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Abstract. Dry deposition at the Earth’s surface is an im-
portant sink of atmospheric ozone. Currently, dry deposi-
tion of ozone to the ocean surface in atmospheric chemistry
models has the largest uncertainty compared to deposition
to other surface types, with implications for global tropo-
spheric ozone budget and associated radiative forcing. Most
global models assume that the dominant term of surface re-
sistance in the parameterisation of ozone dry deposition ve-
locity at the oceanic surface is constant. There have been re-
cent mechanistic parameterisations for air–sea exchange that
account for the simultaneous waterside processes of ozone
solubility, molecular diffusion, turbulent transfer, and first-
order chemical reaction of ozone with dissolved iodide and
other compounds, but there are questions about their per-
formance and consistency. We present a new two-layer pa-
rameterisation scheme for the oceanic surface resistance by
making the following realistic assumptions: (a) the thickness
of the top water layer is of the order of a reaction–diffusion
length scale (a few micrometres) within which ozone loss
is dominated by chemical reaction and the influence of wa-
terside turbulent transfer is negligible; (b) in the water layer
below, both chemical reaction and waterside turbulent trans-
fer act together and are accounted for; and (c) chemical re-
activity is present through the depth of the oceanic mixing
layer. The new parameterisation has been evaluated against
dry deposition velocities from recent open-ocean measure-
ments. It is found that the inclusion of only the aqueous
iodide–ozone reaction satisfactorily describes the measure-
ments. In order to better quantify the global dry deposition
loss and its interannual variability, modelled 3-hourly ozone
deposition velocities are combined with the 3-hourly MACC
(Monitoring Atmospheric Composition and Climate) reanal-

ysis ozone for the years 2003–2012. The resulting ozone
dry deposition is found to be 98.4± 30.0 Tg O3 yr−1 for the
ocean and 722.8± 87.3 Tg O3 yr−1 globally. The new esti-
mate of the ocean component is approximately a third of
the current model estimates. This reduction corresponds to
an approximately 20 % decrease in the total global ozone
dry deposition, which (with all other components being un-
changed) is equivalent to an increase of approximately 5 %
in the modelled tropospheric ozone burden and a similar in-
crease in tropospheric ozone lifetime.

1 Introduction

In the troposphere, the budget of ozone (O3) is determined
by its transport from the stratosphere, dry deposition at the
Earth’s surface, and chemical production and loss. Dry depo-
sition is a significant sink of ozone (Galbally and Roy, 1980),
influencing ozone mixing ratio, its lifetime, and long-range
transport. The average dry deposition velocity of O3 to the
ocean is less than that to terrestrial surfaces, but because of
the larger coverage of the Earth’s surface by the oceans there
is substantial dry deposition to water. A current estimate
of total global dry deposition of O3 is 1094± 264 Tg yr−1

(IPCC, 2013; Young et al., 2013), of which about 35 % is
to the ocean (Ganzeveld et al., 2009; Hardacre et al., 2015).
Hardacre et al. (2015) observed that ozone dry deposition
to the water surface in models has the largest uncertainty
compared to other surface types. A proper treatment of dry
deposition to the ocean in atmospheric chemistry models is
thus necessary for more accurate ozone estimates and better
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representation of feedback cycles, e.g. that involving iodine
chemistry (Carpenter et al., 2013). Although dry deposition
of ozone to the ocean is the focus of the present paper, we
also place ocean dry deposition in the context of total global
dry deposition. In this paper the word deposition means dry
deposition.

Dry deposition flux, FO3 , of ozone to the surface is nor-
mally calculated as the product of its concentration, [O3], in
the air near the surface and a (downward) dry deposition ve-
locity, vd:

FO3 = vd[O3]. (1)

A common approach to parameterising vd is to express it
as a linear sum of three resistances (e.g. Wesely, 1989):

vd =
1

ra+ rb+ rc
, (2)

where the aerodynamic resistance ra is the resistance to trans-
fer by turbulent mixing in the atmospheric surface layer, the
atmospheric viscous (or quasi laminar) sublayer resistance rb
is the resistance to movement across a thin layer (0.1–1 mm)
of air that is in direct contact with the surface, and the sur-
face resistance rc is the resistance to uptake by the surface
itself that can be controlled by physical, chemical, biologi-
cal, or other processes depending on the surface type and the
species of interest.

At this point it is useful to define the waterside layers
near the sea surface that are relevant (Fig. 1). The top few
millimetres of the sea surface is often termed the sea sur-
face microlayer, which may be composed of various sub-
layers or scales depending on the physical, chemical or bi-
ological properties being considered (Soloviev and Lukas,
2014; Carpenter and Nightingale, 2015). Very close to the
water surface is a viscous sublayer (∼ 1 mm) within which
viscous processes dissipate the turbulent kinetic energy asso-
ciated with the smallest of the eddies (of the size of Kol-
mogorov microscale) into heat. Thus the viscous sublayer
thickness is of the order of the level at which the turbulent
eddy diffusivity falls below the kinematic viscosity. A level
exists within the viscous sublayer at which the diminishing
eddy diffusivity falls below the molecular diffusivity, and this
level is approximately the thickness of the diffusive sublayer
(∼ 50 µm for ozone). Embedded within the diffusive sublayer
can be another sublayer (which we call the reaction–diffusion
sublayer) characterised by chemical reactivity and molec-
ular diffusivity, whose thickness is scaled by a reaction–
diffusion length scale (typically 3 µm for the ozone–iodide
reaction in water). In the surface turbulent layer (or mixing
layer) (∼ 10–50 m) below the surface microlayer, turbulent
processes dominate.

For ozone dry deposition to water surfaces, rc is the dom-
inant term in Eq. (2). It is commonly assumed that rc for
water is constant (≈ 2000 s m−1) based on Wesely’s (1989)
widely used deposition parameterisation, and to our knowl-
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Figure 1. Idealised representation of the vertical structure of the
top few metres of sea water. The depth of the reaction–diffusion
sublayer (δm) will vary according to the chemical reactivity of the
ocean water to ozone.

edge this approach is used by default in most global chem-
ical transport models, e.g. MATCH-MPIC (von Kuhlmann
et al., 2003), MESSy (Kerkweg et al., 2006), MOZART-4
(Emmons et al., 2010), CAM-chem (Lamarque et al., 2012),
GEOS-Chem (Mao et al., 2013), and UKCA (Abraham et al.,
2012).

Recently, Luhar et al. (2017) demonstrated that the use of
a constant rc for water results in a near-constant behaviour
of vd with sea surface temperature (SST) which overesti-
mates the open-ocean deposition velocity measurements of
Helmig et al. (2012) by as much as a factor of 2 to 4 for
cooler SSTs. Luhar et al. (2017) also tested a mechanis-
tic, one-layer reactivity scheme for rc proposed by Fairall
et al. (2007), which includes the influence of waterside pro-
cesses acting on ozone, namely solubility, molecular diffu-
sion, turbulent transfer, and a first-order chemical reaction
of ozone with dissolved iodide, and they found that the one-
layer scheme also overestimates the deposition velocity mea-
surements (albeit to a slightly lesser degree than the constant
rc approach) due to an overestimation of turbulent (or eddy)
diffusivity within the waterside viscous sublayer. Ganzeveld
et al. (2009) included the one-layer scheme in a global model
and found that compared to the Wesely constant rc approach
the one-layer scheme leads to only a slight reduction in the
total oceanic deposition of ozone, which is consistent with
the findings from the same one-layer scheme by Luhar et
al. (2017).

Following Fairall et al. (2007), Luhar et al. (2017) for-
mulated a two-layer reactivity scheme for rc in which the
chemical reactivity of ozone with dissolved iodide was as-
sumed to be present only within the reaction–diffusion sub-
layer (δm ∼ 3 µm) with the water region below δm having a
near-zero background chemical reactivity (through the as-
sumption that the iodide concentration below δm was vir-
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tually zero). This two-layer reactivity scheme when used in
a global chemistry–climate model, namely ACCESS-UKCA
(Australian Community Climate and Earth System Simula-
tor – United Kingdom Chemistry and Aerosol), was able to
describe the absolute magnitude and the sea surface tempera-
ture dependence of the deposition velocity measurements of
Helmig et al. (2012) over the ocean well.

Although the two-layer reactivity scheme of Luhar et
al. (2017) was successful in describing the observations, its
assumption that chemical reactivity is only present within a
depth of water that is of the order of only a few microme-
tres is arbitrary given that in reality iodide is present through
the depth of the oceanic surface turbulent layer (∼ 10–50 m)
and even deeper (Chance et al., 2014). The primary reason
the two-layer reactivity scheme worked well was that lim-
iting chemical reactivity to the reaction–diffusion sublayer
artificially compensated for the effects of the overestimation
of turbulent diffusivity (Kt) (see below) in this layer, thereby
effectively restricting the vertical extent of the ozone–iodide
reaction and its interaction with turbulence to the scale δm
and thereby circumventing the overestimation of vd.

The overestimation of Kt alluded to above in both one-
and two-layer formulations results from the use of the linear
parameterisation Kt = κ u∗w z, where u∗w is waterside fric-
tion velocity, κ is the von Karman constant (= 0.4), and z
is depth from the surface. This parameterisation is valid for
a fully turbulent surface layer that lies beyond the viscous
sublayer. For depths within the viscous sublayer, the viscous
dissipation of turbulence causes the eddy diffusivity to di-
minish much more rapidly with decreasing z than provided
by the linear relationship above. A more appropriate param-
eterisation for Kt that varies as zm in the viscous sublayer
where m= 2–3 (Fairall et al., 2000) can be considered but a
corresponding analytical solution for rc that includes chem-
ical reaction, molecular diffusion, and turbulent transfer has
not so far been found.

The aims of the present paper are twofold. First, to for-
mulate a new two-layer parameterisation for rc that elim-
inates the assumption inherent in the (old) two-layer reac-
tivity scheme that chemical reactivity is only present within
the top few microns of the water surface. Instead the new
scheme makes the valid assumption that chemical reactiv-
ity is present through the depth of the oceanic mixing layer,
as supported by observations. The new scheme employs a
plausible assumption with regards to the extent of reaction-
dominated deposition regime and has an asymptotic be-
haviour that is consistent with the known limits when tur-
bulent transfer dominates over chemical reaction and vice
versa. This new scheme is incorporated into ACCESS-
UKCA and the results on deposition velocity are compared
with the data of Helmig et al. (2012) and other schemes.

Second, given that there are significant biases in global
modelling for ozone in the lower atmosphere, one alterna-
tive to constrain ozone dry deposition budgets better is to
use ozone reanalyses involving data assimilation, which are

taken as a more reliable source of near-surface ozone data
than those obtained by models alone. By adopting this ap-
proach, the oceanic and global dry deposition budgets of
ozone are estimated by combining the gridded global reanal-
yses for near-surface ozone from the European MACC (Mon-
itoring Atmospheric Composition and Climate) program and
the ozone deposition velocities estimated using the new two-
layer oceanic deposition scheme in ACCESS-UKCA for 10
years (2003–2012). The interannual variability and uncer-
tainty in these budgets are investigated and the latter are com-
pared with those from other studies.

2 A new two-layer scheme for surface resistance rc

Assuming horizontal homogeneity and stationarity, the mass
conservation equation for a chemical species in water is
(Geernaert et al., 1998; Fairall et al., 2007)

∂

∂z

[
{D+Kt(z)}

∂C(z)

∂z

]
− aC(z)= 0, (3)

where z is depth from water surface, C(z) is the concen-
tration of the species, D is the molecular diffusivity of the
species in water, Kt(z) is the turbulent diffusivity, and a is
a first-order reaction rate coefficient which for the ozone–
iodide reaction (O3+ I

−
→ products) is determined as the

pertinent second-order rate coefficient (k) multiplied by the
iodide concentration ([I−]).

A flux variable F0 (which we will just refer to as flux) that
is invariant with water depth z can be defined by integrating
Eq. (3) (Fairall et al., 2007):

−[D+Kt(z)]
∂C(z)

∂z
+ a

z∫
0

C(z)dz= F0. (4)

The first term on the left-hand side of Eq. (4) is the mix-
ing flux (molecular diffusion plus turbulent mixing), which
decreases with depth as the reacting gas is absorbed. This
component is balanced by the second term on the left-hand
side, which is the integrated loss rate of ozone by chemical
reaction between the ocean surface and depth z.

We now consider an alternative two-layer approach in
which chemical reaction in the top water layer of depth δm
(i.e. the reaction–diffusion sublayer that is embedded within
the viscous sublayer) is fast enough such that it dominates
over turbulent transfer, with the assumption Kt = 0, and
transport is maintained by molecular diffusion (Fig. 2). The
thickness of this layer is thus of the order of the so-called
reaction–diffusion length scale lm = (D/a)1/2 for the ozone–
iodide reaction in seawater which is typically a few microme-
tres. This length scale for the said reaction is even smaller
than the Kolmogorov microscale (the latter is indicative of
the smallest of the turbulent eddies present in the flow) so it is
fair to assume that Kt = 0 within the reaction–diffusion sub-
layer. The second layer, which is deeper than the reaction–
diffusion sublayer (i.e. z > δm), has both chemical reaction
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Figure 2. A simplified, two-layer structure used to represent the
near-surface ocean in the model and the processes included in the
calculation of ozone dry deposition to sea water.

and turbulent mixing included, and a linear parameterisation
for turbulent diffusivity Kt = κ u∗w z is used (Fig. 2). The
second layer can thus include part of the viscous sublayer and
extend to the surface turbulent layer. The chemical reaction
of ozone predominantly occurs in the first layer. In the second
layer, turbulence–chemistry interaction is weak compared to
transfer by turbulent mixing. It is therefore reasonable to use
a linearly varying Kt throughout the second layer. Both lay-
ers have the same reactivity a, i.e. the iodide concentration
is uniform through the oceanic surface mixed layer. (In con-
trast to Fig. 2, the two-layer scheme of Luhar et al. (2017)
assumed Kt = κ u∗w z in both layers and a ≈ 0 in the sec-
ond layer. The one-layer scheme of Fairall et al. (2007) is
equivalent to setting Kt = κ u∗w z in both layers or δm→ 0
in Fig. 2).

With the assumptions above, Eq. (3) can be solved for con-
centration (C1) in the first (i.e. top) layer and that (C2) in the
second (i.e. bottom) layer to yield

C1(z)= A1 exp
(
z

√
a

D

)
+B1 exp

(
−z

√
a

D

)
, (5)

C2(z)= B2K0(ξ), (6)

where ξ = [2a b (z+ (bD/2))]1/2, b = 2/(κ u∗w), κ = 0.4,
andK0(ξ) is the modified Bessel function of the second kind
of order 0.

The expressions for the mixing component (which in-
cludes both turbulent and molecular diffusion parts) of the
flux F0 in the first and second layers follow from the first
part on the left-hand side of Eq. (4) coupled with Eqs. (5)
and (6):

Fm1(z)= (7)

− (aD)1/2
[
A1 exp

(
z

√
a

D

)
−B1 exp

(
−z

√
a

D

)]
,

Fm2(z)=
B2

b
ξ K1(ξ), (8)

where K1(ξ) is the modified Bessel function of the second
kind of order 1.

The three unknown coefficients A1, B1, and B2 are deter-
mined by imposing three boundary conditions. The first two,
namely the flux at the water surface (z= 0) obtained using
Eq. (4) should be equal to F0 and the concentration at the in-
terface of the two layers (z= δm) should be continuous, lead
to the following equations, respectively:

F0 = Fm1(z=0) = (aD)
1/2(−A1+B1), (9)

A1 exp(λ)+B1 exp(−λ)−B2K0(ξδ)= 0, (10)

where ξδ = [2a b (δm+ (bD/2))]1/2 and λ= δm(a/D)
1/2.

The third boundary condition can be imposed in a couple
of ways, both of which lead to the same answer. First, the
total flux at the interface is continuous, i.e.

Fm1(δm)+ a

δm∫
0

C1(z)dz= Fm2(δm)+ a

δm∫
0

C1(z)dz, (11)

which leads to Fm1(δm)= Fm2(δm). This, after substituting
the flux Eqs. (7) and (8), yields

(aD)1/2 {A1 exp(λ)−B1 exp(−λ)}+
B2

b
ξδK1(ξδ)= 0. (12)

Another option as suggested by Fairall et al. (2007) is that
as z→∞ the mixing term in Eq. (4) becomes 0 so F0 equals
the total absorption of concentration by chemical reaction,
i.e.

F0 = a

δm∫
0

C1(z)dz+ a

∞∫
δm

C2(z)dz. (13)

This condition leads to exactly the same expression as Eq. (6)
when F0 is substituted from Eq. (9). Solving Eqs. (9), (10),
and (12) yields

B1 =
F0 exp(λ)
2(aD)1/2

[
ψK1(ξδ)+K0(ξδ)

ψ K1( ξδ)cosh(λ)+K0(ξδ)sinh(λ)

]
.

(14)

NowA1 and B2 can be determined using Eqs. (9) and (10),
respectively, after substituting B1 from Eq. (14). Using
Eqs. (5) and (9) we can obtain an expression for the waterside
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deposition velocity vdw as the flux (F0) divided by concen-
tration (C0) at z= 0

vdw = (aD)
1/2
[
−A1+B1

A1+B1

]
, (15)

which after substituting for A1 and B1 results in

vdw = (16)

(aD)1/2
[
ψK1(ξδ)cosh(λ)+K0(ξδ)sinh(λ)
ψ K1(ξδ)sinh(λ)+K0(ξδ)cosh(λ)

]
,

where ψ = ξδ/(a b
2D)1/2 = [1+ (κ u∗wδm/D)]

1/2. Equa-
tion (16) is the final expression for vdw and is used to de-
termine rc as

rc =
1

αvdw
, (17)

where α is the dimensionless solubility of ozone in water
(which is the ratio of the aqueous-phase ozone concentra-
tion to its gas-phase concentration and is related to Henry’s
law coefficient). The modified Bessel functions that appear in
Eq. (16) were calculated using the algorithms given in Press
et al. (1997).

2.1 Asymptotic limits

In the limit δm→ 0, Eq. (16) reduces to

vdw = (aD)
1/2
[
K1(ξ0)

K0(ξ0)

]
, (18)

where ξ0 = b(aD)
1/2. This is equivalent to the one-layer

model of Fairall et al. (2007), which employs a linearly
varying Kt with z and which as mentioned in Sect. 1 over-
estimates the oceanic deposition velocity measurements of
Helmig et al. (2012) by as much as a factor of 2–3 for lower
SSTs (Luhar et al., 2017).

In the limit δm→∞, the waterside turbulent transfer
is neglected and the formulation becomes equivalent to
the diffusion-reaction formulation considered by Garland et
al. (1980):

vdw = (aD)
1/2, (19)

which underestimates the oceanic deposition velocity mea-
surements for SSTs below 15 ◦C (Luhar et al., 2017).

2.2 Behaviour of the new scheme and specification
of δm

The scheme above for determining the oceanic ozone de-
position velocity requires specification of the dissolved io-
dide concentration [I−] and the second-order rate coefficient
(k) for the ozone–iodide reaction used in the calculation of
chemical reactivity via a = k · [I−], the dimensionless sol-
ubility of ozone in water (α), the molecular diffusivity of

ozone in water (D), and the waterside friction velocity (u∗w).
We use

[I−] = 1.46× 106 exp
(
−9134
Ts

)
(20)

from MacDonald et al. (2014), where [I−] is in moles per
litre (or molar, M). This parameterisation is based on iodide
data from cruises in the Atlantic and Pacific oceans cover-
ing the latitudes 50◦ S to 50◦ N and is a function of SST (Ts
(K)), which varies with space and time. Equation (20) yields
the highest iodide concentrations in warm tropical waters
and the lowest in cool waters at higher latitudes. Chance et
al. (2014) examined statistical relationships between iodide
and parameters such as SST, nitrate, salinity, chlorophyll a
and mixed-layer depth and found that SST was the strongest
predictor of iodide in surface waters. Ganzeveld et al. (2009)
used oceanic surface nitrate as a proxy for [I−].

The second-order rate coefficient k (M−1 s−1) based on
the data from Magi et al. (1997) is

k = exp
(
−p

Ts
+ q

)
, (21)

where p = 8772.2 and q = 51.5. The ozone solubility is
(Morris, 1988)

log10(α)=−0.25− 0.013 (Ts− 273.16). (22)

The molecular diffusivity D (m2 s−1) of ozone in water is
given as (Johnson and Davis, 1996)

D = 1.1× 10−6 exp
(
−1896
Ts

)
. (23)

The waterside friction velocity u∗w is calculated as u∗w =
(ρa/ρw)

1/2u∗, where u∗ is the airside friction velocity, ρa is
the air density, and ρw is the water density.

The depth of the reaction–diffusion sublayer (δm) needs to
be specified. As mentioned earlier, it is of the order of the
reaction–diffusion length scale lm [= (D/a)1/2] so one op-
tion is to take δm = c0lm (in that case λ= c0), where c0 is a
constant. (With the parameterisations above for [I−], k, and
D, lm varies between 24.0 and 1.2 µm for the SST range 2–
33 ◦C, and it is 3 µm at 23 ◦C.) Figure 3 presents the variation
in the oceanic component of dry deposition velocity multi-
plied by the ozone solubility, i.e. αvdw (= 1/rc), calculated
from Eq. (16) as a function of SST (Fig. 3a) and reactivity
(a) (Fig. 3b) for three c0 values for a typical value of the
waterside friction velocity (u∗w) of 0.01 m s−1 (which cor-
responds to an airside u∗ of approximately 0.3 m s−1). The
plotted variations show that αvdw increases with SST and
with the logarithm of a, both in a very similar manner. As
c0 decreases (hence δm decreases) the two-layer model be-
haviour approaches the behaviour of the one-layer scheme
given by Eq. (18) in which turbulent diffusivity is a linear
function of depth and chemical reaction is included. Con-
versely, as c0 gets larger (hence δm gets larger) the extent
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of the reaction–diffusion regime in the two-layer scheme
gets larger and the model behaviour approaches the limit-
ing behaviour αvdw = α(aD)

1/2 (Eq. 19) as originally dis-
cussed by Garland et al. (1980). In the old two-layer reac-
tivity scheme of Luhar et al. (2017), in some cases αvdw can
go below the variation implied by the diffusion-reaction limit
(in Eq. 19), which is not realistic and does not occur with the
new scheme.

In Fig. 3b, as a decreases δm increases (since δm =

c0(D/a)
1/2), and the model approaches the diffusion-

reaction limit Eq. (19) of Garland et al. (1980). As a in-
creases δm decreases, and the model approaches the one-
layer solution Eq. (18). Figure 3a shows the same behaviour
but in terms of SST.

It is found that the use of δm = c0 lm together with the
parameterisations in Eqs. (20)–(23) does not fully describe
the variation in the measured deposition velocities with SST
(presented later) regardless of the value of c0. For example,
with c0 = 0.7 there is an underestimation by the model of
the measured deposition velocities for SSTs less than 18 ◦C
and an overestimation for higher SSTs. For c0 < 0.7 the
overestimation gets worse. For c0 > 0.7 the underestimation
gets worse and the αvdw variation approaches the diffusion-
reaction behaviour.

Another method for specifying δm is to assume that it is
constant. Figure 3 shows the variation in αvdw calculated
from Eq. (16) as a function of SST (Fig. 3c) and a (Fig. 3d)
for several fixed values of δm between 0.5 and 10 µm. These
variations look different compared to those in Fig. 3a and b
but like the latter they all fall within the two limits. As δm
decreases the αvdw variation approaches the one-layer solu-
tion Eq. (18) and as δm increases this variation approaches
the diffusion-reaction limit Eq. (19).

There are further considerations to the parameterisations.
There is uncertainty in the parameterisations in Eqs. (20)–
(23), particularly in the second-order rate coefficient k for
which there is a paucity of data. The expression, Eq. (21), is
based on the data from Magi et al. (1997), which are plot-
ted in Fig. 4 with the associated uncertainty. Also plotted
are the single data points from Garland et al. (1980), Hu
et al. (1995), and Liu et al. (2001). Clearly there is a large
scatter in the data. Five options are considered (option 6 is
discussed later) with regards to parameterising k via an ex-
ponential fit of the form as Eq. (21).

1. Only consider the data of Magi et al. (1997) (so the fit
is the same as Eq. 21 with the stated p and q values).

2. Consider all the data (which gives p = 2349.2 and q =
29.2).

3. Consider all the data except the data point of Hu et
al. (1995), which is treated as an outlier (which gives
p = 5632.9 and q = 40.3).

4. Assume a constant δm = 3 µm with k given by Eq. (21)
using only the data of Magi et al. (1997).
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Figure 3. Variation in the waterside component of ozone dry depo-
sition velocity multiplied by ozone solubility, αvdw(= 1/rc), as a
function of sea surface temperature (SST, ◦C) (a, c) and reactivity
a (s−1) (b, d). Curves determined using the two-layer deposition
scheme (Eq. 16) for several c0 values used in δm = c0 lm (a, b) and
several δm values (c, d). The variations obtained using the one-layer
deposition scheme with (Eq. 18) and without (Eq. 19) waterside
turbulent transfer (i.e. reaction–diffusion only) are also shown. The
waterside friction velocity (u∗w) used was 0.01 m s−1.

5. Assume a constant k = 2×109 M−1 s−1 as in MacDon-
ald et al. (2014).

In Fig. 3a and b, all five curves fall within the two asymp-
totic limits (equivalent to c0→ 0 and c0→∞). The c0 = 0.4
curve roughly lies in the middle of the two asymptotic limits
and this value of c0 was used in calculating δm = c0 lm in all
the options above, except option 4, which does not need a
specification of c0 (but there will obviously be an implied
variation of c0 through the relation c0 = δm/lm). Figure 5
shows the variation of αvdw calculated from Eq. (16) as a
function of SST for the five options above. All five options
provide qualitatively similar variations of αvdw with SST,
but when compared with the cruise measurements of oceanic
deposition velocities (vd) discussed later (which themselves
have substantial scatter) in Sect. 4.1, options 3 and 4 pro-
vide better agreement overall with the measurements com-
pared to the other options (noting that vd is dominated by
the term αvdw for water). Option 3 tends to underestimate
the observed deposition velocities by roughly 15 % for SSTs
less than around 12 ◦C whereas option 4 tends to overesti-
mate them by about the same degree. For higher SSTs, both
options perform similarly, with option 4 being very slightly
better for SSTs greater than 20 ◦C, within the scatter of the
measurements.

We also include in Fig. 5 an additional curve as option 6,
which is the same as option 4 but using the Chance et

Atmos. Chem. Phys., 18, 4329–4348, 2018 www.atmos-chem-phys.net/18/4329/2018/



A. K. Luhar et al.: New two-layer parameterisation for air–sea exchange 4335

al. (2014) parameterisation for iodide concentration (in mo-
lar)

[I−] = [0.225 (Ts− 273.16)2+ 19]× 10−9. (24)

Compared to option 4, option 6 results in larger αvdw val-
ues and the relative difference between the two increases
with SST; for example, for SSTs 5, 20, and 30 ◦C, the option
6 value is larger by 13, 29, and 33 %, respectively. Conse-
quently, option 6 would overestimate the observed ozone de-
position velocity data presented later in Fig. 7, almost pass-
ing along the upper limits of the observed fluctuations in vd.
However, if option 6 is used along with the second-order
rate constant (k) without considering the data point of Hu
et al. (1995) as in option 3 (which gives lower k values), then
the values of deposition velocity obtained are comparable to
those obtained using option 4 for the same δm. This is be-
cause a larger iodide concentration is compensated for by a
lower k in the expression for reactivity a (= k · [I−]), which
is what goes directly into the deposition velocity calculation.

Clearly there is significant uncertainty in the representa-
tion of iodide concentration [I−] and k, and certain choices
of the input parameterisations can describe deposition veloc-
ity observations better than others. Overall, the calculation of
ozone deposition velocity using the model presented here is a
rather poorly constrained problem in which multiple choices
of input parameters can give the same or very similar calcu-
lated deposition velocity. The best constrained at this stage
is the comparison of the calculated deposition velocity with
that observed.

In the calculations below, unless otherwise stated, we have
used option 4 for δm and k. In Sect. 4.1, this option 4 is
used for calculating vd in ACCESS-UKCA and comparing
the modelled vd values with measurements and with other de-
position schemes or configurations. In Sect. 5.3 we estimate
a measure of uncertainty in our deposition flux estimates tak-
ing into account the scatter in the ocean deposition velocity
data used.

2.3 Impact of ozone reaction with dissolved organic
carbon (DOC)

Some studies have considered the impact on dry deposition
of ozone reaction with dissolved compounds other than io-
dide. In general, the inclusion of additional reactions in the
deposition mechanism enhances the ozone loss to the ocean
and thus increases deposition velocities. Chang et al. (2004)
included reactions of ozone with iodide, dimethyl sulfide
(DMS), ethene, and propene and showed that the reaction
with iodide was by far the fastest (hence most important) in
most cases. In their global modelling, Ganzeveld et al. (2009)
included ozone reaction with chlorophyll a as a first-order
approximation to examine the possible role of dissolved or-
ganic matter (DOM) and found that this reaction signif-
icantly increased dry deposition velocities at coastal sites
(with mixed results compared to observations) and yielded
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Figure 4. The second-order rate coefficient (k) for the ozone–iodide
reaction as a function of water temperature. Data from various stud-
ies are shown.
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Figure 5. Variation in the oceanic component of ozone dry depo-
sition velocity multiplied by ozone solubility, αvdw(= 1/rc), as a
function of sea surface temperature (SST, ◦C). Curves determined
using the two-layer deposition scheme (Eq. 16) for various options
for parameterising the second-order rate coefficient (k) (see text).
The waterside friction velocity (u∗w) used was 0.01 m s−1.

only small changes to deposition velocity for open-ocean
sites. Sarwar et al. (2016) included ozone reactions with io-
dide, dissolved organic carbon (DOC) (a measure of DOM),
DMS, and bromide in their ozone modelling for summer
months in the Northern Hemisphere and found that the im-
pact of DOC on the simulated deposition velocity was com-
parable to that of iodide, with the other reactions contributing
much less. Coleman et al. (2010) showed that in addition to
iodide the inclusion of DOC in their empirical scheme de-
scribed daytime deposition observations better in coastal wa-
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ters of the North Atlantic. We are not aware of any previous
studies that have compared modelled deposition velocities
involving the impact of the aqueous O3–DOC reaction with
the open-ocean observations of Helmig et al. (2012) and their
dependence on SST. It is instructive to carry out a simple sen-
sitivity analysis involving ozone reaction with DOC. (Our
new two-layer parameterisation is applicable to any other
chemical compounds that are taken up by the oceanic mixing
layer as long as the reaction–diffusion length scale is smaller
than the depth of the viscous sublayer.)

For open-ocean surface waters, Hansell et al. (2009) report
DOC concentration values of 70–80 µM in tropical and sub-
tropical regions (40◦ N–40◦ S), ∼ 40–50 µM in subpolar seas
and in the circumpolar Southern Ocean (> 50◦ S), and about
70 µM in the Arctic Ocean (> 70◦ N). Based on Hansell et
al. (2009), Sarwar et al. (2016) used a mean DOC concentra-
tion of 67 µM over the Northern Hemisphere. A recent anal-
ysis by Massicotte et al. (2017) gives an average DOC value
of 52 µM for oceans.

There are no definitive, directly measured values avail-
able for the second-order rate coefficient (k) for the DOC–
O3 reaction. Coleman et al. (2010) empirically derived k =
3.44× 106 M−1 s−1 based on data fitting, whereas Sarwar et
al. (2016) used k = 4.0×106 M−1 s−1, noting that this value
together with their selected DOC concentration yields a first-
order rate constant of ∼ 268 s−1 that lies between the two
values 100 s−1 (open ocean) and 500 s−1 (coastal waters)
used by Carpenter et al. (2013) based on the modelling by
Ganzeveld et al. (2009). This reactivity value lies within the
range of reactivity plotted in Fig. 3.

Clearly there is considerable uncertainty in k for the DOC–
O3 reaction and in the DOC concentration and its variabil-
ity. Dependencies of k, such as how it may vary with SST,
are not known. For our purposes, we use a mean k = 3.7×
106 M−1 s−1 (which is in the middle of the two values noted
above) and a DOC concentration of 52 µM (Massicotte et al.,
2017) in our two-layer scheme, together with an integrated
chemical loss rate a =

∑
ki Ci , where the summation is over

the iodide and DOC reactions with ozone (i = 1, 2).
Figure 6 shows the variation of αvdw as a function of SST

determined using our two-layer deposition scheme incorpo-
rating the ozone reaction with (1) only iodide (this curve
is the same as option 4 in Fig. 5 with δm = 3 µm), (2) only
DOC, and (3) the two reactions together for three values of
δm. Compared to the iodide-only curve, the inclusion of DOC
leads to a progressive increase in αvdw as SST decreases for
all values of δm. As δm increases αvdw decreases, but increas-
ing δm beyond 6 µm has virtually has no impact on αvdw (not
shown). When only DOC is considered, αvdw decreases with
SST. Given that the αvdw term dominates in the determina-
tion of vd, the behaviour of the former represents that of the
latter. In Sect. 4.1 below, we show that the addition of DOC
in the deposition scheme deteriorates the model–data agree-
ment for deposition velocity. (We note that for coastal wa-
ters, not explicitly investigated here (see Sect. 4.2), the case
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Figure 6. Variation in the oceanic component of ozone dry depo-
sition velocity multiplied by ozone solubility, αvdw(= 1/rc), as a
function of sea surface temperature. Curves determined using the
present two-layer deposition scheme incorporating the ozone reac-
tion with iodide [I−], dissolved organic carbon [DOC], and the two
reactions together ([I−] + [DOC]). The waterside friction velocity
(u∗w) used was 0.01 m s−1.

may be different.) Lowering the DOC concentration in the
model to the lowest levels (∼ 40 µM) reported by Hansell et
al. (2009) does not improve the agreement either. A k value
for the DOC–O3 reaction that decreases with SST (like that
for the iodide–O3 reaction) could explain the deposition ve-
locity data better, but any such k observations are lacking at
present.

3 ACCESS-UKCA chemistry–climate modelling
system

The two-layer dry deposition scheme developed above was
implemented in the UKCA (http://www.ukca.ac.uk) global
atmospheric composition model (Morgenstern et al., 2009;
Abraham et al., 2012; O’Connor, 2014), which is a com-
ponent in ACCESS (Bi et al., 2013; Woodhouse et al.,
2015). The physical atmosphere component of ACCESS-
UKCA is the same as the UK Met Office’s Unified Model
(UM) (at UM vn8.4; Walters et al., 2014). In our simu-
lations, ACCESS-UKCA is essentially the same as UM-
UKCA since the ACCESS-specific ocean and land-surface
components are not invoked. This is because we run the
model in atmosphere-only mode with prescribed SSTs, and
the UM’s original land-surface scheme (JULES) is used. The
particular UKCA configuration used here (at UM vn8.4) is
the so-called Chemistry of the Stratosphere and Troposphere
(CheST). ACCESS-UKCA uses the monthly mean SST and
sea ice fields prescribed from the Atmospheric Model Inter-
comparison project (AMIP). The atmospheric model has a
horizontal resolution of 1.875◦ in longitude and 1.25◦ in lat-
itude and 85 levels extending from the surface to approxi-
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mately 85 km (the N96L85 configuration). The model was
nudged to the ERA-Interim meteorological reanalyses (Dee
et al., 2011), given on pressure levels, for the horizontal wind
and potential temperature in the free troposphere (Uhe and
Thatcher, 2015). Other model setup details are as in Wood-
house et al. (2015).

There are nine surface types in the model, namely
broadleaf trees, needleleaf trees, C3 grass, C4 grass, shrub,
urban, water, bare soil, and land ice. For every surface grid
box the three resistances ra, rb, and rc are calculated for each
surface type and a corresponding vd is then computed. For
the water surface, standard expressions for ra and rb are used
by ACCESS-UKCA in Eq. (2) (see Abraham et al., 2012;
Luhar et al., 2017) and rc is computed using Eq. (17) to-
gether with Eq. (16). Currently there is only one water sur-
face type in the model, so the same deposition scheme is used
for both seawater and freshwater. The SSTs prescribed in the
model for every grid box vary with time and are used in the
input parameterisations in Eqs. (20)–(24). A grid-box mean
deposition velocity and the corresponding loss rate are calcu-
lated using the individual deposition velocities weighted by
the fractions of the surface types present in the grid box and
this loss rate is applied to the lowest model grid box in the
species mass conservation equation. For a coastal grid box
that also includes fractions of non-water surfaces, we use the
two-layer deposition scheme when the fraction of the water
surface in the grid box is greater than 60 %. In all other cases
the default Wesely (1989) scheme for vd is used, involving
the use of rc = 2200 s m−1 for the water surface.

The ozone dry deposition velocity in the model is solely
a function of parameters of the physical component of the
model (e.g. SST, flow properties and turbulent mixing, and
surface characteristics) and prescribed input parameters (e.g.
reactivity, ozone molecular diffusivity, and solubility in wa-
ter) and is unrelated to the tropospheric ozone chemistry
within the model.

Ozone dry deposition budgets can be better constrained
by using tropospheric ozone reanalyses which are taken
as a more reliable source of ozone data than those ob-
tained by models alone. In Sect. 5, we follow this ap-
proach, in which the gridded 3-hourly MACC global re-
analyses of near-surface ozone for the period 2003–2012
(Inness et al., 2013; http://apps.ecmwf.int/datasets/data/
macc-reanalysis) are multiplied by the gridded 3-hourly dry
deposition velocities obtained from ACCESS-UKCA to cal-
culate ozone deposition flux (and hence the annual deposi-
tion loss). Because we use the MACC ozone, the derived de-
position fluxes do not depend on ACCESS-UKCA’s ozone
chemistry.

4 Ozone dry deposition velocity to the ocean

4.1 Comparison with observations

We use the ozone dry deposition velocity measurements of
Helmig et al. (2012) taken over the open ocean from a ship-
based system during 2006–2008 which spanned 45◦ N to
50◦ S. Additional details of these data are given by Bariteau
et al. (2010). Surface-based ozone flux stations employing
the eddy-covariance technique enable a direct measurement
of ozone dry deposition velocity. The data of Helmig et
al. (2012) are the only such measurements available to date
over the open ocean. These authors also summarise deposi-
tion velocity measurements reported in earlier studies, which
are very sparse and none of these studies involved a surface-
based eddy-covariance technique over the open ocean (there
were a few data points for coastal locations and from aircraft-
based systems using such a technique). Given the substan-
tially larger sample size for a range of SSTs, and presum-
ably the use of improved instrumentation and analysis tech-
niques in the cruise measurements of Helmig et al. (2012)
compared to those reported by earlier studies, we only con-
sider the cruise data.

The ship-based experiments were conducted on five
cruises, namely

1. TexAQS06 (7 July–12 September 2006),

2. STRATUS06 (9–27 October 2006),

3. GOMECC07 (11 July–4 August 2007),

4. GasEx08 (29 February–11 April 2008), and

5. AMMA08 cruises (27 April–18 May 2008).

The respective areas covered were

1. the north-western Gulf of Mexico,

2. the persistent stratus cloud region off Chile in the east-
ern Pacific Ocean,

3. the Gulf of Mexico and the US east coast,

4. the Southern Ocean, and

5. the southern and northern Atlantic Ocean.

Helmig et al. (2012) present bin-averaged deposition velocity
data as a function of SST and wind speed for each of the five
cruises. As in Luhar et al. (2017), the vd versus SST cruise
data used for comparison with the model are those with the
wind speed dependence retained (Ludovic Bariteau, personal
communication, 2016) and not the data originally reported
by Helmig et al. (2012) in which the wind-speed dependence
was removed. While this approach is logically correct, there
is not a large difference between the data with and without
the wind-speed dependence.
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ACCESS-UKCA output including dry deposition param-
eters is available at 3 h time intervals and also as monthly
averages over the period 2003–2012. Because the data are
averaged with respect to SST or wind-speed bins for each
cruise and as a result there is no explicit dependence present
as to the exact timings and locations of the data along a cruise
track, we used the same methodology as that in Luhar et
al. (2017) for comparing the vd data with ACCESS-UKCA.
In summary, as the months corresponding to the cruise ex-
periments are known, the model monthly averages matching
the experimental months were selected. For a given month,
the monthly averaged model output was extracted at a se-
ries of grid-box locations (fully covered by water) with al-
most uniform spacing along the tracks of the experimental
cruises, and the modelled values at these locations were used
for comparison with the measurements. Clearly this is an ap-
proximate matching of the deposition velocity data and the
modelled values in terms of time and location.

Figure 7 shows the observed ozone dry deposition veloc-
ity (vd) as a function of SST from the five field experiments
and the corresponding values obtained from the ACCESS-
UKCA model using the new two-layer scheme (Eq. 16). The
SST range for the measurements is 2–33 ◦C with the lowest
values being for GasEx08 and the highest for TexAQS06 and
GOMECC07. Despite the large fluctuations within the field
data, an increasing trend of vd with SST is clearly identi-
fiable. Helmig et al. (2012) compiled a historical record of
ozone deposition velocities over water (their Fig. 4) start-
ing from the year 1969 which lie within the range of 0.01–
0.15 cm s−1. The range of the cruise measurements in Fig. 7,
which are the only direct, open-ocean flux measurements, is
0.005–0.06 cm s−1, which is on the lower end of the range
of the historical data. As stated by Helmig et al. (2012), the
earlier experiments, lacking ocean-deployable measurement
techniques, are biased toward coastal waters, which may
carry higher concentrations of ozone reactants that lead to
increased deposition velocities. Another reason for the differ-
ence could be the use of improved experimental techniques
in the cruise measurements.

Figure 8 presents a scatter plot of the observed deposition
velocities averaged over the data from each of the five cruise
experiments versus the corresponding values obtained from
the model (with the error bars representing 1 standard devia-
tion variation). The correlation between the modelled vd and
data is good (r2

= 0.86). Although Figs. 7 and 8 show that
the model is able to describe the SST dependence and the
absolute magnitude of the field measurements, it is clear that
there are some significant fluctuations in the measurements,
particularly for SSTs within the range of 8–24 ◦C, that are not
present as prominently in the modelled values. There could
be a number of possible reasons for this:

1. the monthly averaged modelled deposition values used
and the approximate method followed for matching the
data and for time and location;
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Figure 7. Ozone dry deposition velocity (vd) as a function of sea
surface temperature (SST) from five field experiments (Helmig et
al., 2012; Ludovic Bariteau, personal communication, 2016) and
the corresponding values obtained from the ACCESS-UKCA model
using the new two-layer scheme (Eq. 16) for ozone deposition to the
ocean.

2. the dissolved iodide concentrations are not directly
available and the parameterisation used here only de-
pends on SST; and

3. the observed SSTs used in our atmosphere-only model
set-up are monthly averaged – a model set-up with a
coupled ocean model that interacts with the atmosphere
at sub-diurnal intervals would provide a better SST vari-
ability, which would in turn influence the variability in
the iodide concentration and thus impact the modelled
deposition velocity.

Needless to say, additional measurements of ozone dry depo-
sition velocity and governing parameters (e.g. iodide concen-
trations, SST, DOC, nitrate) with greater temporal and spatial
coverage would help to further assess the scheme.

The model results in Fig. 7 are very similar to those ob-
tained by Luhar et al. (2017) using their two-layer reactivity
scheme (their Fig. 6), but unlike the old two-layer scheme the
new two-layer scheme performs well for the right reasons –
as discussed earlier the old scheme artificially limits chem-
ical reactivity to the reaction–diffusion sublayer in order to
compensate for the overestimation of the impact of waterside
turbulence due to a turbulent diffusivity parameterisation that
is not appropriate very close to the water surface.

The performance with ranking of the various ozone
dry deposition velocity schemes or configurations (within
ACCESS-UKCA) for seawater discussed above compared to
the vd observations plotted in Fig. 7 is summarised in Ta-
ble 1 in terms of some commonly used statistical measures,
which were calculated using the bin-averaged modelled and
observed vd values within SST bins of 5 ◦C lying within the
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Figure 8. Scatter plot of the ozone dry deposition velocities (vd)
obtained from the five cruise experiments versus the correspond-
ing values obtained from the ACCESS-UKCA model using the new
two-layer scheme (Eq. 16). Each point corresponds to the average
over all values from one experiment. The error bars represent 1 stan-
dard deviation variation. Horizontal error bars are for the observed
values and the vertical ones are for the modelled values.

range of 1–35 ◦C (sample size= 7). The measures used are
the ratio of modelled mean to observed mean (M/O), frac-
tional bias (FB, varies between+2 (underestimation) and−2
(overestimation)), normalised mean square error (NMSE),
and index of agreement (IOA, varies between 0 and 1). For a
perfect agreement, the values of these parameters should be
1, 0, 0, and 1, respectively. Unlike the correlation coefficient
(r), IOA is sensitive to differences between the observed and
model means as well as to certain changes in proportionality
and is thus preferred for model evaluation (Willmott, 1981).

In the schemes in Table 1, unless stated otherwise, the
second-order rate coefficient is given by Eq. (21) using
only the data of Magi et al. (1997), and the MacDonald et
al. (2014) iodide parameterisation (Eq. 20) is used. In Ta-
ble 1, the new two-layer scheme with δm = 3 µm (as used in
the model–data comparison plots above and in all the cal-
culations below) performs the best, followed by the same
scheme with the Chance et al. (2014) iodide parameterisa-
tion (Eq. 24) which overestimates the vd data. The next two
schemes in the ranking are the one-layer scheme of Fairall
et al. (2007) without waterside turbulence, Eq. (19), which is
equivalent to the diffusion-reaction formulation considered
by Garland et al. (1980) and which underestimates the depo-
sition velocity data, and the two-layer scheme that also in-
cludes the DOC–O3 reaction which overestimates the data.
The largest overestimation of the vd data is through the use
of constant rc = 2200 s m−1 and to a slightly lesser extent by
the one-layer scheme of Fairall et al. (2007), Eq. (18). The
model–data comparison above suggests that the two-layer

scheme with the soundly based iodide mechanism is able to
describe the deposition velocity measurements for the open
ocean well and we use this set-up hereafter.

4.2 Global distribution

Figure 9 shows the distribution of ozone deposition velocity
(cm s−1) to the ocean (not including sea ice) obtained us-
ing the new two-layer scheme within ACCESS-UKCA for
the year 2005. The year 2005 is chosen to illustrate the spa-
tial variability because, as will be discussed later, the MACC
ozone reanalysis has the least bias for this year (however, we
note that the interannual variability in the modelled deposi-
tion velocity fields is small). The largest open-ocean deposi-
tion velocities occur in the tropics where both the observed
(Chance et al., 2014; MacDonald et al., 2014) and parame-
terised iodide concentrations, which are proportional to SST,
are the largest, and the magnitude of deposition velocities
decreases with increasing latitude.

Figure 9 also shows the modelled deposition velocities
over the coastal grid boxes that contain some fractions of
both water and land surfaces. For such grid boxes, the
modelled deposition velocities are typically 0.1–0.2 cm s−1,
which is much greater than those for grid boxes fully cov-
ered by water. This is because terrestrial surfaces have higher
deposition velocities than water and also partly because of
the use of the larger deposition rate through the use of rc =
2200 s m−1 for the water surface tile when its fraction is less
than 60 % within a grid cell. There is some evidence that the
measured ozone deposition velocities over coastal waters are
larger than those over open oceans (e.g. Coleman et al., 2010;
Bariteau et al., 2010), which could be due to factors such as
stronger chemical reactivity and turbulence, and advection
from land if the distance between the monitor and coastline
(i.e. fetch) is limited. Our approach for treating coastal water
grid boxes is qualitatively consistent with ozone deposition
velocities over coastal waters being larger than over the open
sea, but here we have not examined or included any particu-
lar mechanistic processes that are relevant for coastal waters.
High-resolution, regional, or small-scale modelling could be
useful in exploring such processes and their spatial and tem-
poral scale and variability.

5 Dry deposition budgets using the MACC ozone
reanalysis

Ozone deposition fluxes are calculated from ozone concen-
trations in near-surface air and associated ozone deposition
velocities. In this study, the MACC near-surface ozone data
are used.

The global model used for deriving the MACC reanalysis
consists of the European Centre for Medium-Range Weather
Forecasts’ (ECMWF) Integrated Forecast System (IFS) cou-
pled to the MOZART (Model for OZone And Related chem-
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Table 1. Performance statistics of various ozone dry deposition velocity schemes for seawater compared to the observations plotted in Fig. 7∗.

Scheme M/O FB NMSE IOA Ranking

Present two-layer scheme 0.99 0.01 0.06 0.92 1
Present two-layer scheme with the Chance et al. (2014) [I−] 1.20 −0.19 0.09 0.88 2
Present two-layer scheme with DOC also included 1.30 −0.26 0.14 0.73 4
One-layer scheme of Fairall et al. (2007) 1.63 −0.48 0.29 0.65 5
One-layer scheme of Fairall et al. (2007) without waterside turbulence 0.73 0.32 0.18 0.87 3
Wesely’s (1989) scheme with rc = 2200 s m−1 1.90 −0.62 0.51 0.45 6

∗ Observed mean
(
O
)
, modelled mean

(
M
)
, fractional bias (FB)= 2

(
O −M

)
/
(
O +M

)
, normalised mean square error (NMSE)= (M −O)2/(M ·O), and

index of agreement (IOA)= 1−
[
(M −O)2/(|M −O| + |O −O|)2

]
.
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Figure 9. Annual mean ozone dry deposition velocity (vd, cm s−1) to the ocean for the year 2005 obtained from the ACCESS-UKCA model
incorporating the oceanic dry deposition scheme proposed in this paper. Deposition velocities over the coastal grid boxes are also shown.

ical Tracers) chemistry transport model (Kinnison et al.,
2007). The modelling system makes use of four-dimensional
variational data assimilation to combine satellite retrievals
of carbon monoxide, ozone, and nitrogen oxides as well as
the standard meteorological observations with the numerical
model in order to produce a reanalysis of atmospheric com-
position. For ozone, profile, total column, and partial column
data are assimilated.

The MACC reanalysis has been evaluated against multiple
observational networks of ground-based measurements,
ozonesondes, and aircraft and satellite data (Inness et al.,
2013; Gaudel et al., 2015; Giordano et al., 2015; Ka-
tragkou et al., 2015; http://macc.copernicus-atmosphere.eu/
documents/maccii/deliverables/val/MACCII_VAL_DEL_
D_83.6_REAreport04_20140729.pdf). These evaluation
studies suggest that the assimilation of composition data
generally improves the modelled tropospheric ozone fields,
noting that there are some exceptions which highlight the
fact that assimilation does not always yield a close match
with observations and that the results depend on several
factors such as the quality and quantity of data being

assimilated, the type of modelling system, and the data
assimilation methodology used.

The MACC composition reanalysis is given at 60 hybrid
sigma-pressure levels, from near the surface (1012 hPa, 10 m
geometric altitude) to 0.1 hPa (∼ 65.6 km) covering both the
troposphere and the stratosphere. The MACC ozone data at
the 10 m level (L60) were extracted at a horizontal resolu-
tion of 1.125◦× 1.125◦ at 3 h time intervals and were re-
gridded to the ACCESS-UKCA N96 horizontal grid using
bilinear interpolation. These data were then multiplied by
the time-matched 3 h deposition velocity fields obtained from
ACCESS-UKCA (with the new two-layer ocean deposition
scheme) to calculate the deposition flux and total deposition
loss. The use of a 3-hourly temporal resolution, which is the
finest available for the MACC reanalysis, ensures that any
(e.g. diurnal) covariance of near-surface ozone and deposi-
tion velocity is accounted for in calculating total dry deposi-
tion. We find that this covariance based on the 3 h fields for
the ocean is small and leads to a small increase of 1.4 % in
the annual deposition flux to the ocean compared to when
monthly averaged fields of deposition velocity and ozone
concentration are used. Conversely, this increase is about
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28 % over land surfaces, demonstrating a considerable degree
of covariance. The likely reason for the small covariance over
the ocean surface is that the near-surface ozone is influenced
more by vertical turbulent exchange than by dry deposition
due to the relatively small values of vd over such surfaces.
In contrast, deposition velocities over land surfaces are large
and they influence the near-surface ozone to a greater degree
than turbulent vertical air exchange, particularly during sta-
ble conditions. The MACC data for all 10 years were used,
which is useful for examining interannual variability in de-
position.

5.1 Global distribution of surface ozone and dry
deposition flux

As an example, Fig. 10a shows the mean surface ozone mix-
ing ratio (ppbv) based on the MACC reanalysis for 2005.
It is apparent that relatively high values occur in the North-
ern Hemisphere, particularly in the mid-latitudes, which can
be attributed to the larger precursor emissions in these ar-
eas. The mixing ratios over the ocean are generally greater
than those over the land, which can be partly attributed to
the smaller dry deposition velocities to the ocean and hence
lower deposition. There are ozone minima around the Equa-
tor, especially over the Pacific Ocean.

The annual oceanic ozone dry deposition flux obtained
using the MACC ozone reanalysis coupled with the depo-
sition velocities from ACCESS-UKCA averaged over 2005
presented in Fig. 10b indicate that the largest flux values be-
tween 0.014 and 0.02 µg m−2 s−1 are observed within lat-
itudes 10–40◦ N. The flux in the Southern Hemisphere is
lower than that in the Northern Hemisphere and decreases
with latitude.

5.2 Dry deposition budgets

Figure 11 presents the annual ozone dry deposition ob-
tained using the MACC reanalysis as a function of year. The
oceanic deposition (Fig. 11a) lies between 86.5 and 108.3 Tg
(as O3) per year with the average being 93.9± 7.5 Tg yr−1,
where the error bounds correspond to 1 standard deviation
and are solely due to interannual variation. (In our calcula-
tions, the oceanic component excludes sea ice and coastal
grid boxes and on average covers 62.4 % of the Earth’s sur-
face.) The largest deposition occurs for 2005–2007. Oceanic
deposition in the Northern Hemisphere (49.0± 3.4 Tg yr−1)

is somewhat larger than that in the Southern Hemisphere
(44.9± 4.5 Tg yr−1) due to the higher O3 concentrations and
slightly larger oceanic deposition velocities in the former,
although the Earth’s area covered by the ocean is larger by
approximately 30 % in the Southern Hemisphere. The main
reason why the dry deposition velocities to the ocean in the
Northern Hemisphere are larger (e.g. 0.020 vs. 0.017 m s−1

on average for the year 2005) is that the SSTs for the North-
ern Hemisphere are warmer than those for the Southern

Hemisphere (e.g. 295.3 K vs. 291.2 K on average for the
same year). In our formulation, deposition velocity to the
ocean is dominated by the surface-resistance term (rc) which
in turn depends on SST. Overall the higher the SST the higher
the oceanic deposition velocity. There is a hint in Fig. 11a
that the pattern of interannual variability in the global oceanic
deposition follows that for the Southern Hemisphere more
closely.

The variation in the global total deposition obtained
using the MACC reanalysis in Fig. 11b is in the
range of 636.9–766.3 Tg yr−1 and the mean value is
689.9± 47.0 Tg yr−1 with the largest deposition amounts for
2005–2007. The total deposition to the Northern Hemisphere
(497.5± 36.9 Tg yr−1) is 72 % of the total deposition and
is 2.5 times larger than that to the Southern Hemisphere
(192.4± 11.4 Tg yr−1) because in the former the O3 concen-
trations are larger coupled with the larger coverage of the
Earth’s area by land for which deposition velocities are larger
than for water. On average, deposition to the ocean is approx-
imately 14 % of the total deposition. The pattern of interan-
nual variability in the global deposition is dominated by that
for the Northern Hemisphere. This variability is driven by
MACC ozone concentration changes rather than changes in
deposition velocity.

The MACC reanalysis is not free from bias as demon-
strated in a number of studies (e.g. Inness et al., 2013;
Gaudel et al., 2015; Giordano et al., 2015; Katragkou et al.,
2015). With regards to global bias in surface ozone, Fig. 12
presents the annual averaged normalised median bias (%)
of the MACC ozone mixing ratios relative to the Global
Atmosphere Watch (GAW) surface observations (http:
//www.wmo.int/pages/prog/arep/gaw/gaw_home_en.html)
for the years 2003–2012. We have derived this bias
using the seasonal bias data taken from Benedictow
et al. (2014) (http://macc.copernicus-atmosphere.eu/
documents/maccii/deliverables/val/MACCII_VAL_DEL_
D_83.6_REAreport04_20140729.pdf). Figure 12 shows
that except for the first year the bias has remained within
±10 % and has been negative since 2008. The bias is the
smallest for the year 2005. The total deposition for that
year is 729.8 Tg yr−1, of which 527.1 Tg yr−1 is to the
Northern Hemisphere and 202.7 Tg yr−1 is to the Southern
Hemisphere. The total oceanic deposition for that year is
99.9 Tg yr−1, of which 52.0 Tg yr−1 is to the Northern Hemi-
sphere and 47.9 Tg yr−1 is to the Southern Hemisphere. Thus
the total deposition to non-water surfaces is 629.9 Tg yr−1.

Interestingly, the shape of the interannual variation in to-
tal deposition in Fig. 11b (and also the interannual variation
in total oceanic deposition in Fig. 11a) is similar to that of
the bias in Fig. 12, suggesting that the interannual variability
in dry deposition may at least partly be due to the interan-
nual variability in bias in the MACC ozone. Figure 13 is a
scatter plot of the annual averaged bias (%) in the MACC
ozone versus the total global deposition and total oceanic de-
position determined based on the MACC data for the years
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Figure 10. (a) Mean surface ozone mixing ratio (ppbv) and (b) mean oceanic ozone dry deposition flux (µg m−2 s−1) for 2005 obtained
from the MACC reanalysis.

2003–2012. The annual bias and deposition appear well cor-
related, with a liner correlation r2

= 0.83 for the total depo-
sition and r2

= 0.65 for the oceanic deposition. Based on the
linear fits, the annual ozone deposition value corresponding
to zero bias is 717.6 Tg yr−1 for the globe and 97.8 Tg yr−1

for the ocean.
The bias correction above does not provide information on

annual variability without bias. A simple (but rather crude)
way to correct the MACC-based deposition (dp0) for each
year for the bias (bs) is to calculate a new annual depo-
sition dp = dp0(1− bs/100) and then calculate the average
over the 10 years and the corresponding standard deviation.
By assuming that the observed global bias is uniform over
the land, ocean, and hemispheric components, averages and
standard deviations for these components can also be de-
rived. The bias-corrected deposition values are plotted in
Fig. 11. Based on these, the average oceanic deposition is
98.4± 4.5 Tg yr−1 and the average total global deposition is
722.8± 20.9 Tg yr−1. The total deposition to non-water sur-

faces is 624.4± 17.4 Tg yr−1. These averages are very simi-
lar to those for the year 2005 and those corresponding to the
zero bias in Fig. 13. The 1σ uncertainties on these figures are
due to interannual variability alone.

The MACC-based deposition amounts above can be com-
pared with other studies, going as far back as Galbally and
Roy (1980) (see Table 2). The total land-based deposition in
Galbally and Roy (1980) is similar to the present estimates
but their oceanic deposition is five times as large. This may
be due to the fact that at that time there were only coastal
measurements of ozone uptake by seawater with larger de-
position velocities than for the open ocean.

More recently, Hardacre et al. (2015) analysed monthly
ozone dry deposition fluxes from 15 global chemistry trans-
port models (not including UKCA) driven by meteorological
fields for the year 2001. These models use Wesely’s scheme
(1989) for the deposition velocity calculation for both water
and terrestrial surfaces. ACCESS-UKCA also uses Wesely’s
scheme for terrestrial surfaces. A comparison of observed
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Table 2. Mean ozone dry deposition based on the MACC data for the years 2003–2012 (Tg O3 yr−1)1, and from other studies that also report
the oceanic component. The uncertainties are ±1σ .

Method Ocean Land Total

NH SH Global NH SH Global NH SH Global

Galbally and Roy (1980)2 191 300 491 459 141 600 650 441 1091
Ganzeveld et al. (2009)3 – – 291.5 – – 543.5 – – 835
Hardacre et al. (2015)4 – – 340 – – 638 646 332 978± 127
Present study 51.3 47.1 98.4± 30.0 469.6 154.8 624.4± 82.0 520.9 201.9 722.8± 87.3

1 The ocean component excludes sea ice and coastal grid boxes (which are included in the land component) and on average covers 62.4 % of the Earth’s surface. 2 In
Galbally and Roy (1980), the oceanic component includes ice and there is an uncertainty of ±50 % in their estimates. 3 Average values from two model runs. 4 The
oceanic component is based on the average of values from two different land-cover schemes, and the NH and SH components based on Catherine Hardacre (personal
communication, 2017). NH: Northern Hemisphere; SH: Southern Hemisphere.
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Figure 11. Annual variation in the dry deposition of ozone
(Tg O3 yr−1) obtained using the ACCESS-UKCA model (dotted
lines) and the MACC reanalysis (solid lines): (a) the ocean compo-
nent and (b) total. (NH: Northern Hemisphere; SH: Southern Hemi-
sphere).
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Figure 12. Annual averaged normalised median bias (%) of the
MACC ozone reanalysis mixing ratios relative to the Global Atmo-
sphere Watch (GAW) surface observations for the years 2003–2012.
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Figure 13. Scatter plot of annual averaged normalised median bias
(%) in the MACC ozone reanalysis mixing ratios relative to the
Global Atmosphere Watch (GAW) surface observations for the
years 2003–2012 versus the total global deposition and total depo-
sition to the ocean determined based on the MACC reanalysis. The
best fit lines are also shown.
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dry deposition fluxes with those obtained from the global
chemistry transport models above for terrestrial surfaces is
presented by Hardacre et al. (2015). These authors noted
that differences in ozone dry deposition flux to the ocean,
driven by small absolute differences in dry deposition veloc-
ity but with large areal coverage by the ocean, are the largest
contributor to differences in the total global O3 deposition
compared to any other surface type. They determined that
the mean total global deposition was 978± 127 Tg O3 yr−1,
where the range corresponds to 1 standard deviation. By us-
ing two different land-cover schemes for partitioning fluxes,
they determined that deposition to the ocean was in the
range of 250–591 (average 361) Tg yr−1 across the model
ensemble using one land-cover scheme that had 71.2 % of
the Earth’s surface covered by water and 209–538 (average
319) Tg yr−1 using the other that had 68.6 % of the global
surface covered by water. The modelling study by Ganzeveld
et al. (2009) points to an oceanic dry deposition estimate of
283–300 Tg yr−1 and a global total of 833–837 Tg yr−1 (Ta-
ble 2). The oceanic deposition budgets in all these studies
are more than 3 times larger than the 98.4 Tg yr−1 value ob-
tained in the present study. This much difference cannot be
explained by the slightly lower fraction of the global surface
covered by water in the present calculations (i.e. 62.4 %).
The primary reason for this difference, as indicated earlier,
is that the global chemistry transport models in these studies
are all largely based on Wesely’s (1989) deposition scheme,
which uses a constant surface resistance for water. As shown
by Luhar et al. (2017) the use of rc = 2200 s m−1 overesti-
mates open-ocean deposition velocity compared to the open-
ocean measurements of Helmig et al. (2012) by a factor
of 2 to 4 for cooler SSTs. The smaller oceanic deposition
budget presented in this paper is consistent with these cur-
rently best available open-ocean measurements. The total
deposition to non-water surfaces based on the MACC data
is 624.4 Tg yr−1, which is similar to 638 Tg yr−1 obtained
by Hardacre et al. (2015) (using an average oceanic depo-
sition of 340 Tg yr−1 in their calculations) and 600 Tg yr−1

obtained by Galbally and Roy (1980).
There are other studies that report on the total global

dry deposition. Stevenson et al. (2006) report an average
global ozone dry deposition of 1003± 200 Tg yr−1 for the
year 2000 based on 21 models. The average deposition cal-
culated by Wild (2007) using 17 post-2000 modelling stud-
ies is 949± 222 Tg yr−1, whereas that reported by Young et
al. (2013) for the year 2000 based on a subset of six mod-
els participating in the ACCMIP intercomparison study is
1094± 264 Tg yr−1. However, these studies do not report
values of oceanic deposition separately.

It is clear from the comparison above that the land com-
ponent of total deposition remains similar in all the studies
(after subtracting an oceanic contribution of ∼ 300 Tg yr−1

from the total in the previous studies). The new estimate of
dry deposition to the ocean of ∼ 100 Tg O3 yr−1 is approxi-
mately a third of the current model estimates. This reduction

corresponds to an approximately 67 % decrease in the mod-
elled oceanic dry deposition and 20 % decrease in the mod-
elled total dry deposition.

Based on a simple calculation involving the tropospheric
ozone budgets given in IPCC (2013) following Young et
al. (2013), we estimate that the reduction in the modelled
dry deposition rate by ∼ 200 Tg O3 yr−1 over the ocean pre-
sented here (with all other factors being unchanged) results
in roughly a 5 % increase in modelled tropospheric ozone
burden and an equivalent increase in tropospheric ozone life-
time. In the marine boundary layer at mid to high latitudes,
the effect of the ozone increase would be expected to be
larger.

5.3 Uncertainty in annual ozone dry deposition

The (1σ) uncertainty in the global ozone deposition of
1003± 200 Tg yr−1 reported by Stevenson et al. (2006),
949± 222 Tg yr−1 by Wild (2007), 1094± 264 Tg yr−1 by
Young et al. (2013), and 978± 127 Tg yr−1 by Hardacre et
al. (2015) based on multi-model runs is by and large all due
to model-to-model variations. Here we attempt a comparable
uncertainty estimate.

Our modelling yields an ozone deposition loss to the
ocean of 98.4± 4.5 Tg yr−1 and a total global deposition of
722.8± 20.9 Tg yr−1, with the 1σ error bounds in these esti-
mates only representing the 10-year interannual variability in
the modelled deposition velocity and MACC concentration
fields. These error bounds do not include any uncertainties
that may arise due to the approximations and assumptions
used in the deposition velocity (e.g. iodide concentration, re-
action rate constant) or MACC ozone reanalysis methodolo-
gies.

In earlier discussion of the oceanic dry deposition velocity
in Sect. 2.2 it was identified that calculations of the reaction–
diffusion length scale (lm = δm/c0) based on oceanic obser-
vations of iodide and SST give results varying between 24.0
and 1.2 µm for the SST range 2–33 ◦C, and it is 3 µm at 23 ◦C.
In the subsequent work in this paper a value of 3 µm is used
for the depth of the reaction–diffusion sublayer (δm). Consid-
ering Fig. 3c and d, the waterside deposition velocity varies
by at most a factor of 2 for the range of variations in δm that
lie between the two extreme physical limits of a one-layer
diffusive model and a one-layer turbulent model. These lim-
its implicitly encompass the uncertainties in the rate constant
and iodide concentrations. Assuming these limits can be de-
scribed as three-sigma, we estimate that the one-sigma uncer-
tainty in δm is approximately±30 %. This uncertainty can di-
rectly feed into the uncertainty of the global ozone deposition
rates. Combining it with the 1σ error bounds in the MACC
ozone reanalysis gives a combined relative uncertainty of
±31 % or our total oceanic deposition of 98.4 Tg yr−1 with
an uncertainty ±30.5 Tg yr−1.

An alternate approach to estimate uncertainty for the
oceanic component, which is the main focus here, is to con-
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sider the scatter in the deposition velocity observations of
Helmig et al. (2012) in Fig. 7, which show some large fluc-
tuations in the vd data that are not present in the modelled
values. We take the difference between the amount of scatter
in the vd data and that in the modelled values as a measure
of uncertainty that is not captured by the model. We call this
difference residual uncertainty (σvdr), which we aim to ac-
count for. In order to quantify σvdr, four SST ranges, namely
< 15, 15–21, 21–28, and > 28 ◦C, which approximately cor-
respond to the SST ranges of the cruise experiments shown
in Fig. 7, were considered. For each SST range, the vd data
were detrended by fitting a linear vd versus SST regression
line and the variance (σ 2

vdo) of the detrended data was calcu-
lated. Similarly, the variance (σ 2

vdm) of the detrended mod-
elled vd values was calculated for the same SST range. Thus
σvdr = (σ

2
vdo− σ

2
vdm)

1/2, and its values were 0.0046, 0.0093,
0.0049, and 0.0056 cm s−1 for the SST ranges above, respec-
tively.

To calculate the uncertainty in oceanic deposition flux due
to σvdr, the 3 h modelled deposition velocity at each grid
point was perturbed by ±σvdr (which is selected from one
of the four values above depending on which SST range the
SST at the grid point falls into) and then multiplied with the
3 h MACC ozone fields. This was performed for all 10 years,
which yielded the uncertainty in the oceanic ozone deposi-
tion flux due to ±σvdr to be ±30.0 Tg yr−1 (which includes
the small interannual variability of ±4.5 Tg yr−1 stated ear-
lier).

Thus for our total oceanic deposition of 98.4 Tg yr−1 we
have two uncertainty estimates of ±30.5 Tg yr−1 based on
the uncertainty in the deposition velocity model and the un-
certainty±30.0 Tg yr−1 based on the random differences be-
tween the model and observations for the available data.
While these independent estimates agree very well, the wider
issue is that the world’s oceans are under-sampled with re-
gard to ozone uptake measurements; it cannot be assumed
that the available measurements are a representative sample
of the ozone uptake over the world’s oceans and the uncer-
tainties, consequently, are probably underestimates.

The total oceanic deposition and uncertainty esti-
mates calculated here can be contrasted with the value
340.0± 98.6 Tg yr−1 obtained by Hardacre et al. (2015). It is
interesting to note that our mean and standard deviation are
both approximately a third of the respective values obtained
by Hardacre et al. (2015). There would also be uncertainty in
the MACC ozone data apart from their interannual variabil-
ity, which we have not considered.

With regards to the uncertainty in deposition to non-water
surfaces, since our model uses the same Wesely (1989) depo-
sition scheme as most other global models for such surfaces,
we assume that the corresponding uncertainty would be sim-
ilar to that in those models. Only Hardacre et al. (2015) re-
port uncertainties in deposition fluxes to both water and non-
water surfaces, with the latter calculated to be±80.0 Tg yr−1.
This value when combined with the interannual variability

of ±17.4 Tg yr−1 for non-water surfaces obtained here leads
to a total uncertainty of ±82.0 Tg yr−1 for such surfaces.
Hence the total uncertainty combining this non-water com-
ponent (±82.0 Tg yr−1) and the water component derived
above (±30.0 Tg yr−1) is ±87.3 Tg yr−1.

The global oceanic and total deposition fluxes with the re-
vised uncertainty are 98.4± 30.0 and 722.8± 87.3 Tg yr−1,
respectively (Table 2). The reduction in the total uncertainty
compared to Hardacre et al.’s (2015) value of ±127 Tg yr−1

is due to the reduction in the magnitude of the water compo-
nent of deposition flux.

6 Conclusions

The ocean-phase surface resistance term dominates over
aerodynamic and atmospheric viscous sublayer resistances
in commonly used parameterisations of ozone dry deposition
velocity at the oceanic surface. Recent mechanistic schemes
used to parameterise the oceanic surface resistance take into
account the simultaneous effects of ozone solubility in wa-
ter, waterside molecular diffusion and turbulent transfer, and
first-order chemical reaction of ozone with dissolved iodide
and other compounds. Luhar et al. (2017) formulated a semi-
empirical scheme that described existing deposition velocity
data well, but in order to compensate for the impact of over-
estimation of turbulent transfer within the waterside viscous
sublayer it put an artificial limit on the iodide concentration
to a fixed depth of the order of a few micrometres from the
water surface, whereas in reality iodide is present through
the depth of the oceanic mixing layer. Here we presented
a new analytical two-layer formulation for the oceanic sur-
face resistance that avoids making this limiting assumption.
Instead, it makes the valid assumption that the influence of
turbulent transfer can be neglected compared to the influence
of chemical reaction within the top layer of water that is of
the order of the reaction–diffusion length scale (typically a
few micrometres). In the water layer below, both chemical
reaction and turbulent transfer act together and are accounted
for. The new scheme has an asymptotic behaviour that is
consistent with the current limits of ozone dry deposition
when either chemical reaction or turbulent transfer dominate.
When compared against the available observed deposition
velocity dependencies on sea surface temperature, the per-
formance of the new two-layer dry deposition scheme as re-
alised within the global chemistry–climate model ACCESS-
UKCA (at UM vn8.4) was found to be satisfactory with the
inclusion of only the aqueous iodide–O3 reaction. However,
additional ocean-based measurements are needed for further
development and evaluation of ozone deposition parametri-
sations with an aim of reducing uncertainty in ozone mod-
elling.

By using the 3 h MACC reanalysis for ozone concentra-
tion for the years 2003–2012 and the corresponding mod-
elled 3 h deposition velocity values using the new dry depo-
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sition scheme for the ocean presented here and the default
scheme for the other surface types, the deposition budget
has been calculated and quantified. The annual ozone de-
position value is 722.8± 87.3 Tg O3 yr−1 for the globe and
98.4± 30.0 Tg O3 yr−1 for the ocean. This new estimate of
oceanic dry deposition represents a reduction of approxi-
mately 67 % over the current estimates of oceanic deposi-
tion. This reduction leads to a 20 % decrease in the modelled
total global dry deposition, and with all other factors being
unchanged, to an increase of approximately 5 % in the mod-
elled tropospheric ozone burden and an equivalent increase
in tropospheric ozone lifetime.

Data availability. The source of the MACC ozone reanalysis data
is cited in the text. The deposition velocity output from the
ACCESS-UKCA global model (in NetCDF format) and the various
processed ozone deposition parameter values (in ASCII format) can
be made available by contacting the corresponding author (Ashok
Luhar: ashok.luhar@csiro.au).

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. This research was undertaken with the
assistance of resources and services from the National Computa-
tional Infrastructure (NCI), which is supported by the Australian
government. Luke Abraham of the University of Cambridge and
Fiona O’Connor and Mohit Dalvi of the UK Met Office are thanked
for their assistance with the UM-UKCA model. Catherine Hardacre
is acknowledged for providing additional details of their published
deposition work. We are indebted to Ludovic Bariteau for kindly
supplying data related to their published work. ERA-Interim data
from the European Centre for Medium-Range Weather Forecasts
and the ozone reanalysis data from the European MACC program
were used in this research. We thank the anonymous reviewers for
their helpful comments.

Edited by: Sally E. Pusede
Reviewed by: four anonymous referees

References

Abraham, N. L., Archibald, A. T., Bellouin, N., Boucher, O.,
Braesicke, P., Bushell, A., Carslaw, K. S., Collins, W., Dalvi,
M., Emmerson, K. M., Folberth, G., Haywood, J., Johnson,
C., Kipling, Z., Macintyre, H., Mann, G. W., Telford, P. J.,
Merikanto, J., Morgenstern, O., O’Connor, F., Ordonez, C., Os-
prey, S., Pringle, K. J., Pyle, J. A., Rae, J. G. L., Redding-
ton, C. L., Savage, D., Spracklen, D., Stier, P., and West, R.:
Unified Model Documentation Paper No. 84, United Kingdom
Chemistry and Aerosol (UKCA) Technical Description MetUM
Version 8.4., UK Met Office, Exeter (UK), 74 pp., available
at: http://www.ukca.ac.uk/images/b/b1/Umdp_084-umdp84.pdf,
2012.

Bariteau, L., Helmig, D., Fairall, C. W., Hare, J. E., Hueber, J., and
Lang, E. K.: Determination of oceanic ozone deposition by ship-
borne eddy covariance flux measurements, Atmos. Meas. Tech.,
3, 441–455, https://doi.org/10.5194/amt-3-441-2010, 2010.

Bi, D. H., Dix, M., Marsland, S. J., O’Farrell, S., Rashid, H. A.,
Uotila, P., Hirst, A. C., Kowalczyk, E., Golebiewski, M., Sulli-
van, A., Yan, H. L., Hannah, N., Franklin, C., Sun, Z. A., Vohra-
lik, P., Watterson, I., Zhou, X. B., Fiedler, R., Collier, M., Ma,
Y. M., Noonan, J., Stevens, L., Uhe, P., Zhu, H. Y., Griffies,
S. M., Hill, R., Harris, C., and Puri, K.: The ACCESS coupled
model: description, control climate and evaluation, Aust. Me-
teorol. Ocean., 63, 41–64, available at: http://www.bom.gov.au/
amm/docs/2013/bi1.pdf, 2013.

Carpenter, L. J. and Nightingale, P. D.: Chemistry and release of
gases from the surface ocean, Chem. Rev., 115, 4015–4034,
https://doi.org/10.1021/cr5007123, 2015.

Carpenter, L. J., MacDonald, S. M., Shaw, M. D., Kumar,
R., Saunders, R. W., Parthipan, R., Wilson, J., and Plane,
J. M. C.: Atmospheric iodine levels influenced by sea sur-
face emissions of inorganic iodine, Nat. Geosci., 6, 108–111,
https://doi.org/10.1038/NGEO1687, 2013.

Chance, R., Baker, A. R., Carpenter, L., and Jickells, T. D.: The
distribution of iodide at the sea surface, Environ. Sci.-Proc. Imp.,
16, 1841–1859, https://doi.org/10.1039/c4em00139g, 2014.

Chang, W. N., Heikes, B. G., and Lee, M.: Ozone de-
position to the sea surface: Chemical enhancement and
wind speed dependence, Atmos. Environ., 38, 1053–1059,
https://doi.org/10.1016/j.atmosenv.2003.10.050, 2004.

Coleman, L., Varghese, S., Tripathi, O. P., Jennings, S. G.,
and O’Dowd, C. D.: Regional-scale ozone deposition to
North-East Atlantic waters, Adv. Meteorol., 2010, 243701,
https://doi.org/10.1155/2010/243701, 2010.

Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli,
P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,
Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, I., Biblot,
J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Greer, A.
J., Haimberger, L., Healy, S. B., Hersbach, H., Holm, E. V., Isak-
sen, L., Kallberg, P., Kohler, M., Matricardi, M., McNally, A. P.,
Mong-Sanz, B. M., Morcette, J.-J., Park, B.-K., Peubey, C., de
Rosnay, P., Tavolato, C., Thepaut, J. N., and Vitart, F.: The ERA-
Interim reanalysis: Configuration and performance of the data
assimilation system, Q. J. Roy. Meteorol. Soc., 137, 553–597,
https://doi.org/10.1002/qj.828, 2011.

Emmons, L. K., Walters, S., Hess, P. G., Lamarque, J.-F., Pfis-
ter, G. G., Fillmore, D., Granier, C., Guenther, A., Kinnison,
D., Laepple, T., Orlando, J., Tie, X., Tyndall, G., Wiedinmyer,
C., Baughcum, S. L., and Kloster, S.: Description and eval-
uation of the Model for Ozone and Related chemical Trac-
ers, version 4 (MOZART-4), Geosci. Model Dev., 3, 43–67,
https://doi.org/10.5194/gmd-3-43-2010, 2010.

Fairall, C. W., Hare, J. E., Edson, J. B., and McGillis,
W.: Parameterization and micrometeorological measurements
of air-sea gas transfer, Bound.-Lay. Meteorol., 96, 63–105,
https://doi.org/10.1023/A:1002662826020, 2000.

Fairall, C. W., Helmig, D., Ganzeveld, L., and Hare, J.: Water-
side turbulence enhancement of ozone deposition to the ocean,
Atmos. Chem. Phys., 7, 443–451, https://doi.org/10.5194/acp-7-
443-2007, 2007.

Atmos. Chem. Phys., 18, 4329–4348, 2018 www.atmos-chem-phys.net/18/4329/2018/

http://www.ukca.ac.uk/images/b/b1/Umdp_084-umdp84.pdf
https://doi.org/10.5194/amt-3-441-2010
http://www.bom.gov.au/amm/docs/2013/bi1.pdf
http://www.bom.gov.au/amm/docs/2013/bi1.pdf
https://doi.org/10.1021/cr5007123
https://doi.org/10.1038/NGEO1687
https://doi.org/10.1039/c4em00139g
https://doi.org/10.1016/j.atmosenv.2003.10.050
https://doi.org/10.1155/2010/243701
https://doi.org/10.1002/qj.828
https://doi.org/10.5194/gmd-3-43-2010
https://doi.org/10.1023/A:1002662826020
https://doi.org/10.5194/acp-7-443-2007
https://doi.org/10.5194/acp-7-443-2007


A. K. Luhar et al.: New two-layer parameterisation for air–sea exchange 4347

Galbally, I. E. and Roy C. R.: Destruction of ozone at the
Earth’s surface, Q. J. Roy. Meteor. Soc., 106, 599–620,
https://doi.org/10.1002/qj.49710644915, 1980.

Ganzeveld, L., Helmig, D., Fairall, C., Hare, J. E., and Pozzer,
A.: Atmosphere-ocean ozone exchange: A global modeling
study of biogeochemical, atmospheric and water-side turbu-
lence dependencies, Global Biogeochem. Cy., 23, GB4021,
https://doi.org/10.1029/2008GB003301, 2009.

Garland, J. A., Elzerman, A. W., and Penkett, S. A.: The mechanism
for dry deposition of ozone to seawater surfaces, J. Geophys.
Res., 85, 7488–7492, https://doi.org/10.1029/JC085iC12p07488,
1980.

Gaudel, A., Clark, H., Thouret, V., Jones, L., Inness, A., Flem-
ming, J., Stein, O., Huijnen, V., Eskes, H., Nédélec, P., and
Boulanger, D.: On the use of MOZAIC-IAGOS data to assess
the ability of the MACC reanalysis to reproduce the distribution
of ozone and CO in the UTLS over Europe, Tellus B, 67, 27955,
https://doi.org/10.3402/tellusb.v67.27955, 2015.

Geernaert, L. L. S., Geernaert, G. L., Granby, K., and Asman, W.
A. H.: Fluxes of soluble gases in the marine atmospheric sur-
face layer, Tellus B, 50, 111–127, https://doi.org/10.1034/j.1600-
0889.1998.t01-1-00001.x, 1998.

Giordano, L., Brunner, D., Flemming, J., et al.: Assessment
of the MACC reanalysis and its influence as chemi-
cal boundary conditions for regional air quality mod-
eling in AQMEII-2, Atmos. Environ., 115, 371–388,
https://doi.org/10.1016/j.atmosenv.2015.02.034, 2015.

Hansell, D. A., Carlson, C. A., Repeta, D. J., Schlitzer, R.: Dis-
solved organic matter in the ocean, Oceanography 22, 202–211,
2009.

Hardacre, C., Wild, O., and Emberson, L.: An evaluation of ozone
dry deposition in global scale chemistry climate models, At-
mos. Chem. Phys., 15, 6419–6436, https://doi.org/10.5194/acp-
15-6419-2015, 2015.

Helmig, D., Lang, E. K., Bariteau, L., Boylan, P., Fairall,
C. W., Ganzeveld, L., Hare, J. E., Hueber, J., and Pal-
landt, M.: Atmosphere-ocean ozone fluxes during the Tex-
AQS 2006, STRATUS 2006, GOMECC 2007, GasEx 2008,
and AMMA 2008 cruises, J. Geophys. Res., 117, D04305,
https://doi.org/10.1029/2011JD015955, 2012.

Hu, J. H., Shi, Q., Davidovits, P., Worsnop, D. R., Zahniser, M.
S., and Kolb, C. E.: Reactive uptake of Cl2(g) and Br2(g) by
aqueous surfaces as a function of Br− and I− ion concentration:
The effect of chemical reaction at the interface, J. Phys. Chem.,
99, 8768–8776, https://doi.org/10.1021/j100021a050, 1995.

Inness, A., Baier, F., Benedetti, A., Bouarar, I., Chabrillat, S., Clark,
H., Clerbaux, C., Coheur, P., Engelen, R. J., Errera, Q., Flem-
ming, J., George, M., Granier, C., Hadji-Lazaro, J., Huijnen,
V., Hurtmans, D., Jones, L., Kaiser, J. W., Kapsomenakis, J.,
Lefever, K., Leitão, J., Razinger, M., Richter, A., Schultz, M. G.,
Simmons, A. J., Suttie, M., Stein, O., Thépaut, J.-N., Thouret, V.,
Vrekoussis, M., Zerefos, C., and the MACC team: The MACC
reanalysis: an 8 yr data set of atmospheric composition, At-
mos. Chem. Phys., 13, 4073–4109, https://doi.org/10.5194/acp-
13-4073-2013, 2013.

IPCC: Climate Change 2013: The Physical Science Basis, Con-
tribution of Working Group I to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change, edited by:
Stocker, T. F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S. K.,

Boschung, J., Nauels, A., Xia, Y., Bex, V., and Midgley, P. M.,
Cambridge University Press, Cambridge, UK, New York, NY,
USA, 1535 pp., 2013.

Johnson, P. N. and Davis, R. A.: Diffusivity of ozone
in water, J. Chem. Eng. Data, 41, 1485–1487,
https://doi.org/10.1021/je9602125, 1996.

Katragkou, E., Zanis, P., Tsikerdekis, A., Kapsomenakis, J., Melas,
D., Eskes, H., Flemming, J., Huijnen, V., Inness, A., Schultz,
M. G., Stein, O., and Zerefos, C. S.: Evaluation of near-surface
ozone over Europe from the MACC reanalysis, Geosci. Model
Dev., 8, 2299–2314, https://doi.org/10.5194/gmd-8-2299-2015,
2015.

Kerkweg, A., Buchholz, J., Ganzeveld, L., Pozzer, A., Tost, H., and
Jöckel, P.: Technical Note: An implementation of the dry removal
processes DRY DEPosition and SEDImentation in the Modu-
lar Earth Submodel System (MESSy), Atmos. Chem. Phys., 6,
4617–4632, https://doi.org/10.5194/acp-6-4617-2006, 2006.

Kinnison, D. E., Brasseur, G. P., Walters, S., Garcia, R. R.,
Marsh, D. R., Sassi, F., Harvey, V. L., Randall, C. E., Em-
mons, L., Lamarque, J. F., Hess, P., Orlando, J. J., Tie, X.
X., Randel, W., Pan, L. L., Gettelman, A., Granier, C., Diehl,
T., Niemeier, U., and Simmons, A. J.: Sensitivity of chem-
ical tracers to meteorological parameters in the MOZART-
3 chemical transport model, J. Geophys. Res., 112, D03303,
https://doi.org/10.1029/2008JD010739, 2007.

Lamarque, J.-F., Emmons, L. K., Hess, P. G., Kinnison, D. E.,
Tilmes, S., Vitt, F., Heald, C. L., Holland, E. A., Lauritzen,
P. H., Neu, J., Orlando, J. J., Rasch, P. J., and Tyndall, G.
K.: CAM-chem: description and evaluation of interactive at-
mospheric chemistry in the Community Earth System Model,
Geosci. Model Dev., 5, 369–411, https://doi.org/10.5194/gmd-5-
369-2012, 2012.

Liu, Q., Schurter, L. M., Muller, C. E., Aloisio, S., Francisco,
J. S., and Margerum, D. W.: Kinetics and mechanisms of
aqueous ozone reactions with bromide, sulfite, hydrogen sul-
fite, iodide, and nitrite ions, Inorg. Chem., 40, 4436–4442,
https://doi.org/10.1021/ic000919j, 2001.

Luhar, A. K., Galbally, I. E., Woodhouse, M. T., and Thatcher,
M.: An improved parameterisation of ozone dry deposition to
the ocean and its impact in a global climate–chemistry model,
Atmos. Chem. Phys., 17, 3749–767, https://doi.org/10.5194/acp-
17-3749-2017, 2017.

MacDonald, S. M., Gómez Martín, J. C., Chance, R., Warriner, S.,
Saiz-Lopez, A., Carpenter, L. J., and Plane, J. M. C.: A labo-
ratory characterisation of inorganic iodine emissions from the
sea surface: dependence on oceanic variables and parameterisa-
tion for global modelling, Atmos. Chem. Phys., 14, 5841–5852,
https://doi.org/10.5194/acp-14-5841-2014, 2014.

Magi, L., Schweitzer, F., Pallares, C., Cherif, S., Mirabel, P., and
George, C.: Investigation of the uptake rate of ozone and methyl
hydroperoxide by water surfaces, J. Phys. Chem. A, 101, 4943–
4949, https://doi.org/10.1021/jp970646m, 1997.

Mao, J., Paulot, F., Jacob, D. J., Cohen, R. C., Crounse,
J. D., Wennberg, P. O., Keller, C. A., Hudman, R. C.,
Barkley, M. P., and Horowitz, L. W.: Ozone and organic
nitrates over the eastern United States: Sensitivity to iso-
prene chemistry, J. Geophys. Res.-Atmos., 118, 11256–11268,
https://doi.org/10.1002/jgrd.50817, 2013.

www.atmos-chem-phys.net/18/4329/2018/ Atmos. Chem. Phys., 18, 4329–4348, 2018

https://doi.org/10.1002/qj.49710644915
https://doi.org/10.1029/2008GB003301
https://doi.org/10.1029/JC085iC12p07488
https://doi.org/10.3402/tellusb.v67.27955
https://doi.org/10.1034/j.1600-0889.1998.t01-1-00001.x
https://doi.org/10.1034/j.1600-0889.1998.t01-1-00001.x
https://doi.org/10.1016/j.atmosenv.2015.02.034
https://doi.org/10.5194/acp-15-6419-2015
https://doi.org/10.5194/acp-15-6419-2015
https://doi.org/10.1029/2011JD015955
https://doi.org/10.1021/j100021a050
https://doi.org/10.5194/acp-13-4073-2013
https://doi.org/10.5194/acp-13-4073-2013
https://doi.org/10.1021/je9602125
https://doi.org/10.5194/gmd-8-2299-2015
https://doi.org/10.5194/acp-6-4617-2006
https://doi.org/10.1029/2008JD010739
https://doi.org/10.5194/gmd-5-369-2012
https://doi.org/10.5194/gmd-5-369-2012
https://doi.org/10.1021/ic000919j
https://doi.org/10.5194/acp-17-3749-2017
https://doi.org/10.5194/acp-17-3749-2017
https://doi.org/10.5194/acp-14-5841-2014
https://doi.org/10.1021/jp970646m
https://doi.org/10.1002/jgrd.50817


4348 A. K. Luhar et al.: New two-layer parameterisation for air–sea exchange

Massicotte, P., Asmala, E., Stedmon, C., and Markager, S.: Global
distribution of dissolved organic matter along the aquatic contin-
uum: Across rivers, lakes and oceans, Sci. Total Environ., 609,
180–191, https://doi.org/10.1016/j.scitotenv.2017.07.076, 2017.

Morgenstern, O., Braesicke, P., O’Connor, F. M., Bushell, A.
C., Johnson, C. E., Osprey, S. M., and Pyle, J. A.: Eval-
uation of the new UKCA climate-composition model –
Part 1: The stratosphere, Geosci. Model Dev., 2, 43–57,
https://doi.org/10.5194/gmd-2-43-2009, 2009.

Morris, J. C.: The aqueous solubility of ozone – A review, Ozone
news, 1, 14–16, 1988.

O’Connor, F. M., Johnson, C. E., Morgenstern, O., Abraham, N.
L., Braesicke, P., Dalvi, M., Folberth, G. A., Sanderson, M. G.,
Telford, P. J., Voulgarakis, A., Young, P. J., Zeng, G., Collins,
W. J., and Pyle, J. A.: Evaluation of the new UKCA climate-
composition model – Part 2: The Troposphere, Geosci. Model
Dev., 7, 41–91, https://doi.org/10.5194/gmd-7-41-2014, 2014.

Press, W. H., Teukolsky, S. A., Vetterling, W. T., and Flannery, B. P.:
Numerical Recipes in Fortran 77, Cambridge University Press,
Cambridge, UK, ISBN 0 521 43064 X, 1997.

Sarwar, G., Kang, D., Foley, K., Schwede, D., Gantt, B.,
and Mathur, R.: Technical note: Examining ozone de-
position over seawater, Atmos. Environ., 141, 255–262,
https://doi.org/10.1016/j.atmosenv.2016.06.072, 2016.

Soloviev, A. and Lukas, R.: The Near-Surface Layer of the Ocean:
Structure, Dynamics and Applications. 2nd edn. Atmospheric
and Oceanographic Sciences Library, Springer, Vol. 48, 552 pp.,
https://doi.org/10.1007/978-94-007-7621-0, 2014.

Stevenson, D. S., Dentener, F. J., Schultz, M. G., Ellingsen, K.,
van Noije, T. P. C., Wild, O., Zeng, G., Amann, M., Ather-
ton, C. S., Bell, N., Bergmann, D. J., Bey, I., Butler, T., Co-
fala, J., Collins, W. J., Derwent, R. G., Doherty, R. M., Drevet,
J., Eskes, H. J., Fiore, A. M., Gauss, M., Hauglustaine, D. A.,
Horowitz, L. W., Isaksen, I. S. A., Krol, M. C., Lamarque, J.-F.,
Lawrence, M. G., Montanaro, V., Müller, J.-F., Pitari, G., Prather,
M. J., Pyle, J. A., Rast, S., Rodriguez, J. M., Sanderson, M. G.,
Savage, N. H., Shindell, D. T., Strahan, S. E., Sudo, K., and
Szopa, S.: Multimodel ensemble simulations of present-day and
near-future tropospheric ozone, J. Geophys. Res., 111, D08301,
https://doi.org/10.1029/2005JD006338, 2006.

Uhe, P. and Thatcher, M.: A spectral nudging method for the AC-
CESS1.3 atmospheric model, Geosci. Model Dev., 8, 1645–
1658, https://doi.org/10.5194/gmd-8-1645-2015, 2015.

von Kuhlmann, R., Lawrence, M. G., Crutzen, P. J., and Rasch, P.
J.: A model for studies of tropospheric ozone and nonmethane
hydrocarbons: Model description and ozone results, J. Geophys.
Res., 108, 4294, https://doi.org/10.1029/2002JD002893, 2003.

Walters, D. N., Williams, K. D., Boutle, I. A., Bushell, A. C., Ed-
wards, J. M., Field, P. R., Lock, A. P., Morcrette, C. J., Strat-
ton, R. A., Wilkinson, J. M., Willett, M. R., Bellouin, N., Bodas-
Salcedo, A., Brooks, M. E., Copsey, D., Earnshaw, P. D., Hardi-
man, S. C., Harris, C. M., Levine, R. C., MacLachlan, C., Man-
ners, J. C., Martin, G. M., Milton, S. F., Palmer, M. D., Roberts,
M. J., Rodríguez, J. M., Tennant, W. J., and Vidale, P. L.: The
Met Office Unified Model Global Atmosphere 4.0 and JULES
Global Land 4.0 configurations, Geosci. Model Dev., 7, 361–386,
https://doi.org/10.5194/gmd-7-361-2014, 2014.

Wesely, M.: Parameterization of surface resistances to gaseous dry
deposition in regional-scale numerical-models, Atmos. Environ.,
23, 1293–1304, https://doi.org/10.1016/0004-6981(89)90153-4,
1989.

Wild, O.: Modelling the global tropospheric ozone budget: explor-
ing the variability in current models, Atmos. Chem. Phys., 7,
2643–2660, https://doi.org/10.5194/acp-7-2643-2007, 2007.

Willmott, C. J.: On the validation of models, Phys. Geography, 2,
184–194, 1981.

Woodhouse, M. T., Luhar, A. K., Stevens, L., Galbally, I., Thatcher,
M., Uhe, P., Wolff, H., Noonan, J., and Molloy, S.: Australian
reactive-gas emissions in a global chemistry-climate model and
initial results, Air Qual. Clim. Change, 49, 31–38, 2015.

Young, P. J., Archibald, A. T., Bowman, K. W., Lamarque, J.-F.,
Naik, V., Stevenson, D. S., Tilmes, S., Voulgarakis, A., Wild, O.,
Bergmann, D., Cameron-Smith, P., Cionni, I., Collins, W. J., Dal-
søren, S. B., Doherty, R. M., Eyring, V., Faluvegi, G., Horowitz,
L. W., Josse, B., Lee, Y. H., MacKenzie, I. A., Nagashima, T.,
Plummer, D. A., Righi, M., Rumbold, S. T., Skeie, R. B., Shin-
dell, D. T., Strode, S. A., Sudo, K., Szopa, S., and Zeng, G.: Pre-
industrial to end 21st century projections of tropospheric ozone
from the Atmospheric Chemistry and Climate Model Intercom-
parison Project (ACCMIP), Atmos. Chem. Phys., 13, 2063–
2090, https://doi.org/10.5194/acp-13-2063-2013, 2013.

Atmos. Chem. Phys., 18, 4329–4348, 2018 www.atmos-chem-phys.net/18/4329/2018/

https://doi.org/10.1016/j.scitotenv.2017.07.076
https://doi.org/10.5194/gmd-2-43-2009
https://doi.org/10.5194/gmd-7-41-2014
https://doi.org/10.1016/j.atmosenv.2016.06.072
https://doi.org/10.1007/978-94-007-7621-0
https://doi.org/10.1029/2005JD006338
https://doi.org/10.5194/gmd-8-1645-2015
https://doi.org/10.1029/2002JD002893
https://doi.org/10.5194/gmd-7-361-2014
https://doi.org/10.1016/0004-6981(89)90153-4
https://doi.org/10.5194/acp-7-2643-2007
https://doi.org/10.5194/acp-13-2063-2013

	Abstract
	Introduction
	A new two-layer scheme for surface resistance rc
	Asymptotic limits
	Behaviour of the new scheme and specification of m
	Impact of ozone reaction with dissolved organic carbon (DOC)

	ACCESS-UKCA chemistry--climate modelling system
	Ozone dry deposition velocity to the ocean
	Comparison with observations
	Global distribution

	Dry deposition budgets using the MACC ozone reanalysis
	Global distribution of surface ozone and dry deposition flux
	Dry deposition budgets
	Uncertainty in annual ozone dry deposition

	Conclusions
	Data availability
	Competing interests
	Acknowledgements
	References

