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Abstract. A parameterization for the deposition velocity of to rise (Oltmans et al., 1998; Vingarzan, 2004; Helmig et
an ocean-reactive atmospheric gas (such as ozone) is dei., 2007). Previous and anticipated future increases in back-
veloped. The parameterization is based on integration ofjround tropospheric ozone are a concern for several reasons.
the turbulent-molecular transport equation (with a chemicalOzone is a toxin to humans and animal life on Earth. Further-
source term) in the ocean. It extends previous work that onlymore, tropospheric ozone has a significant8%) contribu-
considered reactions within the oceanic molecular sublayertion to anthropogenic greenhouse gas forcing (IPCC, 2001),
The sensitivity of the ocean-side transport to reaction rate anavhich possibly might further increase in the future due to
wind forcing is examined. A more complicated case with a continued increases in ozone and concomitant reductions in
much more reactive thin surfactant layer is also consideredthe growth rates of other important greenhouse gas emis-
The full atmosphere-ocean deposition velocity is obtained bysions. These unique roles of ozone in atmospheric chem-
matching boundary conditions at the interface. For an asistry have motivated a plethora of research on improving our
sumed ocean reaction rate of*01, the enhancement for understanding of formation, transport and loss processes of
ozone deposition by oceanic turbulence is found to be up tatmospheric ozone.

a factor of three for meteorological data obtained in a recent

cruise off the East Coast of the U.S. Ozone deposition to the oceans represents a significant
loss from the atmosphere; however, atmospheric and oceanic
processes that determine the uptake of ozone to surface wa-
ter are poorly understood. An accepted model for the de-
scription of dry deposition relies on the resistance approach

The transport, formation and depletion of ozone have re(YWesely and Hicks, 2000). Deposition is expressed quantita-

ceived significant research attention because of the recog#—ively by the deposition velocityl,), which depends on dif-

. . _ -1 .

nized importance of ozone for the chemical and radiativel€eNt resistance terms, with=(Rq+Ry+Rc)"". Ry is the
properties of the atmosphere. Ozone is the most impor_aerodynamlc resistance reflecting the turbulent transport to
tant precursor of the OH radical in the troposphere. Boththe ocean surface, which is a fun(_:tion OT seg-surface rc_Jugh-
ozone and OH are fundamental for the oxidizing capacityN€SS: Wind speed and atmospheric stabilRy.is the quasi-
of the atmosphere and their concentrations determine the réam!nar boundary layer resstgnce that dgsc;nbes the quasi-
moval rates of many atmospheric contaminants. Increase!j"“”mn"’lr transport th.rou_gh a thin .I(.:lyer of air in contgct with
anthropogenic emissions of nitrogen oxides and hydrocarin® SUI’faCﬁ and which 'SI’ in a?d't'o,n to ;Ehﬁ ab%ve 'Il'stedfpa—
bons, both being precursors of photochemical ozone produc’@Meters that contrat,, also a function of the diffusivity o

tion in the atmosphere, have led to significant increases i€ trace gas of interest. Finallg. is the surface resistance
global, surface-level ozone concentrations. It has been estf-ha”t r((jaftljectsh the s:Jrf?]ce L_lpt?ke(;ag|_C|lengy ‘lNh'Ch can be con-
mated that tropospheric ozone has at least doubled since prg-0 ed by physical, chemical and biological processes. Over
industrial times (Lamarque et al., 2005). Observations fromater. this concept has been expanded to include turbulent

background monitoring sites indicate that ozone continuend molecular sublayers in both fluids (Liss, 1973). Itis also
common to use transfer velocities (i.e., reciprocal of resis-

Correspondence taC. W. Fairall tances) to characterize the sublayer transfers (Fairall et al.,
(chris.fairall@noaa.gov) 2000).

1 Introduction
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Observed deposition velocities are reported in the litera-gas by reactions in the water. The context for that discus-
ture with values ranging fron¥;~0.01 to 0.12 cm st for sion was thestagnant filmmodel, which is equivalent to ne-
ocean water and 0.01-0.1 cmisor fresh water (Ganzeveld glecting turbulent transport in the aqueous phase. In the irre-
et al., 200%). This literature gives little details on the versible limit, Schwartz's results for ozone reduce to the Gar-
chemical, biological and physical water properties during theland result. More recently, Chang et al. (2004) expanded the
observations. Currently, values on the orderV£0.013 scope to combine molecular diffusive - chemical and turbu-
to 0.05cm st are used in atmospheric chemistry models lent diffusive - chemical processes as parallel resistances. In
(Ganzeveld and Lelieveld, 1995; Shon and Kim, 2002). Be-this approach, the oceanside stagnant film resistance of Gar-
cause the observations do not yield a consensus on winthnd et al. (1980)R,, acts independently and in parallel with
speed dependency, the same ozone surface resistance is typSchmidt-number dependent oceanic resistaRge taken
ically applied to all of the world’s oceans and wind condi- from Wanninkhof (1992) but which includes a chemical en-
tions. hancement factorRC:(llRw+1/Rg)—1 . Chang et al. (2004)

In general, the deposition of ozone involves both turbu-also discuss various oceanic chemicals that are expected to
lent and molecular diffusive plus chemical processes in aibe the reacting agent (iodide being the strongest candidate).
and water. If atmospheric chemical reactions are negligi- Recent research on ocean-atmosphere gas and energy ex-
ble (see Lenschow, 1982; Geernaert et al., 1998; Sorense¢hange has resulted in improved models that describe the de-
et al., 2005, for counter examples), then the atmospheric papendencies of deposition on atmospheric and oceanic pro-
of the problem can be treated with standard similarity the-cesses from a more fundamental perspective (Fairall et al.,
ory (Fairall et al., 2000). In the near-surface region, ver-2000; Hare et al., 2004). In this paper, we will apply this for-
tical turbulent diffusion in both fluids exhibits near-linear malism to a trace atmospheric gas that reacts chemically in
height/depth dependence associated with restriction of edthe ocean. We extend the approach of Garland et al. (1980) to
dies by the presence of the boundary. Furthermore, the visthe case where not all of the gas reacts within the molecular
cosity of a turbulent fluid causes dissipation of the turbulencesublayer. Whereas Chang et al. (2004) postulate that the de-
that is more intense the smaller the turbulent eddy. This leadgosition velocity is a combination of independent parallel re-
to a turbulent microscalg, ~10v/u,. (v is the fluid kinematic  sistances, we derive the deposition velocity analytically from
viscosity and, the friction velocity) such that the spectrum the fundamental conservation equations (albeit in simplified
of turbulent fluctuations for eddies smaller thénis expo-  form). Their approach includes a characteristic reaction con-
nentially attenuated. Because of this suppression of turbustant,a, plus the chemical enhancement facfirin our ap-
lent eddies near the boundary, ozone entering the water froraroach, the “enhancement” effect is a natural consequence of
the air is initially transported away from the interface solely the solutions to the budget equation.
by molecular diffusion. This interfacial region dominated by
molecular transport is called theolecular sublayer The
time scale associated with random molecular transport ove
a distance’ is tp=82/D, where D, is the molecular diffu-

¢ Conservation equation

Using the notation from the 2000 Fairall et al. paper, the

sivity .Of the ga_s,X, n th.e flwd. I t.he time scale of some budget equation for the mass concentration of some chemi-
chemical reaction foX within the fluid can be characterized cal X in water is
L] wr

by 1k, then in the absence of turbulent effects, we expect

the reaction to be substantially completed within a distance 3 [W _ waan/az}

8=[D,/a]Y?. Becausé, is about 102 m, this simple scale  9X,,/dt + U - VX, = — “ —aX, (1)
analysis suggests that for ozone turbulent transport effects 9z

need not be considered whermexceeds about 100°8. wherez is the vertical coordinate (distance from the inter-

Garland et al. (1980) used a horizontally homogeneoudace, i.e.depthfor the ocean)l/ the mean horizontal flow,
conservation equation to link the oceanic chemical reactivityw’x;, the turbulent flux (positive downwardp., the molec-
of ozone to the oceanic deposition resistance by solving théllar diffusivity of Xin water, and the last term is the loss rate
case wheré«s, (i.e., turbulent diffusion was neglected). Of X,, due to reactions with some chemidgl. We represent
Schwartz (1992) discussed the more general problem of théhe turbulent flux in terms of an eddy diffusion coefficient,
balance of solubility and aqueous reaction kinetics from thew'x,,=—K X2, wherek (z) is the turbulent eddy diffusiv-
point of view of chemical enhancement of solubility for re- ity,
versible reactions for a variety of gases. Chemical enhance-
ment refers to an apparent increase of the solubility of thedXw/9r +U - VX, = —

0 [_(wa + K(Z))axw/aZ]

3z —aXy (2)

1Ganzeveld, L., Helmig, D., Fairall, C. W., and Pozzer, A.: The reactivitya=Cx,Y,, whereY,, is the concentration of

Biogeochemistry and water-side turbulence dependence of globdhe reacting chemical ard,, the reaction rate constant. As-
atmospheric-ocean ozone exchange, Global Biogeochem. CycleSumingY,, is constant with depth, we can move the reaction
in preparation, 2007. (a * X,») term inside the-derivative and associate this with
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a flux variable,Fy,,, which, in dynamic equilibrium, is con- In the absence of atmospheric chemical reactions, the

stant: R,=R,, and R,=R,,, terms would follow from integrat-
z ing Eqg. (4b) with the normal similarity relations (Fairall et
— [Drw + K(@)] Xw/0z +a / X, (z)dz = F 3) al., 2000). A similar relationship applies for the ocean side
XxXw w w - Xw-
0 Frag = —Fyyps = —Viw Xuws — Xu) (8)

This flux variable is the sum of transport (mixing) fluxes by Using the solubility relationshiX ;=X * a,, Wherea,
molecular diffusion F p, and turbulent diffusionF, 7, plus is the dimensionless solubility o, we can eliminate the
an apparent flux associated with the decreasing concentratiosurface concentrations and derive a general flux relationship
of ozone as it enters and penetrates the ocean and is destroyegterms of the atmospheric and oceanic gas concentrations
by reaction withy . (X /ot — Xa)
To apply Egs. (2) and (3) to the case of an inert or weakly F,, = - 9)
reacting gas, we let=0. This simplifies the analysis because (Ra + Rp) + (atx Viw)
we can directly write an equation for the concentration dif- Note that Eq. (9) can be applied even if there is a chemi-
ference: cal reaction in the ocean, but the interpretation of the atmo-
9X F spheric resistance as a sum of molecular and turbulent dif-
w xw . .
3z " D1 K@ (4a) fusion sublaygr components on!y follows directly from the
o budget equation for a non-reactive atmosphere. For the de-
position problem where ozone is destroyed by chemical re-

r

dz action in the ocear¥,,=0, it follows that
st_Xw(Zr):wa/—
0 Dy + K (2) Rc_lzaxvxw = oy Frws/ Xws (10a)
3y Zr Vix = (Ra + Rp + Rc)_l (lOb)
dz dz
= / Dy + K(2) +/ Dy + K(2) (40)
xw Xxw
0 Su 3 Oceanic transfer velocity from the budget equation

From Eq. (4b) the resistance law analogy becomes apparefy, s section we will solve the basic conservation equation

where the total resistande.,, (which is the inverse of the {5, ;ne entering the ocean from the atmosphere. To sim-

transfer velocity,Vy,,) is the sum of the molecular diffusion plify the notation, we will drop thes subscripts in this sec-

sublayer resistanc®;,,, and the turbulent layeR .., tion because it deals only with oceanic processes.

Xus = Xu = FouRew = FruReom & Rewr) = Frw/Vew - ) 3.1 Negligible turbulence solution

HereR, .y, is the integral over the velocity diffusion sublayer

and R, the integral from the top of the turbulent layer to In the limit that the reaction is so strong that the profile of

the reference depth. X, becomes negligible within the oceanic molecular sub-
We can write a similar equation for the transportoin  layer (besides ozone, other obvious examples include $INO

the atmosphere (Fairall et al., 2000). Conventionally, the at-2nd SQ; the paradox that ozone is both strongly reacting in

mospheric equation is defined with the vertical ordinate asthe ocean and is ocean-transfer limited is caused by its weak

height above the interface and transport fluxes are definegolubility), we can neglect th& term and write

positiveupwardso that the flux in the atmosphere associated 52y

with deposition to the surface is given by Dxa—zz —aX =0 (11)

Frg = —Vax Xa = — Frus (6)  Assuming that the concentration Bfis much larger thark

whereX, is the mass concentration at some reference heigh o] ;ha: |tI relrgggls effectively constant, the solution is (Gar-
in the atmosphere an#,,, is the flux into the water at the andetal., )

air-water interface. In equilibrium, the oceanic total flux (re- ¥ —x a
member, this flux is the sum of local transport and accu-" — s €Xp| — _XZ

mulated loss ofX via chemical reaction) is independent of . .
. : whereX is the concentration oX at the water surface. The
h, soF,,s=Fxy. As in Eq. he atmospheric flux 7.~ ¢ . L
depth, SOFyus=Fru. AS a. (5) the atmospheric flu diffusive flux at any depth in the fluid is

can be characterized by an atmospheric-side transfer veloc-
ity and the difference in the concentration at the interface and 0X d {X exp[ a ] }
s -/ 7z
X

(12)

the reference height Fyp(z) = _Dxa_z = —Dxa—Z

Fra = Via(Xas — Xa) = M (7) = Xs\/ aD, expl:_‘/ DiZ] (13)

(Rxam + RXL{[)

www.atmos-chem-phys.net/7/443/2007/ Atmos. Chem. Phys., 745432007



446 C. W. Fairall et al.: Oceanic ozone deposition velocity

0X
Surface: — [D, + K(z)]a— =Fy:;2z—0 (18b)
z

Becausdp becomes large asincreases, condition Eg. (18a)
implies A=0. If we assume thaX=B* Kp(£). In terms of
Ko, the total mixing component of the flux is

X
Fyy = Fyp + Frr = —(Dy +KM*Z)8_Z
dKo(§)
0z
Writing this in terms of the variabl€, we use the property

of Ko so that—& %K=k to describe the mixing component

as a function of depth

Fem _ (eus)® ,3Ko(§) 98

Kn(x) and In(x)

= —B(Dy + kuyz) (19)

B 4a 0E 0z
2
Fig. 1. Graphical representations of the Modified Bessel Functions __ (ki) EzaKO(E) ﬁs—l _ %SKl(S) (20)
of order 0 and 1 for the dimensionless variabig(order 0: solid 4a 0 Kuy 2

li d order 1: dashed line). . .
nean ine) We then determine the constaBitby evaluating Eq. (20) at

the surface (condition 18b)
The diffusive flux is a function of depth but at the interface

2F s /KUy
(z=0) = (21)
§0K1(50)
Fyp(0) = Fyy = X5y/aDy (14)
where
From Eqg. (10) it immediately follows that 5
I~ = D 22
Viw = Fxs/Xs = vaDx (15) 0 KUy 4t ( )
3.2 Non-negligible turbulence solution Determination ofB allows us to explicitly write the equation

for the profile of X in the water. We substitute Eq. (21) in
To consider the turbulent transport case, we first specify a&q. (17a) withA=0:
simple form for the turbulent eddy diffusivity that is obtained OF .. /U
from surface-layer similarity scaling (Fairall et al., 2000) X(z) = ————*Kq(&) (23)
K (z)=ku.z. Here we have neglected buoyancy (stability ef- §0K1(%0)
fects),xk=0.4 is the von Karman constant, amgis the fric-  And the profile of the mixing component of the flux
tion velocity in theoceansurface layer. If we do not neglect

turbulent transport, then Eq. (2) becomes Foy(z) = Fm% (24)
5 9% 4 £0K1(£0)
9z [(Dx/’”‘* +Z)3_z} - KM*X =0 (16)  Notice that Eq. (24) describes hoff  (z) declines as the

gas is absorbed; the decline of the mixing flux is balanced

If we transform to §=(D. /«u.+z), then the solutions are py destruction of¥ by chemical reaction. A bit of algebra
modified Bessel functions of zero order (Geernaert et al.ghows that Eq. (3) can be written

1998)

&
X = Alo(§) + BK Fys
42(5) DO(E) Total Flux= | £K1(£) + / EKo(E)dE | — 2 (25)
2 _ x 17 §0K1(%0)
3 + (17) 2
KUy KUy
Details on modified Bessel functions of orderl,, andK,,, The first term is the transport (turbulent plus molecular diffu-

can be found in Abramowitz and Stegun (1964); examplession) and the second is the loss by chemical reaction. Far into
for n=0 and 1 are shown in Fig. 1. To determin@ndB, we  the water, the transfer term becomes 0 and the flux entering

invoke the boundary conditions. dfis uniformly distributed  the fluid has all been consumed:

throughout the ocean, the boundary conditions are defined at 00 00
the interface £=0) and infinitely deep in the ocean- o) Fo—a / X(2)dz = " p / Ko(6)Eds (26)
Deep Ocean: X(z) - 0; z — o© (18a) 0 2 £

Atmos. Chem. Phys., 7, 44851, 2007 www.atmos-chem-phys.net/7/443/2007/
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Through  the properties of Bessel functions, Layerll: z > s
%‘Ko(é:):—%é@)), Eq. (26) provides an alternate method where reactivity =, X (z) = By Ko(&) (30b)
to relateB to the surface flux.

The water-side transfer velocity is obtained simply from In layer | the solutions are described by Eq. (17a) hus
using Eg. (23) in Eqg. (15) not O; in layer I1A=0.

In order to find the values of the three coefficients, we must
kux §0K1(60) K1(80) o :
Viw = 2* —SK t;) = \/aT)xKlé ) (27) match three boundary conditions: (1) the flux at the surface,
o 0150 0 0. (2) the continuity of concentration at the I-1l boundary, and

The limiting values of Bessel functions are well known, so (3) the surface flux must equal the total absorptiorkdby

we can examine Eq. (27) in the limit wheres large; in this  yeaction in the medium. For the general formXfz), the
casefo is large and the rati&’1/ Ko=1. Thus, we recoverthe  yansport flux is

Garland et al. (1980) solution given in Eg. (15). The profile

of X (z) in the diffusion sublayer is given by Eq. (4) and the F,,,(z) = Kl [—AEI1(E) + BEK1(8)] (31)
concentration o approaches O far> D, /ku.. 2
For small values ofi, we find that The three boundary conditions can be written as follows:
Ku 2 2F,s
Viw = =—=In (W van> (28) 460l (ko) + BréoKa(éo) = —
* *
In this regime the profile ofX is linear in the diffusion  A;lo(és) + B Ko(§s) — BrrKo(§s) =0
sublayer and then logarithmic in and approaches 0 for )

8
z~Kkuy/4a=3t. The transition between strongly and weakly 4, q + ag) [ Io(&)dz + B (a + ao) / Io(€)dz
reacting regimes occurs fgg~1 J

0

Ku 2 [e'e}
dcrit = (Kitx) (29)

4D, +Bjrao Ko(§)dé = Fyg (32)
Typical open ocean valueskif,~0.0037ms! and 8

~ 9 m2e-1y : .
Dozoné~3.0 100 ms ) in Eq. (29) give the# transition Alternatively, a flux continuity condition at the Il inter-

aroundacriv1000s =, Ganzeveld et al. (2007)ind the 506 can be substituted for any one of these equations. The
value ofa for ozone considering the lodide-DMS-alkene i ee relationships from Eq. (32) can be written as the prod-

chemistry never exceeds 1000s Introducing highly- ot of 5 3X3 matrix times a coefficient vector = flux vector
parameterized DOM-O3 chemistry based on the chIorofyII(H %A =F)

concentrations, it is exceeded for some confined regions

close to coasts. I significantly exceedagit, then ozone h11 hi2 hi13 Aj f{FTS
is consumed within the oceanic diffusion sublayer. The | ho1 ha2 hoz | x| Br | =10 (33)
dimensionless parametég defined in Eq. (22) is, in fact, h31 h3z h33 By Fis

the ratio of the chemo-molecular diffusive scéle defined
in the Introduction and the chemo-turbulent diffusive scale
87 defined above.

where theh;; coefficients come from the terms in Eq. (32).
The coefficients are found by inverting thd matrix,
A=H~1« F. Once the coefficients are obtained, the water-

3.3 Two-layer reactivity (surfactant) solution side transfer velocity is given by

In this section we examine a more complicated vertical dis-V,,, = +/(a + ag) Dy [ZA111G0) + B K1(Go)]
tribution of reactivity designed to mimic assumed properties [ArIo(%0) + BrKo(50)]
of a highly reactive surfactant. A surfactant may be a hy-
drophilic material that tends to have much enriched concen4 Discussion
tration at the surface or a soluble compound that influences
some surface property of seawater (e.g., viscosity or surfacdhe ocean-side transfer velocity given in Eq. (27) depends
tension). We do not say what this surfactant is but specifyprincipally on the forcing (atmospheric friction velocity), the
its properties as having reactivitybeginning at the interface molecular diffusivity (or Schmidt number), and the reactiv-
and down to a depthrelative to some background reactivity ity. The effective “pull” on the atmosphere also requires the
a, that is present everywhere. Here we consider a two-layesolubility. A simple example of sensitivity to forcing and re-
solution activity is shown in Fig. 2. Here we plot a family of curves
(each curve for a different value of atmospheric friction ve-
o locity u.,) for the dependence of, V,,, as a function of re-
where reactivity = +a, X (z) = A;lo(§) + BrKo(§) activity. The atmospheric friction velocity is roughly pro-
(30a) portional to wind speed with a value of 0.35Msat a 10-m

(34)

Layerl: O<z<3$

www.atmos-chem-phys.net/7/443/2007/ Atmos. Chem. Phys., 745432007
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Fig. 2. Water-side transfer velocity (multiplied by solubility) for  Fig. 3. Total deposition velocity as a function of wind speed for
ozone from Eq. (27) as a function of reactiviy, The indi-  ozone using Eq. (10) witk=1000s1. The solid line is the at-
vidual curves are for different values of friction velocity: solid: mospheric componeng.q, from Eg. (36). The dashed line 1§
uxa=0.5msL; dashed: u,,=0.3msL; dotted: u4,=0.1ms%; combining Eq. (36) with Eq. (27) foVy,; the line with circle sym-
dashdot:u,=0.035ms L. The dots with the thin line are the no- bols isV; combining Eq. (36) with stagnant film result (Eq. 15); the
turbulence solution. line with x’s is V; from Chang et al. (2004).

wind speed of 10 ms'. If we assume the atmospheric stress _ _ _
drives an equal turbulent stress in the ocean, then the oceanic Because/, for ozone is usually dominated by the oceanic

friction velocity follows from the ratio of the densities component, itis clear from Fig. 2 that ocean turbulence prob-
ably plays a significant role in the variability of ozone deposi-
Pa tion. This conclusion follows from the observed wind-speed
= [y N 30~ 0.0012U 35
e w tsa 7 lhxal 10 (35) dependence o¥; because the stagnant film result (Eq. 16)

The curves in Fig. 2 are bounded on the bottom by the nO_IS independent of wind speed. An alternative explanation is

turbulence (stagnant film) theory of Garland et al. (1980). thata systematically increases with wind speed, which con
tradicts the conventional wisdom that surfactants are more
The family of curves spans wind speeds from about 1.0 to
1 prevalent in light winds. Figure 3 shows wind speed de-
15ms . For strong winds the oceanic transfer velocity is endencies obtained using Eq. (27) in Eq. (9) when specify
much more weakly dependent an Regarding theotal at- P g =a. g P

. e o . " inga=10°s~1. Note the atmospheric transfer velocity (solid
mospheric deposition velocity, interpretation of the implica- I|ne) is about 10 times larger than the effective oceanlc veloc-
tions of Fig. 2 requires specmcatlon of the atmospheric trans

e e oA EOARE oo (e o ik s b et
et al., 2000; Hare et al., 2004) gni

larger for the oceanic and atmospheric resistances to be com-
Iog(SLa) parable. The wind-speed dependence of the no-turbulence
2% ]/ “xa  theory for V, is very weak because it enters only through
(36) the atmospheric component (Eq. 15), which does not depend
onu,. The model of Chang et al. (2004), which empirically
where C; is the momentum drag coefficient at the refer- incorporates ocean turbulence in a less rigorous way, gives
ence height and., the Schmidt number for ozone in air results that are fairly similar to Eq. (27).
(about 1). In Eq. (36) th€, term represents, and the The surfactant case has been examined by specifying a
remaining terms represeRy,. For an atmospheric reference packground valuep=10"4s"1 to the result of a thin layer
height of 10 mC,; 1/2x28; atawind speed of 10m&the at-  of thickness 105 m of surfactant as suggested by Schwartz
mospheric resistanck,+R,~100snT?!, implying a trans-  (1992) (i.e. deep layers are not required). Figure 4 shows
fer velocity of about 1.0cms'. Typical observed ozone the dependence af,V,, as a function of surfactant re-
total deposition values are on the order of 0.05thgo- activity for u,,=0.035ms?. The one-layer (27) solution
tal R=2000snT?), so we know that?, dominates the total that assumes the reactant is deeply distributed and the two-
transfer resistance. From Fig. 2 we can see that 0.05tms layer (34) solution become comparable &oon the order of
corresponds ta~103s™ 1. 100s%; for u.,=0.5ms ! (not shown) they become com-

Ruy =R, + Ry = [Cgl/z 1133542

Atmos. Chem. Phys., 7, 44851, 2007 www.atmos-chem-phys.net/7/443/2007/
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Fig. 5. Time series of ozone deposition velocity computed from
Fig. 4. Water-side transfer velocity (multiplied by solubility) for bulk meteorological measurements from a recent cruise of the
ozone as a function of reactivity;, for u4,=0.035ms1. The NOAA Ship Ronald H. Brownoff New England in July and Au-
flat solid line denotes the velocity with a fixed background at gust 2004. The thick line i9/; computed with using Eq. (15)
a=ag=10"%; the dotted line denotes the velocity computed with with Eq. (36), which neglects turbulent transport in the ocean; the
Eq. (27) witha taking the values on the x-axis. The dashed line thin dashed line is Eq. (27) with Eq. (36), which includes turbulent

with plus symbols denotes the velocity computed using Eq. (34)transport in the ocean. Ozone variables are specifiag; as0.3,
with a surfactant layer 1P m thick with reactivity on the x-axis  4=10%s~1, ands,,,=500.

which is added to the background value.

parable fora on the order of 10008 This suggests that 5 Conclusion

observed values of ozone deposition velocities could be the _ _
result of a thin layer of surfactant (i.e., deep layers are notStarting from the fundamental conservation equation, we
required) as suggested by Schwartz (1992). have derived relationships for the deposition velocity of
The one-layer ozone deposition velocity parameterization0zone to the ocean that accounts for the oceanic chemical
has been coded in Matlab and Fortran90 in a form that isdestruction. This work has several implications for interpre-
easily paired with the NOAA-COARE bulk flux algorithm fation and planning of field observations. Typical deposition
(Fairall et al., 2003). In addition to the normal near-surfacevalues quoted in the literature imply that the atmospheric re-
variables needed for bulk fluxes (i.e., in the COARE algo- Sistance is small compared to the oceanic resistance. Further-
rithm), inputs are required fae, , a, and Se, . For illus- more, the atmospheric resistance is well-characterized after
tration we have computed transfer velocities from a recendecades of study of temperature, moisture, and trace gas in-
field program on the NOAA ShiRonald H. Browrthat was ~ Vestigations. Thus, oceanic mechanisms dominate the uncer-
conducted off the coast of New Hampshire in July and Au-tainty in the parameterization of ozone deposition to the sea.
gust 2004. Further details on the measurements and the fieifinis uncertainty involves not only the normal complexity -
program are available &tttp://www.etl.noaa.gov/programs/ of oceanic mechanisms such as breaking waves and oceanic
2004/neags/flux/ The bulk meteorological variables mea- Pubbles (see Fairall et al., 2000) but the additional uncer-
sured from the ship are input to the NOAA-COARE flux al- tainty associated with variability in the near-surface chemical
gorithm and then the meteorological fluxes are used to com{€actions. The value of reactivity$10°s ™) that is consis-
pute the ozone deposition velocity. Deposition velocities t€nt with observations of ozone deposition velocity suggest a
are computed for a 16-day period after specifying=0.3, thin ozone penetration depth in the ocean that could be pro-
a=10*s~%, and$,,,=500 (Fig. 5). The no-turbulence model vided by a surfactant microlayer. However, our results show
shows little variation except for occasional periods of lighter that even in that case oceanic turbulent mixing will still play
winds and strong atmospheric stability (warm air over cool @ role in deposition (e.g., Fig. 3).
water) where hydrostatic stability effects suppress hqth It is clear that significant progress on ozone deposition in
and the atmospheric transfer. the future will require field observations that combine direct
covariance ozone measurements with chemical and physical
measurements in the ocean in a variety of locations that span
reasonable ranges of variables. Furthermore, accurate global
modeling/assessment of ozone fluxes will probably require
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global characterizations of near-surface chemistry relevant to

ozone oceanic transfer (see Ganzeveld et al., Y007

The algorithms and data used in this example are available

at the following ftp site:
ftp://ftp.etl.noaa.gov/user/cfairall/bulkalg/gasflux/ozone/

List of Symbols

a Chemical reactivity in the ocean(b

acrit  Value of a where molecular and turbulent diffusive
mechanisms are comparable

t Time (s)

Uy Friction velocity;u, = v —w’u’ (ms™1)

Usq Friction velocity for air

uyy  Friction velocity for water

u Horizontal velocity turbulent fluctuation

w’ Vertical velocity turbulent fluctuation

x Turbulent fluctuation of concentration X

w’x’  Turbulent covariance (vertical flux) of gas X

w’u’  Turbulent stress or covariance of vertical and hor-
izontal velocity fluctuations

z Vertical coordinate, depth in water and height in
air (m)

Zr Reference depth (or height in air) far from the in-
terface where bulk concentration is measured

A Coefficient thelg Bessel function term

Aj Coefficient thelp Bessel function term in layer |
(surfactant layer)

Aj; Coefficient thelp Bessel function term in layer I
(bulk layer)

B Coefficient theKg Bessel function term

B; Coefficient theKo Bessel function term in layer |
(surfactant layer)

B;;  Coefficient theKg Bessel function term in layer I
(bulk layer)

Cy Momentum transfer (drag) coefficient

Cxy Rate coefficient for reaction of X and Y, ax{,

D,  Molecular diffusivity for gas X (Ms™1)

D., Molecular diffusivity for gas X in air

D., Molecular diffusivity for gas X in water

F,  Mass flux variable for gas X (kgnfs1)

Fyy Mass flux variable for gas X at the air-water inter-
face

Fy,  Mass flux variable for gas X in air

Fyyw Mass flux variable for gas X in water

F,p Mass flux variable for gas X associated with the
molecular diffusion term

Fyr  Mass flux variable for gas X associated with the
turbulent diffusion term

Fyy Mass flux variable for gas X by mixing,&p +

FxT
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Ip, Ky
K(z)
R

Rq

Ry

Sca

dp

ot

< X

Modified Bessel functions of order

Turbulent eddy diffusion coefficient #a~1)

Transfer resistance (smh)

Transfer resistance for the atmospheric turbulent
sublayer

Transfer resistance for the atmospheric molecular
sublayer

Transfer resistance for the ocean

Transfer resistance for the ocean from ozone reac-
tivity from Garland et al. (1980)

Transfer resistance for the ocean for mixing from
Wanninkhof 1992

Transfer resistance for the atmospheric turbulent
sublayer computed via Eq. (48),.=R.

Transfer resistance for the atmospheric molecular
sublayer computed via Eq. (4B),,,.=R}»

Schmidt numbers/ D, for gas X

Schmidt numbers,/D,, for gas X in air

Schmidt numbers,/D,,, for gas X in water
Horizontal fluid velocity, wind speed or current
speed (ms?)

Wind speed at a reference height of 10 m
Deposition velocity

Deposition velocity for gas X

Transfer velocity for gaX in air, =1/R,

Transfer velocity for gaX in water, =1R,,,
Concentration of in air (kgn2)

Concentration o in water (kgnT2)

Concentration o in air at the air-water interface
(kgm~3)

Concentration of in water at the air-water inter-
face (kgnm3)

Concentration of the chemical that reacts with

X in the water (kgrm?)

Dimensionless solubility for gaX in the ocean,
=X s Xas

Chemical enhancement factor where solubility is
replaced byBa,

Transport sublayer thickness (m)

Turbulent microscale or velocity sublayer thick-
ness

Chemo-diffusive sublayer thickness for molecular
diffusion

Chemo-diffusive sublayer thickness for turbulent
diffusion

von Karman constant (=0.4)

Kinematic viscosity of a fluid (ffs~1)
Dimensionless depth variable; see Eq. (17)
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