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Abstract. Atmospheric volatile organic compounds (VOCSs) ditions and radio-sounding data, allowed the identification of
have key environmental and biological roles, but little is different atmospheric scenarios that had a clear influence on
known about the daily VOC mixing ratios in Mediterranean the measured VOC mixing ratios. These results highlight the
urban and natural environments. We measured VOC mixingdifferences and relationships in VOC mixing ratios between
ratios concurrently at an urban and a rural site during thenearby urban and rural areas in Mediterranean regions. Fur-
winter DAURE campaign in the northeastern Iberian Penin-ther research in other urban-rural areas is warranted to bet-
sula, by means of PTR-MS at both locations: a PTR-Quad-ter understand the urban-rural influence on atmospheric VOC
MS at the urban site and a PTR-ToF-MS at the rural site. Allmixing ratios under different atmospheric conditions.

VOC mixing ratios measured were higher at the urban site
(e.g. acetaldehyde, isoprene, benzene, and toluene with aver-

ages upto 1.68, 0.31, 0.58 and 2.71 ppbv, respectively), with

the exception of some short-chain oxygenated VOCs such ag  Introduction

acetone (with similar averages of 0.7-1.6 ppbv at both sites).

The average diurnal pattern also differed between the sitesThe DAURE (Determination of the Sources of Atmospheric
Most of the VOCs at the urban location showed their highestA€rosols in Urban and Rural Environments in the Western
mixing ratios in the morning and evening. These peaks coinMediterranean) campaign was a multidisciplinary interna-
cided with traffic during rush hour, the main origin of most of tional measurement program conducted in Catalonia (NE
the VOCs analyzed. Between these two peaks, the sea breeleerian Peninsula) during the winter (February—March) and
transported the urban air inland, thus helping to lower thesummer (July—August) of 2009. It focused on identifying the
VOC loading at the urban site. At the rural site, most of the sources of aerosols, the mechanisms of formation of sec-
measured VOCs were advected by the midday sea breez€ndary aerosols and the origin of intense episodes of pollu-
yielding the highest daily VOC mixing ratios (e.g. acetalde- tion that frequently occur at regional scales in summer and
hyde, isoprene’ benzene, and toluene with averages up winter in the Western Mediterranean Basin (WMB) Sev-
0.65, 0.07, 0.19, and 0.41 ppbv, respectively). Only biogeniceral research teams conducted the study using state-of-the-
monoterpenes showed a clear local origin at this site. In adart methods, such a¥'C analysis, Proton Transfer Reac-
dition, the concentrations of fine particulate matter observedion Mass Spectrometry and High Resolution Time-of-Flight

at both sites, together with the synoptic meteorological con-Aerosol Mass Spectrometry, and classical techniques for
the sampling and analysis of aerosols and volatile organic
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compounds (VOCSs). The first results of the campaign have s
recently been published (e.g. Mingéifi etal., 2011; Moreno ]
et al., 2011; Seco et al., 2011b; Mohr et al., 2012; Reche et}
al., 2012). For detailed information about the campaign, se€|
the overview by Pandolfi et al. (2013).

Of all the measurements performed during the DAURE
campaign, those involving VOCs are the focus of our re-
port. VOCs present in the atmosphere have both natural and
anthropogenic sources. Emission by Vegetation is regardeaig. 1. Location of the urban Barcelona (BCN) and rural Montseny
as the largest natural source on a global scale (Guenther &1SY) measurement sites.
al., 2006). Atmospheric VOCs and their emissions by veg-
etation are ecologically important because VOCs can pro- . . . .
tect plants against high temperatures (Singsaas and Sharkgyé%t%’?ii%fsrr::gar;g{g?r’lévrzgtf ﬂ;s EiOtﬁ n(t;?:)f:é gﬁgergf_
1998; Péuelas et al,, 2005), high irradiance {Relas and ticle formation can bF::t elevated arzld thegeéolo ical rolepof
Munne-Bosch, 2005), and oxidative stress fiirelas and VOCs can be very significant I’nformation on tfqo ospheric
Llusia, 2002; Velikova et al., 2005). They also act as pIant—VOC - i Y '?h M d'.t : hp pher
plant communication signals (Pierik et al., 2003; Baldwin MiXing ratios in tne editerranéan region, NOWEVeT, 15
et al., 2006; Heil and Kost, 2006; Kegge and Pierik, 2010;scarce. High concentrations of ozone occur here (Gimeno et

Seco et al., 2011a). Likewise, biogenic VOCs play a role inal.,__1995;El?m;5i11998;dli;:bas aln(ﬂ?jelzs, 2004& [ﬁz'(ie'. h
plant—animal relationships, such as plant—pollinator relation-\?vllj\;{gn%e a"t | 2)688_ R.zve atrela %loo;?an;;}gde plants inthe
ships (Wright and Schiestl, 2009), direct defense of plants (Sanzetal, » Ribas etal., e-Quijano

againstherbivoresandindirectdefensethroughtheattractioﬁtl"’ll"2012t)' Proton T fer Reaction-M Spect
of the natural enemies of the herbivores (Kessler and Bald- nrecent years, Froton Iransier keaction-vlass spectrom-

win, 2001; Llusia and Heuelas, 2001; Pichersky and Ger- etry (PTR-MS) has enabled the simultaneous measurements

shenzon, 2002). On the other hand, anthropogenic VOCs ar8f seve_re_ll VOCs, including sSome oxygena_ted VOCs that
ere difficult to measure with other techniques (Seco et

| into the at h h tiviti iall o
released into the atmosphere by human activities, especia I., 2007, 2008). The recent application of PTR-MS tech-

those related to vehicular exhausts, evaporation of gasolineri | has determined surface-level VOC mixi toS i
use of solvents, emissions of natural gas and industrial pro- o'ogy has determined surface-leve mixing ratios n
cesses (Friedrich and Obermeier, 1999). Even though anthrorlatural area_ls of boreal and temperate regions (e.g. Spirig
pogenic VOC emissions are quantitatively smaller than bio—et aI:, 2005; Jordan_et ‘f"l" 2009; Lappalainen et al., 2009)
genic emissions on a global scale, anthropogenic VOCs caﬁ‘nd in urban areas in diverse parts of the world (e.g. Fort-

be the most abundant VOC species in urban areas, and ma \r/etig\ll., ZI?OQ,[; Iaa:/lgfgirtd r(:t gl" ﬁoor?\zilr':r?x Srt]l:d'erii tnOUthd
are routinely monitored by environmental authorities due to ave investigate editerranean environments (Filella a

their adverse effects on health (Guerra et al., 1995). Péiuelas, 2006; Davison et al., 2009; Seco et al., 2011b).

: In this paper we report the VOC mixing ratios measured
VOCs, whether natural or anthropogenic, also play sev-, . ) .
eral key roles in atmospheric chemistry, which make themdurlng the DAURE winter campaign (February-March 2009)

highly relevant for study. For example, they are implicated by means of PTR-MS. Measurements of VOC mixing ra-

in the generation of ozone and aerosols in the tropospheretlos taken at an urban location in Barcelona, together with

VOCs, together with nitrogen oxides (NPand solar radi- data for nitrqgen oxides and ozone, are compared to those
ation, promote the photochemical formation of troposphericpem_)rmed sumultqneously _at a relatively close (50km) ru-
ozone (Sillman, 1999; Atkinson, 2000). Ozone is an oxidiz- ral site. A comparison of winter and summer VOC data for

. . the rural site has been previously published (see Seco et al.
ing pollutant that has negative effects on plants (Fowler et al. ) . '
gp 9 P ( rj?Ollb). Here, we incorporate the winter urban data for a new

2009; Diaz-de-Quijano et al., 2012), poses a threat to huma comparison and analyze both datasets of VOC mixing ratios
health (Lippmann, 1993) and acts as a tropospheric green—gder the different atmospheric conditions that were identi-

house gas. VOCs are also precursors of atmospheric aerosc#l' : .

(Kavouras et al., 1998; Tunved et al., 2006), which can haveIeOI during the measurement period.

significant climate implications (Kulmala et al., 2004; Paci-

fico et al., 2009). In the context of global change, the re-5 \ethods

lationships among VOCs, atmospheric particles and ozone

are important and are currently the subjects of intense sci2.1  Measurement sites

entific research (Frielas and Staudt, 2010). These relation-

ships are all involved in biogeochemical cycles and influenceTwo locations, an urban-rural pair, were used for the DAURE

other global change drivers in complex feedbacks with thecampaign (Fig. 1). Both sites were within metropolitan

climate (Péuelas and Llusia, 2003; Arneth et al., 2010). Barcelona, a densely populated and industrialized area. The
urban Barcelona site (BCN) (41°231.01' N, 02°658.06' E,
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Table 1.Mass over charge ratios:(z) measured with the different PTR-MS systems and the corresponding VOC identities assigned to them.
The mean sensitivity and the limit of detection for each VOC are displayed. Sensitivities shown are transmission corrected and normalized
to the primary ion signal. All major molecular fragments were considered. Detection limits (DL) were inferred from a signal-to-noise ratio
of 2 by DL =2 x SDyjani/sensitivity, with Sy ank being the standard deviation of background count rates, as reported elsewhere (Karl et al.,
2003).

\ PTR-Quad-MS (BCN) \ PTR-ToF-MS (MSY)

Assigned VOC Measured nominal Sensitivity Limit of detection Measured exact protonated  Sensitivity Limit of detection
identity protonatedn/z (Th)  (ncps/ppbv)  (ppb¥) mlz (Th) (ncps/ppbv)  (ppb®
Methanol - - - 33.033 12.8 0.011
Ethanol - - - 47.048 11 0.066
Acetone/Propanal 59 19.2 0.012 59.049 224 0.003
Acetaldehyde 45 19.2 0.049 45.033 22.8 0.010
Acetic acid 61 11.8 0.028 61.028 11.5 0.008
Isoprene 69 8.6 0.023 69.069 10.6 0.002
MVK/MACR 71 19 0.008 71.09 22.4 <0.001
Monoterpenes 81 and 137 12% 0.088 81.070 and 137.132 15.0 0.004
Benzene 79 11.4 0.014 79.054 12.5 0.001
Toluene 93 9.7 0.04 93.069 14.8 <0.001
C8 aromatics 107 104 0.061 107.085 16.2 <0.001
Acetonitrile 42 13 0.018 42.033 22.6 0.001

2 These sensitivities were not measured in calibrations, but calculated using proton transfer reaction rate coefficients and transmission coefficients.

b These sensitivities were not measured in calibrations, and acetone sensitivity was used instead (divided by 2 in the case of acetic acid because of the fragm&3&n on
see Langebner et al., 2013).

¢ Calculated for an integration time of 2s.

d Calculated for a 30 min integration time.

80 m a.s.l.) represented the conditions of urban backgroungassing air through a catalytic converter (MSY) or a char-
aerosols. BCN was located in a university garden in west-coal filter (BCN; model Supelpure HC 1/8Supelco, USA),

ern Barcelona, close to Diagonal Avenue, one of the busiesand instrument sensitivities were obtained by frequent cali-
streets of the city, with a daily circulation of 100 000 vehicles brations with gas standards (Table 1). The charcoal filter used
(Ajuntament de Barcelona, 2007). The rural Montseny siteat BCN was unable to efficiently scavenge methanol from
(MSY) was located within a densely forested natural parksampled air, so the methanol mixing ratios could not be accu-
about 50 km NNE of the city of Barcelona and 25 km from rately determined for the BCN site. Methanol mixing ratios
the Mediterranean coast (41°46.63' N, 02°2128.92'E, at BCN will thus not be reported here.

720m a.s.l.). MSY represented the conditions of regional The BCN site was equipped with a High Sensitivity Pro-
background aerosols of the NE Iberian Peninsula. The MSYton Transfer Reaction Quadrupole Mass Spectrometer (PTR-
site is highly representative of the montane holm d@udr- Quad-MS, described by Lindinger et al., 1998), deployed in
cus ilexL.) forests in the Mediterranean regions of France,a cabin in a garden in the university campus. This instru-
Italy, Greece and eastern Spain (Terradas, 1999). See Pament was operated at 2.14 mbar, 600V, and®@rift tube

dolfi et al. (2013) for more details about the sites and instru-conditions, producing a&/N ratio of 140 Td € =electric
mentation used for aerosol monitoring. field strength;N = gas number density; 1 Td =18V cm?).
Sensitivity calibrations for the PTR-Quad-MS were per-
formed by dynamic dilution of an aromatic VOC gas stan-
dard (TO-14A, Restek, Bellefonte, PA, USA). The cal-
VOC measurements were conducted with two different Pro-ibration gas contained benzene, toluene, chlorobenzene,
ton Transfer Reaction—Mass Spectrometers, one for each sit@ichlorobenzene, styrene, ethyl benzene, xylene, trimethyl-
Both PTR-MS setups sampled ambient air through a heate@enzene, and trichlorobenzene. In addition, vapors of iso-
inlet line (4 m long), made either of deactivated Sulfifert prene and monoterpene-pinene and limonene) liquid stan-
(MSY) or Teflor® (BCN) tubes, installed at heights of 3m dards were sampled to measure their relative transmission
above the ground on the front of the house (MSY) or cabinéfficiency and their fragmentation pattern. Mixing ratios of
(BCN) where each PTR-MS was installed. The inlet line VOCs not present in the calibration standard were calculated
was filtered with a Teﬂo@ membrane (MSY) or g|aSS wool tak|ng into account the VOC relative transmission, their mea-
(BCN) to prevent the intake of dust and other particles. Sys-Sured fragmentation pattern and their proton transfer reaction
tem backgrounds for both instruments were measured apate coefficients reported elsewhere (Zhao and Zhang, 2004)
proximately every two hours by sampling zero air made byas described by de Gouw and Warneke (2007).

2.2 VOC measurements

www.atmos-chem-phys.net/13/4291/2013/ Atmos. Chem. Phys., 13, 422804 2013
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For VOC monitoring at MSY, a newly developed Proton 2.3 Meteorology and measurements of inorganic
Transfer Reaction Time-of-Flight Mass Spectrometer (PTR- gaseous pollutants
ToF-MS) was deployed in an uninhabited traditional ru-
ral house (La Castanya). The house was situated in a forAt both sites, meteorological data such as temperature, rela-
est C|earing on a South-facing 5|Ope of a mountain, Sur.tive humidity, wind direction and SDGEd, precipitation, and
rounded by a holm oak forest. The PTR-ToF-MS combinessolar radiation were gathered from air-monitoring stations
a Time-of-Flight MS detector (Tofwerk AG, Switzerland) operated by the Spanish National Research Council (CSIC).
with the characteristic chemical ionization system that de-The measurements were taken from towers at a height of
fines PTR systems. A thorough description and characterlOm (Pandolffi et al., 2013). Real-time measurements of
ization of the PTR-TOF instrument is given by Graus et ambient-air concentrations of ozonezjGnd nitrogen ox-
al. (2010) and the data reduction method used is describetfles (NO and N@) were provided by conventional gas-
by Miiller et al. (2010). The drift tube of the PTR-ToF- Phase air-pollution monitors maintained by the Department
MS was operated at 2.3 mbar, 600V, andoeo produc- of the Environment of the Catalan Government (Generali-
ing an E/N ratio of 130 Td. Sensitivity calibrations for the tat de Catalunya). At MSY, though, NO concentrations were
PTR-TOF were performed by dynamic dilution of VOCs usually below the limit of detection{ 1 ug nr3, 0.8 ppbv) of
using a multi-component gas standard (Apel Riemer Envi-the instrumentation setup deployed by the government. Con-
ronmental Inc., USA). The calibration gas contained ace-centrations of nitrogen oxides were measured by a chemi-
tone, acetonitrile, acrolein, benzene, 2-butanone, ethanoluminescence analyzer (model 42iTL, Thermo Scientific)
formaldehyde, hexanone, isoprene, methanol, monoterpene¥d those of ozone by the ultraviolet photometric method
(«-pinene), toluene and- andp-xylene. The time-of-flight ~ (model 48AUV, MCV S.A., Barcelona).
path length is sensitive to temperature variation, so the mass . .
scale was calibrated continuously by adding dichlorobenzené-4 Atmospheric scenarios

(protonatedn/z = 146.9763 Th) and trichlorobenzene (proto- For the DAURE campaign, different scenarios of pollution

natedn/z=180.9373 Th) to the PTR-TOF inlet, have been identified based on the concentrations of fine par-
These PTR systems differ in the mass resolution of the b

VOCs analyzed, because the ToF MS is capable of separat'—CUIate r_natter_ (PM) observed a_t both S|t_es, the synoptic me-
eorological situations and radio-sounding data. The three

ng isobaric compounds that the PTR-Quad-_MS detects as fhain winter scenarios (A, B and C) are briefly described here
single mass. Such differences can be seen in Table 1, where

i and are depicted in Figs. 2 and 3 by different background col-
the masses measured and the VOC assigned tomelacire : L .
displayed. Isobaric VOCs can be distinguished by PTR-ToEL'S: The reader is referred to the publications by Pandolfi et

MS by their exact masses, while the identification of VOCs gte(r?grligg and Jorba et al. (2011) for further details of these
by PTR-Quad-MS is liable to isobaric interference. Identifi- N . . .
. S ; Scenario A was characterized by the accumulation of air
cation was thus based on calibrations, experience, and well- . . . . .
. masses during a few days of typical anticyclonic conditions
known and nearly interference-free VOC-mass cormespons, . \wmg  producing an accumulation of pollutants at re-
dences (de Gouw and Warneke, 2007). In the case of different. P 9 P

: N gional or continental scales, with concentrations of fine PM
compounds with the same molecular composition (|somers)at MSY comparable or higher than those simultaneously reg-
neither PTR-MS system could distinguish between the dif- P 9 yreg

) istered at BCN. During scenario A, both BCN and MSY sites
ferent monoterpene isomersratz 137 or between methyl - .
. . were within the planetary boundary layer (PBL). Scenario B
vinyl ketone (MVK) and methacrolein (MACR) at/z 71. . . : .
7 . o was linked with the development of strong thermal inversions
Similarly, neither PTR-MS system could distinguish acetone . .
o . that led to extremely high concentrations of pollutants at sea
from its isomer propanal at/z 59. Since the propanal frac-

tion atm/z 59 was likely at least 10% (a typical value for level but without transport towards the mountainous areas.

; .. The PBL showed limited vertical development during sce-
remote locations), and perhaps more at the BCN urban site _

nario B, and as a consequence, MSY was above the PBL, and
(de Gouw et al., 2003), our reference only to acetone, fo

S L 'concentrations of PM were low at MSY but highest at BCN.
simplicity, should be kept in mind. . : .
) . . o .. Scenario C occurred when concentrations of PM registered at
VOC species reported in this paper are (i) isoprenoids: : .
. . BCN and MSY were strongly reduced during Atlantic advec-
isoprene and monoterpenes (we also included here tw . .
lon, which caused the replacement of the polluted air masses

oxidation prodgct§ ..Of Isoprene- methyl vinyl ketone with clean Atlantic air. The main feature of these three win-

and methacrolein); (ii) short-chain oxygenated compound o . . X .
S er scenarios is their cyclical pattern in which the A-C-A-B-
(oxVOCs, see Seco et al., 2007 for a review): methanol, ace- . . . ) .
i . o A sequence is repeated during the entire winter campaign. In
tone, acetaldehyde, acetic acid and ethanol; (iii) aromatic_ - " : ; .
e ; . addition, a fourth transition scenario (T) was identified, oc-
volatiles: benzene, toluene, and C8 aromatics (a term thatin- =" ; . .
i ) o curring occasionally between the main scenarios A, B and C

cludes compounds such as xylenes); and (iv) acetonitrile. A"(Figs 2 and 3)

VOC mixing ratios are expressed in ppbv (1 ppbv=1 partin
10° by volume).
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Fig. 2. Left panels: Time series of meteorological parameters (solar radiation, temperature, absolute humidity, wind direction and speed)
and of inorganic gaseous pollutantsz(NO, and NO) measured at BCN (vermillion traces) and MSY (blue traces). Background colors

correspond to the atmospheric scenarios described in Sect. 2.4: A (orange), B (light blue), C (yellow) and T (grey). Date labels indicate
00:00 UTC. Right panels: Hourly averaged diurnal cycles of the entire time series. Please note that, for clarity, NO for MSY is not displayed
because its values were usually below the limit of detection (1% 1.8 ppbv).
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Fig. 3. Left panels: Time series of volatile organic compound mixing ratios measured at BCN (vermillion traces) and MSY (blue traces).
Background colors correspond to the atmospheric scenarios described in Sect. 2.4: A (orange), B (light blue), C (yellow) and T (grey). Date
labels indicate 00:00 UTC. Right panels: Hourly averaged diurnal cycles of the entire time series.
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2.5 Data analysis and statistics 3.2 NO, NGO, and O3 mixing ratios

Calculations of VOC mixing ratios from the PTR-MS data, These inorganic gaseous pollutants showed distinct diurnal
together with the treatment and graphing of the data time sepatterns and markedly different mixing ratios at BCN com-
ries, were conducted using Igor Pro (Wavemetrics Inc., Portpared to MSY (Fig. 2). The mixing ratios of nitrogen oxides
land, OR, USA). The correlation coefficients between all the(NOy) were higher at BCN, with daily peaks around 07:00—
available data variables (VOC mixing ratios, wind, temper- 08:00 UTC (maximum averages of 34 and 49 ppbv for NO
ature, solar radiation, and N@nd Q) were calculated, in  and NQ, respectively) and 19:00-23:00 UTC. These ,NO
order to conduct a preliminary screening of possible relation-peaks not surprisingly coincided with rush hour, as these
ships (see the Supplement). For this purpose the Statisticgases are mainly produced by combustion engines; &0
(StatSoft Inc., Tulsa, USA) package was used. MSY had maximum averages of less than 6 ppbv, and those
maximum mixing ratios did not coincide with rush hour.
The MSY valley has little traffic, and the sea breezes trans-
port the polluted air masses from the metropolitan region of
Barcelona to the site during the afternoon.

Ozone showed a similar diurnal cycle at both sites, having
the maximum mixing ratios (of about 32 ppbv for BCN and

The study area presents a typical Mediterranean climate witf4 PPV for MSY) during the central part of the day (Fig. 2).
temperate winters and irregular rates of precipitatioer¢g  =SPecially at BCN, when NOmixing ratios increased due to
et al., 2008). In fact, precipitation was abnormally low dur- traffic-related emission, ozone mixing ratios dropped in clear

ing the period reported in this paper, with only small (usually iqdication of NO titration. Ozope mixing rat_ios at MSY were
less than 1 mm per day, and 2.2 mm on 4 March) events ifnigher than at BCN, even at night. Ozone is produced by re-
BCN between the 1 and 5 March and on the night betweerfctions of NQ with VOCs under solar radiation, and such re-
10 and 11 March (data not shown). Average maximum so-actions occur not on_Iy where N@nd VOCs are emitted_, but
lar radiation reached approximately 600 W#rat both sites also particularly during the transport of the air mass inland,

(Fig. 2), and average temperatures differed by abd@ 3 thus yielding higher concentrations of ozone at the rural site
betweer,1 the two sites (7—18 and 9-16C daily averages after several hours of reactions (Sillman, 1999). Moreover,

at MSY and BCN, respectively), with almost identical daily the presence of VOC: NOratios more favorable for ozone
profiles (Fig. 2). Relative humidity also showed very similar Production during transport and the lack at the MSY site of

daily profiles, with a difference of about 2 gThbetweenthe ~ ©Z0N€ scavenging by reaction with freshly emitted NO may
two sites, being higher at BCN (Fig. 2). have contributed to the higher ozone mixing ratios at MSY

Wind was a key factor for understanding the daily evo- (see Supplement and Seco et al., 2011b). The presence of

lution of the concentrations of VOCs and other pollutants atthese higher concentrations of ozone at MSY compared to

both sites. As shown in Fig. 2, patterns of average wind direcBCN agrees with other studies that reported increased ozone

tion and speed at BCN and MSY were very similar. Driven concentrations at higher altitudes (Ribas aniiuedas, 2006;

by the solar radiation, sea and mountain breezes began fgiaZ-de-Quijano et al., 2009; Evtyugina et al., 2009; Guo et

develop around 07:00 UTC: wind speed increased and wind!-» 2012).
direction changed to reach an average of 200 degrees at BC%I 3 VOC mixing ratios
and of 125 degrees at MSY between 09:00 and 10:00 UTC.™ 9

These southerly wind directions moved the air masses iny,oc mixing ratios were almost always higher at BCN (Ta-
land during the day from the coast (BCN) to the Barcelonap s 2 ang Fig. 3). Only acetone and acetic acid showed

metropolitan region and to rural areas (MSY), transportinggimilar mixing ratios at both sites. Aromatic compounds,

VOCs and other pollutants with them. Wind direction and mainly toluene and C8 aromatics, were the most abundant
speed began to change around 18:00 UTC, decreasing Spe%Cs in the urban atmosphere, with peaks of up to 14 ppbv
and turning to a northerly direction that stayed more or lessq, tojyene. The short-chain alcohols, methanol and ethanol,
constant throughout the night. The importance of mesoscalgere the most abundant at the rural site, with peaks close to
circulation (i.e. mountai.n and sea breezes) in the transport of o ppbv for methanol. Unfortunately, methanol and ethanol
ozone and photochemical precursors (VOCs ang)NS8- g not be properly quantified at the urban site, as ex-
tween urban areas and nearby mountainous rural areas, Bained in Sect. 2.2, but based on the measured data (not
highlighted by this study, has been confirmed in several Othershown), methanol may have been one of the most abun-

locations worldwide, such as for example Portugal (Monteiro 4ot yoCs, as has been reported for other urban or suburban
etal., 2012), Taiwan (Tsai etal., 2008) and Hong Kong (GUOyegions (Filella and Fselas, 2006; Langford et al., 2009,
etal., 2012). 2010).

3 Results and discussion

3.1 Meteorological conditions and atmospheric
dynamics
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Table 2. Minimum and maximum VOC mixing ratios (ppbv) recorded at BCN and MSY stations during the winter campaign. These numbers
correspond to the data displayed in Fig. 3. The data for MSY were previously reported in Seco et al. (2011b).

| BCN | MSY

Hourly Hourly Hourly Hourly

averages average averages averages
VOC Minimum Maximum minimum maximum| Minimum Maximum minimum maximum
Methanol - - - - 0.256 9.761 1.279 2.704
Ethanol - - - - <0.066 8.950 0.474 2.083
Acetone/Propanal 0.198 5.960 1.131 1.645 0.257 3.897 0.787 1.547
Acetaldehyde <0.049 7.400 0.804 1.688 0.071 1.885 0.227 0.657
Acetic acid 0.091 3.960 0.728 1.389 0.026 5.348 0.393 1.428
Isoprene <0.023 1.090 0.176 0.315 0.003 0.184 0.019 0.071
MVK/MACR <0.008 0.459 0.068 0.115 0.002 0.153 0.011 0.047
Monoterpenes <0.088 2.000 0.284 0.583 <0.004 0.234 0.005 0.067
Benzene 0.038 1.970 0.225 0.588 0.059 0.470 0.105 0.190
Toluene <0.04 9.700 0.805 2.711 0.001 1.903 0.057 0.408
C8 aromatics <0.061 14.000 0.861 3.386 0.003 1.328 0.031 0.249
Acetonitrile <0.018 2.320 0.209 0.460 0.027 0.258 0.075 0.101

The average diurnal cycles of VOC mixing ratios showed aspheric lifetimes, which may explain some of the differences
characteristic pattern at each site (Fig. 3), intimately linked toobserved in their average diurnal cycles. Acetaldehyde, for
the wind direction and speed at each site. In short, the diurnaéxample, lasts just a few hours in the air (Possanzini et al.,
cycles of VOC mixing ratios at each site behaved like those2002) and is the oxVOC with the sharpest difference of mix-

of NOy described in the previous section. ing ratios between the rush hour peaks and midday (Fig. 3)
since after its direct emission from motor vehicles — or sec-
3.3.1 BCN urban site ondary formation after degradation of other primarily emit-

ted VOCs — it is scavenged faster from the atmosphere. On
At BCN, all VOCs peaked in the morning and evening and the other hand, oxVOCs like methanol, acetone, and acetic

had lower mixing ratios between these two peaks, when thécid can be around for more than a week (Chebbi and Car-
sea breeze transported the air masses inland and the heigir, 1996; Singh et al., 2004; Jacob et al., 2005) and this long
of the PBL rose during the day, which helped to dilute the lifetime could explain why the maximum mixing ratios found
VOC mixing ratios (see correlations in Table S1 of the Sup-at the rural MSY site, after advection of air masses from ur-
plement). Aromatics have a well-known traffic-related origin ban areas, are of similar magnitude to those measured at the
(Hsieh etal., 1999; Yamamoto et al., 2000) and they normallyurban BCN site (Fig. 3).

peak during rush hour. The combustion of fossil fuels is also Among the isoprenoids, usually considered to be of mainly
aminor global source of acetonitrile (Holzinger et al., 2001a)biogenic origin, isoprene also has known anthropic sources,
and may be the dominant source of acetonitrile at BCN dur-€.g. automobile exhaust, which can be important in urban
ing those peaks. Despite acetonitrile’s long atmospheric life-areas such as BCN, especially in winter (Borbon et al,
time that allows its long-range transport and may dampen it2001; Barletta et al., 2005; Hélh et al., 2012). As shown
atmospheric concentration fluctuations, our data show cleain Fig. 3, maximum mixing ratios of isoprene happen dur-
peaks during rush hour, especially in the morning, which sug4ng rush hour. This fact suggests that most of the isoprene
gest its main emission source at BCN are vehicle exhaustgletected at BCN is of anthropic origin too. A similar case
Other VOCs, however, are usually not as directly linked tois that of monoterpenes, usually considered biogenic-only
vehicular emissions as are the aromatics. In fact, their mornVOCs. Traffic-related origin of monoterpenes has been pro-
ing and evening peaks were generally not as sharply deposed by a study in northern Europe (Hgellet al., 2012),
fined as those of aromatic VOCs (Fig. 3), suggesting thatased on the fact that the diurnal cycle of monoterpenes re-
other sources or processes may also play a role. Short-chaembled that of aromatics. In our study, we also observed
oxVOCs have multiple atmospheric sources, such as direc&n increase during rush hour, which suggests a traffic ori-
emissions by vegetation (Seco et al., 2007; Filella et al.,gin. However, the mixing ratios did not decrease after the
2009) and vehicles (Chebbi and Carlier, 1996; Possanzini egvening rush hour, and the highest mixing ratios of monoter-
al., 2002) and secondary production by the degradation openes at BCN occurred at night (Fig. 3). This observation
other VOCs, including those emitted by motor vehicles (Secosuggests that the lowering of the PBL, the cessation of pho-
et al., 2007). Short-chain oxVOCs also have different atmo-tochemical destruction and the dropping sea breezes could
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favor the accumulation of monoterpenes at night. Obviously,rates of monoterpenes from the leaves of holm oaks reported
other biogenic sources for monoterpenes cannot be ruled oufor this winter period (Llusia et al., 2012) partly explain why
The trees, which included pines, of the small urban parkmonoterpene mixing ratios were not very high at MSY. In
where the measuring station was installed may have beesummer, though, both emission rates and atmospheric mixing
the source of these monoterpenes. Also, air masses are transtios of monoterpenes increased by one order of magnitude
ported during the night from the nearby Collserola moun-(Seco et al., 2011b), while the summer monoterpene mix-
tains (located only about 1km away), which have impor- ing ratios at BCN were in the same range as those in winter
tant stands of pineRinus halepensiMill. and P. pineal.) (data not shown). The case for isoprene in summer was sim-
forests. Pines emit monoterpenes not only in response tdar, with the same range of mixing ratios at BCN (data not
light but also to temperature (Reelas and Llusia, 2001), shown) and an order of magnitude increase of mixing ratios
and nocturnal temperature-dependent emissions of storedt MSY, the latter probably due to the larger biotic sources of
monoterpenes from pine forests have previously been deisoprene at MSY (Seco et al., 2011b). For further information
scribed at Mediterranean locations (Davison et al., 2009). on sources and average diurnal cycles of VOCs measured at
Published reports of VOC mixing ratios in other urban ar- MSY, both in winter and summer, see Seco et al. (2011b).
eas of the world are summarized in Table 5. The mixing ra-
tios of aromatic VOCs at BCN were clearly lower than those 3.3.3 Benzene : toluene ratios
detected in Mexico City, Caracas, Los Angeles, Athens, Mu-
nich and cities in China. For oxVOCs, the mixing ratios of Benzene and toluene have been used to gauge the photo-
acetaldehyde at BCN were lower than those reported for mosthemical age of an air mass (Warneke et al., 2007). The ben-
of the cities in Table 5 where data for acetaldehyde was availzene : toluene ratio of an air parcel tends to increase over
able. For isoprenoids, the mixing ratios of isoprene at BCNtime because toluene is scavenged more quickly than ben-
were in the same range of those reported for most of the othezene by reaction with the OH radical. Toluene has a higher
cities, except for Mexico City where isoprene and monoter-reaction rate with the OH radical and thus has a shorter dura-

pene mixing ratios were higher. tion than benzene. The hourly average benzene : toluene ra-
tio at BCN ranged between 0.18 (at night) and 0.29 (early
3.3.2 MSY rural site afternoon). These values are lower than those reported for

primary exhaust emissions (Heeb et al., 2000) or the 0.41—
The diurnal cycles of VOCs at MSY were also similar to 0.83 range reported in other cities (Langford et al., 2009).
those of NQ (Fig. 3). All VOC mixing ratios increased They are, though, within the range measured close to roads
after the sea breeze had developed and advected the dir Italy (Steinbacher et al., 2005) and in a suburban area
masses from the coastal plains and the metropolitan area afear Barcelona city (Filella and Reelas, 2006). The values
Barcelona to MSY. The only VOCs that began to rise be-of this ratio at BCN could indicate that, apart from vehic-
fore the breeze developed were the monoterpenes, becaustar sources of these aromatic compounds, industrial emis-
of their local biogenic origin, but their diurnal patterns were sions may have some degree of influence. Industrial emis-
also highly influenced by the characteristics of the wind. Thesions have been associated with lower benzene : toluene ra-
average diurnal pattern of isoprene was similar to that of thetios in other studies (Steinbacher et al., 2005; Fortner et al.,
other VOCs, mainly because the forests at MSY are largely2009).
dominated by holm oak, which emits isoprene at a rate less Average benzene : toluene ratios at MSY were in the range
than 5 % of its monoterpene emissionfiBelas et al., 2009). between 0.46 (midday and afternoon) and 1.8 (night), and
The mixing ratios of monoterpenes and isoprene were simiwere thus higher than at BCN. As expected, due to photo-
larly low at MSY (maxima near 0.2 ppbv and maximum av- chemical processing, the ratio of the air mass advected by
erages near 0.07 ppbv; Table 2). So these isoprenoid VOCghe sea breeze in the afternoon was higher than the ratio at
normally considered predominantly biogenic, surprisingly the source of the traffic emissions near the coast and the
had higher mixing ratios at BCN than at MSY. It is not the coastal plains (BCN). Despite the suggestion that a longer
first time that higher urban mixing ratios of isoprenoids com- time post-emission may be required to substantially change
pared to a rural site are reported. Hellet al. (2012) found this ratio (Warneke et al., 2001), our results show that the av-
greater isoprenoid mixing ratios during winter in Helsinki erage benzene :toluene ratio of the air mass arriving at MSY
(Finland) than at a rural forested site, attributing the urbanwas higher than the ratio at BCN or the ratio at a suburban
isoprenoids mainly to anthropic origin and the rural lower area between BCN and MSY (Filella andffeelas, 2006).
mixing ratios to low biogenic emissions. This matches the
situation that we observed during this winter DAURE cam- 3.4 Atmospheric scenarios and VOCs
paign. As previously stated, the emission of isoprene by the
dominant tree species at MSY, holm oak, was very low, asThe data parsed into each of the atmospheric scenarios and
were emissions from other anthropogenic sources that arthe average diurnal cycles of VOCs and inorganic gases
more relevant in urban locations. The low, seasonal emissiomomputed for each scenario are presented in Figs. 4-8 and
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Fig. 4. Average wind direction and speed, and average absolute humidity for each atmospheric scenario at BCN (top panels) and MSY

(bottom panels).
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Fig. 5. Average NO, NQ and Q3 mixing ratios for each atmospheric scenario at BCN (top panels) and MSY (bottom panels). Note the
different scaling between top and bottom panels.

Tables 3 and 4. Although the averages for scenario T are alsoycle of the entire dataset discussed earlier, especially for
displayed in these figures and tables, the following discusMSY. The morning and evening VOC peaks at the BCN site,
sion will focus on the main scenarios A, B, and C. however, were not as well defined. The highest mixing ratios
for isoprene and monoterpenes (Fig. 6) occurred at night,
probably when the drainage flows began to blow from the
forested Collserola mountains. The main peaks for benzene

_The average dlqrnal cycle for scenario A, in terms of MIX" and toluene also occurred during the evening and at night
ing ratios and diurnal patterns, resembles the average daily

3.4.1 Scenario A
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Fig. 7. Average short-chain oxygenated VOC mixing ratios for each atmospheric scenario at BCN (top panels) and MSY (bottom panels).

(Fig. 8). Short-chain oxVOCs showed no clear main peak3.4.2 Scenario B
throughout the day (Fig. 7).

All VOC mixing ratios at MSY rose around 10:00UTC, Scenario B occurred when strong thermal inversions decou-
when the sea breezes developed and advected air massgied the atmospheres of the two sites, leaving MSY above the
from the Barcelona metropolitan region. When the sea breez@B| and enhancing the accumulation of pollutants at BCN.
stopped, all VOC mixing ratios began to decline (Figs. 6-8). As a result, NQ and VOC mixing ratios at the BCN site

were the highest measured during the campaign (Figs. 5—
8), as has also been reported for particulate matter (Pandolfi
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Table 3. Minimum and maximum hourly averaged VOC mixing ratios (ppbv) recorded at the BCN station during each of the atmospheric
scenarios (A, B, C, T) described in Sect. 2.4. These values correspond to the data displayed in Figs. 6-8.

A
Hourly averages

B

Hourly averages

Hourly averages

T
Hourly averages

BCN Minimum Maximum  Minimum Maximum Minimum Maximum Minimum Maximum
Acetone/Propanal  0.777 1.451 1.452 4.518 0.353 0.762 0.968 1.855
Acetaldehyde 0.548 1.272 1.107 4.061 0.626 1.149 0.574 1.741
Acetic acid 0.520 1.203 1.238 2.634 0.223 0.721 0.931 2.201

Isoprene 0.115 0.316 0.228 0.783 0.091 0.166 0.119 0.401
MVK/MACR 0.043 0.105 0.088 0.277 0.033 0.067 0.057 0.140

Monoterpenes 0.235 0.581 0.288 1.353 0.180 0.337 0.151 0.854
Benzene 0.117 0.573 0.301 1.763 0.114 0.298 0.119 0.643
Toluene 0.412 2.729 0.862 7.584 0.209 1.235 0.564 3.089
C8 aromatics 0.478 3.289 0.869 12.273 0.274 1.363 0.662 3.397
Acetonitrile 0.151 0.383 0.299 1.183 0.102 0.181 0.066 0.366

et al., 2013). Hourly average maxima reached 1.3 ppbv fodirection changed (Fig. 6). In scenario B, the duration of
monoterpenes, 0.8 ppbv for isoprene, 12 ppbv for C8 aromatthe midday southeasterly wind direction was shorter (Fig. 4)
ics, 7.5 ppbv for toluene and more than 4 ppbv for acetonghan the average period for the entire campaign or for sce-
and acetaldehyde (Table 3). The shape of the diurnal cycl@arios A or T. The mixing ratios of oxXVOCs and aromat-
and the mixing ratios registered for VOCs at BCN during ics increased very little during this period of southeasterly
scenario B had a large influence on the shape and mixing rawind (Figs. 7 and 8), because the sea breezes did not reach
tios of the mean diurnal cycles for the entire dataset, withMSY above the PBL and therefore did not advect air parcels
two main peaks, one in the morning and one in the eveningrom the Barcelona coastal region. Interestingly, an evening
peak was detected for all VOCs and N6on 13 March that

At MSY, only the isoprenoid average diurnal pattern of is clearly visible in the average diurnal cycles of scenario
mixing ratios resembled that of scenario A or of the entire B. This peak had a large influence on the averages for sce-
dataset average. Mixing ratios of monoterpenes, with theimario B due to the fact that such averages are based on less
local biotic origin, and isoprene, perhaps also because ofhan four complete days. On 13 March, the wind began to
its nearby biotic origin, rose in the morning when the wind shift again to northerly direction around 14:00-15:00 UTC,

(Fig. 3).
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Table 4. Minimum and maximum hourly averaged VOC mixing ratios (ppbv) recorded at the MSY station during each of the atmospheric
scenarios (A, B, C, T) described in Sect. 2.4. These values correspond to the data displayed in Figs. 6-8.

A B C T

Hourly averages Hourly averages Hourly averages Hourly averages
MSY Minimum  Maximum  Minimum  Maximum  Minimum  Maximum  Minimum  Maximum
Methanol 1.007 2.842 1.779 6.180 0.405 1.397 1.489 3.307
Ethanol 0.483 2.963 0.646 4.526 0.214 1.120 0.392 1.898
Acetone/Propanal  0.792 1.774 0.936 2.366 0.323 0.699 0.842 1.607
Acetaldehyde 0.261 0.820 0.243 1.316 0.139 0.417 0.205 0.624
Acetic acid 0.309 1.853 0.441 2.888 0.062 0.593 0.335 1.321
Isoprene 0.018 0.084 0.019 0.121 0.012 0.035 0.023 0.059
MVK/MACR 0.012 0.054 0.010 0.101 0.006 0.026 0.011 0.040
Monoterpenes 0.005 0.069 0.004 0.093 0.003 0.033 0.005 0.075
Benzene 0.120 0.217 0.074 0.217 0.098 0.151 0.104 0.183
Toluene 0.083 0.530 0.044 0.764 0.026 0.133 0.049 0.319
C8 aromatics 0.041 0.329 0.023 0.464 0.013 0.064 0.023 0.187
Acetonitrile 0.064 0.109 0.100 0.141 0.034 0.056 0.079 0.111

Table 5.VOC mixing ratios (ppbv) in the urban areas reported in the literature compared to those reported in this study for Barcelona. Values
shown are averages or ranges of average values.

Location Period Benzene Toluene  C8aromatics Acetaldehyde Acetone Acetonitrile  Isoprene Monoterpenes  Reference

Holzinger et al. (20018)
Holzinger et al. (2001b)

Caracas (Venezuela) 1999-2000 1.1 3.2 3.7

Other urban sites various 1.9-6 5.7-143 2.4-15.8

London (UK) Oct 2006 0.14 1.85 0.16 3.57 157 0.33 0.17 Langford et al. (2010)
Manchester (UK) Jun 2006 0.1 0.2 1.2 11 0.3 Langford et al. (2009)
Mexico City (Mexico) Mar 2006 3-28 3-12 0.25-1.4 0.4-2 0.3-2 Fortner et al. (3009)
Pearl River Delta (China)  Oct 2004 2.39 7.01 3.14 0.66 0.22 Liu et al. (2008)

Los Angeles, CA (USA)  Sep 1993 4 1.6 Grosjean et al. (1996)
Brazilian Cities various 1.9-24.2 Grosjean et al. (2002)
Barcelona winter 2009 0.22-0.59 0.8-2.71 0.86-3.39 0.8-1.69 1.13-1.65 0.21-0.46 0.18-0.32 0.28-0.58 This study

1 These values correspond only to 11-16h local time.
2 Approximate values taken from graphs.

and although at a decreased speed, a new air mass arrivéaithe form of an evening peak in mixing ratios, although the
at MSY, as indicated by a change in absolute humidity of theeffects may be somewhat masked by the higher mixing ratios
air (Fig. 4). This air mass contained many VOCs, as indicatedbf VOCs already present at MSY under these other scenar-
by most of the mixing ratio peaks. Many of the VOCs even ios (A, C, and T). As examples, the mixing ratios of isoprene
reached their maximum hourly average mixing ratio of all (Fig. 6) and of toluene and benzene (Fig. 8) increased around
the scenarios at MSY (Table 4): isoprene and MVK/MACR 17:00-18:00 UTC.

(0.1 ppbv), toluene (0.7 ppbv), methanol (6.1 ppbv), ethanol

(4.5 ppbv), acetone (2.3 ppbv), acetaldehyde (1.3 ppbv) ang-4.3 Scenario C

acetic acid (2.8 ppbv). This peak on 13 March might be ) i ) i
related to evening arrival of air from the west and north- Scenario C was characterized by Atlantic advections that re-

northeast, uncoupled from the surface air circulation, that ocPlaced the polluted air masses with clean Atlantic air. High
curs on some days and have been identified in back trajector)©rtherly wind speeds (Fig. 4) thus prevented the VOC mix-
model simulations (Jorba et al., 2011). However, low evening/"d ratios from presenting a clear diumnal cycle at either BCN
wind speeds and the low PBL during scenario B, and thus £ MSY. Only NG, especially N@, showed a clear diur-
probable lack of advection of air from the polluted PBL by Nal cycle at BCN, with peaks in the morning and evening
those westerly and northerly air masses, points to a possibl19- 9)- Only monoterpenes, benzene and some oxVOCs
local origin (within a few kilometers) of the air mass loaded Showed weak diurnal cycles at MSY but still had the low-
with VOCs and NQ. Furthermore, the benzene : toluene ra- €St daytime mixing ratios of any scenario (Figs. 6-8 and
tio of the peak on 13 March was 0.27, suggesting a lower!aPl€ 4)-

level of atmospheric processing of the air mass. Similar situ-

ations and their effect on VOC mixing ratios might also oc-

cur in the atmospheric daily averages of the other scenarios
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ing ratios measured were generally higher at the urban site.
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