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Abstract: The exposure to elevated levels of ozone contributes to respiratory diseases
and ecosystem degradation. Mediterranean countries are among those most affected by
high ozone concentrations, which are generally overestimated by chemistry transport
models underscoring the importance of improving the accuracy of air quality modelling.
This study introduces an enhanced Mediterranean dry deposition description within the
LOTOS-EUROS model framework, focusing on refining key vegetation parameters for the
Mediterranean climate zone, with the goal to better estimate deposition and connected
concentration values. Adjustments were made to the vegetation type dependent Jarvis
functions for temperature and vapour pressure deficit, as well as to the maximum stomatal
conductance across four land use types: arable land, crops, deciduous broadleaf forest, and
coniferous evergreen forest. The model’s baseline run showed a widespread overestimation
of ozone. Adjustments to the dry deposition routines reduced this overestimation, but
the model simulation incorporating all changes still showed elevated ozone levels. Both
runs displayed moderate spatial correlation with observations from 117 rural background
monitoring stations, and most stations exhibited a temporal correlation between 0.5 and 0.8.
An improved RMSE and bias were noted at the majority of the stations (114 out of 117) for
the model simulation incorporating all changes. The monthly analysis indicated consistent
overestimation at two Portuguese sites beginning in March. The model effectively tracked
temporal changes overall. However, the diurnal analysis revealed site-specific differences:
an overestimation at the station closest to highly populated areas at night, while rural
stations aligned better with observed values. These results highlight the benefits of region-
specific model adaptations and lay the groundwork for further advancements, such as
incorporating detailed vegetation classifications and seasonal variations.

Keywords: ozone; chemistry transport model; dry deposition; Portugal

1. Introduction
Ozone (O3) is a critical component of atmospheric chemistry with significant impli-

cations for both ecosystems and human health [1,2]. Elevated ozone levels can cause
respiratory diseases, reduce lung function, and exacerbate conditions such as asthma [3,4].
For ecosystems, ozone acts as a phytotoxic pollutant, impairing photosynthesis, reducing
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crop yields, and affecting forest health [5,6]. Ozone concentration values are particularly rel-
evant in Southern European countries due to their warm climate, intense sunlight [7], and
frequent atmospheric stagnation [8], which enhance photochemical reactions that generate
ground-level ozone from a combination of short and long-lived organic compounds and
nitrogen oxides (NOx) emitted by traffic, industry, and other anthropogenic sources [9,10].
Portugal, one of these European Southern countries, frequently registers exceedances to
the legislated threshold values at the few rural stations spread over the country [11,12].
Ambient ozone levels negatively influence the quantity and quality of wine production, an
essential economic sector in the country [13].

Due to the limited number of monitoring stations, air quality models—using atmo-
spheric physics, chemistry, and emissions data—are necessary to help estimate pollutant
concentrations across broader areas, filling gaps in spatial coverage. The accurate mod-
elling of ozone and its deposition is essential for understanding its distribution and impacts.
Recent studies under the Air Quality Model Evaluation International Initiative (AQMEII)
have highlighted persistent issues with ozone concentration overestimation in regional
air quality models [14]. These overestimations lead to inaccurate assessments of ozone
exposure and its effects. Improving the representation of deposition processes and refining
model parameters to better reflect real-world conditions can potentially reduce this overes-
timation of modelling results and improve model accuracy. There is currently no model
fully adapted to the Mediterranean climate, although some models, such as EMEP, have
already implemented some vegetation-specific parameters for Mediterranean climates [15].
Since deposition related challenges concerning eutrophication and acidification are more
pronounced in other countries, such as the Netherlands and Germany, the current de-
position models have been developed with the specific vegetation of these countries in
mind [16–18]. These state-of-the-art chemistry transport models (CTMs) employ the widely
used resistance approach to estimate deposition velocities and then calculate the deposition
flux over each grid cell and/or land use.

This paper aims to better represent ozone distributions across Portugal by improving
deposition rates across the Mediterranean region, and at the same time to develop a
first working version of an improved Mediterranean deposition module for the LOTOS-
EUROS (LOng Term Ozone Simulation—EURopean Operational Smog) modelling system.
Through sensitivity simulations, we aim to understand which parameters drive the changes
in modelled ozone concentrations and depositions. By achieving these objectives, this study
aims to enhance the accuracy of ozone modelling in Portugal and the Mediterranean region
as a whole, providing a more reliable basis for assessing the impacts of ozone on natural
ecosystems, crop production, and human health.

The paper is organised as follows. Section 2 describes the methodology followed,
namely the CTM modelling system, its dry deposition module, and the sensitivity simula-
tions performed. Section 3 presents the results obtained for different deposition parameters
and explains the ozone concentration values (modelled and observed over the Mediter-
ranean). Section 4 summarises and concludes the results of this study.

2. Methodology
2.1. Chemistry Transport Modelling with LOTOS-EUROS

The LOTOS-EUROS chemistry transport model is a three-dimensional Eulerian model
developed for regional air quality assessments and operational forecasts across Europe [19].
It enables the modelling of dispersion, chemical reactions, and deposition of atmospheric
pollutants, including both gases and aerosols. LOTOS-EUROS has been widely used for
ozone applications across Europe (e.g., [20,21]). It has also been applied on the national
scale, including Germany [22] and Spain [23] and worldwide, like in Asia [24]. LOTOS-
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EUROS is part of the Copernicus Atmospheric Monitoring Service (CAMS) European air
quality ensemble [25]. This service uses a number of advanced CTMs to operationally
forecast the concentrations of criteria air pollutants. Within CAMS, LOTOS-EUROS is
regularly validated against in situ observations and satellite data. It also has been compared
with other models in multi-model intercomparison studies and typically demonstrates
robust performance [14,22,26–29]. For a more detailed description of the model and its
input data, please refer to Manders et al. [19].

In this study, the LOTOS-EUROS model version 2.3 was applied to simulate ozone
distributions for the year 2021. The model domain covers most of the Mediterranean
(13◦ W–26◦ E; 30–46◦ N) with a resolution of 21 × 21 km2 (Figure 1). The 21 × 21 km2 reso-
lution provides a good balance between computational cost and spatial detail. Although
the rather low resolution might lead to a more homogenous spatial distribution pattern
of the modelled concentrations, it still captures the general ozone concentration in the
regional background [30]. The resolution is also well suited to capture the changes made
in the deposition of ozone that were performed in this study (see Section 3.2). The model
has been driven by meteorological data sourced from the ECMWF (European Centre for
Medium-Range Weather Forecasts) short-term forecast system, providing a 3-hourly tem-
poral resolution that is subsequently interpolated to an hourly frequency within the model.
We make use of a high vertical resolution to better capture the mixing in the planetary
boundary layer. Compared to the earlier used mixing layer approach described in Manders
et al. [19], the higher resolved vertical layering leads to a better model performance, as
shown by Escudero et al. [23]. The simulations were performed using 12 vertical levels,
ranging from the ground up to approximately 10 km above the Earth’s surface, aligning
with a combination of the layering from the ECMWF meteorology datasets. Gridded emis-
sion inventories are utilised at both European and national scales, sourced from the CAMS
regional inventory (CAMS-REG) v5.1 (TNO version). The emission inventory contains
several emission sources, such as shipping, road transport, residential heating, and others.
Natural emissions of sea spray, dust, and biogenic VOCs (volatile organic compounds) are
highly sensitive to meteorological conditions and, for that reason, are computed directly
within the model, following the meteorology dependent parameterizations described in
Manders et al. [19] and the references therein. The emissions are time-allocated using
hourly factors for different aggregated source categories. Fire emissions are obtained from
the CAMS Global Fire Assimilation System (GFAS) product [31].

Figure 1. Modelling domain and Mediterranean climate zone as defined in the LOTOS-EUROS model
(highlighted in yellow).
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2.2. Dry Deposition Parameterization

The land use type influences the dry deposition characteristics of atmospheric species.
LOTOS-EUROS uses the Corine 2018 Land Cover Database [32], which is enhanced by the
distribution of 115 tree species [33]. The grid cells in LOTOS-EUROS are defined by the
fraction of each land use present in that cell [19].

LOTOS-EUROS uses the DEPosition of Acidifying Compounds (DEPAC) module to
calculate the dry deposition [34]. This module is based on Erisman et al. [35]. It employs
the widely used resistance analogy, which contains three different resistances: aerodynamic
resistance (Ra), quasi-laminar sublayer resistance (Rb), and surface resistance (Rc). Ra

depends only on meteorology and surface roughness, Rb depends on canopy height and
wind speed, while the surface term Rc is the most complex as it is divided into vegetated and
non-vegetated pathways. The Rc non-vegetated pathway only includes the soil resistance,
which varies depending on whether the soil is frozen, wet, or dry. Meanwhile, the vegetated
pathway is subdivided into three other pathways. Up first is the vegetated soil pathway,
which includes the soil resistance and an in-canopy resistance. The leaf cuticle pathway
consists of a resistance that varies depending on whether the surface is wet or dry. Finally,
the stomata pathway is considered, which includes the stomatal resistance. With these
resistances, the dry deposition flux (Fdry) can be calculated with Equation (1).

Fh,dry = Vd ∗ Ch (1)

where Ch is the concentration at height h and Vd is the deposition velocity that can be
calculated from the resistances with Equation (2).

Vd = (Ra + Rb + Rc)
−1 (2)

Several studies have acknowledged that warmer climate conditions are linked to
increased stomatal conductance (e.g., [36–38]). The vegetation parameters used in the
LOTOS-EUROS dry deposition routine are based on north-western European process
studies in temperate climates. As our study area experiences significantly higher tem-
peratures than temperate climates, this study focuses on the stomatal conductance of O3.
These higher temperatures in this region are expected to impact ozone deposition fluxes
and concentrations.

The stomatal conductance is modelled using a land-use-specific maximum stomatal
conductance, which is lowered by empirically derived functions that describe the closure
of the stomata, namely the so-called Jarvis functions:

gsto = gmax ∗
[
min

(
fphen, fO3

)]
∗ flight ∗ max

{
fmin,

(
ftemp ∗ fVPD ∗ fSW

)}
(3)

Several vegetation parameters driving the stomatal conductance were tested, such as
the minimum, optimal, and maximum temperatures at which the stomata is open (Tmin,
Topt and Tmax, respectively), the maximum and minimum vapour pressure deficit (VPDmax

and VPDmin), the minimum stomatal conductance (fmin), and the species-specific maximum
stomatal conductance (gmax). Tmin, Topt, and Tmax are used to calculate the Jarvis function
for temperature (ftemp), as described by Equation (4).

ftemp = max
{[

(T − Tmin)/
(
Topt − Tmin

)]
∗
[
(Tmax − T)/

(
Tmax − Topt

)]bt
}

(4)

The relation between ftemp and gsto is described in Figure 2 (left panel). For temperatures
below Tmin or above Tmax, the relative stomata conductance is 0, meaning the stomata are
fully closed and do not capture any O3. Changing Tmin to lower values and/or Tmax to
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larger values would cause the stomata to be open for a larger span of conditions, allowing
vegetation to absorb more O3, which prompts a decrease in O3 concentrations [39].

 
Figure 2. Example of the impact of the changes made for arable land use in the Jarvis functions for
temperature (left) and vapour pressure deficit (right).

Another impactful variable in the stomatal conductance is the vapour pressure deficit,
which is described by Equation (5).

fVPD =

{
1, max

{
fmin,

(
(1 − fmin)×

VPDmin − VPD
VPDmin + VPDmax

)
+ fmin

}}
(5)

The relation between fVPD and gsto is presented in Figure 2 (right panel), where the
example for arable land exemplifies that by adapting these values to the vegetation in a
Mediterranean climate, the stomata will be open for more extended periods. This occurs
because Mediterranean vegetation is more accustomed to lower humidity. By increasing
the VPDmax value, we increase the time window where the stomata are fully open (relative
gsto = 1). If VPD on the surface increases past the VPDmax, the stomata start to close, and
when VPD reaches the value for VPDmin, it fully closes.

2.3. Sensitivity Runs and Parameter Updates

The values for the vegetation parameters tested (ftemp, fVPD and gmax) were taken from
the International Cooperative Programme Vegetation in chapter 3 [39]. These include the
Mediterranean Needleleaf, Mediterranean Broadleaf, Mediterranean Crop and Durum
Wheat, which correspond to Coniferous Evergreen Forest (FCE), Broadleaf Deciduous
Forest (FBD), Crops (CRP) and Arable Land (ARA) in the LOTOS-EUROS model. Table 1
presents the updated values under Mediterranean (med) and the default values under
Temperate (tmp).

Table 1. Values updated in the stomatal conductance equation for the Mediterranean climate zone.
Values for the original (Temperate, tmp) and the modified LOTOS-EUROS (Mediterranean, med).

Tmin Topt Tmax VPDmin VPDmax gmax

tmp med tmp med tmp med tmp med tmp med tmp med

ARA 12 11 26 28 40 45 2.8 4.9 0.9 3.1 300 410

CRP 12 13 26 28 40 39 2.8 4.6 0.9 3.2 300 782

FBD 0 0 20 22 35 35 3.25 3.1 1 1.1 150 265

FCE 0 1 18 23 36 39 3 4 0.5 2.2 140 195
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To assess the impact of the changes, 13 runs in addition to the baseline case were
conducted in this study. For each of the four land uses, three individual runs were made:
one focused on the changes to the maximum stomatal conductance, another on the changes
to the temperature Jarvis function, and the third on the changes to the vapour pressure
deficit Jarvis function. Each of these runs can be identified as {land use}-{change} (e.g., the
sensitivity run for the changes in ftemp in arable land can be identified as ARA- ftemp). Finally,
a run with all changes for all land uses (i.e., all-changes run) has been performed.

2.4. Evaluation Metrics and Measurement Data

The model output for ozone includes simulated concentration distributions (surface
level and all vertical layers) along with the dry deposition fluxes. This study focused on
ozone dry deposition and concentration outputs. The period between April and September
2021 was chosen to compare the model with observations, as this is the most relevant
period for ozone photochemical production. Observational data on the ozone concentration
were obtained from the European air quality database. Due to the 21 × 21 km2 resolution,
only rural background stations were used to compare our model results to. The nearest
neighbour interpolation method was used to select one model grid cell per station. Stations
above 700 m were excluded from the analysis as these stations are often located in the
free troposphere, and the evaluation results will be biased towards the ability to correctly
assess whether the station is in the boundary layer or not. Only stations with at least 75%
data availability for 2021 were considered. In total, 117 sites were used to validate the
model simulations for O3, and 106 sites were used to compare the model results with the
observations for nitrogen dioxide (NO2). For the model validation, the mean NO2 values
and the mean daily maximum eight-hour average (MDA8) of ozone were calculated for
the study period at each station. For the statistical analysis, the Pearson correlation, RMSE,
and bias were calculated.

In some parts of the analysis, the stations were restricted to the Portuguese domain
due to the well-documented high ozone concentrations in the country [40,41], as well
as the known overestimation of ozone by the models over Portugal (e.g., [13,42]). Two
of the stations, Santa-Combinha (SCO) and Lourinhã (LNH), were selected for further
evaluation. For these two stations, the closest model grid cell has a high percentage of the
land use classes that have been adapted to the Mediterranean climate. The grid cell for
the Santa-Combinha station is composed of 25% ARA, 38% CRP, 11% FBD and 2% FCE,
totalling 76% of these land use classes. The grid cell for Lourinhã consists of 28% ARA, 28%
CRP, 16% FBD, and 1% FCE, totalling 73%.

3. Results and Discussion
3.1. Modelled Ozone Concentration

Figure 3 shows the map of the MDA8 for ozone of the baseline simulation averaged
over the study period. Mean MDA8 of O3 observed values are shown as dots on the map.

The MDA8 of O3 over the Mediterranean Sea is significantly higher than those mod-
elled inland due to several key factors. Firstly, inland ozone undergoes deposition over
soil and vegetation, which effectively reduces its atmospheric concentration. In contrast,
the deposition rate over the sea is considerably lower, allowing ozone to accumulate and
persist at higher levels. Secondly, the lifetime for many pollutants is longer across the
sea, causing effective photochemistry to take place. Over the mainland, the modelled
MDA8 of O3 concentrations show higher values in the surroundings of highly populated
areas such as large cities in Southern Spain (Barcelona, Murcia, Granada, Malaga) and
the Po Valley in Italy. This may be linked to substantial NOx emissions from traffic and
industrial activities in the adjacent cities. The highest NO2 values are modelled along the
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main shipping routes and larger cities, which leads to the destruction of ozone, reducing its
concentration (see Supplementary Materials). In urban environments, high concentration
values of NO2 were modelled and observed during the main rush hour, initiated by NO
emissions from traffic and residential combustion. The lowest NO2 concentration is mod-
elled at noon and at night, where anthropogenic NO emissions are lower. Ozone formation
in rural areas usually tends to be NOx-limited due to the scarcity of traffic and industrial
emissions. However, due to the proximity to larger cities, some may experience lower
ozone concentrations [43,44].

Figure 3. Daily maximum eight-hour ozone mean concentration (MDA8), averaged from April to
September 2021 of the baseline model simulation. Observed values are shown with dots.

For Portugal, the baseline model simulation shows a lower MDA8 of O3 in the North-
western and Western parts of the country and higher values in the South. The compari-
son with the observed MDA8 of O3 shows an overestimation of the modelled values by
4.6 µg/m3 to 34.2 µg/m3. Three stations show a higher than 17 µg/m3 difference between
the baseline simulation and the observations. One is located north of Lisbon, another
is near Sines (south of Lisbon at the coast), which has a large port area, and the other
is located in Alentejo, near local sources not present in the inventory. In the remaining
Mediterranean area, we also see an overestimation of the model simulation ranging from
1 to 40 µg/m3. These results agree with other modelling studies over different regions
in the Mediterranean region [14,42,45], showing that the overestimation of simulated O3

concentrations is common to many different air quality models.

3.2. Changes in the Ozone Deposition Using the Updated Vegetation Parameters

The results of the sensitivity tests (performed according to the methodology described
in Section 2.2) are first explored for the ozone deposition velocity. Figure 4 shows the
distribution of the mean ozone deposition velocity across the Mediterranean for the baseline
run (top) and the percentage difference between the baseline and the all-changes run
(below). Here, the effective deposition velocity is computed for each time step as the ratio
between deposition flux (µg/m−2s−1) and concentration (µg/m3) in each model grid cell
and afterwards averaged across the study period (Vd = F/C). In urban areas with very low
mean O3 concentrations, this leads to very high effective Vd values, which is an artefact of
the method used to derive the effective Vd over the whole study area. This occurs through
a combination of low mean ozone levels due to (night time) ozone titration and deposition
fluxes driven by day time conditions.
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Figure 4. Ozone deposition velocity, averaged over the modelling period, of the baseline
simulation (top) and percentage change in the all-changes run to the baseline (below).

The adaptations made for the Mediterranean climate for the vegetation parameters
gmax, fVPD, and ftemp lead to vegetation stomata staying open for more extended periods,
thus increasing the stomatal deposition rates of ozone over the Mediterranean climate zone.
Figure 4 shows that the deposition velocity increases in the whole Mediterranean area when
the new climate zone-specific vegetation parameters are considered. The largest change
in the deposition velocity has been simulated in southern Spain, an area predominantly
characterized by crops and arable land. As shown in Table 1, these two land use classes
experienced substantial changes in values for VPD and gmax. For Portugal, the changes are
in the range of 10 to 40%. The largest difference has been registered in the Alentejo region
near to the border with Spain, in an area mostly classified as crops and arable land. For
NO2, we observed a similar effective Vd distribution to that we have seen for O3, with the
same regions registering the largest changes (see Supplementary Materials).

Table 2 shows the modelled Vd values and the percentage difference between the
sensitivity runs and the baseline model at the two Portuguese stations chosen for the
analysis (Section 2.4). The two stations, which are located in grid cells mainly composed of
the land classes of CRP and ARA, show an increase of 20.6% and 26.3% for the all-changes
sensitivity run. The individual sensitivity runs show that CRP-gmax caused an increase of
12.1% at the LNH station and 10.5% at the SCO station, and thus show the same signal
as the all-changes run, albeit with lower values. The lower values can be explained by
the percentage of each cell covered by this land use (see Supplementary Materials). The
individual sensitivity runs for arable land showed only a slight change in the deposition
velocity, with ARA-gmax and ARA-VPD having the highest percentage change for LNH and
SCO, respectively.
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Table 2. Value and percentage change in ozone deposition velocity between the baseline and the
all-changes runs at the Lourinhã (LNH) and Santa-Combinha (SCO) air quality stations.

Vd (mm/s)

Test LNH SCO

Baseline 3.62 - 2.06 -

ARA VPD 3.64 0.6% 2.11 2.4%

ARA Temp 3.61 −0.3% 2.06 0.0%

ARA gmax 3.73 3.0% 2.09 1.5%

FBD VPD 3.62 0.0% 2.06 0.0%

FBD Temp 3.61 −0.3% 2.06 0.0%

FBD gmax 3.93 8.6% 2.15 4.4%

CRP VPD 3.65 0.8% 2.15 4.4%

CRP Temp 3.55 −1.9% 2.04 −1.0%

CRP gmax 4.09 13.0% 2.25 9.2%

FCE VPD 3.63 0.3% 2.06 0.0%

FCE Temp 3.62 0.0% 2.06 0.0%

FCE gmax 3.63 0.3% 2.07 0.5%

All-changes 4.43 22.4% 2.55 23.8%

Several studies show that ozone dry deposition has been underestimated in the
Mediterranean climate zone (e.g., [46,47]).

3.3. Change in the Modelled Ozone Concentration

Figure 5 shows the percentage difference in average MDA8 for ozone between the
model simulation performed with all changes and the baseline run (see Figure 3). As
expected, the decreasing O3 concentrations show high spatial correlation with the increase
in dry deposition velocity Vd (see Figure 4). The largest changes have been calculated in
the Iberian Peninsula and Italy, with values reaching −8%. Through atmospheric transport,
the O3 levels in adjacent areas, such as over the sea, are lower as well. For NO2, an overall
decrease in concentration has been modelled, although the change observed is smaller than
for O3 (see Supplementary Materials).

 

Figure 5. Percentage change in MDA8 ozone concentration between the baseline and the all-
changes runs.
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Figure 6 shows the scatter plot between modelled and observed average MDA8
concentration from April to September 2021. The blue symbols refer to the all-changes run,
while the orange symbols represent the baseline. The regression lines were also plotted,
and the Pearson correlation coefficients between the modelled and observed values were
calculated. The modelled values can be read along the y-axis, while the x-axis refers to the
observed concentrations. Figure 6 shows that the baseline run overestimates the ozone
concentration in the rural background for most of the stations (115 out of 117). Only
two stations, one located in Portugal and the other in Italy, show an underestimation of
ozone. The spatial correlation is moderate, with a value of about 0.57. The modelled NO2

concentration is on average lower than the observed concentration for most of the stations
(71 out of 106). This is true for the baseline and the updated configuration. Both model
setups show a spatial correlation of 0.72. These results are in agreement with previous
modelling studies, such as [48,49], who also found an overall overestimation of O3 and an
underestimation of NO2 at background sites in the Mediterranean.

Figure 6. MDA8-O3, averaged from April to September 2021 for all rural background stations in the
Mediterranean. The spatial correlation between the modelled values and the observations are shown
in the legend.

The overestimation of the model is systematically reduced for the simulation with the
parameters adapted towards a Mediterranean climate. The regression analysis indicates
improved statistics compared to the baseline run. The adaptation of the parameters shows
a small improvement in the reduction in the bias, although a large overestimation remains
for most locations. The Pearson correlation, RMSE, and bias at each individual obser-
vation site using MDA8-O3 values were also calculated. The statistics can be read from
Table S1 in the Supplementary Materials. At most stations, the analysis shows satisfying
temporal correlations of 0.5 to 0.8, comparable to other model studies (e.g., [49]). The RMSE
and bias are improved for the all-changes run compared to the baseline at the majority of
the stations (114 out of 117).

The results are also presented for two Portuguese example sites (see Table 3,
Figures 7 and 8). Table 3 lists the values for the station average MDA8-O3 for all runs



Atmosphere 2025, 16, 620 11 of 17

and its percentage change from the baseline model simulation. At the two locations, the
MDA8-O3 is about 2 to 3% lower in the all-changes run than in the baseline. gmax was noted
as the most impactful parameter for both locations, especially for the CRP land use. For the
SCO station, the changes in the VPD had a noticeable impact, especially on ARA and CRP
land uses.

Table 3. Value and percentage change in MDA8 ozone between the baseline and the sensitivity runs
at the Lourinhã (LNH) and Santa-Combinha (SCO) air quality stations.

O3 Concentration (µg/m3)

Test LNH SCO

Baseline 95.5 - 100.4 -

ARA VPD 95.4 −0.1% 100.1 −0.3%

ARA Temp 95.5 0.0% 100.4 0.0%

ARA gmax 95.3 −0.2% 100.3 −0.1%

FBD VPD 95.5 0.0% 100.4 0.0%

FBD Temp 95.5 0.0% 100.5 0.1%

FBD gmax 94.8 −0.7% 99.8 −0.6%

CRP VPD 95.4 −0.1% 99.8 −0.6%

CRP Temp 95.6 0.1% 100.6 0.2%

CRP gmax 94.8 −0.7% 99.5 −0.9%

FCE VPD 95.5 0.0% 100.4 0.0%

FCE Temp 95.5 0.0% 100.5 0.1%

FCE gmax 95.4 −0.1% 100.3 −0.1%

All-Changes 93.7 −1.9% 97.3 −3.1%

Figure 7. Monthly average (solid lines) and standard deviation (shaded area) of the MDA8-O3 for
Lourinhã (LNH) and Santa-Combinha (SCO) stations.

Figure 7 shows the monthly mean MDA8-O3 (solid lines) and standard deviation
(shaded area) of the MDA8-O3 for the observations, the baseline and the all-changes
simulation at the stations LNH and SCO. In LNH, the highest monthly mean MDA8-
O3 are observed in spring, which is typical for background sites at midlatitudes of the
northern hemisphere [50,51]. SCO also exhibits high spring monthly mean values of the
MDA8-O3 (~90 µg/m3); however, the summer peak, driven by enhanced photochemical
pollution, is more pronounced. The model reproduces the different seasonality between
the two stations.
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Figure 8. Diurnal cycle of the ozone concentration for the period between April and September at
Lourinhã (LNH) and Santa-Combinha (SCO). The shaded area refers to the standard deviation of the
observations and the two model simulations.

The baseline run follows a similar annual cycle as the observed data and captures the
decrease registered in July for both stations. However, for both stations, the baseline run
shows a significant overestimation, reaching up to 15 µg/m3 during summertime. As the
baseline simulation, the all-changes run follows the observations well in time but shows a
reduced overestimation. As expected, the differences between baseline and all-changes run
mainly appear within the April to September period, which coincides with the warmer and
drier months during the growing season.

Figure 8 shows the diurnal cycle (solid lines) and standard deviation (shaded areas)
for the observations, the baseline simulation and the all-changes run at the two Portuguese
stations. Both stations show a similar diurnal cycle with lower observed concentrations
during night time and higher observed concentrations during the day when photochemical
O3 production is taking place. At LNH, the baseline run shows a similar temporal evolution
as the observations. However, the values are overestimated by up to 18 µg/m3 throughout
the day. At the more remote station, SCO, the model shows a slight underestimation during
night time. The modelled concentration shows a faster increase after sunrise and thus
overestimates the observations by up to 13 µg/m3 during day time. SCO is located in the
north of Portugal in a less populated area, and the diurnal cycle in the ozone concentration
can be well captured by the model running at a 21 × 21 km2 resolution. LNH is located
on the coast, closer to cities and ports, in a region with higher anthropogenic emissions.
This explains that the diurnal cycle in LNH is not as well captured as in SCO. Several
studies have pointed out (e.g., [52]) that coarser model resolutions would not be able to
capture some atmospheric dynamics, such as night time ozone titration. Thürkow et al. [22]
performed a multi-model intercomparison between four regional CTMs for Germany, and
they also found that rural background stations showed a better performance than urban
background stations due to the model’s issues with capturing night time depletion of O3

due to titration. For the present work, the model resolution may be too coarse to capture
night time ozone titration. For NO2, the rural station SCO shows an overestimation during
the night time and an accurate representation during the day. For the Mem Martins urban
station (MEM), it is possible to see that the model overestimates concentrations during
the morning rush hour. The different model setups caused only a slight change in the
concentration at these stations. For more information, see the Supplementary Materials.

Despite the use of adapted vegetation parameters within the dry deposition routines,
LOTOS-EUROS still shows an overestimation of the observed O3 concentration in the
Mediterranean, including Portugal. Elevated modelled ozone concentrations in south-
ern European areas are not a specific problem of LOTOS-EUROS, but are also found in
other modelling studies [14,48,49,53–55]. Im et al. [56] reported that lower MDA8-O3 val-
ues were overestimated by more than 40%. The authors attribute this overestimation to
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chemical boundary conditions used in the CTMs. They point to a study performed by
Giorgano et al. [57], in which the influence of boundary conditions on modelling various
species was analysed.

Escudero et al. [23] found that by increasing the number of vertical model layers, the
performance of LOTOS-EUROS on surface ozone concentrations can be improved. More-
over, the authors found that runs with coarser spatial resolution had a disproportionate O3

increase in the noon hours for low-wind-speed areas.
Furthermore, several studies attribute part of the ozone overestimation to emission

inventory inaccuracies in representing ozone precursor emissions, especially inaccuracies
in NOx emissions from traffic and industrial sources [53,58,59] and VOC emissions [54,60].
These discrepancies mean that inaccuracies in representing NOx and VOC emissions can
affect the modelled NOx-to-VOC ratios, thus changing photochemical reaction rates by
either enhancing ozone production in NOx-limited conditions or diminishing titration in
NOx-saturated environments, leading to an overestimation of ozone concentrations.

Finally, several recent studies highlight that iodine released from dust or seawater
may effectively deplete O3 [61], with implications for surface ozone concentrations in the
Mediterranean [62,63], which is not considered in our models, as iodine speciation and its
phase partitioning are not included [64].

4. Conclusions
This paper aimed to improve the performance of the LOTOS-EUROS modelling system

in simulating ozone over Portugal by adjusting the deposition rates in the Mediterranean
climate zone and, in parallel, develop a first working version of an improved Mediter-
ranean deposition module for LOTOS-EUROS. Vegetation parameters for four land use
classes were chosen to conduct model sensitivity tests. The analysis focused on ozone
concentration and deposition between April and September 2021 for a baseline run and a
model simulation incorporating all the changes to the studied parameters (all-changes run).

Results for the baseline run showed a widespread overestimation of the observed
maximum daily eight-hour average of ozone values. This overestimation was also found in
other model studies over the Mediterranean area pointing at a number of possible reasons as
discussed in Section 3.3. The changes in the dry deposition routines for the Mediterranean
climate zones have reduced the overestimation of LOTOS-EUROS in simulating ozone
concentrations. An improvement in the RMSE and bias for the all-changes run was noted
at 9 out of 10 Portuguese stations and at 114 out of the 117 stations spread over the whole
Mediterranean area, respectively. For NO2, the model showed an underestimation of
observed values at the majority of the stations. The changes made in the deposition
description increased the NO2 deposition, although this increase only resulted in a slight
decrease in NO2 concentrations.

Our study illustrates that the level of detail in the dry deposition scheme may also af-
fect the observed bias and that further attention to this process is required. Hence, multiple
steps are required to reduce the overestimation of ozone levels in the Mediterranean by
current CTMs.

This study showed that detailing the dry deposition parameterization is worthwhile
for reducing the biases and that additional effort will be put in by detailing further to
enhance the accuracy of O3 modelling, providing a more robust basis for assessing the
impacts of O3 on human health, crop production, and natural ecosystems in Portugal and
the Mediterranean region as a whole. This will be achieved by increasing the number of
land use classes and extending the adaptation of the parameter settings to these classes.
Moreover, the impacts of these changes not only affect ozone but also other pollutants.
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The impact of these changes on ammonia and other N-compounds will be the subject of
future studies.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/atmos16050620/s1, Figure S1: Percentage change in ozone deposition
velocity between the CRP-gmax run and the baseline (below); Figure S2: Percentage change in
MDA8 ozone concentration between the CRP-gmax run and the baseline (below); Figure S3: NO2

concentration, averaged over the modelling period, of the baseline simulation (top) and percentage
change in the all-changes run to the baseline (below); Figure S4: NO2 deposition velocity, averaged
over the modelling period, of the baseline simulation (top) and percentage change in the all-changes
run to the baseline (below); Figure S5: NO2 concentration, averaged from April to September
2021 for all rural background stations in the Mediterranean. The spatial correlation between the
modelled values and the observations are shown in the legend; Figure S6: Diurnal cycle of the
NO2 concentration for the period between April and September at Santa-Combinha (SCO), a rural
background station, and Mem Martins (MEM), an urban background station near Lisbon. The shaded
area refers to the standard deviation of the observations and the two model simulations; Table S1:
Air quality station and location, correlation, RMSE, and bias for the baseline and all-changed run.
Statistics calculated for MDA8 of ozone for the period of April to September 2021; Table S2: Air
quality station, correlation, RMSE and bias for the baseline and all-changed run. Statistics calculated
for mean NO2 for the period of April to September 2021.
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