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Abstract. Throughout Europe the summer of 2003 was exceptionally warm, especially July and August. The

European Environment Agency (EEA) reported several ozone episodes, mainly in the first half of August.
These episodes were exceptionally long-lasting, spatially extensive, and associated to high temperatures. In
this paper, the 10–15 August 2003 ozone pollution event has been analyzed using meteorological and regional
air quality modelling. During this period the threshold values of the European Directive 2002/3/EC were exceeded in various areas of the Iberian Peninsula.
The aim of this paper is to computationally understand and quantify the influence of biogenic volatile organic
compound (BVOC) emissions in the formation of tropospheric ozone during this high ozone episode. Being
able to differentiate how much ozone comes from biogenic emissions alone and how much comes from the
interaction between anthropogenic and biogenic emissions would be helpful to develop a feasible and effective ozone control strategy. The impact on ozone formation was also studied in combination with various
anthropogenic emission reduction strategies, i.e., when anthropogenic VOC emissions and/or NOx emissions
are reduced. The results show a great dependency of the BVOC contribution to ozone formation on the antropoghenic reduction scenario. In rural areas, the impact due to a NOx and/or VOC reduction does not change
the BVOC impact. Nevertheless, within big cities or industrial zones, a NOx reduction results in a decrease
of the biogenic impact in ozone levels that can reach 85 µg/m3 , whereas an Anthropogenic Volatile Organic
Compound (AVOC) reduction results in a decrease of the BVOC contribution on ozone formation that varies
from 0 to 30 µg/m3 with respect to the contribution at the same points in the 2003 base scenario. On the other
hand, downwind of the big cities, a decrease in NOx produces a minor contribution of biogenic emissions and
a decrease in AVOCs results in greater contributions of BVOCs to the formation of ozone.

1

Introduction

Ozone is the most abundant tropospheric oxidant and an
important component of photochemical pollution. Tropospheric ozone is formed by photochemical reactions with a
nonlinear chemistry involving volatile organic compounds
(VOCs) and the oxides of nitrogen (NOx =NO+NO2 ). Elevated concentrations of near-surface ozone that typically occur during the summer months have been shown to be harmful to human health and damaging to vegetation. Both NOx
and VOCs originate either from anthropogenic sources, e.g.,
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industries and vehicles, or from biogenic sources. This indicates that both anthropogenic and biogenic sources play roles
in ozone formation and accumulation.
Naturally occurring VOC (especially isoprene, emitted
primarily by oaks and other deciduous trees) represent a significant fraction of total ambient VOC, especially in suburban and rural settings. Biogenic VOC are especially important because they are usually highly reactive. Furthermore,
a high rate of biogenic VOC emission increases the ratio of
reactivity-weighted VOC to NOx and makes NOx -sensitive
conditions more likely (Chameides et al., 1992; Pierce et al.,
1998; Sillman et al., 2002). On the other hand, biogenic NOx
is far less relative than the anthropogenic sources.

7th EMS Annual Meeting and 8th European Conference on Applications of Meteorology 2007

Adv. Sci. Res., 2, 9–15, 2008
www.adv-sci-res.net/2/9/2008/
© Author(s) 2008. This work is distributed under
the Creative Commons Attribution 3.0 License.

10

N. Castell et al.: The impact of biogenic VOC emissions on photochemical ozone formation

During the 10–15 August 2003 ozone pollution event, anticyclonic conditions were accompanied by long residence
times of polluted air masses in the atmospheric boundary
layer, inhibiting the renovation of air masses. These atmospheric conditions, together with a cloudless sky and elevated temperatures, favoured photochemical ozone formation. When influenced by meteorological conditions featuring a weak pressure gradient, the complex topography of
the Iberian Peninsula favours the development of mesoscale
flows such as mountain winds, topographic injection, and
land/sea breeze. These mesoscale structures affect ozone
distribution over the Iberian Peninsula (Millan et al., 1997).
The aim of the present study is to computationally estimate
the influence of biogenic volatile organic compound (BVOC)
emissions on the formation of tropospheric ozone during this
high ozone episode.
Previous air quality modelling research work, ranging
from urban to continental scales, concluded that: (1) biogenic emissions generally enhance ozone formation in most
areas, and the magnitude of their impact varies from location
to location; (2) a large biogenic impact normally occurs during high-temperature periods because biogenic sources tend
to emit more VOCs at high temperatures; and (3) naturally
emitted VOCs, especially isoprene, play a significant role in
ground-level ozone due to their relatively high reactivity (Tao
et al., 2003; Bell and Ellis, 2004).
In this paper, we consider the impact of biogenic emissions
on surface ozone concentrations in the Iberian Peninsula.
This study reports the “total impact” on ozone formation due
to biogenic sources, i.e. the sum of ozone contributions from
biogenic emissions alone (the pure impact) and those from
the interactions between anthropogenic and biogenic emissions (the synergistic impact), and the isolated contribution
of each of these factors (pure and synergistic) to ozone concentrations. Thunis and Cuvelier (2000) addressed these issues by applying a factor separation approach to ozone modelling in the Burriana area (East coast of Spain) for a two-day
ozone episode. We apply this approach to the Iberian Peninsula over a six-day episode to determine the total, pure and
synergistic impacts of biogenic and anthropogenic sources to
ground-level ozone concentrations.
The impact on ozone formation is also studied in the context of various anthropogenic emissions reduction strategies,
i.e., when anthropogenic VOC emissions and/or NOx emissions are reduced.
2
2.1

observed surface winds and temperature and was judged suitable for use in emissions and photochemical modelling (Salvador et al., 2006).
For the photochemical simulation the CAMx v.4.3 air
quality model operating with the CBIV chemical mechanism
has been used. The influence of the initial conditions is minimized through a proper spin-up time (72 h), and the boundary
conditions were selected as average background concentrations for the area, with an ozone concentration of 70 µg/m3
(Castell et al., 2007a,b).
2.2

Emission estimation

The anthropogenic emissions (traffic and industry) in
the Iberian Peninsula have been estimated from the
EMEP/CORINAIR (EEA, 2006) emissions inventory. The
BVOCs emission model for vegetation (isoprene, monoterpenes and other VOCs) uses the algorithm from Guenther
et al. (1993), suited and adapted for the particular emitter
behaviour of some Mediterranean species. Emission factors
and foliar biomass density associated with emitter land-use
categories were collected from a literature review, giving priority to those defined inside the Mediterranean zone. A detailed description can be found in Castell et al. (2006) and
Parra et al. (1994). For land-use and meteorological inputs
required by the BVOC emissions model the CORINE digital
land-use map (Eionet, 2008) and the MM5 outputs (Castell et
al., 2006) were used, respectively. In this study other natural
sources as forest fires have not been considered.
The Guenther algorithm includes an environmental correction factor owing to temperature and Photosynthetically
Active Radiation (PAR) flux, however it does not include
other biotic or abiotic variables that can be important because
knowledge about them is very limited. The Iberian Peninsula
has often dry summer periods such as August 2003, during
which moisture is not available. Under such conditions, plant
stomata are closed and therefore biogenic emissions can decrease. The hydric stress is not contemplated by the algorithm. However, when possible, seasonal emission factors
were used, in order to describe the Mediterranean species
characteristics in dry and hot summers (Penuelas and Lluisa,
2001a,b).
Figure 1 shows the hourly mean emissions of isoprene, terpenes and other VOCs (biogenic) and nitrogen dioxide (anthropogenic) over the Iberian Peninsula for the 10–15 August
2003 episode.

Methodology
Meteorological and photochemical modelling

The non-hydrostatic Mesoscale Meteorological v3.5 (MM5)
model has been used to simulate the meteorological situation. Two nested grids (one-way) have been used with a 24
and 72 km horizontal resolution and a variable vertical resolution up to 15 km. The MM5 model was evaluated against
Adv. Sci. Res., 2, 9–15, 2008

2.3

Factor analysis

In order to quantify the amount of ozone originated from pure
biogenic emissions as well as that from the synergistic effect between anthropogenic and biogenic emissions, the factor analysis technique proposed by Stein and Alpert (1993)
was employed.
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Figure 1. Hourly mean emissions of: (a) biogenic isoprene, (b) biogenic terpenes, (c) other biogenic VOCs, and (d) anthropogenic nitrogen

dioxide, for the 10–15 August 2003 episode.
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The impact of biogenic VOC seems to be greater in the
VOC-sensitive areas. Nevertheless, O3-NOx -VOC sensitivity for individual locations and events are often very uncertain. Generalizations about NOx -sensitive versus VOCsensitive conditions are always very approximate and subject
to many exceptions. NOx -sensitive conditions are possible
even in an urban centre, and VOC-sensitive conditions can
occur even at far downwind locations (Jacob et al., 1995;
Kleinman et al., 2000). Additional research is needed before
a firm conclusion can be drawn.
3.3

Separation between biogenic and anthropogenic impacts

Results of the factor analysis of the two types of emissions
are shown in Fig. 3. The figure depicts the maximum hourly
contribution to the ozone concentration (not necessarily coinciding with the ozone maximum), from pure anthropogenic
emission (S 0A ); from pure biogenic emission (S 0B ); and from
the interaction between biogenic and anthropogenic emissions (S 0AB ), during the 10-15 August 2003 episode. The total
contribution of the biogenic emissions (S 0B +S 0AB = S AB −S A )
is represented in Fig. 2b.
It can be observed that the biogenic emission contribution is due almost exclusively to its interaction with anthropogenic emissions. In fact, the pure BVOC contribution
is less than 1 µg/m3 in any area of the Iberian Peninsula
(Fig. 3b). This means that when only biogenic emissions are
considered, the modelled ozone concentrations remain near
background levels.
On the other hand, the contribution from pure anthropogenic emissions shows impacts higher than 120 µg/m3
across an extensive area of the peninsula (Fig. 3a). These
impacts, added to the background concentrations, can surpass the legal thresholds of the European Directive. The
contribution due to the interaction between biogenic and
anthropogenic emissions surpasses the threshold values of
180 µg/m3 and 240 µg/m3 in different areas of the Peninsula
(Fig. 3c).
3.4

Sensitivity to NOx /AVOC emission reductions

In this section the BVOC impact on ozone production is analyzed when the anthropogenic emissions are reduced (50%
NOx and/or AVOC).
All the anthropogenic reduction scenarios produce an improvement in air quality with respect to the 2003 base scenario, since they all generate a reduction in the number of
ozone threshold exceedances, as defined in EU Directives.
Nevertheless, this improvement is more pronounced in some
scenarios than in others. The scenarios with a 50% reduction of NOx and those with a 50% reduction of NOx and
AVOC present a very similar spatial distribution in terms of
exceedances, being restricted to large emission areas like Valencia, Barcelona or Madrid, and to the river channels. On
www.adv-sci-res.net/2/9/2008/
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the other hand, even though the 50% AVOC reduction scenario shows a reduction in the number of exceedances, the
reduction is not as pronounced as in the reduced NOx scenarios.
It is observed that the BVOC impact has a clear dependence on NOx and AVOCs availability. In all the reduction
scenarios, as well as in the 2003 base scenario, the largest
impacts are located around the zones with the greatest precursor emissions, or downwind from them, moving inland
along the natural channels. Nevertheless, if we compare the
BVOC impact in these scenarios with the impact in the 2003
base scenario, both show zones in which the biogenic impact
has increased and decreased. The biogenic emissions impact
thus depends on the reduction scenario, i.e., whether it is a
NOx or an AVOC reduction scenario. We have found zones
where reducing the NOx decreases the BVOC impact, as well
as zones where decreasing the AVOCs increases the BVOC
contribution to ozone formation.
The result of applying factorial analysis to the anthropogenic reduction emission scenarios shows that the largest
mutual impact is produced in the AVOC reduction scenario
(Fig. 4b). The explanation for this is that when AVOCs are
reduced, the BVOCs, which have a high reactivity, play a
more active role in the OH chemistry. In coastal zones, big
cities and industrial areas, the synergistic impact could be
greater than 180 µg/m3 .
The second scenario where the synergy between anthropogenic and biogenic emissions is greater is the one in which
both AVOCs and NOx have been reduced by 50% (Fig. 4c).
In this scenario, the areas with large anthropogenic emissions
have an impact up to 180 µ/m3 . This means that the contribution from the interaction between anthropogenic and biogenic emissions is high enough to surpass the information
threshold.
In rural areas (with high VOC/NOx ratios), the impact due
to a reduction in NOx and/or VOC, scarcely suffers variations
in relation to the 2003 base case. Nevertheless, in areas with
high NOx emissions (VOC-limited), the reduction in NOx
results in a decrease of the biogenic impact, that can reach
85 µg/m3 ; in these VOC-limited points the AVOCs reduction
could also give place to a decrease in the BVOC contribution
on ozone formation ranging from 0 to 30 µg/m3 with respect
to their contribution at the same points in the 2003 base scenario.
On the other hand, downwind of the big cities (Barcelona,
Madrid, Valencia or Sevilla) or industrial areas where a decrease in the NOx produces a lower contribution of biogenic emissions (40 to 80 µg/m3 ), the decrease in AVOCs
results in greater contributions of BVOCs, with differences
in relation to the contribution in the 2003 base scenario
that reach 60 µg/m3 . This can be related to the fact that as
air moves downwind from emission sources and ages photochemically, conditions tend to change from VOC-limited
(closer to emission sources) to NOx -sensitive (further from
emission sources). This occurs because NOx is removed
Adv. Sci. Res., 2, 9–15, 2008
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Conclusions

Including biogenic emissions in the photochemical simulation of the episode substantially enhances ozone production,
yielding higher maximum values and also a greater number
of exceedances of the thresholds established in the Directive.
A factor analysis technique has been used to separate the
pure biogenic emission contribution from the synergistic anthropogenic and biogenic emission contribution. It is observed that for the whole Iberian Peninsula, the purely biogenic VOC emission contribution is very small. In fact, in
the simulation that included only BVOCs, the ozone levels
stayed at nearly “clean air” conditions. The largest contribution of biogenic emissions comes from its non-linear interaction with anthropogenic emissions. At some points in
the Peninsula, this mutual contribution between both types
of emissions surpasses 180 µg/m3 in the hourly values, and
120 µg/m3 in the 8-h averages. This would produce exceedances of the legal threshold values established in the European Directive. Thus, the synergy between anthropogenic
and biogenic emissions must be considered when examining
anthropogenic emission control strategies.
On the other hand, another large contributor to ozone concentrations is the purely anthropogenic factor, with ozone
concentrations that can also exceed the legal thresholds mentioned above.
The impact of biogenic emissions on ozone formation
has also been studied in combination with some anthropogenic emissions reduction strategies, i.e., when anthropogenic VOC emissions and/or NOx emissions are reduced
by 50%. The largest impact is found in the scenario with
NOx emissions unchanged and reduced anthropogenic VOCs
sources. This can be attributed to a decrease in anthropogenic
competition in the ozone production reactions involving the
OH radical.
Due to the highly non-linear nature of ozone formation
the impact of BVOCs emissions on ozone is dependent on
the initial levels of NOx and VOCs in a particular zone. For
instance, in rural areas (generally, NOx -limited), the impact
due to a reduction in NOx and/or VOC, scarcely suffers variations in relation to the 2003 base scenario. Nevertheless, in
the polluted areas, the reduction in NOx produces a decrease
in the biogenic impact. However an exception was observed
on the southern Portuguese coast where the impact of biogenic emissions reach up to 60 µg/m3 more than in the 2003
base scenario in the NOx reduction scenario.
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N. Castell et al.: The impact of biogenic VOC emissions on photochemical ozone formation
In view of the important impact of biogenic emissions on
surface ozone levels, it is necessary to stress the need for
having more accurate estimates of both the biogenic emission factors for Mediterranean species and other parameters
required for the elaboration of natural emissions inventories
in order to reduce the uncertainties which, in current inventories, can reach up to 300% (Guenther et al., 2000; Simpson
et al., 1995).
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