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� The difference between the PODY with and without soil water limitation is not negligible.
� This difference significantly increases with increasing Y thresholds.
� This difference is higher for Mediterranean vegetation than for temperate vegetation.
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a b s t r a c t

Phytotoxic Ozone Dose (PODY), defined as the accumulated stomatal ozone flux over a threshold of Y, is
considered an optimal metric to evaluate O3 effects on vegetation. PODY is often computed through the
DO3SE model, which includes species-specific parameterizations for the environmental response of
stomatal conductance. However, the effect of soil water content (SWC) on stomatal aperture is difficult to
model on a regional scale and thus often ignored. In this study, we used environmental input data ob-
tained from the WRF-CHIMERE model for 14,546 grid-based forest sites in Southern Europe. SWC was
obtained for the upper 10 cm of soil, which resulted in a worst-case risk scenario. PODY was calculated
either with or without water limitation for different Y thresholds. Exclusion of the SWC effect on sto-
matal fluxes caused a serious overestimation of PODY. The difference increased with increasing Y (78%,
128%, 237% and 565% with Y ¼ 0, 1, 2 and 3 nmol O3 m�2 s�1, respectively). This behaviour was confirmed
by applying the same approach to field data measured in a Mediterranean Quercus ilex forest. WRF-
CHIMERE overestimated SWC at this field site, so under real-world conditions the SWC effect may be
larger than modelled. The differences were lower for temperate species (Pinus cembra 50e340%,
P. sylvestris 57e363%, Abies alba 57e371%) than for Mediterranean species (P. pinaster 87e356%, P.
halepensis 96e429%, P. pinea 107e532%, Q. suber 104e1602%), although a high difference was recorded
also for the temperate species Fagus sylvatica with POD3 (524%). We conclude that SWC should be
considered in PODY simulations and a low Y threshold should be used for robustness.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Ozone (O3) is a key air pollutant and a powerful greenhouse gas
. De Marco), pierre.sicard@
s), juha-pekka.tuovinen@fmi.
(IPCC, 2014). In the Northern hemisphere, tropospheric concen-
trations have approximately doubled in the last century (Vingarzan,
2004). Emission control measures have successfully reduced the
peaks, while annual averages are still increasing (Sicard et al., 2013,
2016a; Paoletti et al., 2014). Intense solar radiation, high air tem-
perature and stagnation of the air promote O3 formation from its
precursors, i.e. nitrogen oxides, volatile organic compounds, carbon
monoxide and methane (e.g. Fiore et al., 2002; Sicard et al., 2009).
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This is why O3 concentrations are more elevated in Southern Eu-
ropean countries bordering the Mediterranean sea, where photo-
chemical activity is strong (Butkovic et al., 1990), than in central
and Northern Europe (EEA, 2013). Ozone is considered a serious
phytotoxic threat to all vegetation (Paoletti, 2007), and present
tropospheric concentrations are high enough to negatively affect
terrestrial ecosystems (Wittig et al., 2009; Mills et al., 2011a: Fares
et al., 2013a). Even though Mediterranean vegetation is adapted to
face oxidative stressors, such as water deficit, heat and elevated
solar radiation, and is thus more O3 tolerant than mesophilic
vegetation (Paoletti, 2006), visible O3-induced foliar injury occurs
(Günthardt-Goerg and Vollenweider, 2007; Paoletti et al., 2009a,b;
Sicard et al., 2010; Mills et al., 2011a; Sicard et al., 2016b), sug-
gesting that atmospheric concentrations of O3 reach toxic levels.

In the last decades, scientific consensus has been reached to
recommend the use of stomatal O3 flux to evaluate O3 effects on
vegetation, as it can explain the observed effects better than
ambient O3 concentration (Paoletti and Manning, 2007; Mills et al.,
2011b). Ozone uptake through stomata can be calculated using the
multiplicative model of stomatal conductance (Jarvis, 1976), intro-
duced within the risk assessment methodology of the UNECE
Convention on Long-range Transboundary Air Pollution (CLRTAP)
as the Deposition of Ozone for Stomatal Exchange (DO3SE) model
(Emberson et al., 2000, 2001; CLRTAP, 2015). By introducing a
threshold flux (Y) to reflect detoxification processes, and by accu-
mulating over the growing season, we obtain the Phytotoxic Ozone
Dose (PODY), a flux-based impact index that incorporates the ef-
fects of plant phenology and the most important environmental
variables on stomatal function, i.e. air temperature, solar radiation,
vapour pressure deficit and soil water content (SWC). However, the
scarcity of measured data and/or reliable soil moisture models has
been a serious obstacle to the inclusion of stomatal SWC limitation
in PODY calculations, thus resulting in the compromise of consid-
ering ‘worst-case’ impact scenarios with no SWC effects on O3
fluxes (Simpson et al., 2007; Tuovinen et al., 2009; CLRTAP, 2015).
For example, SWC has been incorporated into the recent versions of
the EMEP chemical transport model (Simpson et al., 2012), which is
widely employed within the European air pollution abatement
work; however, an explicit treatment of SWC effect is deliberately
ignored in the PODY calculations that serve scenario analysis and
optimisation runs with large-scale integrated assessment models
(CLRTAP, 2015). This kind of scenario is helpful when determining
ozone risk for soils and regions that rarely experience drought
stress, or when working with irrigated crops or irrigated trees, but
is poorly applicable in risk assessment for unirrigated forests,
especially in the Mediterranean region.

Different threshold fluxes, belowwhich O3 uptake is assumed to
cause no injury to plants, are assumed for different vegetation types
(CLRTAP, 2015; Mills et al., 2011a). At present, a threshold
Y ¼ 1 nmol O3 m�2 s�1 (i.e. POD1) is recommended for the pro-
tection of forests and grasslands (CLRTAP, 2015), Y¼ 6 nmol O3 m�2

s�1 is recommended for crops (CLRTAP, 2015), and a value of
Y ¼ 2 nmol O3 m�2 s�1 is under discussion as a potentially new
threshold for forests (Büker et al., 2015).

By using modelled input data for grid-based forest sites
distributed in temperate and Mediterranean climates in Southern
Europe, we here aim at quantifying the differences resulting from
using DO3SE for the calculation of PODY without considering water
limitation to stomatal exchange, as compared to the full model. As
the sensitivity of such a threshold-based index to changes in the
input is known to increase with increasing threshold (Tuovinen
et al., 2007), we also quantify how this difference depends on the
threshold flux Y. This knowledge is needed for a proper modelling
of global O3 risks to vegetation and for selecting the best legislative
standards to protect plants from O3. We hypothesize that (i) the
difference between the PODY values calculated with and without
soil water limitation is not negligible; (ii) this difference signifi-
cantly increases with increasing Y thresholds; and (iii) this differ-
ence is higher for Mediterranean vegetation than for temperate
vegetation. As themagnitude of these effectsmay be affected by the
accuracy of the models employed, similar calculations were per-
formedwith field data measured at aMediterranean forest site. The
aim of this comparison with measured data was to confirm the
magnitude of the differences, rather than to validate the model
which would require much more field data.

2. Materials and methods

2.1. Study area and input data modelling

Hourly mean values of air temperature, relative humidity, SWC,
solar radiation and O3 concentration for 2012 and 2013 within our
study region (Fig. 1) were obtained from the WRF-CHIMERE
modelling system and used as input for the DO3SE model for
calculating the leaf-level stomatal fluxes and PODY values. The
model domain and settings of these calculations were similar to
those adopted within a recent study by Anav et al. (2016). CHIMERE
is a regional-scale chemical transport model that is designed to
produce hourly data of O3, aerosol and other pollutants (Bessagnet
et al., 2004). CHIMERE is forced by the Weather Research and
Forecasting (WRF) model (Skamarock et al., 2008; De Meij et al.,
2009; Sicard et al., 2012). WRF is available as a limited-area, non-
hydrostatic, terrain-following sigma-coordinate model, designed to
simulate mesoscale atmospheric circulation.WRF also provided the
soil type data for our study area.

The modelling system was constituted by a two-way nesting
between a mother domain at a coarse resolution across Europe
(18 km as spatial resolution) and the nested domain (6 km)
(Fig. 1A). The nesting ratio was 3:1, meaning that the nest's input
from the coarse mesh comes via its boundaries, while the feedback
to the coarser mesh occurs over the nest interior. The nested
domain included 14,546 grid-based forest sites in south-eastern
France, Slovenia, and northern and central Italy (Fig. 1B). Each site
corresponded to a 6 km � 6 km pixel in the WRF-CHIMERE
modelling system. The forest species occurrence in each pixel was
determined by means of the EUFORGEN vegetation data (http://
www.euforgen.org/distribution_maps.html). We selected this
geographic region since it includes both soil water limited areas
(the Mediterranean part of the total area) and non-water limited
areas. The selected area also includes the most representative
Mediterranean and temperate tree species. The sites were attrib-
uted to either Mediterranean or temperate climate zone on the
basis of the bioclimatic classification (Rivas-Martinez,1995) and the
ecological characteristics of the forest species (Table 1).

The advanced Land Surface-hydrology Model (LSM-Noah), in-
tegrated into WRF, estimates water and energy fluxes within the
soil and at the land-atmosphere interface. A detailed description of
LSM-Noah is given by Chen and Dudhia (2001). LSM-Noah consists
of four soil layers, with depths of 10, 30, 60 and 100 cm. The
volumetric SWC is calculated for every layer by using the Richards
equation. Within this work, SWC at the 0e10 cm depth was
adopted so as to represent worst-case conditions, as the surface
layers easily dry out, and as most of the absorbing fine roots
concentrate in the top soil layer (Vinceti et al., 1998). This depthwas
also selected for comparison with field measurements of SWC (see
below). The good performance of the WRF/LSM-Noah system in
simulating SWC has previously been shown by comparisons with
in-situ soil moisture observations from southern France (Greve
et al., 2013), and with standard meteorological measurements as
well as satellite-based and in-situ soil moisture data from Eastern
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Fig. 1. Domains of the WRF-CHIMERE run (panel A). The green domain has a 18 km resolution and the red domain has a 6 km resolution. In panel B, the inner domain is shownwith
the regions adopted for the different CLRTAP (2015) parameterizations used for Fagus sylvatica, i.e. Continental Central Europe (CCE_B) and Mediterranean Europe (ME_B). The black
triangle shows the location of the Quercus ilex forest at Castelporziano. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Texas (Kim and Nga, 2011). A good forecast skill of WRF with
respect to SWC has also been demonstrated (e.g. Chen et al., 2007;
Ceppi et al., 2013).

2.2. Phytotoxic Ozone Dose calculation

The stomatal conductance was calculated with the DO3SE
model, which is parameterized based on a large amount of mea-
surement data and has been widely tested (Emberson et al., 2000,
2001, 2007; Tuovinen et al., 2001, 2004; Büker et al., 2007, 2012);
presently DO3SE constitutes the backbone of the CLRTAP risk
assessment methodology mentioned above (CLRTAP, 2015). Hourly
values of stomatal conductance of sunlit leaves at the top of the
canopy, gsto, expressed per projected leaf area, were calculated by
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the following equation and the parameters shown in Tables 2 and 3:

gsto ¼ gmax � fphen � flight �max
�
fmin; ftemp � fVPD � fSWC

�
(1)

where gmax is the maximum stomatal conductance of a plant spe-
cies and fmin is the minimum stomatal conductance expressed as a
fraction of gmax (CLRTAP, 2015). The other terms are functions that
represent the stomatal response to plant phenology and environ-
mental conditions, expressed as scales from 0 to 1. flight, ftemp, fVPD
and fSWC describe the reduction of gsto from gmax owing to subop-
timal photosynthetic photon flux density, air temperature, vapour
pressure deficit and volumetric SWC, respectively. In this study, the
formulas obtained from CLRTAP (2015) were applied for fSWC, flight,
ftemp and fVPD.

SWC was estimated by the WRF model on the basis of soil type,
with the data for different soil types obtained from LSM-Noah
(Table 3). In the Mediterranean area, the functions of SWC and
phenology are considered partly redundant, because the availabil-
ity of water in the soil tracks the phenological development
(CLRTAP, 2015, but see also Alonso et al., 2008). In our reference
calculations, we included the fSWC function and assumed that
fphen ¼ 1 throughout the growing season. We used SWC rather than
Soil Water Potential (SWP) because the availability of SWP data in
the field is very limited and themodelling of SWP is challenging at a
large scale.

We used the gsto parameterizations available (Table 2) for Con-
tinental Central Europe (CCE) and Mediterranean Europe (ME)
(CLRTAP, 2015). For the ME oak and ME and CCE beech, the lower
limit of the gmax data summarized by CLRTAP (2015) was chosen (Di
Matteo et al., 2014; Llusia et al., 2016), while for CCE Norway spruce
the median value was considered more appropriate for the inves-
tigated area. As species- and region-specific flux parameterizations
have only been derived for a few representative species, while our
forest data identify nine different species, CCE Norway spruce was
used for the temperate conifers Pinus cembra, P. sylvestris and Abies
alba; ME Quercus ilex for the Mediterranean evergreen broadleaf
species Q. ilex and Q. suber; and ME P. halepensis for the Mediter-
ranean pines P. halepensis, P. pinaster and P. pinea. Fagus sylvatica, or
European beech, is a deciduous broadleaf tree, whose natural range
extends from southern Sweden to Sicily in Italy, and from France
and northern Portugal to northwest Turkey. It typically extends
from 1000 to 1650 m a.s.l. (Jump et al., 2007). As F. sylvatica is
parameterized both in the CCE region and in the ME region
(CLRTAP, 2015), we divided its distribution area into these two re-
gions based on Noirfalise (1987) and Rivas-Martinez (1995) climatic
classifications (Fig. 1B).

Stomatal fluxes were calculated off-line by multiplying the
hourly grid-averaged O3 concentrations by the concurrent species-
specific gsto, and PODY was accumulated over the daylight hours of
the growing season, as defined by CLRTAP (2015):
Table 1
Main characteristics of the 14,546 sites during the growing seasons of 2012 and 2013 (
modelling system. The forest species occurrence in each pixel was determined by means

Dominant forest species Climate No of sites Me

Abies alba Temperate 2797 11.
Fagus sylvatica Temperate/Mediterranean 4022 13.
Pinus cembra Temperate 1546 6.2
Pinus sylvestris Temperate 3498 11.
Pinus halepensis Mediterranean 530 13.
Pinus pinaster Mediterranean 972 12.
Pinus pinea Mediterranean 658 16.
Quercus suber Mediterranean 523 14.
PODY ¼
XN
i¼1

max

 
gsto;i

rc;i
rb;i þ rc;i

½O3�i � Y ;0

!
Dt (2)

where N is the number of hours included in the calculation period,
rc is the total leaf surface resistance, rb is the boundary-layer
resistance, [O3] is ozone concentration and Dt ¼ 1 h. The growing
seasonwas assumed to be year-long for Mediterranean species and
last from April 1st to September 30th for temperate species
(Table 2). As CHIMERE provides O3 concentrations at a height of
20e25 m, we considered these to be representative of the top of a
forest canopy and thus to provide a reasonable estimate of the
concentration at the upper boundary of the laminar boundary layer
adjacent to the upper canopy leaves, which is required for calcu-
lating PODY with Eq. (2) (CLRTAP, 2015). Even though CLRTAP
(2015) suggests a lower height for some Mediterranean trees, we
considered an average height of 20 m applicable for all the Medi-
terranean species included in our study, on the basis of Lemoine
(1991), Condes and Sterba (2008), Gorgoso-Varela et al. (2015),
and Hoshika et al. (in press).

The calculation of gsto either included or excluded fSWC so that
both PODYswcþ and PODYswc- were calculated, respectively. For each
tree species, the PODY indices were calculated for four Y thresholds:
0, 1, 2 and 3 nmol m�2 s�1.

2.3. Data from field measurements

There are very few Southern European forest sites where, at the
same time, SWC and O3 concentrations have been recorded over a
long period of time. To test the results obtained from modelled
data, we used measurements from the Q. ilex forest at Cas-
telporziano (41.42 �N, 12.21 �E) in central Italy (Fig. 1), where semi-
hourly air temperature and relative humidity (HC2S3 sensor,
Campbell Scientific), 10-cm depth SWC (CS650 sensor, Campbell
Scientific), solar radiation (Vantage Pro meteorological station,
Davis Instruments) and O3 concentrations (Model 49i analyzer,
Thermo Scientific) were measured over the years 2013e2014. The
forest is located at 13 m a.s.l. and 1.5 km from the seashore. The soil
has a sandy texture and low water-holding capacity, which exac-
erbates drought. More details on soil and site characteristics are
provided by Fares et al. (2013b, 2014). For the site-specific calcu-
lations, an empirical parameterizationwas used for gmax (204mmol
O3 m�2 s�1, Fares et al., 2013b) and fSWC (FC ¼ 0.250 m3 m�3,
WP ¼ 0.025 m3 m�3) (Fares, unpublished data). A validation of the
POD modelled by DO3SE versus eddy-covariance measurements of
stomatal ozone uptake at Castelporziano is provided by Hoshika
et al. (in press).

2.4. Mapping and data analysis

For every tree species, maps of PODY averages, over two years
±SD). Each site corresponds to a 6 km � 6 km pixel in the coupled WRF-CHIMERE
of EUFORGEN vegetation maps. Data are from WRF-CHIMERE.

an temperature (�C) Total precipitation (mm) Soil water content (%)

2 ± 3.2 517 ± 225 31.5 ± 8.1
1 ± 2.5 406 ± 196 30.4 ± 7.2
± 3.7 682 ± 238 35.1 ± 14.8
0 ± 4.0 524 ± 230 31.5 ± 14.8
1 ± 1.6 436 ± 167 32.1 ± 14.9
3 ± 2.2 496 ± 237 30.4 ± 10.1
0 ± 1.2 396 ± 132 29.1 ± 9.0
3 ± 1.0 334 ± 113 30.8 ± 14.7



Table 2
Parameters used in the DO3SE model (for equations see CLRTAP, 2015), where gmax is maximum stomatal conductance, a is light response constant, Topt, Tmin and Tmax are the
optimum, minimum and maximum temperature for stomatal conductance, VPDmin is the vapour pressure deficit limit for maximal stomatal effect, VPDmax is the lower VPD
limit for stomatal limitation, fmin is fractional minimum stomatal conductance, and SGS and EGS denote the start and end of growing season. Data are from CLRTAP (2015).

Climate Mediterranean Temperate

Parameterization Mediterranean Europe Continental central Europe

Plant species Pinus halepensis Fagus sylvatica Quercus ilex Picea abies Fagus sylvatica

gmax [mmol O3 m�2 s�1] 215 100 134 125 132
a [mmol�1 m2 s] 0.013 0.006 0.012 0.010 0.006
Topt [�C] 27 21 23 14 16
Tmin [�C] 10 4 1 0 5
Tmax [�C] 38 37 39 35 33
VPDmin [kPa] 3.2 4.0 4.0 3.0 3.1
VPDmax [kPa] 1.0 1.0 2.2 0.5 1.0
fmin 0.15 0.02 0.02 0.16 0.13
SGS January 1st April 1st January 1st April 1st April 1st
EGS December 31st September 30th December 31st September 30th September 30th

Table 3
WRF parameterization of wilting point (WP, m3m�3) and field capacity (FC, m3 m�3)
for estimating the soil water content function fSWC for different soil types. Soil type
was obtained from the LSM-Noah model (Chen and Dudhia, 2001).

Soil category Soil type Wilting point Field capacity

1 Sand 0.010 0.339
2 Loamy Sand 0.028 0.421
3 Sandy Loam 0.047 0.434
4 Silt Loam 0.084 0.476
5 Silt 0.084 0.476
6 Loam 0.066 0.439
7 Sandy Clay Loam 0.067 0.404
8 Silty Clay Loam 0.120 0.464
9 Clay Loam 0.103 0.465
10 Sandy Clay 0.100 0.406
11 Silty Clay 0.126 0.468
12 Clay 0.138 0.468
13 Organic Material 0.066 0.439
14 Water 0 1
15 Bedrock 0.006 0.200
16 Other (land-ice) 0.028 0.421
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(2012e2013) with and without SWC limitation, were created by a
geographic information system (ARC-GIS 9.3, ESRI - Redlands, CA,
USA) at a spatial resolution of 6 km � 6 km. At each site and Y
threshold, the annual percent difference (D%) between PODYswcþ
and PODYswc- was calculated as:

D% ¼ ðPODYswc� � PODYswcþÞ=PODYswcþ � 100 (3)

This difference estimates the bias due to using the DO3SE model
without considering the soil water limitation to stomatal
conductance.

3. Results

Fig. 2 summarizes the species-specific PODY averages, with and
without fSWC, for each of the four Y thresholds. The mean POD0swcþ
ranged from 14 mmol m�2 for F. sylvatica to 29 mmol m�2 for
P. halepensis, while the mean POD0swc- ranged from 23 mmol m�2

for F. sylvatica to 57 mmol m�2 for P. pinea. F. sylvatica was the
species with the lowest POD1swc-, POD1swcþ, POD2swc-, POD2swcþ
and POD3swc-, while Q. suber showed the lowest POD3swcþ. P. pinea
was the species with the highest POD1swc-, POD2swc- and POD3swc-,
while P. pinaster showed the highest POD1swcþ, POD2swcþ and
POD3swcþ.

Our results show that the differences between PODYswcþ and
PODYswc- increased with increasing uptake thresholds (Fig. 3).
Averaged over all species, D% increased by 78%, 128%, 237% and
565% for Y thresholds of 0, 1, 2 and 3 nmol O3 m�2 s�1, respectively.
Fig. 3 lists the plant species along an increasing thermophile order,
thus showing that D% was higher for Mediterranean vegetation
(P. pinaster 89e356%, P. halepensis 96e429%, P. pinea 107e532%,
Q. suber 103e1602%) than for temperate vegetation (P. cembra
50e340%, P. sylvestris 57e362%, Abies alba 57e371%) at any Y. A high
D%, however, was also recorded for the temperate species
F. sylvatica for POD3 (524%). This is explained by the fact that many
POD3swcþ values were close to zero (5.5% of the values were
<0.1 mmol m�2), which amplified the difference D% between
POD3swcþ and POD3swc- (min. value ¼ 1.4 mmol m�2).

The spatial distribution of PODYswc- markedly differed from the
distribution of PODYswcþ, as shown for POD0 in Fig. 4. The spatial
discrepancies were higher among the Mediterranean species (e.g.
P. pinaster) than the temperate species (e.g. P. sylvestris).

As an example of species, Fig. 5 shows the spatial distribution of
D% for PODY values for different Y, calculated with and without the
SWC function for a widely distributed species, i.e. F. sylvatica. The
higher was the threshold Y, the higher became D%. Maps for all the
species are presented in the supplementary material (Fig. 1S),
confirming that the difference between PODYswcþ and PODYswc-
consistently increased with increasing Y values. In addition, the
differences increased from the North to the South and were higher
for Mediterranean than for temperate species.

The results obtained from the PODY calculations that were based
on the meteorological and ozone measurements in a Q. ilex forest
and the local parameterizationwere in broad agreement with those
obtained from the model calculations (Fig. 6). Also in this case, the
expected dependence on Ywas evident: the higher the threshold Y,
the higher the difference between PODYswcþ and PODYswc-(Fig. 6A
and B). The average D% for Q. ilex over the two years ranged from
472 to 1037% depending on Y (Fig. 6C). The difference D% was
higher for the measurement-based PODY than for the modelled
PODY, largely due to an overestimation of themodelled SWC values,
which resulted in weaker stomatal limitations, even if considering
the differences in the gsto parameterization (Fig. 7).

4. Discussion

Risk assessment of O3 effects on vegetation is gradually moving
from concentration-based exposure metrics to a more physiologi-
cally based approach that requires modelling of stomatal O3 flux to
plants (Tuovinen et al., 2009; CLRTAP, 2015). Identifying major
research needs for DO3SE, Tuovinen et al. (2009) suggested that the
incorporation of SWC effects is the most urgent of these needs,
even though the determination of soil moisture and the related
stomatal response functions has been shown to be challenging



Fig. 2. Phytotoxic Ozone Dose (PODY) calculated with four Y thresholds of O3 uptake (0, 1, 2 and 3 nmol O3 m�2 s�1), with (SWCþ) and without (SWC�) the soil water content
limitation to stomatal O3 uptake. Values are averages over two years (2012e2013) of the 6 km � 6 km pixels where the species was dominant (according to EUFORGEN vegetation
maps).
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(Emberson et al., 2007). Indeed, a soil moisture module was sub-
sequently developed and incorporated in DO3SE (Büker et al.,
2012). However, this kind of site-specific model requires exten-
sive input data that may not be easily available. As SWC does not
represent an important limiting factor to stomatal aperture in all
climates (e.g. Hoshika et al., 2013), in some cases such a limitation
can be realistically neglected to simplify PODY modelling; i.e.
fSWC ¼ 1 can be set in Eq. (1). However, this may not be justified for
water-limited ecosystems where soil water availability plays a
major role in photosynthetic limitations (Keenan et al., 2010). It is
worth noting that dry and semi-dry habitats cover about 41% of
Earth's land surface (Reynolds et al., 2007) and that future pro-
jections foresee a drier climate in Southern Europe (IPCC, 2014),
where drought conditions occur frequently in drylands and water-
limited environments.
The data required for estimating soil moisture range from those
which are often readily available from standard meteorological
observations, such as precipitation and temperature, to data which
are typically recorded only at selected research sites, such as soil
characteristics, root distribution and water fluxes (Tuovinen et al.,
2009). However, for a large-scale epidemiological assessment of
O3 risk to vegetation, estimation of such data can be achieved from
modern weather modelling systems, such as the WRF-CHIMERE
system, that can simulate large-scale SWC data at fine spatial res-
olution and with reasonably good accuracy (Anav et al., 2016).

By usingmodelled input data for Southern European forest sites,
we demonstrated that the differences between PODY values
calculated with and without SWC limitation were significant. As
expected, calculating PODY without the SWC limitation produced
higher values than with that limitation included. This is the first



Fig. 3. Average percent difference (D%) in PODY due to ignoring the soil water content
limitation to stomatal O3 uptake. Species are sorted along an increasing thermophile
order.
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work that quantifies such differences in a regional-scale applica-
tion. In agreement with the finding that soil water deficit is a
frequent phenomenon in Mediterranean climates (Paoletti, 2006),
the differences between PODY values calculated with and without
fSWC increased from the temperate climate in the North to the
Mediterranean climate in the South, and from the temperate to
Mediterranean species.

A comparison of modelled and measured SWC data at an indi-
vidual Q. ilex site showed that WRF-CHIMERE was able to simulate
well the seasonal SWC distribution, but the modelled values were
systematically higher than the measured ones (on average by
0.15 m3 m�3). Such a model overestimation made the difference D%
lower than when using measured (lower) SWC data. Similarly, the
positive bias in the modelled O3 concentration, typical for WRF-
CHIMERE simulations (Anav et al., 2016), implies a lower differ-
ence D% for Y > 0 thanwhen using measured (lower) O3 data. These
Fig. 4. Spatial distribution of annual POD0swcþ (a, c) and POD0swc- (b, d) for one temperate s
are averages over two years (2012e2013) of the 6 km � 6 km pixels where the species wa
reductions of D% result from the definition of PODY that cuts out a
constant threshold flux (Eq. (2)), which has a larger relative effect
on the smaller fluxes. Anyhow, the measurement-based results
confirm our two main results, i.e. that calculating PODY without
fSWC causes a significant difference, and that this difference strongly
increases with increasing Y threshold.

It should be noted that the WRF-CHIMERE simulations repre-
sent large-scale distributions, so site-specific differences are to be
expected. If the overestimation of SWC occurs across the model
domain, the magnitude of differences in estimating PODY without
the SWC function will be higher under real-world conditions than
what our modelled SWC data suggest. It is worth noting that we
used SWC data for the top 10 cm of soil, which maximized the
difference between PODYswcþ and PODYswc-. However, the effect of
stomatal limitation due to SWC was very strong even when PODY
was calculated with the SWC measured in deeper layer (Table 1S).
Anyhow, our approach represents a worst-case scenario, as the
uppermost soil layers are expected to dry out more easily than
deeper layers. Most of the absorbing fine roots, however, concen-
trate in the top soil layer and only a minimal fraction reaches
depths below 50 cm (Jackson et al., 1996; Vinceti et al., 1998). Some
species may send a few roots very deep in the soil, e.g. 13 m on
average for Mediterranean trees (Canadell et al., 1996), although
the functional significance of such deep roots is not well under-
stood yet. A major role seems to be the 'hydraulic lift', i.e. at night
deep roots of large trees take up water from the deep soil layer and
shallow roots release water back to the upper soil layers (Filella and
Penuelas, 2004).

Overall, these results suggest that the SWC function has to be
incorporated into the simulation of PODY carried out under water-
limited conditions because (i) the differences resulting from the
assumption fSWC ¼ 1 are very significant and higher for the Medi-
terranean species, and (ii) the spatial distribution of PODYswc-
pecies (P. sylvestris, top) and one Mediterranean species (Pinus pinaster, bottom). Values
s dominant (according to EUFORGEN vegetation maps).



Fig. 5. Spatial distribution of percent difference (D%) of annual POD0 (a), POD1 (b), POD2 (c) and POD3 (d) due to ignoring the soil water content function in the DO3SE model for
Fagus sylvatica. Values are averages over two years (2012e2013) of the 6 km � 6 km pixels where the species was dominant (according to EUFORGEN vegetation maps).
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markedly differs from that of PODYswc. Although larger D% values
were found for Mediterranean than temperate species, also the
latter exhibited large differences when fSWC was not included in the
model. This result suggests that the importance of SWC effect
should be considered in any PODY simulation, not only in severely
water-limited environments.

Our results are consistent with the observation that the sensi-
tivity of PODY to the inputs typically increases with the value of the
threshold (Tuovinen et al., 2007; Klingberg et al., 2008). Indeed, it
has been shown that this is a universal property of mathematical
functions of this kind (Sofiev and Tuovinen, 2001). The threshold Y
is intended to incorporate the plant ability to detoxify O3 and
maintain reactive oxygen species below a toxic threshold (Mills
et al., 2011b). Threshold-based indices in general assume that
plants have adapted to low, pre-industrial, naturally occurring O3
levels and thus discard values below a corresponding threshold of
O3 uptake or concentration (Paoletti andManning, 2007). Y can also
be viewed as a parameter of a statistical index, so the value of this
parameter can be determined by optimizing the relationship be-
tween PODY and the observed vegetation response. We tested four
plausible thresholds: Y ¼ 0 nmol O3 m�2 s�1 as suggested by the
assumption that any O3 molecule entering into a leaf may induce a
metabolic response (Musselman et al., 2006), 1 nmol m�2 s�1 as
recommended by CLRTAP (2015) for forest trees, 2 nmol m�2 s�1

that is under discussion for a new threshold for forests (Büker et al.,
2015), and 3 nmol m�2 s�1 to further illustrate the sensitivity of
PODY to Y. Our results indicate that, from a sensitivity point of view,
the threshold Y should be kept as low as possible.

A critical level, i.e. the cumulative stomatal flux above which
direct adverse effects on sensitive vegetation may occur according
to present knowledge, has been proposed in terms of POD1 for
deciduous broadleaf forests (beech and birch, 4 mmol m�2) and
coniferous forests (Norway spruce, 8 mmol m�2), based on data
from temperate and boreal forests (CLRTAP, 2015). In this study, the
average POD1swcþ values ranged from 7.8 mmol m�2 for the de-
ciduous temperate/Mediterranean broadleaf F. sylvatica to
18.6 mmol m�2 for the Mediterranean conifer P. pinaster. Even the
field measurements, where low SWC values limited stomatal up-
take, resulted in a value of 7.1 mmol m�2 for the Mediterranean
evergreen broadleaf Q. ilex. Ignoring the SWC limitation to stomatal
uptake would result in a serious overestimation of critical level
exceedances and thus overstate the ozone-induced risks to vege-
tation. A future development may be the use of process-based
models that link O3 uptake with carbon assimilation through the
Ball-Berry parameterization (Ball et al., 1987), as demonstrated by
Anav et al. (2012) and Hoshika et al. (in press).

5. Conclusions

Flux-based risk assessment of O3 effects on vegetation is grad-
ually superseding the exposure-based assessment. Ideally, O3 risk
assessment maps should be generated from measurements of
stomatal O3 flux (Tuovinen et al., 2009). However, data sets suitable
for this are scarce (e.g. Tuovinen et al., 2004, 2007; Fares et al.,
2013b) and thus the regional-scale assessment of O3 risk to vege-
tation is dependent on modelling. By using the DO3SE flux model
and modelled input data for 14,546 grid-based Southern European
forest sites distributed in temperate and Mediterranean climates,
we demonstrated that the differences between the accumulated
stomatal O3 flux (PODY) values calculated either with or without
SWC limitation (i) were significant, (ii) strongly increased with
increasing flux thresholds, and (iii) increased from temperate to
Mediterranean vegetation/climate. The quantification of these dif-
ferences depends on the accuracy of the stomatal conductance
model and of the meteorological/hydrological model used for
producing the SWC and other input for the stomatal model. As the
soil moisture model employed here overestimated SWC relative to
the measurements at an Italian forest site, the magnitude of dif-
ferences can be higher under real-world conditions than what our
model results suggest. We therefore recommend to (i) include the
soil water content (fSWC) function in any PODY simulation, in order
to avoid significant overestimation of O3 risk to vegetation, in
particular in water-limited environments, as the differences were
higher for Mediterranean vegetation than for temperate



Fig. 6. Phytotoxic Ozone Dose (PODY) values calculated with four Y thresholds of O3

uptake flux (0, 1, 2 and 3 nmol O3 m�2 s�1), with (SWCþ) and without (SWC�) the soil
water content limitation in 2013 at the Quercus ilex forest of Castelporziano. The values
were calculated on the basis of field measurements and empirical parameterization (A)
and modelled data and CLRTAP (2015) parameterization (B). Percent differences are
shown in C.

Fig. 7. Measured and modelled hourly soil water content (SWC, 10 cm depth) at a
Quercus ilex forest (Castelporziano) in central Italy in 2013.
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vegetation; and (ii) use the a low Y threshold in O3 risk assessment
due to the increasing sensitivity of PODY to inputs with increasing Y.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.atmosenv.2016.09.066.
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