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Abstract. Atmospheric volatile organic compounds (VOCs)
are involved in ozone and aerosol generation, thus having im-
plications for air quality and climate. VOCs and their emis-
sions by vegetation also have important ecological roles as
they can protect plants from stresses and act as communi-
cation cues between plants and between plants and animals.
In spite of these key environmental and biological roles, the
reports on seasonal and daily VOC mixing ratios in the liter-
ature for Mediterranean natural environments are scarce.

We conducted seasonal (winter and summer) measure-
ments of VOC mixing ratios in an elevated (720 m a.s.l.)
holm oak Mediterranean forest site near the metropolitan
area of Barcelona (NE Iberian Peninsula). Methanol was
the most abundant compound among all the VOCs mea-
sured in both seasons. While aromatic VOCs showed al-
most no seasonal variability, short-chain oxygenated VOCs
presented higher mixing ratios in summer, presumably due
to greater emission by vegetation and increased photochem-
istry, both enhanced by the high temperatures and solar ra-
diation in summer. Isoprenoid VOCs showed the biggest
seasonal change in mixing ratios: they increased by one or-
der of magnitude in summer, as a result of the vegetation’s
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greater physiological activity and emission rates. The max-
imum diurnal concentrations of ozone increased in summer
too, most likely due to more intense photochemical activity
and the higher levels of VOCs in the air.

The daily variation of VOC mixing ratios was mainly gov-
erned by the wind regime of the mountain, as the majority
of the VOC species analyzed followed a very similar diel cy-
cle. Mountain and sea breezes that develop after sunrise ad-
vect polluted air masses to the mountain. These polluted air
masses had previously passed over the urban and industrial
areas surrounding the Barcelona metropolitan area, where
they were enriched in NOx and in VOCs of biotic and abi-
otic origin. Moreover, these polluted air masses receive addi-
tional biogenic VOCs emitted in the local valley by the vege-
tation, thus enhancing O3 formation in this forested site. The
only VOC species that showed a somewhat different daily
pattern were monoterpenes because of their local biogenic
emission. Isoprene also followed in part the daily pattern of
monoterpenes, but only in summer when its biotic sources
were stronger. The increase by one order of magnitude in
the concentrations of these volatile isoprenoids highlights
the importance of local biogenic summer emissions in these
Mediterranean forested areas which also receive polluted air
masses from nearby or distant anthropic sources.
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1 Introduction

Volatile organic compounds (VOCs) present in the atmo-
sphere have both natural and anthropogenic sources. Among
the natural origins, emission by vegetation is regarded as
the greatest source at a global scale (Guenther et al., 2006).
VOCs play several key roles in atmospheric chemistry which
make them highly relevant for study, for example their impli-
cation in tropospheric ozone and aerosol generation. VOCs,
together with nitrogen oxides (NOx) and solar radiation are
the ingredients needed to promote the photochemical forma-
tion of tropospheric ozone (Atkinson, 2000; Sillman, 1999).
Ozone is an oxidant pollutant that has negative effects on
plants (Fowler et al., 2009), poses a threat to human health
(Lippmann, 1993) and acts in the troposphere as a green-
house gas. VOCs are also precursors of atmospheric aerosols
(Kavouras et al., 1998; Tunved et al., 2006), which can have
significant climate implications (Kulmala et al., 2004; Paci-
fico et al., 2009). In a context of global change, the rela-
tionships between VOCs, particles and ozone are a hot topic
in current scientific research (Peñuelas and Staudt, 2010).
They all are involved in biogeochemical cycles and take part
with other global change drivers in complex feedbacks with
the climate (Arneth et al., 2010). Atmospheric VOCs and
their emissions by vegetation are also ecologically impor-
tant because VOCs can protect plants against high temper-
atures (Pẽnuelas et al., 2005; Singsaas and Sharkey, 1998),
high irradiance (Pẽnuelas and Munńe-Bosch, 2005), and ox-
idative stress (Pẽnuelas and Llusià, 2002, Velikova et al.,
2005). In addition, they also act as plant-plant communi-
cation signals (Baldwin et al., 2006; Kegge and Pierik, 2010;
Pẽnuelas et al., 1995; Seco et al., 2011). Likewise, VOCs
play a role in plant-animal relationships, not only involving
plant-pollinator relationships (Wright and Schiestl, 2009) or
direct defense against herbivores, but also indirect defense
through the attraction of the natural enemies of the herbivores
(Kessler and Baldwin, 2001; Llusià and Pẽnuelas, 2001).

In the Mediterranean area, where the potential for biogenic
VOC emissions and photochemistry is high, ozone and par-
ticle formation can be elevated and the ecological role of
VOCs can be very significant. However, there is scarce in-
formation on tropospheric VOC mixing ratios in the Mediter-
ranean region. Ozone has been measured in high concentra-
tions in the Mediterranean area (Gimeno et al., 1995; Ribas
and Pẽnuelas, 2004; Ziomas, 1998), and has already been re-
ported to produce damage to plants in the Western Mediter-
ranean Basin (Ribas et al., 2005; Sanz et al., 2000). More-
over, ozone concentrations have been found to increase with
altitude (Diaz-de-Quijano et al., 2009; Evtyugina et al., 2009;
Ribas and Pẽnuelas, 2006).

In recent years, the proton transfer reaction mass spec-
trometer (PTR-MS) has enabled the simultaneous measuring
of several VOCs, including some oxygenated VOCs that are
difficult to measure with other techniques (Seco et al., 2007,
2008). Also, PTR-MS has improved the temporal resolu-

tion of these measurements, to the point of making the use of
micrometeorological techniques possible (Karl et al., 2001).
Of late, papers have reported several concomitant surface-
level VOC mixing ratios in natural areas, taking advantage
of the PTR-MS technology in boreal and temperate regions
(e.g. Holst et al., 2010; Jordan et al., 2009; Lappalainen et
al., 2009; Ruuskanen et al., 2009; Spirig et al., 2005). Nev-
ertheless, there are few studies dealing with Mediterranean
ecosystems (e.g. Davison et al., 2009).

In this paper we report VOC data gathered during 2009
in an elevated site highly representative of the montane
Mediterranean forest (Terradas, 1999), located in a forested
mountain slope, in the Western Mediterranean Basin. We
compared the VOC mixing ratios between winter (February–
March) and summer (July–August), and analysed their rela-
tionship with meteorological data, and with ozone (O3) and
nitrogen oxides (NOx, i.e. NO and NO2) concentrations. We
also compared the VOC mixing ratio values and daily trends
at this Montseny (MSY) site with those reported in the exist-
ing literature for other natural areas worldwide.

2 Methods

2.1 Measurement site

The Montseny site (MSY) was located within a densely
forested natural park about 50 km to the NNE of the
city of Barcelona (Catalonia, NE of the Iberian peninsula)
and 25 km from the Mediterranean coast (41◦46′45.63′′ N
02◦21′28.92′′ E, 720 m a.s.l.; Fig. 1). The site is highly repre-
sentative of the montane holm oak (Quercus ilexL.) forests in
the Mediterranean regions of France, Italy, Greece and east-
ern Spain (Terradas, 1999). At Montseny, these are dense
forests of resprout origin, which evolved from coppicing un-
til the 1950s and selection thinning afterwards (Avila and
Rodrigo, 2004).

To our knowledge, this was the first time that VOC mix-
ing ratios were measured continuously over several days at
this Mediterranean forest location, which has a long record
of other ecological and biogeochemical parameters such as
nutrient cycling (Avila et al., 2002), dry and wet deposi-
tion (Avila et al., 1998, 2007, 2010; Avila and Rodà, 2002;
Avila and Alarcon, 2003), hydrology (Piñol et al., 1992),
and particulate matter (Pey et al., 2009; Pérez et al., 2008),
among others.

2.2 VOC measurements

VOC measurements were conducted with two different Pro-
ton Transfer Reaction-Mass Spectrometers (PTR-MS), one
for each season, installed in an uninhabited traditional rural
house (La Castanya). The house is situated in a forest clear-
ing in a south-facing slope of the mountain, surrounded by
the holm oak forest. Both PTR-MS set-ups sampled ambient
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Fig. 1. Location of the Montseny (MSY) measurement site, in relation to the city of Barcelona.

Table 1. Masses measured with the different PTR-MS systems and the corresponding VOC identity assigned to them. The mean sensitivity
and the limit of detection for each VOC are also displayed. Sensitivities shown are transmission corrected and normalized to the primary
ion signal, taking into account all major molecular fragments. Detection limits (DL) were inferred from a signal to noise ratio (S/N) of 2
according to DL = 2× SDblank/sensitivity, with SDblank being the standard deviation of background countrates, as reported elsewhere (Karl
et al., 2003).

PTR-ToF-MS (winter) PTR-Quad-MS (summer)

measured measured
Assigned VOC exact Sensitivity Limit of nominal Sensitivity Limit of
identity protonated (ncps ppbv−1) detection protonated (ncps ppbv−1) detection

mass (ppbv)c mass (ppbv)d

Methanol 33.033 12.8 0.011 33 17.9b 0.415
Ethanol 47.048 1.1 0.066 – – –
Ethanol/formic acid – – – 47 16.2b 0.092
Acetone 59.049 22.4 0.003 59 28.5b 0.013
Acetaldehyde 45.033 22.4a 0.010 45 28.5b 0.036
Acetic acid 61.028 22.4a 0.008 61 17.5b 0.031
Isoprene 69.069 10.6 0.002 69 12.7b 0.021
MVK/MACR 71.09 22.4a < 0.001 71 28.1b 0.009
Monoterpenes 81.070 and 137.132 15.0 0.004 81 and 137 18.5b 0.029
Benzene 79.054 12.5 0.001 79 16.9 0.008
Toluene 93.069 14.8 < 0.001 93 16.9 0.015
C-8 aromatics 107.085 16.2 < 0.001 107 15.9 0.010
Acetonitrile 42.033 22.6 0.001 42 19.2b 0.013

a These sensitivities were not measured in calibrations, and acetone sensitivity was used instead.b These sensitivities were not measured in calibrations, but calculated using proton
transfer reaction rate coefficients and transmission coefficients.c Calculated for a 30 min integration time.d Calculated for an integration time of 2 s, except for mass 33 (0.5 s) and
for masses≥ 107 (5 s).

air through a heated inlet line (4 m long), made either of de-
activated Sulfinert (winter) or teflon (summer) tube, installed
at 3 m height in a forest gap. The inlet line was filtered with
a teflon membrane (winter) or glass wool (summer) to pre-
vent dust and particle intake. System background for both in-
struments was measured approximately every two hours by
sampling zero air made by passing air through a catalytic
converter, and instrument sensitivities were obtained by fre-
quent calibrations with gas standards (Table 1).

For VOC monitoring during the winter measurements, a
newly developed Proton Transfer Reaction-Time of Flight-
Mass Spectrometer (PTR-ToF-MS) was deployed. It com-
bined a Time-of-Flight MS detector (Tofwerk AG, Switzer-
land) with the characteristic chemical ionization system that
defines PTR systems. A thorough description and charac-
terization of the PTR-TOF instrument is given by Graus et
al. (2010) and the data reduction method used is described
by Müller et al. (2010). The PTR-ToF-MS drift tube was
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Table 2. Minimum and maximum VOC mixing ratios (ppbv) recorded at MSY station during the winter and summer campaigns.

Winter Summer

Hourly Hourly Hourly Hourly
averages averages averages averages

VOC Minimum Maximum minimum maximum Minimum Maximum minimum maximum

Methanol 0.256 9.761 1.279 2.704 1.410 13.400 4.142 6.053
Ethanol/formic acid < 0.066 8.950 0.474 2.083 0.374 4.480 1.146 2.869
Acetone 0.257 3.897 0.787 1.547 0.967 5.950 2.260 3.834
Acetaldehyde 0.071 1.885 0.227 0.657 < 0.036 3.370 0.541 1.264
Acetic acid 0.026 5.348 0.393 1.428 0.270 5.640 1.317 2.940
Isoprene 0.003 0.184 0.019 0.071 < 0.021 1.250 0.152 0.753
MVK/MACR 0.002 0.153 0.011 0.047 < 0.009 1.040 0.166 0.537
Monoterpenes < 0.004 0.234 0.005 0.067 0.035 2.560 0.127 1.421
Benzene 0.059 0.470 0.105 0.190 0.008 0.194 0.039 0.090
Toluene 0.001 1.903 0.057 0.408 < 0.015 1.340 0.083 0.467
C8-aromatics 0.003 1.328 0.031 0.249 < 0.010 0.821 0.091 0.272
Acetonitrile 0.027 0.258 0.075 0.101 0.037 0.588 0.159 0.216

operated at 2.3 mbar, 600 V, and 50◦C which corresponds to
an E/N ratio of 130 Td (E being the electric field strength
and N the gas number density; 1 Td = 10−17 V cm2). Sensi-
tivity calibrations for the PTR-TOF were performed by dy-
namic dilution of VOCs using a multi-component gas stan-
dard (Apel Riemer Environmental Inc., USA). The cali-
bration gas contained acetone, acetonitrile, acrolein, ben-
zene, 2-butanone, ethanol, formaldehyde, hexanone, iso-
prene, methanol, monoterpenes (α-pinene), toluene, o- and
p-xylene. The time-of-flight path length is sensitive to
temperature variation and therefore mass scale calibration
was done continuously by adding dichlorobenzene (pro-
tonatedm/z= 146.9763) and trichlorobenzene (protonated
m/z= 180.9373) to the PTR-TOF inlet.

During the summer measurements, the site was
equipped with a High Sensitivity Proton Transfer Reaction-
Quadrupole-Mass Spectrometer (PTR-Quad-MS, described
by Lindinger et al., 1998). This instrument was operated
at 2.3 mbar, 580 V, and 50◦C drift tube conditions, which
corresponds to a E/N of 122 Td. Sensitivity calibrations for
the PTR-Quad-MS were performed by dynamic dilution
of an aromatic VOC gas standard (TO-14A, Restek, Belle-
fonte, PA, USA). The calibration gas contained benzene,
toluene, chlorobenzene, dichlorobenzene, styrene, ethyl
benzene, xylene, trimethylbenzene, and trichlorobenzene.
In addition, vapors of isoprene and monoterpene (α-pinene
and limonene) liquid standards were sampled to measure
their relative transmission efficiency and their fragmentation
pattern. Mixing ratios of VOCs not present in the calibration
standard were calculated taking into account the VOC
relative transmission, their measured fragmentation pattern
and their proton transfer reaction rate coefficients reported
elsewhere (Zhao and Zhang, 2004) as described by de Gouw
and Warneke (2007).

These PTR systems have differences in the mass resolu-
tion of the VOCs analyzed, since the ToF MS is capable of
separating isobaric compounds that the PTR-Quad-MS de-
tects at one single mass. Such differences are shown in Ta-
ble 1, where the masses measured and the VOC assigned
to each mass are displayed. In the case of the ToF, iso-
baric VOCs can be distinguished according to their exact
mass, while in the case of the Quadrupole the identifica-
tion of VOCs is liable to interferences, although identifica-
tion was based on calibrations, experience, and well-known
and almost interference-free VOC-mass correspondences (de
Gouw and Warneke, 2007). For example, we report measure-
ments of protonated mass 47 in summer and attribute them
to formic acid/ethanol (Table 1), because the PTR-Quad-
MS is not able to separate these two compounds. In the
winter measurements, the PTR-ToF-MS could have identi-
fied each of them separately, but only ethanol was detected
(Table 1). In the case of monoterpenes, neither PTR-MS
system could separate the different isomeres. Thus, addi-
tionally, samples were taken for monoterpene determination
via gas chromatography-mass spectrometry (GC-MS). Us-
ing a teflon line to sample from the same inlet point as the
PTR-MS systems and by means of a pump (model Qmax,
manufactured by Supelco, USA), ambient air was drawn (at
500 ml min−1 for 20 min, without ozone scrubber) through a
tube (8 cm long and 0.3 cm internal diameter) manually filled
with terpene adsorbents Carbopack B, Carboxen 1003, and
Carbopack Y (Supelco, Bellefonte, PA, USA) separated by
plugs of quartz wool. The cartridges were prepared and then
analysed in the laboratory as described in Llusià et al. (2010).
This sampling was conducted once per hour from 06:00 h to
21:00 h GMT on selected days to obtain a daytime hourly
profile of monoterpene speciation.
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For clarity, we have divided the measured VOCs into three
groups according to their structure and characteristics. One
group is composed of short-chain oxygenated compounds
(oxVOCs): methanol, acetone, acetaldehyde, acetic acid, and
formic acid/ethanol (see Seco et al., 2007 for a review).
The second group is formed by the isoprenoids: isoprene
and monoterpenes, and we additionally included here the
compounds methyl vinyl ketone (MVK) and methacrolein
(MACR), which are oxidation products of isoprene. The
third group contains the aromatic volatiles: benzene, toluene,
and C8-aromatics (a term that includes compounds like
xylenes). Finally, we also analyzed acetonitrile.

2.3 Meteorology and measurements of inorganic
gaseous pollutants

During both periods, meteorological data such as tempera-
ture, relative humidity, wind direction and speed, precipita-
tion, and solar radiation was gathered from an air monitoring
station that is part of the EUSAAR network (European Su-
persites for Atmospheric Aerosol Research, recently created
to integrate the measurements of atmospheric aerosol proper-
ties at 21 high quality European ground-based stations). This
station was located 200 m away from the PTR-MS sampling
site, in the same slope of the mountain and at the same al-
titude (720 m a.s.l.). The actual measurements were taken
from a tower, at 10 m height (Pandolfi et al., 2011). In
summer there were calibration factor problems for the wind
speed data, so we recalibrated the measurements according to
previous research conducted at the same area and according
to the data gathered in three nearby meteorological stations
(Santa Maria de Palautordera, Viladrau, and Tagamanent at
13, 8, and 7 km of distance).

Real time measurements of ambient air levels of O3 and
NOx (NO and NO2) were provided by conventional gas
phase air pollution monitors installed at the same station
and maintained by the Department of the Environment of
the Catalan Government (Generalitat de Catalunya). Lev-
els of NOx were measured by a chemiluminescence analyzer
(model 42iTL, Thermo Scientific) and those of O3 by the
ultraviolet photometric method (model 48AUV, MCV S.A.,
Barcelona).

2.4 Data analysis and statistics

Calculations of VOC mixing ratios from the PTR-MS data,
together with the treatment and graphing of the data time se-
ries, were conducted using Igor Pro (Wavemetrics Inc., Port-
land, OR, USA). The correlation coefficients between all the
available data variables (VOC mixing ratios, wind, temper-
ature, solar radiation, and NO2 and O3) were calculated,
in order to conduct a preliminary screening of possible re-
lationships (see Supplement). For this purpose the Statis-
tica (StatSoft Inc., Tulsa, USA) package was used. In ad-
dition, wavelet analysis was applied to analyze the relation-
ship between VOC mixing ratios and ozone concentrations
in summer (see Supplement).

3 Results

3.1 Meteorological conditions and atmospheric
dynamics

The MSY site presents a typical Mediterranean climate with
warm summers, temperate winters and irregular precipita-
tion rates (Ṕerez et al., 2008). In fact, precipitation was
practically nonexistent during the periods reported in this
paper. Average maximum solar radiation reached around
600 W m−2 in winter and 800 W m−2 in summer (Fig. 2), and
consequently the average temperatures differed 11–15◦C be-
tween the two periods (7–13◦C and 19–27◦C daily averages
in winter and summer, respectively), while relative humidity
showed almost identical daily profiles (Fig. 2).

Air circulation in the MSY site is strongly determined
by the topography of the valley, and two main wind direc-
tions are usually recorded (Fig. 3). The southerly direction
is present when the mountain and sea breezes develop during
daytime, entering the valley from the south. This is when the
highest wind speeds are usually recorded. The westerly di-
rection corresponds to intense advections from the north and
north-west, channeled into the valley with a western direc-
tion (as was the case during the period 5–7 March), and to
drainage flows during the night (Pérez et al., 2008).

The highest wind speeds for winter were measured during
the Atlantic advection scenario (days 5–7 March), with val-
ues of up to 10 m s−1. This scenario is a typical atmospheric
phenomenon of this region, characterized by Atlantic advec-
tion conditions with strong northwestern winds that promote
a cleaning of the atmosphere by renewing the polluted atmo-
sphere with fresh air masses in the entire region. More infor-
mation regarding the meteorological scenarios and synoptic
conditions of the MSY area during this study can be found in
the articles by Jorba et al. (2011) and Pandolfi et al. (2011).

3.2 O3, NO and NO2 concentrations

Ozone concentrations showed similar values during the night
and early morning both in winter and summer (average
around 75 µg m−3, 37.5 ppbv). About two hours after sun-
rise they increased up to an average of 128 µg m−3 (64 ppbv)
in summer (around 14:00 h GMT) and 95 µg m−3 (47.5 ppbv)
in winter (peaks around 11:00 h and 15:00 h GMT)(Fig. 4).
NO2 concentrations showed a similar daily profile, with very
similar summer and winter values during night and morning
(average around 2 µg m−3, 1 ppbv), and then an increase (de-
layed by around 2 h with respect to the rise in O3) reaching a
first peak at 13:00 h and a second peak around 17:00 h (win-
ter) or 19:00 h (summer). Maximum average values were
11.6 µg m−3 (6 ppbv) for winter and 7.5 µg m−3 (3.9 ppbv)
for summer (Fig. 4). NO concentrations were usually be-
low the limit of detection (<1 µg m−3, 0.8 ppbv) of the in-
strumentation deployed by the government at MSY. Only
some episodes reaching peaks of 2–6 µg m−3 (1.6–4.8 ppbv)
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Fig. 2. Solar radiation, temperature, and absolute and relative humidity during the winter period (upper graph of each panel), during the
summer period (lower left graph) and their mean daily cycles (hourly averages) for both periods (lower right graph). Date labels indicate
00:00 GMT.
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Fig. 3. Wind direction and speed during the winter period (upper graph of each panel), during the summer period (lower left graph) and
their mean daily cycles (hourly averages) for both periods (lower right graph). Note the different scaling for graphs on wind speed seasonal
trend graphs. Date labels indicate 00:00 GMT.

in winter were recorded, resulting in maximum winter aver-
ages of 1.6 µg m−3 (1.3 ppbv), which took place when NO2
concentrations also peaked (data not shown).

3.3 VOC mixing ratios

3.3.1 Seasonal differences

All the VOC mixing ratios measured during the winter and
summer campaigns as well as their mean daily cycles are dis-
played in Figs. 5, 6, and 7, while Table 2 lists maximum and
minimum values of the same data. Almost all the VOCs an-
alyzed showed higher average mixing ratios during the sum-
mer period than in winter. Only some aromatic VOCs, nor-
mally linked to anthropogenic sources, had lower (benzene)
or similar (toluene and C8-aromatics) mixing ratios in sum-
mer compared to winter (Fig. 7). The greatest difference
in mixing ratios between seasons corresponded to the iso-
prenoids (Fig. 6), as seen by the 10-fold (isoprene and also its
degradation products MVK/MACR) and 21-fold (monoter-
penes) increases in their hourly average maxima (Table 2).
In the case of monoterpenes, GC-MS analysis showed that
the most abundant species were the same in winter and sum-
mer, α-pinene being the most abundant one among them
(51.4/31.9 % in winter/summer), followed by sabinene +β-
pinene (27.1/28.8 %) and limonene (9.5 % in both seasons).

The VOC species with the highest mixing ratios in both
winter and summer was methanol (showing peaks of up to
9.7/13.4 ppbv and maximum hourly averages of 2.7/6 ppbv
in winter/summer), followed in winter by ethanol (with
peaks of 8.9 ppbv and maximum averages of 2 ppbv) and
in summer by acetone (reaching up to 5.9 ppbv and max-
imum averages of 3.8 ppbv, Fig. 5, Table 2). Regard-
ing isoprenoids, monoterpenes were more abundant (reach-
ing maximum averages of 1.4 ppbv) than isoprene (reach-
ing maximum averages of 0.75 ppbv) in summer, whereas
in winter both VOCs showed similar mixing ratios (around
0.07 ppbv maximum averages). Among the aromatic VOCs,
toluene presented the highest mixing ratios (with peaks be-
low 2 ppbv and maximum averages around 0.4 ppbv) in
both seasons (Fig. 7).

3.3.2 Average daily cycles

Looking at the daily average mixing ratios and in general
terms, all VOCs presented very similar diel cycles with max-
imum values during the daytime (Fig. 8). Linear correlations
between all of them showed variable Pearson’s correlation
coefficients (r), but they were always significant (p < 0.01)
above 0.31 and with an average of 0.73 in winter and 0.68 in
summer (see Table S1 in Supplement).

When considering the different groups of VOCs sepa-
rately, it is apparent that although their daily pattern is not
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Fig. 4. Ozone and nitrogen dioxide mixing ratios during the winter period (upper graph of each panel), during the summer period (lower left
graph) and their mean daily cycles (hourly averages) for both periods (lower right graph). Date labels indicate 00:00 GMT.

exactly the same in summer as in winter all short-chain
oxygenated VOCs (oxVOCs) and aromatics have almost the
same daily pattern. Relationships between isoprenoid VOCs
(isoprene and monoterpenes) showed a mixed behaviour,
depending on the season. In winter isoprene showed a
diel cycle resembling that of aromatic or oxVOCs (Fig. 8),
while in summer its mean daily cycle was not exactly like
the any other cycle, neither that of oxVOCs, aromatics nor
monoterpenes (Fig. 8).

4 Discussion

Our results show almost no seasonal variability for aro-
matic VOCs, whereas short-chain oxygenated VOCs and iso-
prenoids in particular presented much higher mixing ratios
(one order of magnitude greater) in summer when the veg-
etation emission rates increased considerably (also by one
order of magnitude, Llusià et al., in preparation). The high-
est diurnal concentrations of ozone increased in summer too,
probably due to more intense photochemical activity and the
higher VOC mixing ratios.

The daily variations in the mixing ratios of most VOCs
measured in this study show a very similar pattern. This fact,
along with its correspondence in time with the wind direc-
tion and speed (Fig. 8), suggests that the changes in VOC
mixing ratios are driven by the wind regime of the MSY site,
which advects air masses from the surrounding semi-urban

and urban areas including the metropolitan area of Barcelona
during the daytime, and from the north-western pastures and
forests during the night.

4.1 Seasonal VOC mixing ratios

4.1.1 OxVOCs

Methanol is the second most abundant organic gas in the at-
mosphere after methane (Jacob et al., 2005), with mixing ra-
tios lying globally within the range 0.2–195 ppbv (Seco et
al., 2007). At MSY methanol reached the highest mixing ra-
tios among the VOCs measured in both seasons (Fig. 8; Ta-
ble 2), with peaks up to 9.7 ppbv in winter and 13.4 ppbv
in summer. Its direct sources, as well as those of the other
short-chain oxygenated VOCs, include emissions from the
vegetation (Filella et al., 2009), soil, dead plant matter, as
well as anthropic sources such as biomass and fossil fuel
combustion and industrial processes. In addition, oxVOCs
can be formed secondarily as products of reactions of other –
biogenic or anthropogenic – hydrocarbons of higher molec-
ular weight. This is in fact the major atmospheric source of
some of these oxVOCs, such as acetaldehyde (Seco et al.,
2007). So, the difference in oxVOC mixing ratios between
seasons may be attributed mainly to two phenomena: (i) the
larger biogenic emissions in summer due to the increased
physiological activity of vegetation, and (ii) increased sec-
ondary production in summer due to greater photochemical
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Fig. 5. Short-chain oxygenated VOCs measured at MSY, showing their mixing ratios during the winter period (upper graph of each panel),
their mixing ratios during the summer period (lower left graph) and their mean daily cycles (hourly averages) for both periods (lower right
graph). Date labels indicate 00:00 GMT.

reactivity as a result of the higher temperatures and insola-
tion. These compounds are characterized by a variety of at-
mospheric lifetimes, which span from over 10 days for ace-
tone and methanol (Jacob et al., 2005; Singh et al., 2004)
to a few hours for acetaldehyde (Possanzini et al., 2002).
This may be the reason why acetone and methanol had the
highest mixing ratios in this group, even at night, and also
why acetaldehyde showed the lowest mixing ratios of all the
oxVOCs measured (Fig. 8).

4.1.2 Isoprenoids

It is generally considered that the main atmospheric source of
isoprenoid VOCs is direct emission from vegetation (Guen-
ther et al., 1995). As in the case of oxVOCs, increased emis-
sion rates of plants concurring with higher temperatures and
radiation must be the reason for the great rise in their mixing
ratios in summer compared to winter, which was the high-
est rise monitored in MSY (a 10- to 21-fold increase; Figs. 6
and 8; Table 2). Likewise, isoprenoid leaf-level emissions
by Q. ilex measured during the campaign showed a similar
increase of approximately one order of magnitude (Llusià et
al., 2011). However, other factors such as dilution by mixing
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Fig. 6. Isoprenoid VOCs and MVK/MACR measured at MSY, showing their mixing ratios during the winter period (upper graph of each
panel), their mixing ratios during the summer period (lower left graph) and their mean daily cycles (hourly averages) for both periods (lower
right graph). Note the different scaling for the seasonal trend graphs. Date labels indicate 00:00 GMT.

and transport and changes in boundary layer play a role too in
determining the isoprenoid mixing ratios measured at MSY.

4.1.3 Aromatic VOCs

Aromatic VOCs did not change substantially in mixing ratios
between winter and summer at MSY (Figs. 7 and 8; Table 2),
suggesting their emission sources are of similar strength all
year round. Also, there are few sources of these compounds
– mainly tailpipe exhaust – in the local environment of the
MSY site, probably restricted to a little road in the valley
and some small villages. Therefore their mixing ratios in
MSY are assumed to come from relatively distant sources
outside the valley. The aromatic VOC with the largest sea-
sonal variation was benzene (winter levels doubled those of
summer, see Table 2) but at the same time it was the aromatic
VOC with lowest daily fluctuation (Fig. 7). The latter may be
related to the fact that benzene has the longest atmospheric
lifetime (in the order of days) among the aromatics measured
(Atkinson, 2000) and for this reason it may be better mixed
within the atmosphere.

4.1.4 Acetonitrile

Acetonitrile is considered a biomass burning marker
(Holzinger et al., 1999), given that its main global source

(94 %) is biomass burning, with only a minor part (less than
6 %) arising from fossil fuel combustion (Holzinger et al.,
2001a). In contrast with benzene, at MSY acetonitrile mix-
ing ratio was double in summer compared to winter (Table 2).
This was unexpected because in winter biomass burning used
for domestic heating is more common than in summer in the
area around MSY, and furthermore in summer the controlled
burning of agricultural waste is limited by law. On the other
hand, during summer, forest fires in the Mediterranean area
are common and long range transport of acetonitrile could
occur due to its relatively long atmospheric lifetime (San-
hueza et al., 2004), so the higher mixing ratios in summer
suggest more extensive burning events in the Mediterranean
area. Similarly to benzene, this relatively long atmospheric
lifetime may yield good acetonitrile mixing in the atmo-
sphere, and as a consequence the small daily variations of
the mixing ratios (Fig. 8).

4.2 Daily cycles and wind regime

Mixing ratios of all VOCs at this forested site showed a
marked diel cycle in both seasons, and a very similar pat-
tern, in most cases, within one particular season. This is par-
ticularly apparent in winter, when on average all VOC lev-
els except monoterpenes – and to a lesser extent, acetonitrile

Atmos. Chem. Phys., 11, 13161–13179, 2011 www.atmos-chem-phys.net/11/13161/2011/



R. Seco et al.: The effect of local biogenic emissions 13171

Fig. 7. Aromatic VOCs and acetonitrile measured at MSY, showing their mixing ratios during the winter period (upper graph of each panel),
their mixing ratios during the summer period (lower left graph) and their mean daily cycles (hourly averages) for both periods (lower right
graph). Note the different scaling for the seasonal trend graphs. Date labels indicate 00:00 GMT.

– rose at the same time in morning, had almost simultane-
ous peaks and decayed at the same moment in the evening
(Fig. 8). Even the aromatic compounds followed this be-
haviour, despite having few local sources in the MSY valley.
This common pattern indicates that the VOC mixing ratios
measured at the site are mainly governed by the wind regime
of the mountain. In winter, after sunrise the sea breeze starts
to blow mountain upwards and VOC mixing ratios slightly
increase, and about 2 h after that, they undergo a sharp in-
crease. VOC levels are then maintained more or less constant
until the wind changes direction and reduces speed, when at
around 17:00 h GMT the sea breeze stops and the mountain
drainage flow towards the valley starts instead. This general
daily cycle of VOC mixing ratios driven by the wind is also
observed in summertime. Such behaviour of atmospheric
pollutants at MSY has been described by Pérez et al. (2008)
and also for the same period of our study when comparing
PM levels in the city of Barcelona and MSY (Minguillón et
al., 2011; Pandolfi et al., 2011) . In this case, the levels of
fine particulate matter (PM1) increased in MSY when cor-
responding levels in Barcelona decreased. This was partly
attributed to the mountain and sea breeze transport toward
the MSY site.

Both biogenic and anthropogenic emissions of gaseous
and particulate matter accumulate in the valleys and

depressions (including the Barcelona metropolitan area) dur-
ing the night and early morning. Later in the morning the air
masses from the Barcelona metropolitan area are advected to
MSY by the sea and mountain breezes, passing over further
heavily industrialized areas, with some cities in the range of
50 000–100 000 inhabitants and a number of highways, and
hence taking up more pollutants. Assuming a 2 m s−1 aver-
age daytime wind speed for both seasons, these air masses
can travel around 7 km per hour. At the same time, photo-
chemical reactions take place within the air mass (e.g. ozone
production, VOC degradation, etc.), so the pollution plume
is aged when it reaches MSY.

While the ozone concentration at MSY is the result of pho-
tochemical production that has occurred over several hours
(Sillman, 1999), in addition this air mass which is trans-
ported inland, loaded with a variety of anthropogenic pol-
lutants (including VOCs), mixes at the forested site with
new biogenic VOCs. This mixing process with VOCs pro-
duced locally at the valley where MSY is located may en-
hance ozone production (Calfapietra et al., 2009; Hewitt et
al., 2011; Pẽnuelas and Staudt, 2010). Ozone production
depends on the VOC/NOx ratio of the air, and the MSY
valley atmosphere in the early morning, especially in sum-
mer, has NOx-sensitive conditions (VOC/NOx > 15) due to
the high local biogenic emissions and the low concentrations

www.atmos-chem-phys.net/11/13161/2011/ Atmos. Chem. Phys., 11, 13161–13179, 2011



13172 R. Seco et al.: The effect of local biogenic emissions

Fig. 8. Mean daily cycles of the majority of the variables stud-
ied, comparing winter (left) with summer (right). VOC mixing ra-
tios are split into three separate panels, corresponding to Figs. 5, 6,
and 7: (i) one for short-chain oxVOCs: methanol, acetone, formic
acid/ethanol, acetic acid and acetaldehyde; (ii) the second one for
isoprenoid VOCs: monoterpenes, and isoprene and its degradation
products MVK/MACR; (iii) the last panel for acetonitrile and aro-
matic VOCs: benzene, toluene, and C8-aromatics. Note the differ-
ent scaling for the isoprenoid VOCs between winter and summer
(one order of magnitude higher in summer).

of NOx, that may change to more favorable conditions for
ozone production when the breeze advects NOx from the
metropolitan area (see Supplement). This could partially ex-
plain the higher ozone concentration found in MSY (means
of 75 µg m−3 at night and 90–125 µg m−3 by day) compared
to Barcelona city in both seasons (means of 40–50 µg m−3 at

night and 60–70 µg m−3 at day; Pandolfi et al., 2011). In ad-
dition, another important cause of these higher ozone levels
in the mountains is the lack of fresh NO emissions. In ur-
ban and semi urban environments the consumption of O3 by
freshly emitted NO to form NO2 represents an important sink
for ozone. In the case of MSY, the air mass being advected
has low NO mixing ratios because it has been consumed by
photochemical reactions before arriving to the mountain. In
addition, summer higher solar radiation and temperature pro-
mote photochemical reactions, further explaining the higher
daytime ozone concentrations registered in summer.

Monoterpenes are a special case as regards this airborne
VOC transport from polluted areas. In winter and summer,
monoterpene mixing ratios started to rise earlier than the
other VOCs, as soon as solar radiation started to increase
too (Fig. 8), and this was probably due to the local origin
of monoterpenes. Monoterpenes have an atmospheric life-
time on the range of an hour (Atkinson, 2000) so the ori-
gin of those detected at MSY must be no further than 7 km
from the station. Monoterpenes were emitted by holm oaks
which densely populate the MSY site and the valley just be-
neath. Holm oaks are known monoterpene emitters (Llusià
and Pẽnuelas, 2000; Pẽnuelas and Llusià, 1999a), as con-
firmed by leaf-level measurements performed at MSY dur-
ing this campaign (Llusià et al., 2011). The case of isoprene
was, however, different. Although it is normally consid-
ered a biogenic VOC, it has also known anthropic sources,
like automobile exhaust (Borbon et al., 2001), while in the
case of monoterpenes anthropic origins are scarce. The dif-
ference in the mean wintertime diel cycle between isoprene
and monoterpenes reflected in Fig. 8 may be indicative that
most of the isoprene detected in winter was also advected to
MSY and maybe a considerable amount was anthropogenic.
A previous study in an semi-urban area in the metropolitan
region of Barcelona (upwind of MSY) described this dom-
inance of the human-related sources of isoprene in winter
(Filella and Pẽnuelas, 2006). In addition, winter monoter-
pene emissions by the valley oaks were low (Llusià et al.,
2011), as reflected in the low mixing ratios reported. Thus
isoprene emission must have been even lower because the
emission of isoprene has been reported to be less than 5 % of
the emission of monoterpenes for this evergreen tree species
(Pẽnuelas et al., 2009). Of course we can not rule out the
possibility that different plant species of the vegetation found
in the trajectory of the air masses as they were advected by
the sea breeze (i.e. before entering the MSY valley) were re-
sponsible for loading those air masses with isoprene. With
an atmospheric lifetime of around 1.5 h (Atkinson, 2000)
isoprene sources must have been at a maximum distance of
11 km from MSY. Following this reasoning, in summer part
of the isoprene at MSY may have also been anthropogenic,
however the biogenic contribution either from distant vegeta-
tion (advected, see Filella and Peñuelas, 2006) and from val-
ley (local) isoprene-emitting species other thanQ. ilexwould
have been greater. Moreover, isoprene in summer did not
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follow so closely the daily cycles of aromatics or oxVOCs as
in winter, and instead had an earlier rise in mixing ratios, at
the same time as monoterpenes did (Fig. 8). This may clearly
indicate isoprene’s summertime local biotic origin, at least in
part. In contrast, most other VOCs including isoprene’s oxi-
dation products MVK and MACR started to rise collectively
with a certain delay, when air masses advected by the sea
breeze contributed to the VOC burden at MSY.

The only two other VOCs that also showed a summertime
early rise in the morning were methanol and toluene. On
the one hand, methanol has been reported to build up in-
side the leaves of plants when stomata remain closed during
the night, and then burst out when they open in the morn-
ing. This phenomenon is under the control of the gas–liquid
phase equilibrium of the alcohol within the leaf and of the
stomatal conductance (Filella and Peñuelas, 2006; Filella et
al., 2009; Niinemets and Reichstein, 2003). Some authors
described this morning burst in mixing ratios, and attributed
it to this stomata-related response and to the evaporation of
dew, supposing that methanol may be dissolved in it (Filella
and Pẽnuelas, 2006; Holzinger et al., 2001b; Sanhueza et al.,
2001; Warneke et al., 2002). This morning burst is normally
a short term pulse of emission followed by a longer decay. It
is likely that the pattern in the mixing ratios showed in Fig. 8
results first from this short term emission pulse, and that later
the longer decay gets masked by the arrival of a much higher
methanol amount advected by the wind from the plains be-
low the MSY station. On the other hand, toluene has been
reported to be emitted by plants (Heiden et al., 1999; White
et al., 2009) and emissions ofm/z93 have been reported for
Q. ilex and attributed to toluene (Holzinger et al., 2000).
However, the possibility that certain monoterpene fragments
may contribute tom/z93 and thus being mistaken for toluene
has been suggested (Kim et al., 2010). Notwithstanding,
Ambrose et al. (2010) have recently reported this interference
to be practically insignificant, so the early morning toluene
increase must be product of either toluene emissions from
plants or from a local anthropic source.

The high influence of the wind regime on VOC mixing ra-
tios at MSY is illustrated by Fig. 9, which contains the same
information as Fig. 8 but corresponds only to the 6 August, as
representative for the atmospheric conditions of a number of
days. On 6 August all VOCs, including monoterpenes, saw
a reduction in mixing ratios when at around 14:00–15:00 h
the wind started to change speed and moreover change di-
rection, turning from SE (around 120 degrees) to W (260–
270 degrees). Solar radiation did not change (e.g. due to
clouds), so it is probable that local biogenic emissions did
not decrease. This VOC mixing ratio reduction occurred si-
multaneously with a reduction in NO2 levels and a small in-
crease in O3 concentration. At around 17:00 h the wind went
back to SE direction briefly and then changed at 18:00 h to
N for the whole night. VOC and NO2 concentrations in-
creased again when the wind direction returned to the SE di-
rection, and sharply decreased when it changed to N. The SE

Fig. 9. Daily cycles of the majority of the variables studied, corre-
sponding to the 6 August 2009. Panels and traces are the same as in
Fig. 8.
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Table 3. VOC mixing ratios (ppbv) reported in the literature for several natural environments (either Scandinavian ecosystems, other mixed
forests and rural sites, or Mediterranean ecosystems). Numbers represent means or medians, while numbers in brackets represent maximum
values reported by the authors. The numbers are followed by a letter to indicate the time of year when they were recorded (w for winter, s
for summer). The Castelporziano Mediterranean values were obtained in May-June.

Location methanol acetone acetaldehyde isoprene monoterpenes MVK/MACR benzene toluene C8-
aromatics

References

Hyytiälä forest
(S Finland)

< 0.7 w
2 s

< 0.5 w
(4.5 s)
1.5–1.7 s

0.16-
0.33 w
0.3s

0.06 w
(0.5s)
0.14–0.2 s

< 0.1 w
0.25–0.3 s

1Lappalainen et al. (2009)

0.22 w
1.9–3 s

0.33 w
1.35–
2.05 s

0.16 w
0.25–
0.39 s

0.05 w
0.14–0.17 s

0.05–0.09 w
0.29–0.37 s

0.07 w
0.12–0.16 s

0.14 w
0.04–
0.07 s

Ruuskanen et al. (2009)

3.5 s
(8.5 s)

1.5 s
(3.5 s)

1 s
(1.9 s)

0.1 s
(0.3 s)

< 1 s
(2.5 s)

0.1 s
(0.2 s)

< 0.05 s
(0.09 s)

2Rinne et al. (2005)

sub-arctic wetland
(N Sweden)

2.8 s
(6 s)

1 s
(2.1 s)

0.2 s
(0.5 s)

0.38 s
(1.2 s)

Holst et al. (2010)

rural site with
urban influences
(New Hampshire,
USA)

0.97 w
2.69 s

0.57 w
2.11 s

0.33 w
0.54 s

0.05 w
0.42 s

0.10 w
0.50 s

0.04 w
0.33 s

0.20 w
0.08 s

0.11 w
0.14 s

0.10 w
0.12 s

Jordan et al. (2009)

mixed forest
(Michigan, USA)

2 s 0.25 s
(0.97 s)

1Mielke et al. (2010)

mixed deciduous
forest (J̈ulich, NW
Germany)

13 s (22 s) 2 s
(9 s)

0.5 s
(1 s)

0.4 s
(1.2 s)

1,2Spirig et al. (2005)

urban-impacted
forest (Germany)

(0.2–1.5 s) (0.5–2 s) (0.2–1.5 s) (0.5–1.5 s)2Steinbrecher et al. (2000)

Castelporziano
Mediterranean
ecosystem (Italy)

1.74 1.80 0.17–0.376 0.64 0.89 1Kalabokas et al. (1997)

1.6–3.5 0.96–2.1 0.44–1.3 0.1–0.14 0.13–0.30 Davison et al. (2009)

Montseny
(NE Spain)

1.84 w
(9.76 w)
4.92 s
(13.4 s)

1.1 w
(3.9 w)
2.76 s
(5.95 s)

0.4 w
(1.88 w)
0.78 s
(3.37 s)

0.04 w
(0.18 w)
0.43 s
(1.25 s)

0.03 w
(0.23 w)
0.64 s
(2.56 s)

0.02 w
(0.15 w)
0.32 s
(1.04 s)

0.13 w
(0.47 w)
0.05 s
(0.19 s)

0.18 w
(1.9 w)
0.23 s
(1.34 s)

0.1 w
(1.33 w)
0.17 s
(0.82 s)

This study

1 These values correspond only to day-time or midday hours.2 Approximate values taken from graphs.

wind direction corresponded to the usual sea breeze that oc-
curs at MSY, with the wind coming valley upwards from the
Barcelona metropolitan region. When the wind was blow-
ing from the W, the air was coming from another valley,
and althoughQ. ilex is the dominant plant species there too,
before arriving at the MSY site the air passed over Pla de
la Calma (1100–1300 m a.s.l.), a plateau covered by heath
communities ofCalluna vulgaris, Pteridium aquilinum, Fes-
tuca ovina, andScleranthus annuus(Bolòs, 1983). This dif-
ferent vegetation, much less dense, with less biomass, and
with isoprenoid emission factors reported to be lower (He-
witt and Street, 1992), emits much less VOCs than the holm
oak forests of the SE valley.

4.3 Comparison with VOC mixing ratios reported in the
literature

Data on VOC mixing ratios from several other natural envi-
ronments have also been reported (see Table 3 and the Sup-
plement). In general, in Nordic environments oxVOC and

isoprenoid mixing ratios were lower than those measured at
MSY, with only some occasional peaks higher than at MSY
(Holst et al., 2010; Lappalainen et al., 2009; Rinne et al.,
2005; Ruuskanen et al., 2009). These results are in accor-
dance with the lower physiological activity of the vegetation
in Nordic regions linked to lower temperatures, thus resulting
in lower emissions compared to the Mediterranean MSY. In
a rural area near the coast in New Hampshire (East USA), the
oxVOC mixing ratios were also generally lower than at MSY
in both seasons, while isoprenoids were in the same range or
slightly higher than at MSY (Jordan et al., 2009). A mixed
forest in the northern USA presented lower monoterpene
mixing ratios than at MSY in summer, but higher isoprene
mixing ratios (Mielke et al., 2010). The same situation for
monoterpenes and isoprene compared to MSY was found in
a mixed forest in NW Germany in summer, where methanol
presented higher mixing ratios too (Spirig et al., 2005).

The only reports related to typical Mediterranean ecosys-
tems are those from the Castelporziano site (Italy),
surrounded byQ. ilex forests and macchia, and also
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influenced by the urban environment of Rome. For the
year 1994 and within the BEMA campaign, Kalabokas et
al. (1997) described a lower daily mean acetone mixing ra-
tio (1.74 ppbv) than in MSY summer. However, that cam-
paign was held in May and this mixing ratio is, accordingly,
between our MSY winter and summer values. In contrast,
the daily average mixing ratios of acetaldehyde (1.8 ppbv)
were above those registered at MSY. More recently in 2007,
Davison et al. (2009) took measurements again at the same
site and period (May–June). The reported mixing ratios of
methanol (medians of 1.6 to 3.5 ppbv) and again acetone
(0.96–2.1 ppbv) were in this case slightly lower than those at
MSY, while acetaldehyde showed similar values (medians of
0.44–1.3 ppbv). Regarding isoprenoids, the Mediterranean
site of Castelporziano showed slightly lower mixing ratios
of isoprene (medians of 0.1–0.37 ppbv) and MVK/MACR
(medians of 0.13–0.30 ppbv) and clearly lower monoterpene
mixing ratios (medians of 0.13–0.3) in May than at MSY
in summer (Davison et al., 2009; Kalabokas et al., 1997).
As with oxVOCs, the results for isoprenoids in summer in
Castelporziano may have been hypothetically closer to those
from MSY, as these mixing ratios are somewhat in between
the MSY winter and summer readings. Nevertheless sum-
mer drought may exert a big influence in VOC emissions
in Castelporziano and have the contrary effect, as the au-
thors pointed out when choosing the period for measure-
ments (they considered that plants would have good temper-
ature and water conditions for VOC emission in May–June).

An interesting detail is that the maximum monoterpene
mixing ratios in the 2007 Castelporziano campaign were de-
tected at night, when the land breeze originated and air was
coming from oak and pine forests.These mixing ratios were
higher (medians of 0.26 to 0.57 ppbv) than the night ones at
MSY. The authors attributed this behaviour to the nighttime
temperature-dependent emissions of stored monoterpenes by
the pines together with the cessation of photochemical de-
struction of VOCs and the suppression of vertical mixing
at night (Davison et al., 2009). In MSY, vertical mixing
and photochemistry were also suppressed at night, but the
land breeze acted in the contrary sense, cleaning the air from
VOCs. This may be in part due to the fact that there are
no significant tree populations in the surroundings that could
emit monoterpenes from storage pools at night, as holm oaks
do not store monoterpenes. Rather they emit them from de
novo synthesis, influenced by temperature, irradiance and
water availability (Llusìa and Pẽnuelas, 1999; Loreto et al.,
1998; Pẽnuelas and Llusià, 1999b; Staudt et al., 2002). It
should be noted that some forest measurements at Hyytiälä,
Finland (Rinne et al., 2005; Ruuskanen et al., 2009), at a rural
location in New Hampshire, USA (Jordan et al., 2009) and at
a mixed forest in Germany (Mielke et al., 2010) also reported
higher monoterpene mixing ratios in summer at night.

5 Summary and conclusions

VOC mixing ratio measurements in an elevated Mediter-
ranean forested site (MSY) with a dense vegetation domi-
nated byQuercus ilexwere performed. There were two sets
of measures, one in winter (February–March) and another in
summer (July–August). While aromatic VOCs showed al-
most no seasonal variability (only benzene had lower sum-
mer mixing ratios), short-chain oxygenated VOCs presented
higher mixing ratios in summer, presumably due to the in-
creased emission by vegetation and increased photochem-
istry, both enhanced by the high temperatures and solar radia-
tion in summer. Methanol was the most abundant compound
among all the VOCs measured in both seasons.

Isoprenoid VOCs (monoterpenes and isoprene, and its ox-
idation products MVK/MACR) were involved in the biggest
change in mixing ratios between winter and summer. That is,
their mixing ratios increased by one order of magnitude, as
a result of the increased physiological activity and emission
rates of the vegetation. The highest diurnal concentrations
of ozone increased in summer too, most likely due to more
intense photochemical activity and the presence of more re-
active VOCs in the air.

VOC mixing ratios analysis at the MSY forest site in the
Western Mediterranean Basin showed that their diel varia-
tion is mainly governed by the wind regime of the mountain,
since the majority of the VOC species analyzed followed a
very similar daily cycle. Sea and mountain breezes that de-
velop after sunrise advect polluted air masses to the mountain
that previously had passed over the Barcelona metropolitan
region, where they were enriched in NOx and in VOCs of
anthropic and biotic origin. Furthermore, these polluted air
masses can react with biogenic VOCs emitted at the MSY
valley by the vegetation, thus enhancing O3 formation in
this mountain site. The only VOC species that showed a
distinct different daily pattern – though still affected by the
wind regime – were monoterpenes, because they were emit-
ted by the local vegetation of the valley. Isoprene also shared
partially the diel pattern of the monoterpenes, but only in
summer when its biotic sources were stronger. These high
concentrations of biogenic volatile isoprenoids indicate the
significant impact of local forested vegetation on air quality
in these Mediterranean areas which also receive polluted air
masses from anthropic sources.

Supplementary material related to this
article is available online at:
http://www.atmos-chem-phys.net/11/13161/2011/
acp-11-13161-2011-supplement.pdf.
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Niinemets,Ü. and Reichstein, M.: Controls on the emission of plant
volatiles through stomata: Differential sensitivity of emission
rates to stomatal closure explained, J. Geophys. Res., 108, 4208,
doi:10.1029/2002JD002620, 2003.

Pacifico, F., Harrison, S. P., Jones, C. D., and Sitch, S.: Isoprene
emissions and climate, Atmos. Environ., 43, 6121–6135, 2009.

Pandolfi, M., Querol, X., Alastuey, A., Jimenez, J. L., Cusack,
M., Reche, C., Pey, J., Mohr, C., DeCarlo, P., Prévôt, A.,
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