradic-their parameterization can be summarized in termQfu.
tion with most of the literature), S02 suggest that a param-andu1o (Eqs.12 and13).

eterization based on laboratory measurements should under-
estimatek,, thus, explaining the fact that their parameteri- k5= u102
zation is approximately 2 times greater than the average of (1)
all of the other parameterizations they compare in their pa-They apply a fixed value drag coefficielip (invariant with
per. This seems an unlikely explanation, and a problem isyind speed) with a value of.3x10~3, leading to the follow-
highlighted when investigating the model they use to vali- ing relationship betweem, andu1o:

date their data. They find good (1:1) agreement with a re-

sistance model derived frowesely and Hickg1977 and ~ ux =u10v'1.3x 103 (13)

Hicks et al.(1987, which are forebears of the parameteri- Duce et al.(1997) hold Cp constant as they consider the

zation presented by D91 and in most respects very similar.”. -
b y b y wind-speed-dependent component of the drag coefficient to

Thus, it is surprising that they should derive a parameteri- ; L .
zation giving results almost 4 times those of D91 from their be minor. However, substitution of a wind-dependent term

observations/model. This seemingly paradoxical result carLo.rhCD (e.'gd' Eq.l:lc.j) mtcith[.):IéZlchangesfa §ut;§tant|§1lly at
be explained by the one substantial difference in the aerody- Igher wind speeds in the parameterization (Ejg.
namic resistance term in the S02 model relative to the D91th

arameterization: the S02 term is inversely proportional to .
b y prop (1980 is commonly used, but more recent parameter values

the variance of the wind direction in radians. The experi- . X
ments of S02 were conducted on an urban rooftop, where(l:_an be found in the literature, such as thatyefland and

wind direction variability can reasonably be expected to be aylor (1999 (wherea = 0.60 andb = 0.07). However, these

substantially higher than over a surface with much shortelﬁ::ci(tg;g é?ﬁzree\éireytz'?]laéggﬁgg fjlggggf(;?ﬁ%%ig,o 'T’Ihg|s i
roughness length and long fetch (such as open water). Typi: ot the case with physically deriveth determined from the

cal standard deviation of wind direction in the data presentecrI . A
by S02 was 0.5 radians. A five-fold reduction in this, for in- C?ﬁRgg'l?co?thm: which is célsbcusselq b?'o""' f |
stance, brings their parameterization roughly in line with that. . © alefm IS improved by application of a more rear-
0f D91. The parameterization Shahin et al(2002 is, thus, istic term for the drag coefficient, demonstrating a nonlinear

discounted from further consideration as it is probably nOt;?SSOZ?T\AtYOSV;mSOSVF\i\?SE 'i?;grszgfgthg\'}g ;hﬁqxg(\j,v?:;eerl
applicable to an open water situation. y ) , 1t app

response to changes in the Schmidt number (i.e. difference

+(u3> S, 2317t (12)

Parameterizations of the drag coefficient are commonly of
e form @ + b x u10) 10~3 Guan and Xig(2003. Smith

Ocean Sci., 6, 91332 2010 Www.ocean-sci.net/6/913/2010/
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Fig. 3. Comparison of th®uce et al(1991) k5 parameterization with that dfeffery et al(2010 for CHzl and G, both using theSmith
(1980 drag coefficient parameterization. The empirical parameterizatidviamkay and Yeur{1983 is included for comparison and to
demonstrate that, whilst the two physically based parameterizations generally agree veBueelkt al.(1991) particularly appears to
underestimate the degree to which the Schmidt number affects the transfer velocity for different gases.
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Fig. 4. Comparison of thé& scheme presented here with the modified COARE algorithm fieffery et al.(2010, demonstrating the
sensitivity to the term used for the drag coefficient NOAA COARE drag coefficient data extracted from gFegitalhet al.(2003.

in diffusivity between different gases) than that suggested bybeen presented specifically for trace gas exchangketigry
the observations of MY83, who studied a suite of organicet al.(2010 [J10] (Eqg.14):
molecules covering a wide range of solubilities and Schmidt

u
numbers. J10ka = -

(ms™ (14)

1 -3 In(Scy)
1338, 2+ Cp? —5+ 2
The NOAA COARE algorithm Fairall et al, 2003 ap- © b @0

plies a similar resistance model to D91 to calcukatérom wherek is the von Karman constant (commonly taken to be
wind speed, temperature and atmospheric stability (alond.4 in seawater). In J10, the conversion from wind speed to
with solubility and diffusivity/Schmidt number of the gas in friction velocity is via the drag coefficient, but also includes
question). The term fok, from the COARE algorithm has separate terms for gustiness and atmospheric stability, which

WWw.ocean-sci.net/6/913/2010/ Ocean Sci., 6, 9B2-2010
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Fig. 5. Comparison of various observations, parameterizations and tuned model predictions of the increase with wind speed of the liquid
phase transfer velocity) scaled to a Schmidt number of 660.

require various parameter values other than wind speed (init will be adopted as the default parameterization for this
version height, buoyancy, amj a tunable parameter) for the scheme with one modification — the addition of the still air
calculation. These and other papers presenting modificationdiffusive flux observed bilackay and Yeur§1983 to better

of the COARE algorithm specific to gas exchange use therepresent the zero wind case. The parameterization derived
COARE algorithm itself to calculate the drag coefficient and for the numerical scheme presented here is, thus:

do not present parameterizations of it in their papEesréll 4
et al, 200Q Hare et al. 2004 Jeffery et al, 2007, 2010.  ka=1x10""+ 1 o)
Applying one of the conventional parameterizations of the 1338, 2+Cp* =5+ 55~
drag coefficient, such a&Smith (1980, yields a value ok,
with wind speed which is in very good agreement with the
D91 equation modified to use the same drag coefficient termes = u10v/6.1 x 10-4+6.3x 105 u1g (16)

(Fi.g.. 3). However, applying th? neutral conditions drag 0" The new parameterization presented here is an improvement
efficient (Co,oy) presented byrairall et al.(2003 (taken di- previous terms fak, by accounting for the apparent non-

rectly f“?m the. COARE algorithm) giveg a rather different linear relationship with wind speed and the purely diffusive
result (Fig.4) with substantially lower estimates bfatlow o nqfer at zero wind and is selected as the default parame-

:’_V'?]d sr;}eeds;é a_fe}ctor o_f_3_d|ffefrehnce at6m/s). This high- 407 ation in the R implementation of the scheme presented
ights the potential sensitivity of thesg parameterizations i, \he sypplementary material. Note that a relatively recent

to th_e drag coefficient and suggests that converytiongal Paraky,dy has demonstrated that the drag coefficient appears to
eterizations ofka may be substantially overestimating the o0/ out or even start to decrease at hurricane-force wind

transfer velocit_y at_ low wind speeds, or the _COARE algo- strengths (greater than40 m s'1) (Powell et al, 2003, and

rithm underes_tlr_natlng. However, the convent|_0nal ter_ms forthiS is not accounted for in Eq16), so further considera-

the drag coefficient determined from observations®mith 4, i necessary if calculating fluxes for extreme wind con-

(1980, are correlations between a single parameter (W'”dditions.

speed) and the measured drag coefficient so must implicitly

account for other factors, which are represented by discretez 2 \Water phase transfer velocity kw

explicit terms in the COARE algorithm. This is clearly a

source of uncertainty in the simpler parameterizations but a§ he water phase transfer velocity{ has been the subject of

a simple bulk term it is probably more appropriate to use ana much greater study thagand as such there is an extensive

empirical parameterization @fp. array of parameterizations available, covering a substantial
The J10 parameterization &f using theSmith (1980 Cp range of possible values and types of relationships. Figure

term is in good agreement with D91 with the same term forsummarises some of the key data and parameterizations of

Cp applied, but is better at representing the observed spreathe kw—u1o relationship as well as two different tunings of

in k5 due to the difference in diffusivity between gases, sothe NOAA COARE algorithm.

U

(15)

whereu, is calculated from to Eq40and11:

Ocean Sci., 6, 91332 2010 Www.ocean-sci.net/6/913/2010/
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Parameterizations fok, have been determined empiri- (e.g.Woolf, 1997 Fairall et al, 2003, not least the empir-
cally in a number of ways, which can be summarised as inical wind-speed-white-capping relationship, observations of
situ (deliberate) tracer studies, global (boHiB) tracer stud-  which vary by at least an order of magnitude in the litera-
ies and direct measurements of trace gas fluxes by microture (e.g.Moat et al, 2009. Nonetheless, the parameteri-
meteorological (most recently and reliably eddy covariance)zation of Woolf (1997) is a useful one to constrain the pos-
methods. All of these are represented in the above diasible effect of bubbles on air-sea gas transfer and is imple-
gram as both summary data points and empirical fits. Themented as a non-default option in the R implementation of
NOAA COARE algorithm is a fully physically-based model the scheme. More recent bubble-mediated transfer velocity
with tunable parameters, the two versions of which shownschemes, which have been validated in the field for noble
in Fig. 5 are tuned in different ways. The fit éfare et al.  gases (e.gStanley et al.2009, are not solely dependent on
(2009 is tuned to the Gasex '98 eddy covariance-measuredhe solubility of the gas in question but also on the partial
CO, fluxes, whereas that deeffery et al(2010 integrates a  pressure difference between the atmosphere and underlying
global ocean modelling approach, bofi€ and deliberate waters. The effects of considering disequilibrium between
tracer data to provide a general tuning, which can be conair and water on the significance of bubble effects in trace gas
sidered the current state-of-the-art for NOAA-COARE. Note exchange is beyond the scope of the work presented here, but
the lack of data to validate parameterizations/model tuningsequires further investigation in the future.
at low winds (2 m/s); and that both of the tuned COARE  The bomb!“C derived global estimates &, (e.g. Wan-
algorithm lines, along with the cubic fit d¥icGillis et al. ninkhof, 1992 Sweeney et al.2007 Miller et al, 2008
(2007) predict non-zero flux at zero wind speed, whereas allmake the assumption thia} o 102 and scale thé, parame-
of the other empirical parameterizations (plus the physicallyterization to a single point estimated from radiocarbon inven-
based scheme &foolf, 1997) predict zero transfer velocity tories and globally averaged winds. This analysis is subject
at zero wind. There will undoubtedly be a diffusive flux at to significant uncertainties and as highlighted/Mgnninkhof
zero wind through the water surface layer, plus other effect1992), long-term and short-term averaged winds have differ-
such as rain or convective turbulence may become importantent representative mean values leading to different parameter
butitis unlikely to be anywhere near that predicted by the fitsvalues in the wind speed relationship depending on the appli-
to higher wind speed data which are not constrained by dataation (se&Vanninkhof(2009 for the state of the art). In the
at low wind speeds; and any effect is likely to be less sig-case of global extrapolations of trace gas fluxes, it may be
nificant than in the less viscous air-side surface layer. In thenost appropriate to use a recent bofig global estimate
absence of good observational evidence for the value of thisf k, such asSweeney et al{2007) (which applies an im-
diffusive flux, we will assume that a parameterization which proved estimate of the bom3C inventory of the ocean to
passes through the origin is most appropriate. Ultimately, forthe Wanninkhof(1992 approach).
environmental applications at least, the sensitivity of flux es- The global estimate of,, by Sweeney et al(2007) is in
timates to low wind speed transfer velocities is small becausgood agreement with the deliberate multiple-tracer study of
(i) low wind speeds are infrequent, and (i) fluxes during low Nightingale et al(2000, which is the most comprehensive
wind speeds are small and constitute only a tiny proportiontracer study published to date. The argument has been made
of the totals when integrated over time. by Nightingale et al(2000 and others that the dual gaseous

Also included in Fig5 s the physically based wind-speed- tracers used®He and SE) may yield ak, that is applicable
driven parameterization of, presented bywoolf (1997 only to gases of similar solubilities (due to bubble effects)
which includes the potential effect of bubbles on the en-and that such an approach may lead to an overestimation of
hancement of transfer, an effect which is likely to be large for ky, for CO, of between 11 and 17% at high wind speeds (as-
insoluble gases and small or non-existent for more solublesuming the same white-capping-wind-speed relationship em-
gases. Note that the bubble component of this parameterizgsloyed by thaNoolf (1997 parameterization). However, this
tion is the same as that implemented in the NOAA COARE suggestion is apparently at odds with the good agreement be-
algorithm. There is experimental, and more recently, fieldtweenNightingale et al (2000 and Sweeney et al(2007),
evidence for the transfer of more soluble gases being lowehighlighting the uncertainty surrounding the magnitude and
at high wind speeds (and greater white-capping), such as fosignificance of the bubble effect, at least for £0-or the
DMS (Huebert et a].2010 where there is an apparent lin- purposes of this scheme, as the best in situ estimaig, of
ear relationship ok, with wind speed (in agreement with a available in the published literature to date, the parameteri-
purely turbulent, non-bubble-mediated transfer as predictecation ofNightingale et al(2000 is selected as the default,
by NOAA COARE) and lower predicted,, than Schmidt  with potential 20% uncertainty from the bubble effect being
number scaling of the typical empirickl-u1o relationships  assumed minor relative to the overall uncertainty in calcu-
(which are based on the potentially bubble-enhanced transfdating the flux of a poorly studied trace gassher (2009
of COy, or less soluble gases) would predict. However, this issuggests that up to 50% of the variability between different
based on relatively few data points and there are significantracer- and wind tunnel-deriveld, values can be attributed
uncertainties in bubble-mediated transfer velocity schemeso experimental uncertainty, further supporting the idea that
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920 M. T. Johnson: Air-water gas transfer velocity scheme

at the level of our current knowledge &§; the uncertainty Rather weak positive relationships between the “LeBas”
introduced by failing to account for the potential effect of liquid molar volume of a gas at its boiling poirity) (LeBas
bubbles ork,, is likely to be relatively small. 1915 and K5 were found in single-electrolyte solutions for

a number of gases b¥ie et al. (1997 and for a number

of gases and liquids bii and Yalkowsky(2003. Ni and
3 Derivation of a salinity-dependent model for Henry’'s  Yalkowsky (2003 also found a more reasonable linear rela-

law solubility tionship betweerk s and the octanol-water partitioning coef-

ficients (Kow) of the solutes they investigated.
In studies of trace gas exchange to date, where measured datayjithin scaled particle theory, as applied to the effect of
on solubility in seawater has not been available for the pargjssolved salts on non-electrolyte solubility, there are two
ticular gas of interest, a blanket 20% decrease has commonlyompeting processes which can be conceptually relatégl to
been applied to the freshwater solubility to account for theang (x,,): (i) the salting-out effect of the increasing free en-
“salting out” effect, followingStumm(1981), irrespective of  grgy cost of forming “cavities” in the water matrix to accom-
the properties of the gas in question. The effect of dissolvednodate the non-electrolyte molecules with increasing ionic
salts on gas solubility is a subject that remains unresolvedstrengm and (ii) the salting-in effect of the shift in the hy-
with various competing conceptual models being applied togration/dissociation of non-electrolyte molecules in favour
understand and predict such effects, including ion interactioryf jncreasing solubility as a result of the increasing polarity
models (e.gPitzer 1991 and scaled particle theory (€.9. of the water-ion matrix with increasing ionic strengas-
Masterton and Leel970. Whatever model best explains terton and Leg197Q Masterton 1975 Zhou and Mopper
the processes behind the salting out (or sometimes “salting 99q Nj and Yalkowsky 2003. The former tends to domi-
in") of gases, the empirical relationship between solubility nate for larger and more hydrophobic molecules and the latter
and electrolyte concentration can be described according tgyr smaller, more soluble specie&hou and Mopper1990.

Setschenow1889: Molecular size is clearly related to molecular volume, and
¢ hydrophobicity/solubility is strongly related to the octanol-
Logg =—Ks Csalt (17)  water partitioning coefficient.

In the absence of readily availablg{,) data for all gases,
whereg and¢o are the solubilities of the non-electrolyte in a relationship betweeks, Henry’s law (i.e. air-water) sol-
the salt solution of interest and in pure water, respectively,ubility and molar volume (which is used elsewhere in the
Csalt is the molar concentration of the salt solution akigl  transfer velocity scheme) is sought here. A close fit tokhe
is the empirical Setschenow constant. Here this equation iglata for real and synthetic seawater is found by assuming that
adapted to represent the salinity-dependent change in solwks is a function of the natural logarithm of the molar volume

bility as a change in the Henry’s law constant: (Eq.20) and a solubility-dependent constant of proportional-
ity, 6.
K
Log—H =KsS (18)
KH.0 Ks=6In (Vp) (20)

wheres is the salinity andKy o and Ky are the Henry’s law

constants in pure water and the saline medium, respectiveb}J sing laboratory data ofw/Kn,o for seawater/pure water

Note that the negative sign is removed because the gas-oveqable 1) the setschenow constartd) has been calculated

liquid form of the Henry's law constant increases with de- accordinghto Ed%IS) “;hﬁn Edq' ,?0) h?]S c?e(?n sglved for
creasing solubility. Thus, iKsis known for a particular gas 6, using the additive “Schroeder” method of estimatiig

in seawater, it is possible to calculag at salinity S, given from molecular structureRartington 1949, which has been
Kh.o: shown to have a smaller error than the LeBas method when

compared to measured valuesfgffor a range of compounds
Kn = Kn,0 x 10Ks9 (19) (Poling et al, 2001). The SchroedeV, method is used later
and is described in the section outlining the complete nu-
Extensive experimental data is available #og for various  merical scheme (see Tab®. We find a strong, nonlinear
gases in single electrolyte solutions, but similar data for realrelationship betweeé and In(Kﬁ’) (Fig. 6), whereKﬁ’ is the
or synthetic seawater is considerably more sparse. What datdenry’s law constant in pure water at 25. A cubic model
there is can be reproduced reasonably using the numericas fitted to this with a root mean square error of 82>
scaled-particle theory model dfasterton(1975. However,  (Eq. 21). It is logical thatKs should be related to the sol-
the use of this model requires gas-specific data on moleculanbility of the gas along with the molar volume: like the
diameter and polarizability, which are not easily available for octanol-water partitioning coefficient, the Henry’s law con-
a wide range of gases and would require additional inputs tastant is strongly related to the polarity of the solute and, as
the scheme presented here. Therefore, a simpler empiricalbserved byNi and Yalkowsky(2003: “salts produce a con-
relationship has been sought. tinuum that is more polar than pure water ... [and] the more
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M. T. Johnson: Air-water gas transfer velocity scheme 921

CH3Cl, and this appears to be supported by the considerably
lower value ofKn/KH o for CH3Br compared with that mea-
sured byDe Bruyn and Saltzmaf1997. For the above rea-
sons the data dbing et al.(1999 andElliott and Rowland
(1993 are not included in the data used to fit the model. It
is recommended that where reliable data for the solubility of
a gas of interest at the required salinity is available, this data
should be considered before applying this predictive equa-
tion.

5e-04 le-03

0
0e+00
T

4 Description of the numerical scheme

-5e-04

4.1 Henry's law solubility

Data on Henry’'s law coefficients in pure water are readily

15 10 5 o 5 available for most gases, and where solubility data or trans-
InKy fer velocity calculations are presented in this paggr,data
from the compilation of Henry’s law constants presented by
Sander(1999 have been used. These data are presented by
Fig. 6. Regression of the natural logarithm of the Henry’s law con- Sander(1999 as solubilities in pure water at 2&, with
stant atS = 0 and7 = 25 °C with the molar volume scaling factor, | nits of mol -1 atn™L. These are converted to dimension-

-1e-03

o for the gases listed in Tablg with the exception of the data of
Sing et al(1999 (marked as solid point on chart) and thaEdiiott
and Rowland1993 (see main text for details).

less gas-over-liquid form (E@), using Eq. 22). Intercon-
versions between various other forms of the Henry’s law (or
Bunsen) coefficients are documented3gnder(1999.

122

T.H.e(=5sonfl 5 (1

non-polar the solute, the more it is influenced by the polarity Kn,0 = (22)

_ __;L__])
of the solvent.” 29815

0 = 7.33532x10°4 1+ 3.39615x10%In K,? where Ko is the dimensionless gas-over-liquid Henry’'s

06 &2 07 2.3 law constant in freshwater at a given temperatufe(in
—2.40888x10 (In K\ )" +1.57114x107"(In K )®  (21) k). g is the Henry's law constant in moflatm ! at

Tablel presents predicte&y/ Ky o data for various gases 298.15K, —AsopnH is the enthalpy change of dissolution,
of interest, compared with measured values, including thos@nd —sanfl represents the temperature dependence of the
used to derive the relationship betwemand Ink;?. Note  solubility (whereR is the gas constant). Values afsgn’
that the deviation from measured values can be attributecire provided bySander (1999 and other workerskKy o can
both to the error in the derived relationship and also the errorghen be scaled for salinity by using Eq$9) to (21).
in calculatingVy by the Schroeder method, not to mention
any possible errors in the experimental measurements. Howd-2 Air side transfer velocity, ka
ever, agreement is generally good (less than 5% deviation . ) i
from measured values in all but six cases). This is a satisfac] "€ air-side transfer velocity can be calculated using the
tory level of uncertainty relative to previous approaches, par_scheme presentgd n qu‘q anld o). qu_Jatu?n 0 re-
ticularly considering that the difference between measured!!!"®S the Schrmd? num'ber In air (E2), Wh'Ch_'s the. ratio
values for the same compound from different studies can var)pf the klnematlc V"Q_’COS_'ty of a'r?(a)_ and the dlﬁu§|V|ty of
by this amount or more (e.g. C£and CHBr, Table1). It the gas of_lnter_est in z_i|rE(a). vaisin turr_l the rf_mo of the
is worth noting that the largest deviations are associated wittfynamic viscosity of airi,) and the density of airgg).
(i) the measurement of Ngsolubility by Sing et al.(1999, _Va_ 7Na
and (i) the data oElliott and Rowland1993. The study by "%~ D, pa Da
Sing et al (1999 was conducted at high temperature and ex-

tremely high salinity (Note e, Table 1), and is included only "2 d pa are calculated according to the schemd silin-
to highlight the steep decrease in salting out effect with in-9M"s (2008, applicable to saturated air, which is assumed to

creasing solubility (in the absence of more appropriate datét)e representative of the bottom few mm or less of the atmo-
for soluble gases in addition to the data points for methanaF’phere over a water surface.

(Zhou and Mopperl990 and HO; (Bandstra2000). The

study byElliott and Rowland(1993 has been identified by

Moore (2000 as underestimating the salting-out effect for

(23)
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922 M. T. Johnson: Air-water gas transfer velocity scheme

Table 1. Ky / Ky o (salting out factor) for gases measured in natural or synthetic seawater at salinity between 35 and 36 (except where
otherwise stated), compared to values predicted by B§std (21). Notes: * — measurement temperature given in parentheses; x — denotes
data not used to derive EBL; a —S =39; b —§ = 34, 0.6°C difference between fresh and salt-water measurements; ¢ — synthetic seawater;

d —mean of 0, 15 and 3@ measurements; e — measuremert #8400 at 40°C.

Compound K,‘f Kuy/Kp o measured* Reference Kn/Kn o predicted
SFs 1.70x10?  1.38 (31% Bullister et al.(2002) 1.36
Ne 9.0% 10! 1.21 (25) Hamme and Emersqg2004 1.21
N> 6.50x 101 1.27 (25) Hamme and Emersqg2004 1.25
(o)} 3.15x 10t 1.25 (25) Hamme and Emersdi2004 1.23
CHy 3.15x101  1.24 (259 Yamamoto et al(1976) 1.27
Ar 2.92x10t 1.25 (25) Hamme and Emersqg2004 1.24
Kr 1.67x10! 1.25 (20) Weiss and Kyse(1978 1.26
ethene 8.52100 1.26 (20) Breitbarth et al(2004 1.27
N,O 1.70x10°0  1.22(20) Weiss and Pricé1980 1.24
CCly 1.36x10° 1.36 (20) Bullister and Wisegarve{1999 1.32
CCly 1.36x10° 1.27 (18.2) Dewulf et al.(1995 1.32
CO 1.17x10° 1.20 (25) Teng and YamasakiL999 1.24
CH3Cl 3.72x10°1  1.06 (22f Elliott and Rowland1993 1.25
toluene 2.7%1071  1.36(18.2) Dewulf et al.(1995 1.30
CH3Br 2.56x10°1  1.22(18) De Bruyn and Saltzmafi1997) 1.25
CH3Br 2.56x10°1  1.14 (22% Elliott and Rowland1993 1.25
CHgal 2.15x10°1  1.22 (22% Elliott and Rowland1993 1.26
benzene 2.056101 1.35(18.2) Dewulf et al.(1995 1.30
CHClg 1.36x10°1  1.25(18.2) Dewulf et al.(1995 1.27
DMS 8.18<1072 1.23(18) Wong and Wand1997) 1.25
1-propylnitrate 409102 1.35 (5) Kames and Schura{ti992 1.25
ethylnitrate 2561072 1.27 (5) Kames and Schurai{ti992 1.23
methylnitrate 2051072 1.20 (5) Kames and Schurai1992 1.20
PPN 1.4%1072 1.16 (20§ Kames and Schurai1995 1.22
PAN 9.98<103 1.14 (20% Kames and Schuraid995 1 1.19
propanal 315103 1.22 (25) Zhou and Moppe(1990 1.16
ethanal 2.9210°3 1.14(25) Zhou and Moppe(1990 1.15
ethanal 292103 1.14 (30) Benkelberg et a1995 1.15
acetone 136103 1.13 (25) Zhou and Moppe(1990 1.14
acetone 136103 1.12 (0—30? Benkelberg et al(1995 1.14
acetonitrile 8.1&10~4 1.14 (20) Benkelberg et al(1995 1.11
NH3 6.82x10~4  0.93 (40%-€ Sing et al (1999 1.08
methanal (formaldehyde) 1.360°° 0.92 (25) Zhou and Moppe(1990 0.93
H,0, 455x10°% 0.83(18) Bandstra(2000 0.84

Na=Svg + Svyt + Sv,t2 4+ Syar3+ Syt (kgm™3)  (24) Nelken 1990. M, is a function of the relative molecular
_ masses of airM3), assumed to be 28.9Tcker and Nelken
pa=Soo+ 5ot + Svpt*+ Sogt  (kgm™) (25) 1990, and of the gas of interesif):
wherer is the temperature ifiC. Values of parameterS,, Ma+ My
to Sv, and Sp, to Sp, are listed in TableAl. The diffusion ~ Mr= “MaMp
a

coefficients of gases in aifl)y) are calculated according to _ i i
Fuller et al.(1966: Note that this method is defined tuller et al.(1966 as

05 being applicable only to pairs of insoluble gases, but it has

My (26) been successfully applied to the case of insoluble gases in
[(PVAY3)+W1/3)2 air (Tucker and Nelken1990. In a study of binary solu-
where P is the pressure in atm (assumed to be unity for all ble gas pairs it performed less well than other more complex
calculations presented in this work),,\s the molar vol-  parameterizations, consistently overestimating diffusion by
ume of air (assumed here to be 20.2enol~1) (Tucker and  approximately 23%Nain and Ferron1972. However, a%a

(27)

Da=0.001x 717
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M. T. Johnson: Air-water gas transfer velocity scheme 923

Table 2. Comparison of the.aliberte (2007ab) method for cal-  Table 4. Input parameter values for test gases used in sensitivity
culating the dynamic viscosity of multiple-solute solutions applied analysis. Note tha%"', the temperature dependence of the solu-
to seawater af = 35 with the experimentally-derived method of jlity, is fixed at an average value of 50007

R. C. Hardy (TTC, 2006 (only valid atS = 35). All viscosities in

—1 1
kgm™=s™ Gas Ky/Matm™1 Vy/cmPmol~1
Temperaturé/C  ngfLaliberte] ng[Hardy] % difference TG1 1x 1073 10
TG2 1x 1073 100
-5 2.265 2.244 0.934 TG63 1 50
0 1.897 1.880 0.914 TG4 1% 103 10
5 1.614 1.605 0.583 TG5 1x 103 100
10 1.392 1.390 0.136
15 1.215 1.219 -0.325
20 1.072 1.080 —1.750
25 0.954 0.965 -1111 4.3 Water side transfer velocity,kw
30 0.856 0.870 —1.398
35 0.773 0.786 —1.607 As discussed in Sect. 2, thg parameterization dflightin-
gale et al(2000 is used by default in the scheme (E2§):
Table 3. Schroeder additive method for calculatifgy. For all oo = (0‘222&0_’_0'333410)(5_%)_0_5 (28)

atoms/structural items a molecule contains, the sum of the incre-
ments will give the molar volume. e.g. GHCH, contains 2 car-
bon atoms, 4 hydrogen atoms and 1 double bond so the Schroed&vheresS ., is a Schmidt number value of 600, which is the
Vpis 2x 7+4x 7+7=49cnPmol~1 * applies to all kinds of cyclic  typically quoted Schmidt number of GGt 20°C in fresh-
features and is applied only once to ring-containing compounds irwater, to which the Schmidt number of the gas of interest un-

C600

respective of the number of rings present. der conditions of interestsg,, ) is scaled. Note that Schmidt
numbers are very temperature-dependent, so application of

Atom/feature  Increment/cfrmol—1 this scaling factor is important even for GOS;,, is calcu-
Carbon 70 lated according to Eq20):
Hydrogen 7.0 Uw Nw
Oxygen 7.0 Sew = Du puD (29)
Nitrogen 7.0 W wEw
Bromine 31.5 whereuy, is the kinematic viscosity of wateR,y is the dif-
Chlor_me 24.5 fusivity of the gas of interest in wateyy is the dynamic vis-
Fluorine 10.5 cosity of water anchy is the density. The density of saline
'SOdI'f”e g’f'g’ water, in kg nT3, is calculated according tdillero and Pois-
RliJngu*r o son(1981), according to Eqs A1) to (A6) (in Appendix A).
Double bond 7.0 . .
Triple bond 140 4.3.1 Water viscosity

The dynamic viscosity of waten,, (or ns in the case of wa-
) ) 1,23 o ter of non-zero salinity) is calculated using the temperature-
is proportional to(5)</%, such error (which is likely to be  anq salinity-dependent viscosity model/mixing rule scheme
substantially smaller for a polar gas in mostly n.on-polar air) of Laliberte (20073 (Egs.30to 32), which requires the com-
has only a small effect on the calculated so it is recom-  positions of seawater expressed as mass fractions of compo-
mended here that it is applied irrespective of gas solubility.nent solutes, which are derived here from the standard sea-
It is worth noting that the sensitivity of the scheme to this yater definition oMillero et al. (2008 (TableA2).

term is relatively modest (Tablg). However, the diffusion The mixing rule follows the form:
coefficients predicted using this method for the gases consid-
ered here vary over an order of magnitude, ellx(H>) ~ In(ns) = ww'”(’)w)+zwi|n(ﬁi) (30)

0.5cnfs 1, Dy(CHI3) &~ 0.06 cnf s~ 1, so it is important to

consider this term in the calculation bf for any particular ~ Wherens is the dynamic viscosity of the mixed-solute solu-

gas. tion in cP (centipoise; 1 cP = 18kgm1s1), wy is the
mass fraction of water in the solutiom, is the dynamic vis-
cosity of pure water in cP. For each solute in the solution,
wj is the mass fraction ang is the dynamic viscosity at-
tributable to the particular solutkalibert (20073 provides
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924 M. T. Johnson: Air-water gas transfer velocity scheme

Table 5. Analysis of the sensitivity of total transfer velociti § to changes in the values of key components of the scheme. Note that the
estimated uncertainty is intended to represent maximum likely uncertainty in estimation of parameter values from, e.g., model output (for
temperature, salinity and wind speed) and from the parameterizations/measurements used for the others. The sensitivity to a change of th:
same magnitude as the estimated uncertainty is tested. A negative sign denotes a de&réasesponse to an increase in the parameter

value.

% Effect on totalK of given increase in parameter value
Low solubility Medium solubility High solubility

Estimated uncertainty Vi, =10cn®mol~! v, =100cn¥mol~! v, =50cm®mol~! vy =10cnPmol~! v}, = 100cn? mol—1
u 10% 20 20 20 10 10
T 5% 2 2 2 4 4
S 5% -0.2 -0.3 -0.2 -0.02 —0.04
Vb 25% -7 -7 -6 -1 -1
el 10% 5 5 4 0.02 0.04
0 10% -8 —-10 -9 —-0.04 —0.09
D) 25% 12 12 11 0.06 0.1
Na 10% —0.0002 —0.0001 0.1 -1 -1
pa 10% 0.0002 0.0001 0.1 1 1
D3 25% 0.0004 0.0002 0.3 3 3
Cp 10% 0.001 0.0006 1 9 8
ka 50% 0.003 0.002 2 25 25
kw 50% 25 25 20 0.1 0.2
Ky 10% 0.002 0.001 1 10 10
=gH 25% 0.002 0.001 2 16 16

Table 6. Comparison of the reduction in calculated total transfer ve-

locity (Kw) for a series of iodocarbons from the datasefather
et al.(2007 when considering botky andkj, relative to the trans-
fer velocity calculated using,y alone.

(20078. Using the ionic composition of standard seawa-
ter (Millero et al,, 2008 and pairing ions into the common
salt constituents found in seawater (Tabl), a temperature-
and salinity-dependent viscosity for seawater can then be cal-
culated. This compares well to the fixed-salinity formulation

Compound % reduction, % reduction, for seawater viscosity of R. C. Hardy &= 35 (ITTC, 2006
Archer etal(20079  this work (Table2).

CHal 3 2.4 e - .

CoHg| 2 51 4.3.2 Diffusion coefficients of gases in water

CHyICl 14 11 o o

CH,IBr 23 21 Diffusivity of a solute in a liquid solvent can be calculated

CHylo 32 33 by a number of methods. Using the tabulated data on mea-

a numerically efficient (and for this purpose sufficiently ac-

curate) term for the temperature-dependent dynamic visco
ity of pure water (at atmospheric pressure):

t+246

Nw

~ 0.055942+ 52842 + 137.37

(1)

wherer is the temperature ifC. The dynamic viscosity of
each component solute,is calculated according to E2):

ul(l—ww)”2+v3

e vgt+1

N

T us(1—wy)¥ +1

(32

where vy to vg are experimentally-derived empirical con-
stants for each solute. For the common solutes in seawater,
values are provided blyaliberte (20073. Note that Eq.32)
is corrected from the original paper accordingLliberte

Ocean Sci., 6, 91332 2010
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sured vs. calculated values of diffusivity given Byling
et al.(2001Y), it can be seen that for the mostly low molecu-
lar weight compounds of interest here, and when water is the
solvent, the methods ddilke and Chang1955 (Eg. 33),
Hayduk and Minhag1982 (Eg. 34 and 35) and Tyn and
Calus (1979 perform best. The method dyn and Calus
(1975, whilst likely to be the most accurate in the majority
of cases Poling et al, 200J), requires parachor data which
is not available for many trace gases so only the other two
methods are considered further.

The method ofWilke and Chand1955 [WC55] gives dif-
fusion coefficients in units of cfs~1:

7.4%x 10787 /DMy

WC55D, =
v Ns Vbo'6

(33)
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whereT is the temperature in Kelvin, Mis the relative
molecular mass of the solvent (18.01 in the case of wajer),
is the dynamic viscosity of the solvent in ¢P,is the associ-
ation factor of the solvent (2.6 for water) akg is the liquid
molar volume of the gas of interest at its normal boiling point
(in cm®mol~1).

Hayduk and Minha$1982 [HM82] present a similar re-
lationship, also in crhs™:

HM82 Dy, = 1.25x 10871528 (1,7 019-0.292  (34)

and

% = 9—58 —-1.12 (35)
Vo

TheWilke and Chang1955 andHayduk and Minha$1982

925

# Duce_ka(compound,u)
# Liss_ka(u)}

It can be seen that other existing schemes (which are all in-
cluded in the code as separate functions which can be called
in their own right) can be set as the default by “uncomment-
ing” them and commenting out the currently selected default
scheme.

Furthermore, the fully modular approach whereby as
much as possible is abstracted into separate functions, allows
individual parts of the code to be used for other purposes. For
example, to calculate the Schmidt number in water of perox-
yacetylnitrate (PAN) at 25C andS = 35:

> schmidt("PAN", T=25,S=35)
[1] 863.7273

methods are then used to calculate a mean diffusivity for use.

in Eq. 29).
4.3.3 Liquid molar volume at boiling point (Vp)

Both methods require the liquid molar volumég) of the

solutes of interest. These can most effectively be calculated

from the additive “Schroeder” methodPdrtington 1949
(Table3). This method is generally in good agreement with
experimentally-derived values &f, (Poling et al, 2007), but

or to calculate diffusivity of methanol in air over a range
of temperatures:

> tempvalues<-c(0,5,10,15,20,25,30)
>

> D_air("MeOH" ,tempvalues)

[1] 0.1218384 0.1257681 0.1297511
0.1337873 0.1378763 0.1420179
0.1462120

where experimentally-derived values are available for a par-
ticular compound it is recommended that these should be

used in preference.

5 Implementation in R

5.1 Inputfiles

Two input files are required by kKalcsJohnsonOS.R:
“sw_constituentmassfractions.dat” and “compounds.dat”.

The numerical scheme presented here has been implement%e former reproduces the data presented in TABefor

as a program in the open-source R environméhtDe-
velopment Core Team2010, which is freely available
on all operating systems/platforms.
(“K _calcsJohnsonOS.R”) is modular, and uses wrapper
functions to call each individual parameterization, allowing
simple extensibility or inclusion of new parameterizations.
For example, the functioka (the air-side transfer velocity)
which is called from higher functions or can be called man-
ually (e.g.>ka("NH3",u=6,T=25) ) is a wrapper script
calling the default selected, scheme:

ka <- function(compound,u,T)}
# use new formulation, based on
Jeffery et al. (2010), by default

Jeffery _modified_ka(compound,u,T)
# Jeffery_ka(compound,u,T)
# Shahin_ka(compound,u,T)

# MackayYeun_ka(compound,u,T)
# Duce_ka_with_sc(compound,u,T)

WWw.ocean-sci.net/6/913/2010/

The program itself

calculating the dynamic viscosity of seawater according to
Egs. @0) to (32). The latter provides the necessary gas-
specific data to drive the scheme. The data required for each
gas listed in compounds.dat is detailed in Table

6 Sensitivity analysis

Table5 presents the effect of a change in each of the param-
eters used to calculate the total transfer velocity; the change
being of the magnitude of the estimated uncertainty in each
parameter. Hypothetical “test gases” are used to cover a
range of the two key gas parameters used to drive the scheme:
Ky andVy. The test gases are defined in TahleNote that
analysis at different default parameter values (not shown) re-
veals that the sensitivities change little over wide ranges of
temperature+{5 to 35°C) and salinity (0—35) and only mod-
erately with wind speed, i.e., there are no major nonlineari-
ties in the model that would affect this sensitivity analysis.
The analysis in Tabl& demonstrates that there are differ-
ent key uncertainties for gases of differing solubilities. For
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Table 7. Data required for each compound listed in compounds.dat including an example entry. Note that all except the first three are
concerned with calculation dfy,. If the V}, column has a non-zero value, this value will be usedVigrand the structural data will be
ignored.

Column heading  description Example (2-butylnitrate)
nicename R expression to produce correct paste(C[2],H[5],CONO[2],CHI3])
chemical formula including subscripts etc

mw Molar mass of compound in g niot 119.12

KH Henry’s law solubility in M atnT2 0.65

tVar temperature dependence qf K‘—é“) inK=1 5500

c No. of carbon atoms in molecule 4

H No. of hydrogen atoms in molecule 8

N No. of nitrogen atoms in molecule 1

0 No. of oxygen atoms in molecule 3

S No. of sulfur atoms in molecule 0

Br No. of bromine atoms in molecule 0

Cl No. of chlorine atoms in molecule 0

F No. of fluorine atoms in molecule 0

I No. of iodine atoms in molecule 0

db No. of double bonds in molecule 1

tb No. of triple bonds in molecule 0

rings No. of cyclic features in molecule 0

Vb Experimentally-derived value ofy/ 0
soluble gases, key uncertainties arise from (in order of de- 3
creasing importance) parameterizationskgf%, Ky and o Heubert et al 2010 eddly covariance DMS derived kw660 /'y

. v Hare et al 2004 eddy covariance CO2 derived kw660 /

Cp. For insoluble gases, key parameters iateD;, ni, Vp * -+ Nightingale et al 2000 kw660 /

Woolf 1997 bubble-mediated kw660 for DMS N
NOAA COARE DMS kw660 with bubbles (from Huebert et al 2015} /0 -
NOAA COARE CO2 kw660 with bubbles (from Huebert et al 2010) Y a
Johnson 2010 Kw with Woolf 1997 DMS kw660 h
Johnson 2010 Kw with Woolf 1997 CO2 kw660 /

50

andp;. Assuming some cancelling of errors, it is reasonable
to assume that this scheme is accurat& 80% for any gas,
within the constraints of the simple wind-driven two-phase
model and the inherent uncertainty of the parameterizations
of the physical forcings of; andk,, (Sect. 2).

1
|
'

40

30
I

7 Application/comparison

20

kWGGO or KW(GGO) /cm hr”

The new scheme presented here could be validated against
directly measured trace gas fluxes from, e.g., eddy covari-
ance studies, and one such analysis is conducted below. 3
However, looking for direct agreement is to attempt to val-

idate both the scheme and the underlying two-phase model

of gas exchange, not to mention the eddy covariance mea- °
surements themselves, which is not the aim of this paper.
Furthermore, eddy covariance studies have focussed on in-
soluble trace gases whetg ~ Ky, so it would be validat-

ing simply theNightingale et al(2000 or other parameteri-  Fig. 7. Comparison of eddy covariance measurement derived trans-
zations available in the scheme. Rather, a demonstrations igr velocities for DMS and C®normalised to a Schmidt number
presented where the scheme is applied to effectively reproef 660, compared with NOAA COARE and various outputs from
duce the analysis of DMS and G@ddy covariance data and the scheme presented here. Note that total transfer velodkig (
assessment of the bubble effect presentetbgbert et al. calculated using this scheme assume a temperature®d,l&nd do
(2010 using NOAA COARE. The scheme is also used to not normalise the air phase Schmidt numbers.

recalculate transfer velocities and fluxes from two previous

studies which also apply the two-phase model to approach

problems of trace gas exchange.

0 2 4 6 8 0 12 14
wind-speed / m s
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20

(1997 kv parameterization (solid light blue) shows reason-
able agreement, although with increasing divergence with in-
creasing wind speed. The total transfer velocity calculated
usingWoolf (1997 for DMS (solid green) is in better agree-
ment with NOAA COARE DMS and is arguably a better fit
than the NOAA COARE predictions to the DMS eddy co-
variance data itself. It also demonstrates the small but impor-
tant effect of the air-side transfer velocity on reducing the to-
tal transfer for DMS K, calculated in the same way for GO
(green dash) agrees well with COARE for g®lack dash),

but note that neither of these do particularly well at matching
theHare et al (2004 eddy covariance measurements at low
winds, whereNightingale et al(2000 seems a better fit. In
fact, K\ calculated usingNightingale et al(2000 could be
argued to be the best fit through all the eddy covariance data
(CO, and DMS lumped together).

Johnson et al. 2008 flux / pmol m2 s
20

1 1 1
-40 20 0
This scheme flux / pmol m2s™

-60

20 7.2 More soluble (gas-phase controlled) gas exchange

The scheme is used here to calculate Henry’s law constants
and transfer velocities for ammonia and (along with mea-
sured wind speeds and concentrations) to compare the air-
side controlled ammonia flux with that calculated Jghn-

son et al.(2008. The results of this analysis are presented
in Fig. 8. The main differences between the scheme pre-
sented here and that used bghnson et al(2008 are that

the latter uses (i) the molecular-weight depend2umte et al.
(1991 parameterization of,, and (ii) a fixed 20% decrease

Huebert et al(2010 find a near linear relationship between N Henry's law solubility applied to account for the salting
DMS transfer velocity and wind speed in their eddy covari- Ut effect. .

ance measurements of DMS flux. They suggest that this Note that whilst there is normally good agreement between
is due to the lack of enhancement of the DMS flux by the the methods, there are occasionally up to 25% differences be-
bubble effect relative to CE(e.g.Liss and Merlivat 1986 tween them (which are associated with. high wind speeds and
Woolf, 1997 and demonstrate good agreement betwgen Cconsequent larger fluxes from the nonhnk@p.ararnet.erlza-
inferred from their DMS eddy covariance measurements andion in the new scheme). There is a systematic bias in the data
the NOAA COARE algorithm (including bubbles) run for plotted in F|g.8 to _belng above the one-to-one line, which
DMS (all normalised to a Schmidt number of 660). The I the negative region of the graph represents gr_e_ater dewn-
scheme presented here can easily calculate Schmidt numbé@rd fluxes from the new scheme and in the positive region,
normalised water side transfer velocities and these are presmaller upward fluxes. This is due to the salinity correction
sented in Fig7 for the Nightingale et al(2000 andWoolf ~ @pPplied in the new scheme being (& 35) approximately
(1997 parameterizations along with thiuebert et al(2010) an 8% decrease in solubility, compared to the 20% applied
data and NOAA COARE-calculated DMS and €Bubble- Py Johnson et a(2008.

mediated transfer velocities, also fratuebert et al(2010.
Also presented are total transfer velocitigs,] using S,
normalisation for the water side akgand Ky calculated us-
ing T =15°C. For comparison, thidare et al(2004 GasEx

Fig. 8. Comparison of the Nglocean-atmosphere fluxes from mea-
sured data as calculated Bphnson et al(2008 and using the
scheme presented in this work.

7.1 CO, and DMS transfer velocities and the bubble
effect

7.3 Gases of intermediate solubility

Finally, the relative contribution of the air-side and water-
'98 eddy covariance derived G@ransfer velocity values are - side transfer velocitiesk§ and ky, respectively) to the to-
also plotted. tal transfer velocity is investigated. The contribution from
The idea of this analysis is not to validate or pass com-both sides of the interface to total transfer has been identi-
ment on theHuebert et al(2010 data or findings, simply fied as being important for gases of intermediate solubility
to demonstrate that reasonably similar results can easily bé.iss and Slater1974 Jahne and HaulRecket998 Archer
achieved by application of this scheme rather than NOAAet al, 2007). Archer et al.(2007) present data on the per-

COARE. Comparing the NOAA COARE DM$,, values
(solid black line) with those calculated here using keolf

WWw.ocean-sci.net/6/913/2010/

centage reduction in the total transfer velocik,() as a re-
sult of including bothk, andky, in their calculations of fluxes
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from a marine time-series of iodine-containing halocarbons Appendix A

compared to the calculation witty, alone. The scheme pre-

sented here is used to reproduce these data (Badssum-  Further calculation details

ing temperature, wind speed and salinity based on plots of

environmental variables iArcher et al.(2007. Agreement Al Airviscosity and density parameters

is generally very good, which is positive validation for the

scheme presented here, particularly consideringAnctier The temperature-dependent dynamic viscosity and density of
et al.(2007) use experimentally determined diffusivities for saturated air is calculated using the methodd sifingiris

the gases in question whereas those calculated here are d008, using Eqgs. Z4) and @5). Values of the parameters
rived from molecular structure. used in these equations are given in Takle

) A2 Water viscosity and density parameters and
8 Conclusions calculation

Presented above is a numerical scheme for calculating th?‘he density of water is calculated accordingMidlero and
temperature- and salinity-dependent transfer velocity (anq:) ) 19>é ina E 1) to (A6
component parameters) of any gas across an air-water in_0|ssor( ) using Eqs. A1) to (A6).
te_rface given basic physical chemistry data for the gas (rel-p = oo+ A.S+ B.S¥%+C.S (A1)
ative molecular massKy, —AsonH/R), component ele-
ments and molecular structure, the ionic composition of thewhereps is the density at salinity§; oo is the density of pure
medium and temperature, salinity and wind speed. A fully-water (Eq.A2) and parameterd, B and C are calculated
implemented version of the scheme is provided in the Sup-according to Eqs A4) to (A6).
plementary Material, along with input files for the composi-
tion of seawater and a file containing input data for 90 gaseé)0 = 999842594+ 0.06793952 — 0.00909529* (A2)
of potential interest to workers in the field of trace gas ex- +0.0001001685°—0.000001120083" (A3)
change. +0.000000006536332

The scheme is shown to agree well with previous meth- ] )
ods of calculatingca and k. A novel approach in deter- Wherer is the temperature inC

mining the salting out coefficients which are used to modify A = 0.824493- 0.004089% +0.0000764382 (A4)

the Henry's law coefficients with salinity has improved esti- 3 &

mation of this important term significantly over previous ap- —0.00000082467°+0.000000005387

proaches. Like most field-based studies of trace gas fluxeg _ —0.00572466+0.00010277 — 0.00000165462 (A5)

calculated from concentration measurements, this scheme

does not currently account for processes of chemical en¢ =0.00048314 (A6)

hancement (e.d.iss and Slater1974), or micro-layer ef-

fects (e.gGuitart et al, 2010, which are important in many The viscosity parameters for EQJ) must be applied for

cases and should be carefully considered by future users afach solute in the medium. These parameters are listed in

the scheme for their gas/environment of interest. TableA2, along with solute mass fraction (as a proportion of
It is hoped that the scheme presented here and associatéakal salinity) derived from the ionic composition of standard

software will provide a basis for improved, traceable transferseawater presented Millero et al. (2008.

velocity parameterizations, particularly for less well-studied

gases. Itis envisaged that users would override default parts

of the scheme for their gas of interest where robust measure-

ment data is available to replace parameterized components

of the scheme and, furthermore, that key further uncertain-

ties in quantifying gas fluxes would be considered outside of

the scheme presented here (e.qg., surfactants and other micro-

layer effects, chemical enhancement, etc.)
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Table Al. Parameters for calculating the dynamic viscosity) (@nd density 43) according toTsilingiris (2008. These values are for
substitution into Eqs.24) and @5).

na parameter value pa parameter value
Sv, 1.715747771x 107° So, 1.293393662
Sv, 4.722402075< 10~8 Sp, —5.538444326 1073
Sv, —3.663027156¢ 1010 Sp, 3.86020157% 10°°
Sv, 1.873236686< 1012 Sp, —5.2536065x 107
Sv, —8.05021873% 10~ 14 - -

Table A2. Parameters for calculating solute viscosity, and mass fraction of each solute (as a proportion of total salinity) 86) Bgsl. (
(32.

Compound mass fraction vq v v3 v4 U5 V6

NacCl 0.798 16.22 1.3229 1.4849  0.0074691 30.78 2.0583

KCI 0.022 6.4883 1.3175 -—-0.7785 0.09272 -13 2.0811

CaCh 0.033 32.028 0.78792 —1.1495 0.0026995 780860 5.8442

MgCl, 0.047 24.032 2.2694 3.7108 0.021853—-1.1236 0.14474

MgSQOy 0.100 72.269  2.2238 6.6037  0.0079004  3340.1 6.1304
Supplementary material related to this Bandstra, L. M.: Determination of Henry’s Law constants for hy-
article is available online at: drogen peroxide in synthetic seawater and sodium chloride so-
http://www.ocean-sci.net/6/913/2010/ lutions of varying activities, Ph.D. thesis, University of Rhode
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Benkelberg, H. J., Hamm, S., and Warneck, P.: Henry’s law coef-
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