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a  b  s  t  r  a  c  t

Castelporziano  Estate  is  a coastal  forest  25  km  from  downtown  Rome.  It is  an  ideal  site to  study  inter-
actions  between  Mediterranean  forest  ecosystems  and a polluted  atmosphere.  Two  eddy  covariance
systems  were  used  to simultaneously  measure  water  vapour  and  ozone  fluxes  above  and  below  a canopy
of Holm  Oak  (Quercus  ilex).  Additional  measurements  of  environmental  parameters  allowed  to  calculate
stomatal  ozone  fluxes  in  order to parameterize  atmospheric  models  and  new  algorithms  for  discrimi-
nating  ozone  deposition  into  its  three  more  significant  sinks:  soil,  stomata,  and  cuticles.  Results  showed
ddy covariance measurements
on-stomatal sink
esistance modelling
olm Oak Forest
uercus ilex

that  stomata  explained  almost  the  totality  of  ozone  fluxes  during  the  winter  season,  and  <60%  during
the  warm  seasons  under  condition  of  drought  stress.  Soils  removed  up  to 30%  of  ozone,  suggesting  the
importance  of  this  sink  in  this  forest  ecosystem.  This  study  spanning  all  seasons  over  a  2-year  period
advanced  our understanding  about  the contribution  of a  representative  Mediterranean  Oak  forest  to
biosphere–atmosphere  exchange.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Tropospheric ozone is a secondary photochemical pollutant
argely produced in the vicinity of urban areas, where precur-
or species such as nitrogen oxides (NOx) and volatile organic
ompounds (VOC) are emitted (Monks et al., 2009). Atmospheric
oncentrations of ozone in northern mid-latitudes increased
ubstantially in the past few decades (Vingarzan, 2004), with
oncentrations in the Mediterranean Basin being even more ele-
ated than in Northern and Western Europe (Millan et al., 2000;
alabokas and Repapis, 2004; Paoletti, 2006).

Forest ecosystems have the capacity to remove ozone through
oth stomatal and non-stomatal mechanisms (Kurpius and
oldstein, 2003; Fares et al., 2010a,b, 2012, 2013b). Environmen-
al variables such as light, temperature and water availability in
he soil-plant-atmosphere system play a major role in regulating
he stomatal aperture, and hence ozone removal. Recent studies

∗ Corresponding author. Tel.: +39 06 7005413 127.
E-mail address: silvano.fares@entecra.it (S. Fares).

ttp://dx.doi.org/10.1016/j.agrformet.2014.08.014
168-1923/© 2014 Elsevier B.V. All rights reserved.
highlighted a predominant role of drought as main limiting factor
in the regulation of gas exchange in Mediterranean Oak ecosys-
tems (Vargas et al., 2013). Therefore, stomatal ozone sinks are
highly variable during the year, especially in the Mediterranean
area, which is characterized by a strong climate variability.

Ozone is considered a major concern for forest health (Paoletti
et al., 2010; Serengil et al., 2011). Exposure to elevated ozone
concentrations produces biochemical and physiological changes in
plants when ozone is taken up through stomata, with inhibition
of carbon assimilation by photosynthesis (Wittig et al., 2009; Fares
et al., 2013a). Therefore, understanding ozone deposition pathways
is a key focus of the international science community involved in
risk assessment policy (UN/ECE Convention on long-range trans-
port of air pollution, LRTAP; see http://www.unece.org/env/lrtap).

Non-stomatal ozone sinks can represent the major component
of total ozone deposition to forest ecosystems (Fowler et al., 2009).
These sinks consist of ozone removal on plant surfaces and in soils.

They may  also include chemical sinks in the atmosphere and in soil,
represented by nitric oxide (NO) and reactive VOC (Nemitz et al.,
2000; Kurpius and Goldstein, 2003; Farmer and Cohen, 2008). The
capacity to measure and model these ozone sinks is important to

dx.doi.org/10.1016/j.agrformet.2014.08.014
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agrformet.2014.08.014&domain=pdf
mailto:silvano.fares@entecra.it
http://www.unece.org/env/lrtap
dx.doi.org/10.1016/j.agrformet.2014.08.014
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uantify the role of peri-urban forests in phytoremediation, as an
dditional ecosystem service provided to the community (Groot
t al., 2002; Escobedo and Nowak, 2009).

Considering the importance of ozone effects on Mediterranean
egetation and the potential of peri-urban forests in mitigating
zone concentrations, we  set up an experimental site in a typical
editerranean forest dominated by Holm Oak. We  measured ozone

nd water vapour fluxes continuously for two years using the eddy
ovariance technique above the canopy to answer a first research
uestion: what is the stomatal contribution to ozone deposition
uring the main seasons? A second eddy covariance system was
quipped below the canopy, in order to estimate the soil contri-
ution to ozone deposition fluxes and quantify water evaporation.
xperimental data were used to test empirical models and predict
zone deposition to cuticles and soil. The models were then used
o address a second research question: what is the contribution of
he main non-stomatal sinks to the total ozone flux budget across
he seasons?

. Material and methods

.1. Site description

The Presidential Estate of Castelporziano covers an area of about
000 ha, is located 25 km SW from the Center of Rome, Italy, and is
art of the Italian network for Long Term Ecological Research. This
hermo-Mediterranean region is characterized by stress aridity in
ummer, and moderate cold stress in winter. The experimental
ite inside the Estate is named “Grotta di Piastra” (41.42N, 12.21E),
ocated at 13 m a.s.l. and 1.5 km from the seashore of the Thyrrenian
ea. Thirty-minute averages of photosynthetically active radiation
PAR), air temperature and vapour pressure deficit (VPD) for 2013
re shown in Fig. 1. As the growing season is all-year round with
eaks in carbon assimilation in spring and early fall and decreased

evels in summer due to temperature stress, data were averaged
or each season. Mean annual precipitation was 805 ± 256 mm,  as
veraged over the years 2007–2011. Wind circulation is mostly
etermined by a local sea-land breeze wind regime, with moder-
te to strong S–SW winds blowing in the morning, and light N–NE
inds in the afternoon. The soil has a sandy texture and low water-
olding capacity, which exacerbates drought. More details on soil
roperties and site characteristics are provided in Fares et al. (2009,
013b).

The tower footprint, estimated according to Hsieh et al. (2000),
as dominated by Quercus ilex. Within the footprint area, total Leaf
rea Index (LAI) was 3.69 m2

leaf m−2
ground, measured using a LAI-

000 instrument (LI-COR, Licoln, NE, USA) with an average canopy
eight of 14.9 m.

.2. Meteorological parameters

Meteorological sensors were installed at canopy level (14 m)
nto a 19-m high tower. Relative humidity, air temperature, net
olar radiation, precipitation and leaf wetness were measured
very minute and averaged at 30-min intervals with a Davis van-
age pro meteorological station (Davis Instruments Corp. CA, USA).

 sonic anemometer (Gill Windmaster) was used to instanta-
eously measure wind speed and direction. Photosynthetic photon
ux density was measured with a LI-190 Quantum sensor (LI-
OR, Licoln, NE, USA), and signal recorded using a data logger

CR3000, Campbell Scientific, Shepshed, UK). Leaf temperature of

 sun leaves and 3 shade leaves was recorded with custom-made
hermocouples and recorded using a data logger (CR23x, Camp-
ell Scientific, Shepshed, UK). Soil moisture and temperature were
eorology 198–199 (2014) 181–191

measured at 10, 50, and 100 cm depths using capacitive relative
humidity sensors (CS 650, Campbell Scientific).

Ozone concentrations were measured using a UV photometric
ozone analyzer (49i, Thermo Scientific), with a precision of 0.5 ppb.
Measurement heights were 19.7 m (above canopy), 14.9 m (canopy
level) and 2.4 m (soil level). Air was  sampled using separate samp-
ling lines (20-m long Teflon tubes, with 4-mm inner diameter)
through which air flowed continuously to avoid any memory or
surface effects. To avoid contamination and flow problems, Teflon
filters (PFA holder, PTFE membrane, 2 �m pore size) were installed
at the sampling inlets and replaced every two  weeks. A custom-
made valve system sampled ozone sequentially for 6 min  at each
measuring height. Data collection and sampling system control
were performed using a data logger (CR3000, Campbell Scientific,
Shepshed, UK).

2.3. Above-canopy eddy covariance measurements

Flux measurements at canopy level started in January 2012 and
ended in December 2013. Wind velocity and sonic virtual tempera-
ture fluctuations were measured at 10 Hz with a three-dimensional
sonic anemometer (Gill Windmaster, Gill Instruments, Lyming-
ton, UK) mounted on a horizontal beam next to the inlet of the
sampling line. Air was  sampled continuously at 19.7 m height near
the sonic anemometer. The trace gas analytical equipment (for
H2O and O3) was housed in an air-conditioned cabin at the bot-
tom of the measurement tower. Ozone measurements were made
by chemiluminescence using coumarin dye with a custom-made
instrument developed by the National Oceanic and Atmospheric
Administration (NOAA, Silver Spring, MD,  Bauer et al., 2000). The
chemiluminescence signal was calibrated against 30-min average
ozone concentrations from the UV ozone monitor. Water vapour
concentrations were measured using a closed path infrared gas
analyzer (LI-7200, Lincoln, NE, USA). The raw analogue data for all
gases were recorded at 10 Hz, and logged with the data by the sonic
anemometer by a LI-COR datalogger (LI-7550, Lincoln, NE, USA).
Ozone and water vapour concentrations measured at 19.7 m height
were filtered by removing values exceeding six standard deviations
in a one-minute window. Water concentrations were corrected
for a spectroscopic effect (Detto and Katul, 2007) due to fluctua-
tions in temperature and water vapour (WPL theory, Webb et al.,
1980), using temperature and pressure values measured inside
the instrument cell. Corrected concentrations were correlated with
the vertical wind velocity over 30-min intervals according to the
eddy covariance technique extensively described in Aubinet et al.
(2012). The time lag for sampling and instrument response was
determined by maximizing the covariance between vertical wind
velocity and scalar fluctuation. Errors due to sensor separation and
damping of high frequency eddies were corrected using spectral
analysis techniques as outlined by Rissmann and Tetzlaff (1994).
The wind data were rotated according to the planar fit method
(Wilczak et al., 2001). A stationary test was performed according to
the method described by Foken and Wichura (1996). When the sta-
tionary test result was  above 30%, data were discarded. This led to
a data removal of 11% and 15% for ozone and water fluxes, respec-
tively. Friction velocity was used to identify low turbulence periods.
Thresholds were evaluated according to the 99% threshold criterion
on nighttime data (Papale et al., 2006), and the dataset was filtered
according to the highest threshold found. Eddy covariance data
quality was  also evaluated through spectral analysis, performed
by using averaged binned cospectra of scalars and vertical wind
velocity. Cospectra were calculated only for daytime periods (solar

radiation >100 W m−2) under unstable conditions ((zc − d)/L < 0,
where zc is the canopy height, d the displacement height and L
is the Monin–Obukhov length), high turbulence and homogeneous
boundary layer (v′w′/ ¯u′w′ < 0.25, where v′w′ and ¯u′w′ are lateral
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ig. 1. Thirty-minute ensemble average diurnal cycles (±standard deviation) of ph
zone  concentration, total and stomatal ozone fluxes for the each season of the yea

nd longitudinal momentum fluxes, respectively, Smeets et al.,
009). Averaged cospectra (Fig. 2) showed fall-off slopes for ozone
nd water close to a −7/3 trend similar to the sensible heat flux.
ompared with the sensible heat cospectrum, above-canopy mea-
urement showed slightly higher frequency attenuation in both
ater and ozone cospectra.

Stomatal resistance to water vapour (Rsto) was  calculated
rom the eddy covariance measured evapotranspiration using the
vaporative/resistance method (Monteith and Unsworth, 1990;

urnipseed et al., 2009; Fares et al., 2012, 2013b):

sto = cp × � × VPD
� × � × EL

− (Ra + Rb) (1)

Fig. 2. Normalized cospectral density of sensible heat
nthetically active radiation (PAR), air temperature, vapour pressure deficit (VPD),
.

where � is the latent heat of vaporization in air (J kg−1), � is
the psychrometric constant (0.065 kPa K−1), EL is the transpiration
rate (kg H2O m−2 s−1) after subtracting the evaporative contri-
bution from soil calculated with below-canopy eddy covariance
measurements (details provided below), cp is the specific heat
of air (J kg−1 K−1), � (kg m−3) is the density of dry air, VPD is
the vapour pressure deficit at leaf level (kPa), Ra and Rb (s m−1)
are the aerodynamic and laminar sublayer resistances. Stomatal
conductance to ozone (GO3 ) was  calculated as the inverse of Rsto
corrected for the difference in diffusivity between ozone and water
vapour (Massman, 1998). Stomatal ozone flux (FO3 ) was calculated
by multiplying GO3 by ozone concentration assuming that inter-
cellular concentration of ozone is zero (Laisk et al., 1989). This

, ozone and water above and below the canopy.
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ssumption has been rejected in case of exposure to concentra-
ion of ozone above 100 ppb and high level of stomatal aperture
Fares et al., 2010b); however our field site was characterized by
80 ppb ozone concentrations and by a limited stomatal conduc-
ance, therefore the possibility of ozone accumulation inside the
eaves was unlikely.

In order to minimize the effect of soil and surface evapora-
ion on total evapotranspiration (and therefore not to overestimate
O3 ), measurements of the three days following precipitation and
pisodes of leaf wetness were discarded.

Total ozone fluxes were divided by ozone concentration to
btain deposition velocity (VdO3 ). Canopy conductance to ozone
Gc) was calculated from VdO3 taking into account atmospheric
esistances as reported by Fares et al. (2012, 2013a).

In this work, fluxes are expressed per unit of ground area (m2);
ositive fluxes indicate upward mass and energy exchanges from
he ecosystem to the atmosphere, and negative fluxes indicate
ransfer from the atmosphere into the ecosystem.

.4. Below-canopy eddy covariance measurements

Eddy covariance fluxes of water vapour above the forest floor
ere measured from 15 July to 26 November 2013 (Julian days

96–330) using a closed path infrared gas analyzer (LI-7000, Lin-
oln, NE, USA), installed in the air-conditioned cabin at the bottom
f the tower. Ozone fluxes were measured from 27 June to 23
ugust 2013 (Julian days 178–235) using a dry chemiluminescence
apid Ozone Flux Instrument (ROFI Mk2, Muller et al., 2010). All
race gases were logged at 10 Hz along with the turbulence mea-
urements made by a sonic anemometer (RM Young 81000, RM
oung Company, Michigan, USA), mounted at 2.4 m above the forest
oor, less than 10 m away from the flux tower. The ROFI instru-
ent was mounted on the mast, sampling just below the sonic

nemometer. The inlet for H2O fluxes was co-located, and the
ampling flow through the 20-m long Teflon (PFA) tubing (4-mm
nternal diameter) was constant at 12 slpm to maintain turbulent
ow conditions. Ozone concentrations measured at 2.4 m above soil
ere used for absolute rescaling of the relative ozone signal from

he fast ozone analyzer. Chemiluminescence reactant discs (Bagus
onsulting, Speyer, Germany) were changed weekly. Half-hourly
urbulent fluxes were calculated and corrected using the same pro-
edure for above-canopy measurements, as described above. Data
hich did not pass the stationary test were 62% and 52% for ozone

nd water fluxes, respectively. 65% of the data were below the u*
hreshold and were discarded. Averaged cospectra showed fall-off
lopes for ozone and water close to a −7/3 trend similarly to the
ensible heat flux (Fig. 2). Only sparse vegetation dominated by
istacia lentiscus was present between this second eddy covariance
ystem and the ground level, thus this second measuring station
epresents the contribution by soil and leaf litter to the ozone and
ater vapour fluxes.

.5. Modelling ozone and water vapour fluxes at soil level and
zone cuticular deposition

Based on the measured fluxes, we developed an empirical
odel to calculate water vapour and ozone fluxes. The model
as based on step-wise regression according to the least squares
ethod of the general linear model. Several case studies are

eported in Table 1. The equation for water fluxes at ground level
H2Ofluxsoil, mmol  m−2 s−1) used four significant predictors: soil

oisture (SWC10, %) and soil temperature (Ts10, ◦C) at 10 cm depth,

riction velocity (u*, m s−1) and water fluxes above the canopy
H2Oflux, mmol  m−2 s−1):

2Ofluxsoil = b0 + b1SWC10 + b2Ts10 + b3u∗ + b4H2Oflux (2)
eorology 198–199 (2014) 181–191

The equation for ozone fluxes at ground level (O3fluxsoil,
nmol m−2 s−1) included three predictor variables measured above
the canopy level: ozone concentration ([O3], ppb), friction velocity
(u*, m s−1) and air temperature (Ta, ◦C):

O3fluxsoil = b0 + b1[O3] + b2u∗ + b3Ta (3)

Data averaged for 30-min time resolution were used in the
model. The models were built with randomly selected 70% of the
dataset and then cross-validated with the remaining 30% of the
data. The relation between measured and predicted values was
tested by linear regression analysis to check the goodness of the
models.

A previously used atmospheric model was also used to calculate
ozone deposition to soil. This includes calculation of below-canopy
resistances estimated as the sum of in-canopy aerodynamic resis-
tance (Rac, s m−1) and ground resistance (Rg, s m−1), calculated
according to Erisman et al. (1994), Zhang et al. (2002), Meszaros
et al. (2009) and Fares et al. (2012):

Rac = 14 × LAI × zc

u∗ (4)

Rg = Rg1 + Rg2 · SWC10
SWCfc

(5)

where zc is the canopy height (m), Rg1 and Rg2 are constant
resistances (s m−1) which we  calculated iteratively by comparing
modelled and measured values, SWCfc is the volumetric soil water
content at field capacity (28%) calculated as the maximum value of
SWC10 (%) after precipitation events.

The inverse of these resistances were multiplied by the ozone
concentration measured at soil level (2.4 m)  to estimate ozone flux
at soil level.

Cuticular resistance (Rcut, s m−1) was  calculated according to
the deposition model by Zhang et al. (2002) for both wet and dry
canopy:

Rcut(dry) = Rcut(dry)0

e0.03RH × LAI1/4 × u∗
(6)

Rcut(wet) = Rcut(wet)0

LAI1/2 × u∗
(7)

where Rcut(dry)0
and Rcut(wet)0

are reference values (6000 and
400 s m−1, respectively) suggested by Zhang et al. (2002) for decid-
uous species; RH is the relative humidity measured at canopy level
(%). We  assumed wet conditions when RH was  more than 60% or
the leaf wetness sensors placed on the canopy indicated wetness,
similarly to Fares et al. (2012).

3. Results and discussion

3.1. Ozone concentrations and fluxes

Figs. 1 and 3 show the seasonal dynamics of air temperature,
vapour pressure deficit, ozone concentration and fluxes during the
years 2012 and 2013, and the daily trend of 30-min averages for the
four seasons of year 2013, respectively. The study site was charac-
terized by moderately cold winters and warm and dry summers.
The annual mean temperatures were 16.1 ± 7.4 ◦C and 15.8 ± 6.8 ◦C
for 2012 and 2013, respectively.

The highest concentrations of ozone were observed during the
summer days (Figs. 1 and 3). This is consistent with the photo-
chemical origin of ozone, which is dependent on solar radiation
and temperature (Pellegrini et al., 2007). The daily dynamics of

ozone concentrations showed peaks between 02:00 and 03:00 PM,
similarly to previous observations in Castelporziano (Fares et al.,
2009, 2013b) and other sites in the world (e.g. Paoletti, 2006; Fares
et al., 2010b; Seok et al., 2013), suggesting that photochemically
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Table  1
Results from step-wise regression analysis. For prediction of water and ozone fluxes below the canopy, 4 cases were analyzed, each one with different combination of
predictors. The first case studies only use the meteorological variables. For the other case studies we  introduced measured fluxes of water and ozone, with the intent to
show  the capacity of the model to predict water and ozone fluxes below the canopy with and without use of flux variables which require use of eddy covariance. n.a. = not
available in the case study. The significant predictors which were included in the model are in bold. R2 from linear correlation between measured data and modelled data
was  calculated using the 30% of the data not used to parameterize the model.

Predictors for H2O
flux below canopy

Casel Case 2 Case 3 Case 4

Coeff P Coeff P Coeff P Coeff P

Soil U RIO −0.0637 0.5149 −0.2719 0.0019 −0.0807 0.2403 −0.2693 0.0047
Soil  UR 50 0.1035 0.1480 n.a. n.a. n.a. n.a. n.a. n.a.
Soil  UR100 0.0642 0.4134 n.a. n.a. n.a. n.a. n.a. n.a.
Soil  T10 0.0112 <0.0000 0.0026 0.0261 −0.0017 0.175 −0.0081 <0.0000
Soil  T50 0 0.8267 n.a. n.a. n.a. n.a. n.a. n.a.
Soil  T100 −0.0018 0.3075 n.a. n.a. n.a. n.a. n.a. n.a.
u*  1.5651 <0.0000 0.0439 0.0005 n.a. n.a. 1.417 <0.0000
u*  Soil level n.a. n.a. n.a. n.a. 1.2777 <0.0000 0.0118 <0.0000
H2O flux n.a. n.a. 0.0428 <0.0000 n.a. n.a. n.a. n.a.
Tair  soil level n.a. n.a. n.a. n.a. 0.0084 <0.0000 −0.0545 0.0001
Tair  above canopy n.a. n.a. n.a. n.a. n.a. n.a. −0.0034 0.1751

Cross-validation
R2 0.3161 0.4504 0.1339 0.3999
Intercept −0.2063 0 −0.02 −0.03
DF  2455 2085 2557 2481
Predictors for O3 Casel Case 2 Case 3 Case 4
Flux  below canopy Coeff P Coeff P Coeff P Coeff P

[o3] −0.0431 <0.0000 0.0485 <0.0000 −0.044 <0.0000 −0.0406 <0.0000
u*  −1.3586 <0.0000 n.a. n.a. n.a. n.a. −1.9604 <0.0000
u*  Soil level n.a. −21.7161 <0.0000 −15.7571 <0.0000 n.a. n.a.
Tair  above canopy −0.0215 0.4269 −0.0267 0.1997 0.0368 0.1825 0.0806 0.0118
O3 flux n.a. n.a. n.a. 0.1064 <0.0000 0.1174 <0.0000

Cross-validation
R2 0.6231 0.571 0.6551 0.6674
Intercept 0.8423 2.0248 1.9668 −0.5236
DF  406 408 283 282

Fig. 3. Air temperature, vapour pressure deficit, ozone concentration and total ozone flux from January 2012 to December 2013. Data are shown at 30-min time resolution,
daily  averages are also shown.
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roduced ozone accumulates in the boundary layer before it is
emoved in the late afternoon hours.

Our field site is characterized by a typical sea-land breeze
egime, with typical S–SW winds blowing during the day (from
he sea) and typical N–NE winds blowing during the evening hours
nd night (from the land). The results suggest that meteorology
ay  seriously affect concentrations of ozone at the site, carrying

olluted air plumes from the city or from the sea. Differences were
ndeed observed in ozone concentration in the plumes coming from
he sea and from the land during the central hours of the day (Fig. 4),
uggesting that air coming from the city area is depleted in ozone
specially at night due to reactions of ozone with NO and hydro-
arbons emitted by vehicles and industrial activities, as previously
eported by Fares et al. (2009). Under these conditions we  observed
zone concentrations which normally did not exceed 60 ppb even
uring the warmest hours of the summer days, and ozone concen-
rations between 10 and 30 ppb at night, resulting from intense
ighttime scavenging of ozone, including titration by NO. Air com-

ng from the sea showed higher concentrations of ozone than air
oming from the city, mainly due to slow ozone deposition on water
nd the capacity of the air masses above the sea to form ozone
hrough photochemical reactions (Velchev et al., 2011). Interest-
ngly, night concentration of ozone were significantly greater when
ir came from the sea especially during summer when the typical
and/sea breeze regime pattern is more consistent. This suggests
hat newly emitted anthropogenic gases (e.g. NO emitted in the city
rea) could react fast with ozone thus leading to ozone-depleted
ir advected to our forest site, while stagnating air above the sea –
hich is relatively depleted of such reactive anthropogenic com-
ounds – contains more ozone photochemically produced.

.2. Partitioning of ozone fluxes

Fluxes were partitioned for the four seasons, based on the notion
hat sinks will change in response to meteorological variables and
lant phenology during the year. Only ozone fluxes from 2013 were
sed in this analysis because evapotranspiration data were not
vailable in the 2012 dataset. Our studies were focused on the three
ain ozone sinks: stomata, soil and cuticles. Other possible sinks

re discussed later in the text.

.3. Stomatal ozone fluxes

Stomatal fluxes in our site were observed in each season as a
esult of the long vegetative period which often lasts all the year
ound for Mediterranean evergreen broadleaf species like Holm
ak (Manes et al., 2007). As previously observed (Gerosa et al.,
009; Fares et al., 2010b, 2012, 2013b), total ozone fluxes peaked
uring the central hours of the day as a result of stomatal and non-
tomatal sinks (Fig. 1). Moreover, as discussed previously (Fares
t al., 2013b), a mid-day depression of fluxes due to the decreased
hysiological activity of plants may  not be associated with limited
oil moisture but rather be a result of a VPD effect on leaves (Manes
t al., 1997; Mereu et al., 2009; Turnipseed et al., 2009; Fares et al.,
010b). Stomatal ozone flux peaked in spring (−10 nmol m−2 s−1)
hen precipitation was abundant and soil water content was above

0%. Annual total precipitation was 665 mm in 2013, of which 20%
ell in spring. During fall and winter, precipitation reached values
f 269.4 mm and 249.1 mm,  respectively.

During summer, maximum total ozone deposition fluxes were
nly −6 nmol m−2 s−1. In the same season and site in 2004,
erosa et al. (2009) reported fluxes up to −16 nmol m−2 s−1, which
emained consistently high until the fall season. However, the sum-
er  of 2004 was  characterized by higher precipitation (125.4 mm

s 27.2 mm in summer 2013), in line with the 12-y average (from
999 to 2010) of 127.0 ± 27.2 mm.  Average air temperature in
eorology 198–199 (2014) 181–191

summer 2004 was  22 ◦C, whereas average air temperature in
summer 2013 was higher (23.3 ◦C). We therefore conclude that a
decrease in stomatal conductance is necessarily connected to a low
water content in soil, with almost no precipitation and volumetric
water content below 5% (data not shown), but it is also related to
the high VPD values (Fig. 1) which are responsible for stomatal clo-
sure, as previously reported for the same type of vegetation (Manes
et al., 1997).

Stomatal closure was  responsible for low ozone fluxes dur-
ing fall as a result of persisting conditions of drought and high
temperatures (15.9 ◦C), but also a decrease in water table height
resulting from persistent decrease in precipitation during the sum-
mer  period (data not shown). Our results are consistent with recent
findings that found drought stress as the main limiting condition
for growth in Mediterranean Oak ecosystems (Vargas et al., 2013).
Ozone fluxes during winter were low, although the mild temper-
atures in November (mean 13.1 ◦C) and at the end of the season
promoted suitable conditions for vegetative growth. This may help
explaining the high levels of stomatal ozone fluxes in winter, which
were as high as in spring.

In order to minimize the errors associated with the water evap-
oration component in the canopy evapotranspiration term in Eq.
(1), we directly measured soil evaporation using a second eddy
covariance system below the canopy, as suggested by Wilson et al.
(2001). The results were used to parameterize an empirical model
of soil evaporation. A comparison of above and below canopy water
fluxes shows similar peaks during the central hours of the day in
response to temperature and solar radiation, but soil contribution
to total evapotranspiration was still <16% (Fig. 5). Soil evaporation
modelled using Eq. (2) and case study 2 (Table 1) showed a good
agreement with measured values (R2 = 0.45, Table 1), although an
underestimation of 32% was observed comparing the daily course
of modelled values vs measured values (Fig. 5). Because the eddy
covariance footprint is much smaller below the canopy than above
the canopy, soil evaporation is measured over a much smaller area
than evapotranspiration (Wilson et al., 2001). These representa-
tiveness errors were previously found to be on the order of 10%
(Wilson and Meyers, 2001). A visual inspection highlighted that the
model could not predict spikes in water evaporation from soils after
precipitation events and fast increases in soil temperature. How-
ever, the low contribution (and associated error) of water fluxes
from soil tends to suggest that no major errors in stomatal conduc-
tance were produced. In this study, we  adopted the formulation
proposed in case study 2 for modelling soil evaporation. The ratio-
nale behind this decision was that R2 reached the highest value and
the predictors are potentially applicable to other Mediterranean
forest ecosystems where soil moisture, temperature, u* and water
fluxes are measured above the canopy. However, we  recommend
the application of this algorithm only to ecosystems with charac-
teristics of soil and vegetation similar to our field site, since the
model has not been tested for other forest ecosystems.

3.4. Ozone deposition to soil

This study presents for the first time a direct quantification
of ozone deposition to soil in a Q. ilex forest. Few eddy covari-
ance measurements of ozone flux have been undertaken below or
within forest canopies (Meyers and Baldocchi, 1993; Lamaud et al.,
2002; Dorsey et al., 2004; Launiainen et al., 2013). Some studies
have focussed on deposition to the forest soil only (Meyers and
Baldocchi, 1993), or included above canopy and soil + understorey
with the aim to partition the total ozone sink (e.g. Lamaud et al.,

2002; Launiainen et al., 2013).

Ozone deposition to forest soil has been found to vary from 5
to 39% of the total deposition (Dorsey et al., 2004), when it was
largest at night (39%), whereas uptake by soil and understorey
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ig. 4. Thirty-minute average (±standard deviation) of ozone concentration, ozone
0-min  time resolution were averaged for the central hours of the day (10:30 AM t
ea  (SW) and wind coming from the city of Rome (NE).

as reported smallest at night (25% of total flux) by Lamaud et al.
2002). Daytime and nighttime partitioning can vary with sites,
ith understorey and forest floor deposition contributing up to

5–30% (nighttime) and 35–45% (daytime) to the total ozone depo-
ition (Launiainen et al., 2013). A range of factors are likely to be
esponsible for this variability, such as tree density, surface wetness
nd possible chemical sinks (e.g. NO emitted from soil) as reported
y Dorsey et al. (2004). At this particular Mediterranean forest site,
urface chemical sinks by reaction with NO are not expected to be
mportant, as discussed below.

Similar to water fluxes, below-canopy ozone deposition was
odelled by means of a polynomial regression with the intent to

ap-fill ozone flux to soil and compare it with above-canopy ozone
ux measured for the entire year. The model was run in four case
tudies testing different combinations of predictors: air tempera-
ure above the canopy, u* measured above the canopy and at the soil

evel, and ozone concentration (Table 1). All case studies seemed
o predict well ozone fluxes at soil level (R2 > 0.57). For comparison
ith measured fluxes, we adopted the equation resulting from the
rst case study (Eq. (3), R2 = 0.62) due to its easy application using

ig. 5. Measured evapotranspiration with eddy covariance above the canopy (grey line)
he  Julian day 330 of the year 2013. Diurnal cycle of soil evaporation modelled by Eq. (6)
eviation). (For interpretation of the references to color in this figure legend, the reader i
 and ozone deposition velocity for the year 2013. For each season, data collected at
0 PM)  and night (11:00 PM to 3 AM). Data were filtered for wind coming from the

just two  predictors: ozone concentration and u* measured above
the canopy. A good agreement between modelled and measured
data was  achieved (Fig. 6), mainly because the physical process
of ozone deposition to soil is well represented by turbulence and
ozone concentration. The dominance of u* and hence dynamic pro-
cesses in controlling the deposition to soil was also observed by
Lamaud et al. (2002), particularly during nighttime and during dry
surface conditions. However, the use of polynomial regression may
hold only in forest sites under similar environmental and vege-
tation characteristics as those found in our field site. This simple
empirical method may therefore not be applicable to other plant
ecosystems.

In order to test a more conventional meteorological model with
potential broad applications to other forest ecosystems, we tested
a previously adopted empirical algorithm (Eqs. (4) and (5)). In par-
ticular, Meszaros et al. (2009) and Fares et al. (2012) adopted this

model for a grassland and an orange crop, with values of Rg1 and
Rg2 of 200 and 300 s m−1, respectively. By linear correlation with
measured flux data, we  obtained a 30% over-prediction of
fluxes using the previously reported coefficients (R2 = 0.19). We

, and soil evaporation below the canopy (BC, red line) from the Julian day 196 to
 for the same time frame is also reported as 30-min ensemble average (±standard
s referred to the web version of this article.)
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Fig. 7. Bar chart showing total, stomatal, cuticular and ground ozone fluxes. The
sum of the three measured ozone sinks is also shown to highlight divergence with
total ozone fluxes. For each season, data collected at 30-min time resolution were
ig. 6. Thirty-minute average (±standard deviation) of total ozone fluxes measured
o  Eq. (7) (mod 1) and modelled according to Eqs. (4) and (5) (mod 2). The average
35,  when below-canopy ozone flux measurements were performed.

herefore calculated Rg1 and Rg2 iteratively by comparing measured
nd modelled fluxes. Our best results produced values of 50 and
00 s m−1 for Rg1 and Rg2, respectively. The new coefficients helped
o reach a slope between measured and modelled fluxes closer to 1
slope = 0.85, R2 = 0.2) although the statistical significance was still
oor due to high scattering of the variables employed in the model
SWC and Rac). Results shown as 30-min averages in Fig. 6 also sug-
est that: (1) daytime below-canopy ozone fluxes during the period
n which they were directly measured were about 2 times lower
han the total above-canopy ozone fluxes; (2) night-time ozone
eposition to soil was almost negligible, an indicator that when
tomatal aperture is minimized other sinks may  be responsible
or ozone removal (about −1 nmol m−2 s−1); (3) a good agreement
as achieved between measured and modelled fluxes using both
odelling approaches.

.5. Other ozone sinks

Deposition to cuticles has been shown to be an important
ink for ozone, with values spanning from 10 to 57% in a range
f agricultural and forest ecosystems (Tuzet et al., 2011; Fares
t al., 2012). Direct measurements by a mass-balance approach
uggested that cuticular deposition of ozone is negligible when
easured at leaf level (Pleijel et al., 2004; Grulke et al., 2007).

n this study, cuticular deposition of ozone modelled by Eqs. (6)
nd (7) according to Zhang et al. (2002) showed nocturnal aver-
ges of −0.5 nmol m−2 s−1 (data not shown) and maximum values
uring the day of −2.5 nmol m−2 s−1, thus representing up to 30%
f total ozone fluxes (Fig. 7). The data refer to the same temporal
indow used in Fig. 5 i.e. the time of the year when below canopy

ddy covariance measurements of water fluxes were performed
DOY 198–340). Whilst the soil fluxes were validated by measure-

ents, cuticle deposition still remained uncertain due to the lack

f experimental validation.

In this work, we focused on the three main components typ-
cally included in multi-layer models (e.g., Baldocchi, 1988), as
hey are likely the most representative sinks for our Mediterranean
averaged for the central hours of the day (10:30 AM to 02:30 PM)  (±standard devi-
ation).

site: stomata, cuticles, and soil. However, gas-phase chemical reac-
tion with biogenic volatile organic compounds (BVOC) have been
found to explain up to 26% of total ozone fluxes for pine and crop
ecosystems (Kurpius and Goldstein, 2003; Fares et al., 2010a, 2012;
Oettl and Uhrner, 2011). The emission of reactive BVOC depends
exponentially on air temperature, and in most cases it does not
depend on stomatal conductance (Loreto and Fares, 2013). Reactive
BVOC as sesquiterpenes and monoterpenes have been previously
described as emitted from Mediterranean vegetation in Castel-
porziano (BEMA, 1997; Fares et al., 2009; Davison et al., 2009).
Some sesquiterpene species react with ozone on the order of a few

seconds, but they are poorly emitted by Holm Oak, which is the
dominant species in our field site (Ciccioli et al., 2003; Fares et al.,
2009). Monoterpenes like �-pinene, �-pinene and cis-ocimene
are emitted by Q. ilex. However, when studying the profile of
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ertical wind velocity (data not shown), we estimated the air reten-
ion time in the canopy to be less than 5 min  in the day hours. Such

 short retention time would not allow significant ozone losses by
onoterpenes. Our hypothesis is also supported by the evidence

hat total ozone fluxes during summer were low and compara-
le to winter and fall. If temperature-dependent BVOC emission
romoted chemical ozone fluxes, we would have expected to
bserve large fluxes in summer as in previous studies (Kurpius and
oldstein, 2003; Fares et al., 2010b).

Under conditions of low turbulence, nocturnal ozone losses
y reactions between ozone and monoterpenes emitted by Q.

lex may  contribute to ozone removal as previously demonstrated
Stewart et al., 2013). This could explain an unresolved sink of
bout −0.5 nmol m−2 s−1. We  cannot exclude, however, a residual
tomatal contribution to ozone deposition at night as previously
hown (Grulke et al., 2004), or reaction with NO emitted from soil
De Arellano et al., 1993; Duyzer et al., 1997; Nemitz et al., 2000;
ilegaard, 2001; Kurpius and Goldstein, 2003; Farmer and Cohen,
008). However, in the sandy forest soil in Castelporziano we do not
xpect nitrification and denitrification processes to be significant,
eading to relevant amount of NO emission (Sutton et al., 2009).

In summary, chemical ozone sinks did not seem to play a major
ole at our forest ecosystem, as shown by a comparison of the three
ajor ozone sinks with total ozone fluxes (Fig. 7). In each sea-

on, the sum of the individual ozone sinks averaged for the central
ours of the day always exceeded the amount of total ozone fluxes
easured at the site. In particular, during winter and summer the

xceedances were 39 and 19%, respectively, while the estimate was
loser to measurements in spring and fall, with exceedances of only

 and 8%, respectively. The reason for this overestimation possi-
ly lies in the large variance of the flux data, with standard errors
f around 30% on average. Stomatal ozone fluxes reached values
lose to total fluxes in some cases, suggesting a possible overes-
imation as discussed above. In contrast to this study, Fares et al.
2012) found a consistent underestimation of total ozone fluxes
n a Citrus orchard, although the ecosystem was a large source of
eactive isoprenoids and a possible unaccounted sink for ozone was
ypothesized.

. Conclusions

Two years of continuous measurements of ozone fluxes in a
editerranean forest ecosystem helped to understand and parti-

ion the most representative ozone sinks in this important forest
cosystem for each season in the year. Stomata represented the
ajor sink, in agreement with previous studies at the same site

nd in other agricultural and forest ecosystems. Direct measure-
ents of ozone deposition to soil provided basis to better define

his sink at this Holm Oak forest site, while modelling the cuticular
eposition allowed us to quantify the third major sink. During the
inter season, the loss of ozone to stomata was  almost as large as

he total ozone deposition flux. For the rest of the year, however, the
tomatal component explained <60% of the total ozone flux. Depo-
ition to the forest floor made up typically 30% of total ozone loss.
he cuticular sink was also estimated to be around 30%. Other loss
athways, such as by chemical reactions with BVOCs, were esti-
ated to be negligible over the studied time period 2012–2013.

esults in Castelporziano suggest that this peri-urban forest may
lay a role in removing ozone from the air, with a social bene-
t for the population near the densely inhabitated Italian coasts.
urrent research supported by direct measurements and smog

hamber experiments is aimed at estimating the ozone budget
easuring the total ozone removed by vegetation and the ozone

ormed by photochemical reactions driven by VOC emitted by Holm
ak.
eorology 198–199 (2014) 181–191 189
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