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Abstract. Terrestrial ecosystems represent a major sink for
ozone (O3) and also a critical control of tropospheric O3 bud-
get. However, due to its deleterious effects, plant function-
ing is affected by the ozone absorbed. It is thus necessary to
both predict total ozone deposition to ecosystems and parti-
tion the fluxes in stomatal and non-stomatal pathways. The
Surfatm-O3 model was developed to predict ozone deposi-
tion to agroecosystems from sowing to harvest, taking into
account each deposition pathways during bare soil, growth,
maturity, and senescence periods. An additional sink was
added during senescence: stomatal deposition for yellow
leaves, not able to photosynthesise but transpiring. The
model was confronted to measurements performed over three
maize crops in different regions of France. Modelled and
measured fluxes agreed well for one dataset for any pheno-
logical stage, with only 4 % difference over the whole crop-
ping season. A larger discrepancy was found for the two
other sites, 15 % and 18 % over the entire study period, espe-
cially during bare soil, early growth and senescence. This
was attributed to site-specific soil resistance to ozone and
possible chemical reactions between ozone and volatile or-
ganic compounds emitted during late senescence. Consid-
ering both night-time and daytime conditions, non-stomatal
deposition was the major ozone sink, from 100 % during bare
soil period to 70–80 % on average during maturity. However,
considering only daytime conditions, especially under opti-
mal climatic conditions for plant functioning, stomatal flux
could represent 75 % of total ozone flux. This model could
improve estimates of crop yield losses and projections of tro-
pospheric ozone budget.

Correspondence to:P. Stella
(patrick.stella@grignon.inra.fr)

1 Introduction

Ozone (O3) in the stratosphere provides protection from so-
lar ultraviolet radiation, but in the troposphere it is a common
greenhouse gas, a major pollutant and a powerful oxidant
mainly produced via photochemical reactions of nitrogen ox-
ides (NOx) and volatile organic compounds (VOCs). Since
the pre-industrial era, mean annual O3 concentrations have
increased due to human activities from 10 ppb to between
20 and 45 ppb depending on the geographical location (Vin-
garzan, 2004). In the next century, O3 concentrations will
continue to increase, and Meehl et al. (2007) project an in-
crease of 20–25 % in mean global O3 concentration between
2015 and 2050 and of 40–60 % by 2100.

Ozone contributes to global warming of the atmosphere by
reducing outgoing infrared radiation into space. It is respon-
sible for positive radiative forcing (i.e. heating) estimated to
0.25–0.65 W m−2, the strongest after long-lived greenhouse
gases (CO2, CH4, N2O and halocarbons). This accounts for
about 25 % of the total net radiative forcing (1.6 W m−2) at-
tributed to human activities (Forster et al., 2007). More-
over, O3 is well known to have deleterious effects on ma-
terials, human health and plants (PORG, 1997). Indeed, O3
is responsible for damages on polymeric materials such as
rubbers, but also on textiles, dyes, surface coatings, met-
als and buildings materials (Lee et al., 1996; Massey, 1999;
Ahmad et al., 2000; Almeida et al., 2000; Boyce et al.,
2001) and causes deleterious impacts to human health, in-
cluding lung inflammation, reduction in lung function, respi-
ratory diseases, and mortality (Rastogi et al., 1991; Uysal and
Schapira, 2003; Bell et al., 2005; Ito et al., 2005; Levy et al.,
2005; Targer et al., 2005; Hazucha and Lefohn, 2007). On
vegetation, O3 slows-down the stomatal closing, decreases
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the photosynthetic capacity and alters plant biomass and leaf
area, although these effects depend on species, canopy struc-
ture and age of tissues (Paoletti, 2005; Paoletti and Grulke,
2005; Ainsworth, 2008; Wittig et al., 2009). For agroecosys-
tems, current levels of O3 concentration are sufficiently high
to reduce yields of crops such as rice, soybean, wheat, potato,
and maize, which is a priority issue for food security, and
on economic loss of around $11–$18 billion annually (Ash-
more, 2005; Ashmore et al., 2006; Avnery et al., 2011a). Due
to the increase in ozone concentration and its deleterious ef-
fect on plants, Avnery et al. (2011b) predict a decrease in
world crop yield about 10.6–15.6 % for wheat, 4.5–6.3 % for
maize and 12.1–16.4 % for soybean by 2030, with econom-
ical losses about $12–$35 billions annually. Finally, recent
modelling studies predict a decrease in terrestrial ecosystem
CO2 absorption due to O3, which would then affect the atmo-
spheric greenhouse gas budget and enhance global warming
(Felzer et al., 2007; Sitch et al., 2007). Providing accurate
surface exchange ozone models is a necessity to ameliorate
the estimates of the global tropospheric ozone budget (Wild,
2007).

Terrestrial ecosystems are the major sink for ozone. Since
O3 is hardly soluble in water, it is deposited mainly through
dry deposition (Fowler et al., 2009). In order to quantify
the terrestrial ecosystem sink for ozone and to predict the
potential effect of ozone on plants, it is necessary (i) on
the one hand to predict total ozone deposition to ecosys-
tems and (ii) on the other hand to discriminate the differ-
ent deposition pathways. To this aim, several studies were
performed over forests (Lamaud et al., 2002; Altimir et al.,
2004, 2006), crops (Gerosa et al., 2004; Coyle et al., 2009;
Lamaud et al., 2009) and grasslands (Zhang et al., 2002,
2006). It is currently assumed that ozone deposition follows
stomatal and non-stomatal (i.e. soil and cuticular) pathways.
The processes governing each deposition pathways are well
identified: stomatal deposition is linked with environmen-
tal parameters governing stomatal opening (Emberson et al.,
2000a), cuticular deposition increases with relative humid-
ity (Zhang et al., 2002; Altimir et al., 2004, 2006; Coyle et
al., 2009; Lamaud et al., 2009) and soil deposition decreases
with relative humidity (Stella et al., 2011). Moreover, the
partitioning between stomatal, cuticular and soil depositions
depends on canopy structure: the ozone transfer from the at-
mosphere towards the ground is reduced when the canopy
height and the leaf area index (LAI) increase (van Pul and
Jacobs, 1994; Zhang et al., 2002), while stomatal and cuticu-
lar depositions increase with canopy LAI (Zhang et al., 2002;
Massman, 2004; Tuovinen et al., 2004).

Ozone deposition over terrestrial ecosystems is usually
modelled using resistive schemes with one or two vegetation
layers and one soil layer (Wesely, 1989; Wesely and Hicks,
2000). However, these models differ from resistance param-
eterisations, especially concerning non-stomatal resistances
for which there is no consensus (Zhang et al., 2002; Bassin et
al., 2004; Lamaud et al., 2009; Tuzet et al., 2011). Moreover,

current models are usually used for fully developed canopies.
In these cases, soil and cuticular pathways could probably
compensate each other and the partitioning of non-stomatal
deposition is uncertain. Finally, non-stomatal resistances, in
particular cuticular resistance, are expressed as functions of
air climatic variables (such as air relative humidity) and not
as a function of climatic variables at the leaf surface. This
issue could have a strong impact especially during grow-
ing season when the difference between measurement and
canopy heights changes, leading to differences between rela-
tive humidity at the measurement height and the leaf surface.

This paper presents the Surfatm-O3 model, a soil-
vegetation-atmosphere-transfer model combining a resis-
tive approach for heat and ozone, parameterised for maize
canopies and taking into account bare soil, growth, matu-
rity and senescence periods. It incorporates stomatal path-
way for green and yellow leaves, soil and cuticular pathways.
This model was developed for a maize canopy in Grignon,
40 kilometres west of Paris using parameterisation for soil
and cuticular resistances obtained on the same site. It is then
tested against measurements performed over two maize crops
in southern France. In addition, the sensitivity of the model
is presented. Finally, the model is used to partition total
ozone flux for each site and the contribution of each depo-
sition pathway along the whole cropping period is analysed.

2 Surfatm-O3 model description

The Surfatm-O3 model is a one dimensional soil-vegetation-
atmosphere-transfer model, elaborated upon the model de-
scribed in Personne et al. (2009), which includes (i) an en-
ergy budget model accounting for the latent (LE) and sensi-
ble (H) heat fluxes and (ii) a pollutant exchange model simu-
lating ozone fluxes between the surface and the atmosphere.
It includes one vegetation layer and one soil compartment.
The model is based on the same resistive scheme for the en-
ergy balance and the O3 exchange, meaning with the same
aerodynamic, quasi-laminar boundary layer and stomatal re-
sistances, the two latter being modulated by the scalar diffu-
sivities. The energy balance and O3 exchange models are
coupled through leaf temperature (Tz′

0
), leaf water vapour

partial pressure (ez′

0
), soil surface temperature (Tsurf), and

soil water vapour partial pressure (esurf) allowing to calcu-
late cuticular and soil resistances.

The energy balance model, its input parameters and the
transfer resistances (aerodynamic resistance (Ra), in-canopy
aerodynamic resistance (Rac), leaf quasi-laminar boundary
layer resistance (Rbl) and soil quasi-laminar boundary layer
resistance (Rbs)) are fully described in Personne et al. (2009)
and will not be detailed in the following. The resistive
scheme for O3 is shown in Fig. 1.
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Figure 1: Resistive scheme for O3 exchange model. z is the height above ground; Ra, Rac, Rbl, 15 
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Fig. 1. Resistive scheme for O3 exchange model.z is the height

above ground;Ra, Rac, Rbl, Rbs, Rsoil, Rcut, R
green
s , andR

yellow
s

are aerodynamic resistance, in-canopy aerodynamic resistance, leaf
quasi-laminar boundary layer resistance, soil quasi-laminar bound-
ary layer resistance, soil resistance, cuticular resistance, green leaf
stomatal resistance, and yellow leaf stomatal resistance respec-
tively; χO3 is the ozone concentration; indexes ref,a, z0, z0′ , and
z0s refer to reference, atmospheric, canopy roughness height for
momentum, canopy roughness height for scalar, and soil roughness
height respectively.

2.1 Soil resistance

The soil resistance (Rsoil in s m−1) is calculated using the pa-
rameterisation obtained by Stella et al. (2011) on the Grignon
site as:

Rsoil = Rsoilmin ∗e(ksoil×RHsurf) (1)

where Rsoilmin(= 21.15 s m−1) is the soil resistance with-
out water adsorbed at the soil surface (i.e. at RHsurf=0 %),
ksoil(= 0.024) is an empirical coefficient of the exponential
function and RHsurf is the soil surface relative humidity esti-
mated withTsurf andesurf from energy balance model.

2.2 Cuticular resistance

The cuticular resistance (Rcut in s m−1) is parameterised fol-
lowing Lamaud et al. (2009) as a function of relative humid-
ity obtained for maize crop at maturity on Grignon site, and
total Leaf Area Index (LAItot) (Massman, 2004). The pa-
rameterisation proposed in Lamaud et al. (2009) is a func-
tion of air relative humidity at reference height. However
the relative humidity at the leaf surface (RHz′

0
) is used in the

Surfatm-O3 model to take into account the change in mea-
surement height minus displacement height along the grow-
ing season. In addition, Lamaud et al. (2009) do not express
the variability in crop phenology but indicate an equivalence

with Massman (2004) who takes into account variations in
canopy structure. The cuticular resistance is expressed com-
bining the expressions of Massman (2004) and Lamaud et
al. (2009) as:

Rcut= Rcutmax if RHz′

0
< RH0 (2a)

Rcut= Rcutmax∗e

(
−kcut·

(
RHz′0

−RH0

))
if RHz′

0
> RH0 (2b)

whereRcutmax(= 5000/LAItot) is the maximal cuticular re-
sistance calculated as Massman (2004), RH0(= 60 %) is a
threshold value of the relative humidity andkcut(= 0.045)
is an empirical coefficient of the exponential function taken
from Lamaud et al. (2009).

2.3 Stomatal resistance

The stomatal resistance is based on a multiplicative model
that describes leaf stomatal conductance as a function of
plant species and environmental variables (leaf tempera-
ture (Tz′

0
), photosynthetically active radiation (PAR), leaf-

to-air vapour pressure deficit (VPD) and soil water potential
(SWP)). The leaf stomatal resistance (Rleaf

s in s m−1) is cal-
culated following Emberson et al. (2000b) and Tuovinen et
al. (2004) as:

Rleaf
s = [(gmax∗gPAR∗max{gmin,(gT ∗gVPD∗gSWP)})/41000]−1 (3)

wheregmax (in mmol m−2 s−1) is the maximum leaf stom-
atal conductance,gPAR, gT, gVPD, andgSWP represent the
response ofgmax to PAR, leaf temperature, VPD and SWP
respectively,gmin is the minimum stomatal conductance that
occurs during the daylight period and 41 000 is the factor to
convert mmol m−2 s−1 to m s−1 (Jones, 1992). The generic
functiongPAR, gT, gVPD, andgSWP are species specific. The
parameterisations for each function are indicated in Table 1
using coefficients from Emberson et al. (2000b).

The up-scaling from leaf to canopy stomatal resistance
is carried out by dividing leaf stomatal resistance by leaf
area index (Emberson et al., 2000b; Tuovinen et al., 2004).
However, all the leaves do not contribute in the same ex-
tend to canopy stomatal resistance due to vertical structure of
the canopy influencing environmental conditions inside the
canopy such as solar radiation. To take into account this is-
sue, the up-scaling from leaf to canopy is performed using
effective leaf area index (LAIe) instead of LAI as proposed
by Rochette et al. (1991).

In the present model, we dissociate stomatal resistance for
green leaves (able to photosynthesise) (R

green
s ) and yellow

leaves (not able to photosynthesise but transpiring) (R
yellow
s )

by dividing leaf stomatal resistance by effective green leaf
area index (LAIgreen

e ) and effective yellow leaf area index
(LAI yellow

e , obtained by difference between maximal leaf area
index of the cropping season and green leaf area index) re-
spectively:
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R
green
s = Rleaf

s

/
LAI

green
e (4a)

R
yellow
s = Rleaf

s

/
LAI yellow

e (4b)

2.4 Modelling ozone deposition velocity and flux

Following the resistance analogy (Wesely and Hicks, 2000),
the ozone deposition velocity is expressed by analogy with
the Ohm’s law. The leaf resistance atz′

0 (the canopy rough-
ness height for scalar) (Rlz′0

) is determined as:

1

Rlz′0

=
1

Rcut
+

1

R
green
s

+
1

R
yellow
s

(5)

The leaf resistance atz0 (the canopy roughness height for
momentum) (Rlz0) is calculated as:

Rlz0 = Rbl +Rlz′0
(6)

The resistance to ground deposition (Rground) is obtained as:

Rground= Rac+Rbs+Rsoil (7)

The canopy resistance (Rc) is defined as:

1

Rc
=

1

Rground
+

1

Rlz0

(8)

Ozone deposition velocity (Vd) at reference height (zref) and
ozone flux (FO3) are finally calculated as:

Vd(zref) =
1

Ra(zref)+Rc
(9)

FO3 = −Vd(zref)∗χa
O3

(10)

whereχa
O3 is the ozone concentration at the reference height.

3 Materials and methods

3.1 Site characteristics and measurements

The Grignon, La Cape Sud and Lamasquère sites and mea-
surements for each site are fully described in Loubet et
al. (2011), Stella et al. (2009) and Béziat et al. (2009) re-
spectively. The Grignon site (48◦51′ N, 1◦58′ E) is a 19 ha
field located at 40 km west of Paris, France. It is surrounded
by roads on the East, South and South-West. The soil is a silt
loam. In 2008, the field was sown with maize (NK Perform)
used for silage. The parcel was not irrigated. The experi-
ment was carried out from maize sowing, 28 April 2008, to
the harvest (9 September 2008).

The experimental site of La Cape Sud (44◦24′ N, 0◦38′ W)
is located at 60 km south of Bordeaux, France. The soil is
sandy with a dark organic matter layer in the first 0.4 m. In
2007, the 20 ha field was sown with maize. The field was
irrigated regularly from July to August by two ramps. The
dataset begins on 26 July 2007 during maize maturity and
lasts until maize harvest, 11 October 2007.

Table 1. Parameterisations used in the stomatal resistance model.
PAR is the photosynthetically active radiation (µmol m−2 s−1),
VPD is the leaf vapour pressure deficit (kPa),Tz′

0
is the leaf temper-

ature (◦C), and SWP is the soil water deficit (MPa).

Name Parameterisation

gmax 156 mmol O3 m−2 s−1(=

236 mmol H2O m−2 s−1)

gmin 0.19

gPAR 1−e(−α∗PAR)
;

with α=0.0048.

gT If Tz′

0
< Tmin, gT=gmin;

If Tz′

0
> Tmax, gT=gmin;

If Tmin < Tz′

0
< Tmax, gT = 1−

(
Tz′0

−Topt

Topt−Tmin

)2

;

with Tmin=0◦C, Topt=25◦C andTmax=51◦C.

gVPD If VPD < VPDmax, gVPD=1;
If VPD > VPDmin, gVPD = gmin;
If VPDmin < VPD <VPDmax,

gVPD =

(
1−gmin

VPDmax−VPDmin

)
∗ VPD + gmin −(

1−gmin
VPDmax−VPDmin

)
∗VPDmin;

with VPDmin=2.5 kPa and VPDmax=1 kPa.

gSWP If SWP> SWPmin, gSWP=1;
If SWP< SWPmax, gSWP=gmin;
If SWPmin < SWP< SWPmax,

gSWP =

(
1−gmin

SWPmin−SWPmax

)
∗ SWP + gmin −(

1−gmin
SWPmin−SWPmax

)
∗SWPmax;

with SWPmin=−0.11 MPa and
SWPmax=−0.8 MPa.

The Lamasqùere site (43◦49′ N, 1◦23′ E) is located at
20 km south-west of Toulouse, France. The soil is a loam.
This 32 ha field was sown with maize for silage (PR35A30)
on 20 May 2008 and harvested the 11 September 2008. The
field was irrigated from July to August. The dataset covers
sowing to harvest.

For each site, standard meteorological variables were
recorded. These measurements included global (Rg) and
net radiation (Rn), incoming photosynthetic photon flux den-
sity (PPFD), air temperature (Ta) and relative humidity (RH),
soil temperature (Tsoil), soil water content (SWC), wind
speed (U ), wind direction (WD) and rainfall. In addition,
measurements of leaf area index (LAI) and canopy height
(hc) were carried out occasionally for La Cape Sud and
Lamasqùere sites while they were modelled with CERES-
EGC model (Lehuger et al., 2010) for the Grignon site.

Turbulent fluxes of momentum (τ ), sensible heat (H), la-
tent heat (LE), CO2 (FCO2) and O3 (FO3) were measured
by eddy covariance, with the sonic anemometer and the gas
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sampling at 3.4 m, 6.4 m and 3.65 m for Grignon, La Cape
Sud and Lamasquère respectively. Specifically for ozone
flux, the ratio method described in Muller et al. (2010) which
provided measurements of deposition velocity (the flux di-
vided by concentration) owing to the very small and constant
offset of the fast ozone analyser (ATDD, NOAA, USA), was
applied. The ozone flux was obtained by multiplying the de-
position velocity by the absolute ozone concentration mea-
sured with slow response sensor (Environnement SA, model
41M, France). Fluxes were integrated over 30 min time
spans and calculation followed the CarboEurope methodol-
ogy (Aubinet et al., 2000).

3.2 Stomatal conductance deduced from measurements

The stomatal conductance for O3 (gs, the inverse of stom-
atal resistanceRs) can be deduced from water vapour flux
measurements by inverting the Penman-Monteith equation
(Monteith, 1981):

gsPM =
DO3

DH2O
∗

E
δw

1+
E
δw

(Ra+Rb)
(

βs
γ

−1
) (11)

whereDO3 andDH2O (m2 s−1) are molecular diffusivities for
O3 and H2O respectively (DO3/DH2O ≈ 0.66),E is the water
vapour flux (kg m−2 s−1), δw the water vapour density sat-
uration deficit (kg m−3), β the Bowen ratio,s the slope of
the saturation curve (K−1) andγ the psychrometric constant
(K−1).

This estimation ofgs requires thatE represents only plant
transpiration without including soil evaporation and evapo-
ration of liquid water (rain, dew) which may be present at
the canopy surface. This estimation of stomatal conductance
was corrected for water evaporation as proposed by Lamaud
et al. (2009): for dry conditions (RH< 60 %, for which liquid
water at the leaf surface is considered as completely evapo-
rated)gsPM is plotted against Gross Primary Production (GPP,
estimated on a daily basis following Kowalski et al., 2003,
2004). The corrected stomatal conductance (gscorr) for all hu-
midity conditions is then given by:

gscorr = α∗GPP (12)

whereα is the slope ofgsPM =f (GPP) relationship in dry con-
ditions.

4 Results and discussion

4.1 Overview on meteorological conditions, crop
phenology and ozone deposition

Meteorological conditions for the three sites were contrasted
during the experimental period. Daily arithmetic means of
the main climatic variables are shown in Fig. 2a–e. Although
day-to-day and month-to-month variations of the climatic
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Fig. 2. Half hourly arithmetic means of(a) global radiation,(b) air
temperature,(c) air relative humidity,(d) soil water content,(e) O3
concentration,(f) friction velocity, (g) O3 flux, and(h) O3 deposi-
tion velocity. Black, grey and open symbols are data from Grignon,
La Cape Sud and Lamasquère respectively.

conditions can be large, some differences between each site
appear in the half-hourly means.

The Grignon site was characterised by intermediate mete-
orological conditions compared to the two other sites. Global
radiation reached 600 W m−2 at noon (Fig. 2a) and relative
humidity decreased to 55 % during early afternoon (Fig. 2c).
Air temperature was the lowest with only 20◦C in aver-
age during daytime (Fig. 2b). Mean soil water content was
around 22.5 % for the whole period (Fig. 2d). However,
the SWC varied during the cropping period due to maize
establishment: SWC was constant from April 2008 to mid
June 2008, around 27 %, decreased to 17 % until the end of
July and was constant until the maize harvest. Ozone con-
centration was around 20–25 ppb during nighttime and in-
creased to around 35 ppb during early afternoon (Fig. 2e).
Friction velocity was the strongest of the three sites with
mean maximal daytime values of 0.4 m s−1 and nighttime

www.biogeosciences.net/8/2869/2011/ Biogeosciences, 8, 2869–2886, 2011



2874 P. Stella et al.: Predicting and partitioning ozone fluxes to maize crops from sowing to harvest

values around 0.17 m s−1 (Fig. 2f). The maize emerged the
11 May 2008. The growth lasted until 29 June 2008 and the
maize reached maximum height and LAI of about 2.2 m and
5.2 m2 m−2, respectively. The first yellow leaves appeared
around the 11 July 2008 and their LAI increased to a max-
imum around 3.6 m2 m−2 when the maize was harvested on
9 September 2008 (Table 2).

For the La Cape Sud site, mean global radiation reached
only 500 W m−2 (Fig. 2a), but this was mainly due to sea-
sonal decrease inRg, since this dataset extended to Octo-
ber 2007. Air mean temperature ranged from 12◦C during
nighttime to 22◦C during daytime (Fig. 2b). Air relative hu-
midity was the lowest and decreased to 45 % during day-
time (Fig. 2c). Soil water content was in mean similar to
those of Grignon site, around 22.5 % for the entire period
(Fig. 2d). However, as for Grignon site, SWC was highly
variable. From July to August 2007, irrigation allowed max-
imal SWC, around 40 %, although there was a fast decrease
due to the soil texture (i.e. composed mainly by sand). When
the irrigation stopped in early September 2007, SWC rapidly
decreased to its minimum around 10 %. Ozone concentration
ranged from 10 ppb during nighttime to 37 ppb in early after-
noon (Fig. 2e). Friction velocity varied between 0.1 m s−1

during nighttime and 0.35 m s−1 during daytime (Fig. 2f).
The dataset started during maize maturity. The maize height
was 2.5 m and the LAI of green leaves was 5.1 m2 m−2. The
first yellow leaves appeared around the 1 August 2007. All
leaves were yellow when the maize was harvested the 11 Oc-
tober 2007 (Table 2).

The Lamasqùere site was the warmest with air temperature
ranging from 15◦C during nighttime to 25◦C during day-
time (Fig. 2b). Global radiation reached 650 W m−2 at noon
(Fig. 2a) and air relative humidity decreased to 60 % during
early afternoon (Fig. 2c). The water supply provided by irri-
gations allowed constant SWC, around 40 % (Fig. 2d), over
the entire cropping period. Ozone concentration increased
to reach its maximum, around 40 ppb, during mid after-
noon and decreased to 15–20 ppb during nighttime (Fig. 2e).
Friction velocity reached 0.25 m s−1 during daytime, which
represents the lowestu∗, and decreased to 0.12 m s−1 dur-
ing nighttime (Fig. 2f). The maize sown the 20 May 2008
emerged the 29 May 2008. The growing period was the
longest and lasted until the 29 July 2008 approximately. The
field was harvested before the first yellow leaves appeared
the 11 September 2008. Maximal canopy height was similar
to those of the other site, 2.5 m height, while LAI was the
lowest, only 3.2 m2 m−2 (Table 2).

Half-hourly means of ozone deposition velocities for each
site are indicated in Fig. 2h. The values of ozoneVd were
highly different according to site: they reached 0.65 cm s−1

for Grignon site, 0.57 cm s−1 for La Cape Sud site and
only 0.41 cm s−1 for Lamasqùere site. For Grignon and
Lamasqùere sites, ozoneVd increased to reach a peak at noon
and then decreased to its minimum during nighttime. Con-
cerning La Cape Sud site, dynamics of ozoneVd was slightly

different: deposition velocity reached its maximum during
mid morning and suddenly decreased to 0.45 cm s−1 at noon.
Then ozoneVd decreased once again during mid afternoon to
its minimum as for the two others sites (Fig. 2h).

The ozone fluxes were similar for La Cape Sud
and Lamasqùere: they were at a minimum, around
−1.2 nmol m−2 s−1, during nighttime and increased to reach
a maximum around−7 nmol m−2 s−1 during early after-
noon. The ozone flux for Grignon site was the great-
est with minimal ozone flux around−2.5 nmol m−2 s−1

and reached−9 nmol m−2 s−1 (Fig. 2g). These values
were similar to ozone fluxes reported by several authors
over various ecosystems. Gerosa et al. (2005), Vitale
et al. (2005), Cieslik (2009), and Fares et al. (2010) re-
ported ozone fluxes ranging from 0 to−12 nmol m−2 s−1

for forest ecosystems. In addition, Grantz et al. (1995,
1997) reported ozone fluxes around−6 nmol m−2 s−1 and
−10 nmol m−2 s−1 for grape and cotton fields respectively.
Gerosa et al. (2007) found that maximal ozone fluxes var-
ied between−5 nmol m−2 s−1 and −40 nmol m−2 s−1 for
onion field and Coyle et al. (2009) measured average ozone
fluxes of −9.5 nmol m−2 s−1 for potato canopy. Similar
fluxes, ranging from 0 to−20 nmol m−2 s−1, were reported
by Gerosa et al. (2004) over barley field and by Bassin et
al. (2004) and Tuzet et al. (2011) for wheat crops. Thus,
ozone fluxes in this study can be assumed as standard and do
not represent exceptional conditions.

4.2 Surfatm-O3 model test against the Grignon site data

The aim of this study was not developing an energy bal-
ance model, as this work was already done in Personne et
al. (2009). Thus, this issue will not be detailed in the fol-
lowing. It is however interesting to note that along the whole
cropping season for the Grignon site the modelled and mea-
sured LE agreed well, only 8 % difference (R2=0.70), indi-
cating that transfer resistances were well modelled.

The model was tested against measurements of ozone
deposition performed in the Grignon site. Although the
model was partially built using parameterizations obtained
on the same site, they were not necessarily obtained using
the dataset presented here and significantly modified. Indeed,
the parameterization ofRsoil was established by including
other datasets from Grignon in 2007 and 2008 (Stella et al.,
2011). In addition, the parameterization ofRcut proposed by
Lamaud et al. (2009) was obtained for an other maize crop in
another field in Grignon in 2002. This parameterization was
further modified to be expressed as a function of relative hu-
midity at the leaf surface instead of relative humidity at the
reference height and to take into account the evolution of leaf
area index along the cropping season (see Sect. 2.2).

The modelled ozone deposition velocity agreed well with
measurements and reproduced diurnal and day-to-day varia-
tions of measured ozoneVd from sowing to harvest, i.e. in-
cluding bare soil, growth maturity and senescence (Fig. 3).
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Figure 3: Time series of measured (black line) and modelled (grey line) ozone deposition 18 

velocities for the Grignon site from sowing (i.e. the 28th April 2008) to harvest (i.e. the 9th 19 

September 2008). Black and grey circles are Leaf Area Index for green and yellow leaves 20 

respectively. 21 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

28/04/08 03/05/08 08/05/08 13/05/08 18/05/08 23/05/08 28/05/08 02/06/08 07/06/08 12/06/08

O
zo

ne
 V

d 

(c
m

 s
-1

)
0

1

2

3

4

5

6

LA
I (

m
2  m

-2
)

²

0

0.2

0.4

0.6

0.8

1

1.2

1.4

12/06/08 17/06/08 22/06/08 27/06/08 02/07/08 07/07/08 12/07/08 17/07/08 22/07/08 27/07/08

O
zo

ne
 V

d 

(c
m

 s
-1

)

0

1

2

3

4

5

6

LA
I (

m
2  m

-2
)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

27/07/08 01/08/08 06/08/08 11/08/08 16/08/08 21/08/08 26/08/08 31/08/08 05/09/08 10/09/08

O
zo

ne
 V

d 

(c
m

 s
-1

)

0

1

2

3

4

5

6

LA
I (

m
2  m

-2
)

Measured deposition velocity Modelled deposition velocity Green Leaf Area Index Yellow Leaf Area Index

Fig. 3. Time series of measured (black line) and modelled (grey line) ozone deposition velocities for the Grignon site from sowing (i.e. the
28 April 2008) to harvest (i.e. the 9 September 2008). Black and grey circles are Leaf Area Index for green and yellow leaves respectively.

Table 2. Phenological stages of maize for Grignon, La Cape Sud and Lamasquère sites during the study periods.

Grignon La Cape Sud Lamasquère

Sowing 28 April 2008 NA 20 May 2008
Emergence 11 May 2008 NA 29 May 2008
End of growth 29 June 2008 NA 29 July 2008
First yellow leaves 11 July 2008 1 August 2007 NA
Harvest 9 September 2008 11 October 11 September 2008
Maximal Canopy height (m) 2.2 2.5 2.5
Maximal green Leaf Area Index (m2 m−2) 5.2 5.1 3.2
Maximal yellow Leaf Area Index (m2 m−2) 3.6 5.1 NA

Over the whole cropping period, the model was very close to
measurements with a weak underestimation of ozone fluxes,
only 4 % (Fig. 4e). Furthermore, the model reproduced well
measurements for each period individually. There were only
weak differences between measured and modelled ozone
fluxes: 9 % over the bare soil period (Fig. 4a), 1 % over the
growth (Fig. 4b), 2 % during the maturity (Fig. 4c) and 8 %
along the senescence period (Fig. 4d). Although measured
and modelled total ozone fluxes showed good agreement, the
different pathways of deposition, i.e. soil, cuticular and stom-
atal, may compensate each other. In order to validate ozone
partitioning it is necessary to study each deposition pathway
individually, as far as possible.

The parameterisation of soil resistance was obtained on
the same site and along a range of conditions including
bare soil periods before and after maize establishment (Stella
et al., 2011). In addition, during the bare soil period,
modelled ozone fluxes agreed well with measured ozone
fluxes (Fig. 4a), confirming the validity of soil resistance for
Grignon site.

The comparison between modelled stomatal conductance
for green leaves (gsgreen=1/Rgreen

s , see Sect. 2.3) and stom-
atal conductance deduced from measurements (gscorr, see
Sect. 3.2) indicates good agreement between the two esti-
mations (Fig. 5). Since the estimation ofgscorr was inferred
from Gross Primary Production, it concerns only leaves able
to photosynthesize, i.e. green leaves. Although the two
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Figure 4: Comparison between modelled and measured ozone fluxes for the Grignon site 31 

during (a) bare soil period, (b) growth, (c) maturity, (d) senescence, and (e) whole cropping 32 

period. Only data for u* > 0.1 m s-1 are represented. 33 
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Fig. 4. Comparison between modelled and measured ozone fluxes for the Grignon site during(a) bare soil period,(b) growth,(c) maturity,
(d) senescence, and(e)whole cropping period. Only data foru∗ > 0.1 m s−1 are represented.

estimations of stomatal conductance gave similar results,
gscorr was generally greater thangsgreen. As gscorr was first de-
duced from latent heat flux, this overestimation was probably
due to soil evaporation which was not fully corrected with a
threshold of 60 % on RH by plottinggsPM against GPP.

No direct estimation of cuticular pathways can be per-
formed, and thus no direct comparison between measured
and modelled cuticular conductance can be carried out. But,
since the soil and stomatal pathways were validated as indi-
cated previously, the good agreement between modelled and

measured ozone fluxes from bare soil to maturity (Figs. 3 and
4a–c) indicated that the cuticular pathway modelling was sat-
isfactory.

A particular point in the Surfatm-O3 model is the addi-
tion of a stomatal conductance for yellow leaves during the
senescence period. The dissociation between stomatal con-
ductance for green and yellow leaves means that leaves can
transpire without photosynthesizing. Indeed, photosynthesis
is an active phenomenon requiring CO2 fixation by enzymes
(Romberger et al., 1993) whereas plant transpiration is an
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Figure 5: Time series of stomatal conductance deduced from measurements (black line) and 18 

modelled stomatal conductance for green leaves (grey line) for the Grignon site. 19 
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Fig. 5. Time series of stomatal conductance deduced from measurements (black line) and modelled stomatal conductance for green leaves
(grey line) for the Grignon site.

inactive phenomenon induced by water potential difference
between the substomatal cavities and the air. Such ozone
deposition pathway is usually not included in current ozone
deposition model. The addition of the yellow leave stom-
atal conductance pathway improved modelled ozone fluxes
during senescence: with this additional pathway, modelled
ozone fluxes were close to measurements with a weak dif-
ference of only 8 % while the model underestimated mea-
surements by up to 20 % if stomatal conductance for yel-
low leaves was not included (Fig. 6a). Moreover, the fact
that modelled latent heat fluxes including yellow leaves were
closer to measurements than without stomatal conductance
for yellow leaves confirms the existence of this additional
pathway (Fig. 6b). Although previous studies usually fo-
cused in stomatal conductance for green leaves and not for
senescent leaves, few studies report results of transpiration
and photosynthesis rates for yellow leaves in accordance
with stomatal opening without photosynthesis. For example,
Cayon (2001) showed that leaf transpiration lasted later than
leaf photosynthesis. Water Use Efficiency (WUE), the ra-
tio between photosynthesis and transpiration, is also known
to decrease with leaf age (Grandjean Grimm and Furhrer,
1992; Adamtey et al., 2010), meaning that photosynthesis
decreases earlier than transpiration. Veneklaas and Van den
Boogaard (1994) also hypothesized that yellow leaves might
lose significant amount of water meaning a stomatal open-
ing. Finally, Hoyaux et al. (2008) found that yellow leaves

did not photosynthesize but were still able to respire, which
implies stomatal aperture.

4.3 Model validation on La Cape Sud and Lamasqùere
sites

As discussed in the previous section, the Surfatm-O3 model
was able to predict ozone fluxes over the whole cropping
period, taking into account each deposition pathway, for a
maize crop on the Grignon site. However, this model must be
tested against measurements carried out in other sites to vali-
date the model and its different parameterisations, or at least
found the possible sources of discrepancies. For this, ozone
fluxes were modelled with the same parameterisations ob-
tained on the Grignon site and compared with measurements
performed over two maize crops on Lamasquère and La Cape
Sud sites. The former was characterised by a long growing
period without senescence, while the latter had the longest
senescent period but no measurements were performed dur-
ing bare soil and growth periods.

Over the whole period, the before model underestimated
ozone fluxes by about 15 % and 18 % on average for La Cape
Sud and Lamasquère, respectively (Fig. 7 and Table 3). How-
ever, model underestimation was strongly dependent on the
phenological stage as indicated in Table 3.

For the Lamasqùere site, the model underestimated ozone
fluxes by 30 % during bare soil period. During the growth
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Table 3. Mean relative difference between modelled and measured ozone fluxes over different phenological stages for La Cape Sud and
Lamasqùere sites. Negative values indicate model underestimation and positive values indicate model overestimation.

Lamasqùere La Cape Sud

Difference between Difference between
Period model and measurements Period model and measurements

Bare soil 20 May to 28 May 2008 −30 % NA NA
Early growth 29 May to 18 June 2008 −33 % NA NA
Mid growth 19 June to 8 July 2008 −27 % NA NA
Late growth 9 July to 29 July 2008 −4 % NA NA
Maturity 30 July to 11 September 2008 −11 % 26 July to 31 July 2007 −20 %
Early senescence NA NA 1 August to 23 August 2007 −8 %
Mid senescence NA NA 24 August to 15 September 2007 +6 %
Late senescence NA NA 16 September to 11 October 2007 −33 %
Whole studying period 20 May to 11 September 2008 −18 % 26 July to 11 October 2007 −15 %

period, the model underestimated ozone fluxes by 33 % dur-
ing early growth and 27 % during mid growth, for which LAI
did not exceed 1 m2 m−2. After canopy closure, modelled
and measured ozone fluxes showed good agreement with
only weak differences of 4 % and 11 % during late growth
and maturity respectively (Table 3). The fact that Surfatm-
O3 underestimated the measurements especially during bare
soil period and during growing period before canopy closure
(when soil deposition is important compared to stomatal and
cuticular pathways) suggests that soil resistance (Rsoil) was
overestimated for the Lamasquère site. Thus, it seems that
values ofRsoilmin and/orksoil obtained on Grignon site by
Stella et al. (2011) are site specific and depend on soil charac-
teristics such as porosity, texture and organic matter content.
Indeed, the sensitivity analysis carried out on soil parame-
ters exhibited a large sensitivity toksoil andRsoilmin (Table 4,
see Sect. 4.4). After canopy closure, the ground deposition
is less important due to high in-canopy aerodynamic resis-
tance. Thus, total ozone deposition is less sensitive to an
overestimation of soil resistance for fully developed canopy
(Table 4). This explains the good agreement between mod-
elled and measured ozone fluxes for late growth and maturity.

Concerning La Cape Sud site, modelled ozone fluxes
agreed with measurements from maturity to mid senescence
with difference between model and measurements of 8 %
and 6 % during early and mid senescence respectively (Ta-
ble 3). This supports the need to include stomatal conduc-
tance for yellow leaves during senescence, as proposed for
the Grignon site. During maturity, the model underestimated
ozone fluxes by 20 %. However, only few data were available
during maturity (i.e. 5 days) which did not allow deriving
fair conclusions. Moreover, this strong difference was only
due to particular daytime conditions with very high vapour
pressure deficit during early afternoon. Under these condi-
tions, stomatal resistance was overestimated because of an
overestimated impact of VPD upongmax by gVPD function.
During late senescence, the model strongly underestimated
ozone fluxes, about 33 % in mean (Table 3) but this could

reach up to 200 %. It is possible to hypothesise that VOCs
emitted by senescent leaves reacted with ozone, leading to
a stronger measured ozone fluxes for the La Cape Sud site.
For example, Karl et al. (2003) measured peak in acetone
and acetaldehyde emissions during autumn above a mixed
hardwood forest, attributed to senescing biomass. It is well
known that VOCs emissions are dependant on temperature.
Concerning our study, the largest difference between mea-
sured and modelled ozone fluxes occurred for air temperature
around 15◦C (data not shown). This result is consistent with
VOCs emissions between 12◦C and 23◦C reported by Baker
et al. (2001), Schade et al. (2001) and Karl et al. (2002).
Thus, since Surfatm-O3 model does not include ozone chem-
istry, modelled ozone fluxes were underestimated.

4.4 Sensitivity analysis of the Surfatm-O3 model

The sensitivity analysis was carried out onksoil, Rsoilmin, kcut,
Rcutmax, andgmax. In order to take account of the influence of
environmental variables on resistances to ozone deposition,
four representative climatic conditions were tested (sunny
day, overcast day, clear night and overcast night). In addi-
tion, because the weight of each deposition pathway is dif-
ferent according to the phenological stage (see Sect. 4.5), for
each climatic condition three development stages with differ-
ent canopy height and leaf index area were simulated. The re-
sults, expressed as relative difference from the reference case
(i.e. with parameterisations indicated in Sect. 2), are summa-
rized in Table 4.

The sensitivity to parameters of soil resistance decreases
with canopy development while the sensitivity to parameters
of cuticular and stomatal resistances increases with canopy
development. Indeed, the contributions of stomatal and cu-
ticular sinks to total ozone deposition increase with leaf
index area whereas this latter provokes an increase of in-
canopy aerodynamic resistance, which lowers the contribu-
tion of the soil pathway in the O3 sink.
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Table 4. Response of modelled ozone fluxes to parameters of ozone deposition resistances. Blank cases correspond to relative differences
lower than 1 %. Bold cases correspond to the reference values. The reference height is 3.2 m.

Sunny day Overcast day Clear night Overcast night
Rn=500 W m−2 u=4 m s−1 Rn=200 W m−2 u=10 m s−1 Rn=−50 W m−2 u=1 m s−1 Rn=−50 W m−2 u=6 m s−1

Ta= 30◦C RH= 60 % Ta= 15◦C RH= 80 % Ta= 10◦C RH= 70 % Ta= 5◦C RH= 90 %

hc (m) hc = 0 hc = 1 hc = 2.5 hc = 0 hc = 1 hc = 2.5 hc = 0 hc = 1 hc = 2.5 hc = 0 hc = 1 hc = 2.5
LAI (m2 m−2) LAI = 0 LAI = 2 LAI = 5 LAI = 0 LAI = 2 LAI = 5 LAI = 0 LAI = 2 LAI = 5 LAI = 0 LAI = 2 LAI = 5

Parameters of soil resistance

k1
soil

0.018 +52 % +28 % +8 % +57 % +35 % +14 % +11 % +5 % +1 % +59 % +35 % +12 %
0.024 Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref
0.030 −38 % −23 % −9 % −38 % −24 % −11 % −15 % −7 % −2 % −40 % −25 % −12 %
R1

soilmin
15.75 +23 % +14 % +4 % +28 % +17 % +7 % +6 % +3 % − +26 % +16 % +6 %
21 Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref
26.25 −16 % −10 % −4 % −18 % −11 % −5 % −5 % −2 % − −17 % −11 % −5 %

Parameters of cuticular resistance

k2
cut

0.03 − − − − −3 % −6 % − − −16 % − −12 % −21 %
0.045 Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref
0.06 − − − − +4 % +8 % − − +19 % − +19 % +34 %
R3

cutmax
2500/LAI − +7 % +16 % − +13 % +24 % − +18 % +65 % − +29 % +57 %
5000/LAI Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref
10000/LAI − −3 % −8 % − −6 % −12 % − −11 % −36 % − −15 % −30 %

Parameter of stomatal resistance

gmax for O1
3

117 − −5 % −11 % − −5 % −10 % − − − − − −

156 Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref Ref
195 − +5 % +11 % − +5 % +10 % − − − − − −

1: the interval corresponds to±25 % of the reference value (Ref);2: the interval corresponds to maximal and minimal values reported by Lamaud et al. (2009);3: the interval
corresponds to the uncertainty reported by Massman (2004).

The impact of climatic conditions is less clear. Indeed,
we have chosen to performed this sensitivity analysis using
micrometeorological classes (sunny day, overcast day, clear
night and overcast night) implying that several climatic vari-
ables changes simultaneously (e.g. wind speed, temperature,
relative humidity and radiation). Moreover, any variation in
these climatic variables not only changes soil, cuticular and
stomatal resistances to ozone deposition, but also transfer re-
sistances (i.e. aerodynamic resistance, quasi-laminar bound-
ary layer resistance and in-canopy canopy resistance). How-
ever, patterns can be distinguished. Overall, the sensitivity
to soil parameters is greater during overcast conditions and
the sensitivity to cuticular parameters is greater during night-
time.

For bare soil periods, the model is particularly sensitive
to ksoil. A change of 25 % ofksoil can lead to up to 50 %
increase whenksoil decreased in modelled ozone flux. The
sensitivity toRsoilmin is smaller: 25 % of variation of this term
lead to a change of modelled flux of around 30 % during bare
soil to less than 1 % during fully developed canopy, the flux
increasing whenRsoilmin decreased.

The sensitivity to the cuticular resistance parameters is
the largest during nighttime when canopy is fully developed.

The model is mostly sensitive toRcutmax which is also the
term with the greatest uncertainty. The flux increased when
Rcutmax decreased. Its variation in the range reported by
Massman (2004) can lead to a change of 65 % during clear
night. The sensitivity tokcut is comparatively small: in the
range of uncertainty reported by Lamaud et al. (2009),kcut
induces changes of modelled ozone flux between less than
1 % and 34 % for the cases considered.

The stomatal resistance parametergmax is responsible for
a weak variation of modelled ozone flux: 25 % of variation
of gmax lead to a maximum 11 % variation of modelled flux.
However, only this parameter was tested here and several
others can lead to variation of stomatal resistance such as the
parameters of the attenuation functions described in Sect. 2.3
and Table 1.

According to this sensitivity analysis, weak changes in
ozone resistance parameters induce large deviations of mod-
elled ozone fluxes. However, the variability of modelled
fluxes is strongly dependent on canopy development stages
and to a lower extent to climatic conditions. Thus, the fact
that the model reproduces ozone fluxes whatever the devel-
opment stage and whatever the climatic conditions provide
evidence of the robustness of the Surfatm-O3 model.
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Figure 6: Comparison between measured and modelled (a) ozone and (b) latent heat fluxes 30 

including (black symbols) and without including (grey symbols) stomatal conductance for 31 

yellow leaves in the model for the Grignon site during senescence (i.e. from 11th July 2008 to 32 

9th September 2008). Only data for u* > 0.1 m s-1 are represented. 33 
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Fig. 6. Comparison between measured and modelled(a) ozone
and (b) latent heat fluxes including (black symbols) and without
including (grey symbols) stomatal conductance for yellow leaves
in the model for the Grignon site during senescence (i.e. from
11 July 2008 to 9 September 2008). Only data foru∗ > 0.1 m s−1

are represented.

4.5 Ozone flux partitioning

The Surfatm-O3 model can be used to partition total ozone
flux in soil, cuticular and stomatal pathways. This section is
dedicated to ozone flux partitioning and its analysis along the
cropping season for Grignon, Lamasquère and La Cape Sud
maize crops. However, the model was not able to fully repro-
duce measurements during early growth at Lamasquère site
and during late senescence at La Cape Sud site. Modelling
these two stages needs further development. Thus, ozone
partitioning during these two periods could be subject to few
discrepancies.

On a daily basis, non-stomatal deposition (i.e. soil and
cuticular) represented the major sink of ozone for the three
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Figure 7: Comparison between measured and modelled ozone fluxes over the whole studying 30 

period for (a) La Cape Sud site and (b) Lamasquère site. Only data for u* > 0.1 m s-1 are 31 

represented. 32 
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Fig. 7. Comparison between measured and modelled ozone fluxes
over the whole studying period for(a) La Cape Sud site and
(b) Lamasqùere site. Only data foru∗ > 0.1 m s−1 are represented.

sites for any development stage (Figs. 8a, 9a and 10a). For
Grignon and Lamasquère, non-stomatal deposition repre-
sented the only deposition pathway during bare soil period
and it progressively decreased with maize development to
around 70 % (Fig. 8a) and 80 % (Fig. 9a) respectively. For
La Cape Sud, non-stomatal flux was around 70 % of the total
ozone flux during maturity and raise to around 80 % before
harvest (Fig. 10a). Concerning the partitioning of the before
non-stomatal pathway, soil deposition was the main deposi-
tion pathway during bare soil and early growth, but its con-
tribution progressively decreased with maize development to
the benefit of cuticular deposition. This evolution was due
to the increase in LAI which, on the one hand, increased in-
canopy aerodynamic resistance, thus decreased soil deposi-
tion, and on the other hand decreased cuticular resistance,
allowing cuticular deposition to increase. The partitioning of
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Figure 8: Mean (a) daily, (b) diurnal and (c) nocturnal relative contributions of soil, cuticular, 21 

stomatal for green leaves, and stomatal for yellow leaves pathways to total ozone flux over 22 

the whole study period for the Grignon site. 23 
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Fig. 8. Mean(a) daily, (b) diurnal and(c) nocturnal relative contributions of soil, cuticular, stomatal for green leaves, and stomatal for yellow
leaves pathways to total ozone flux over the whole study period for the Grignon site.

non-stomatal deposition was different for the three sites, es-
pecially when maize canopy was fully developed: for both
Grignon (Fig. 8a) and La Cape Sud (Fig. 10a) sites, soil and
cuticular pathways were around 20 % and 50 % of the to-
tal ozone deposition whereas they were similar, each around
40 % for Lamasqùere site (Fig. 9a). As previously, the dif-
ference of contribution of soil and cuticular deposition in the
non-stomatal sink between the three sites was due to differ-
ence of LAI between each site. Indeed, Lamasquère site had
the lowest LAI (Table 2) which provided the lowestRac and
thus the strongest contribution of soil deposition. Moreover,
it also allowed a lower cuticular deposition than the two other
sites.

The contribution of stomatal deposition was dependent
on plant development and progressively increased along the
growing season to reach its maximal contribution during ma-
turity. Except for Lamasqùere, for which maize was har-
vested before any yellow leaves appeared, the stomatal depo-
sition to yellow leaves increased along the senescence while
the contribution of green leaves decreased. On the daily aver-
age, stomatal deposition did not represent the major sink for
ozone, with a mean contribution of only 20–30 % for each
site (Figs. 8a, 9a and 10a). The contribution of stomatal de-
position of yellow leaves could represent a non negligible

part on the total ozone flux, and could reach up to 20 % of
the total flux for Grignon and La Cape Sud.

Ozone partitioning and the relative contribution of each
sink were highly dependent on the time in the day. Dur-
ing daytime, stomatal deposition represented on average half
of the total deposition when maize was fully developed
for Grignon (Fig. 8b) and La Cape Sud (Fig. 10b). For
Lamasqùere, the low LAI induced that stomatal pathway rep-
resented in average less than 40 % of the total ozone depo-
sition during daytime. The contributions of stomatal depo-
sition given previously are only averages. Indeed, during
daytime, stomatal deposition was linked to stomatal aperture:
this sink represented only a small part of total deposition at
sunrise and sunset, while it could reach 75 % for Grignon
and La Cape Sud and 60 % for Lamasquère of the total ozone
deposition during the maximal physiological activity of the
maize in the day. The contribution of stomatal pathway was
particularly visible on La Cape Sud site. Indeed, the dynamic
of ozone flux (Fig. 2g), and more clearly of ozone deposition
velocity (Fig. 2h), was due to stomatal component. On this
site with low air relative humidity (Fig. 2c), the high air evap-
orative demand induced stomatal closure at midday which
induced a decrease in stomatal flux, and thus in total ozone
flux. Of course, during nighttime non-stomatal pathway was
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Figure 9: As in Figure 8, but for the Lamasquère site. 21 
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Fig. 9. As in Fig. 8, but for the Lamasquère site.

the only deposition pathway (Figs. 8c, 9c and 10c). Cuticular
deposition represented the main nocturnal deposition path-
way when canopy was fully developed for Grignon (Fig. 8c)
and La Cape Sud (Fig. 10c), around 90 %. This strong contri-
bution of the cuticular pathway to total nocturnal deposition
from maize maturity was due to the high relative humidity
during nighttime which both enhanced cuticular deposition
(Zhang et al., 2002; Lamaud et al., 2009) and diminished
soil deposition. For Lamasquère, the contribution of cutic-
ular deposition during the night was lower than for Grignon
and La Cape Sud due to its low LAI influencing conversely
soil and cuticular pathways, as explained previously. How-
ever, the contributions of soil and cuticular pathways for this
site were highly variables due to the variability of climatic
conditions at the Lamasquère site (Fig. 9c).

Few studies reported ozone flux partitioning between
stomatal and non-stomatal pathways, the former inferred
from measurement of stomatal conductance and ozone con-
centration and the latter obtained by difference between to-
tal and stomatal ozone fluxes. Partitioning between stomatal
and non-stomatal sinks in this study was similar to those re-
ported by several authors. For example, Fares et al. (2011)
found that, for a pine forest, annual non-stomatal flux rep-
resented between 33 % and 50 % of the total ozone flux,
and could reach up to 65 % according to season. Gerosa

et al. (2005, 2009) reported very strong contribution of di-
urnal non-stomatal pathway which could reach up to 70 %
for Mediterranean forest and maquis ecosystem, while non-
stomatal deposition could represent only 30 % for barley field
(Gerosa et al. 2004). Unfortunately, previous studies rarely
reported partitioning of stomatal (i.e. for green and yellow
leaves) and non-stomatal (i.e. soil and cuticular) pathways.

5 Summary and conclusions

This study presented the Surfatm-O3 model. It includes (i) an
energy budget model simulating latent (LE) and sensible (H)

heat fluxes and (ii) a pollutant exchange model simulating
ozone fluxes between the surface and the atmosphere. The
aim of this model is to predict total ozone deposition to
agroecosystems along the whole cropping season, i.e. taking
into account bare soil, growth, maturity, and senescence, and
to partition ozone deposition in stomatal, soil and cuticular
pathways.

This model was developed for a maize crop near Paris with
parameterisations of soil and cuticular resistances for ozone
obtained on the same site, but including other datasets. The
model agreed well with measured ozone fluxes for each de-
velopment stage. During senescence, an additional ozone
sink was added: a stomatal sink for yellow leaves. Without
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Figure 10: As in Figure 8, but for the La Cape Sud site. 21 
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Fig. 10. As in Fig. 8, but for the La Cape Sud site.

this additional pathway, ozone fluxes were underestimated.
The presence of the stomatal resistance for yellow leaves was
confirmed by the latent heat flux, this latter indicating that
transpiration was maintained in spite of maize senescence.
Over the whole cropping period, modelled and measured
ozone fluxes differed by only 4 %. Model validation was per-
formed to two other maize crops in South of France. The
modelled fluxes agreed well with measurements from late
growth to mid senescence, but underestimated measurements
during bare soil, early growth and late senescence. This dis-
crepancy was attributed on the one hand to soil parameterisa-
tion which seems to be site-specific, and on the other hand to
possible chemical reactions between ozone and volatile or-
ganic compounds emitted by plants during late senescence.
However, over the whole period, model was able to relatively
well predict ozone fluxes for the two sites, with model under-
estimation of 15 % and 18 % for each site.

The sensitivity analysis was carried out on key parame-
ters of soil, cuticular and stomatal resistances to ozone de-
position. This analysis showed that weak changes in ozone
resistance parameters induce large deviations of modelled
ozone fluxes. However, the variability of modelled fluxes
is strongly dependent on canopy development stages and to
a lower extent to climatic conditions: the sensitivity to pa-
rameters was the strongest for soil resistance during bare soil

period and early growth while changes in cuticular and stom-
atal resistances induced important changes when the canopy
was fully developed. The sensitivity analysis tends to demon-
strate the robustness of the Surfatm-O3 model since it repro-
duced ozone fluxes from sowing to harvest in spite of few dis-
crepancies attributed to site-specific soil resistance and pos-
sible chemical reactions.

The analysis of ozone flux partitioning revealed that non-
stomatal sink was the main contributor to ozone deposition.
It represented the only deposition pathway during bare soil
period and between 70 % and 80 % in mean during maize
maturity. However, the relative contribution of non-stomatal
pathway to total ozone deposition could be very low, es-
pecially during optimal environmental conditions for plant
growth where stomatal flux was 60 % to 75 % of the total
ozone flux. The weight of each deposition pathway in to-
tal ozone deposition was particularly dependent on canopy
structure, especially the Leaf Area Index.

A new model of ozone deposition was thus proposed to
predict and partition ozone deposition taking into account
each development stage from sowing to harvest. However
this model was only tested on maize crops, although this
analysis was carried out for three sites in different geograph-
ical regions. The next step of this work is to validate this
model for different soils and crops such as wheat or barley.
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Since it is able to predict both total ozone deposition and
ozone absorbed through stomata by vegetation, the Surfatm-
O3 model could represent a new support to improve projec-
tions of atmospheric ozone budget, and to predict crop yield
losses due to ozone.

Acknowledgements.This work was supported by the Euro-
pean commission through two projects CarboEurope-IP and
NitroEurope-IP, a french regional funding R2DS (Région Ile-de-
France), a french-german project PHOTONA (CNRS/INSU/DFG)
and a French national project Vulnoz (ANR, VMC). Eric Lar-
manou, Olivier Fanucci, Brigitte Durand, Céline Decuq, Michel
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