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Abstract. Real-time measurements of ambient concentra-the gas-to-particle phase partitioning (volatilization or am-
tions of gas-phase ammonia (MHwere performed in  monium salts formation) also played an important role in the
Barcelona (NE Spain) in summer between May and Septemevolution of NH; concentration in summer in Barcelona.

ber 2011. Two measurement sites were selected: one in an

urban background traffic-influenced area (UB) and the other

in the historical city centre (CC). Levels of NHkvere higher

at CC (5.6 2.1ugnt3 or 7.5+ 2.8 ppbv) compared with 1 Introduction

UB (2.2+ 1.0 ugn13 or 2.9+ 1.3 ppbv). This difference is

attributed to the contribution from non-traffic sources suchAtmospheric ammonia (N4 is among the most abun-
as waste containers, sewage systems, humans and open m@ant nitrogen compounds in the atmosphere and it plays
kets more dense in the densely populated historical city cen@n important role in the neutralization of atmospheric acids
tre. Under high temperatures in summer these sources hd@ form ammonium salts, preferentially ammonium sulfate
the potential to increase the ambient levels of el ((NH4)2S0Q4) and ammonium bisulfate (NHHSOy) from
above the urban-background-traffic-influenced UB measureSulfuric acid. Excess Nilis then available to form ammo-
ment station. Measurements were used to assess major locaium nitrate (NHNOs) from nitric acid or ammonium chlo-
emissions, sinks and diurnal evolution of plFThe measured  fide (NH4Cl) from hydrochloric acid.

levels of NH, especially high in the old city, may contribute The formed ammonium salts are relatively stable particles
to the high mean annual concentrations of secondary sulfat®ith a longer lifetime (1-15 days, Sheppard et al., 2011;
and nitrate measured in Barcelona compared with other citie§\n€ja et al., 2000) compared with gaseous Nkhich is

in Spain affected by high traffic intensity. Ancillary measure- quickly dry deposited relatively close to the sources (Fowler
ments, including PNb, PMs s, PM4 levels (Particulate Mat- €t al., 1998; Phillips et al., 2004; Clarisse et al., 2009) thus
ter with aerodynamic diameter smaller than 10 um, 2.5 um,aIIowing the long range transport of the acidic pollutants to
and 1um), gases and black carbon concentrations and méemote areas (Aneja et al., 2000). For example, lanniello et
teorological data, were performed during the measuremengl- (2011) related the high concentrations of fine ammonium
campaign. The analysis of specific periods (3 special cases?eroSOIS observed in Beijing to the impact of regional sources
during the campaign revealed that road traffic was a signif-fom areas with high concentrations of primary precursors
icant source of Ni. However, its effect was more evident (suchas NH, SO, and NQ).

at UB compared with CC where it was masked given the One of the main concerns is related with the input of reac-
high levels of NH from non-traffic sources measured in the tive nitrogen species to the terrestrial ecosystems and marine
old city. The relationship between $Odaily concentrations ~ €nvironments by nitrogen (N) deposition leading to possi-

and gas-fraction ammonia (NHNH3 + NH;)) revealed that ble eutrophication and acidification of the ecosystem with
changes in animal and plant populations and degradation of
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water and habitat quality (Flechard et al., 2011). Depositionof ambient NH concentrations at urban level have been re-
of reactive N may be either wet when Ijﬂ-particles are cently presented in many publications (Nowak et al., 2002;
washed out in precipitation or dry when Nl directly de-  Perrino et al., 2002; Bari et al., 2003; Lin et al., 2006; Edger-
posited without chemical transformations (Sheppard et al.ton et al., 2007; Saylor et al., 2010; Nowak et al., 2010;
2011; Phillips et al., 2004). High levels of ambient plH lanniello et al., 2010; Meng et al., 2011; Gong et al., 2011,
may cause adverse health effects by formation of fine paramong others).
ticulate matter (PMand PN s5) (Erisman and Sutton, 2008; These studies agreed with the fact that the concentrations
Brunekreef and Holgate, 2002; Ellis et al., 2011). Moreover,and evolution of ambient Nffat urban level were influenced
fine ammonium aerosols have strong environmental impactdy traffic emissions together with other important factors
being very effective in scattering visible light thus affect- such as temperature changes (mainly seasonally), wind speed
ing visibility and radiation budget of the Earth-atmosphere or direction, boundary layer deep and mixing, other local or
system (e.g. Barthelmie and Pryor, 1998; Langridge et al.regional NH emissions, dry deposition, and gas-to-particle
2012). partitioning. These factors may mask in some cases the effect
It is widely recognized that the reactive nitrogen available of vehicle emissions on the measured Nebncentrations.
to the ecosystem has increased dramatically over the pasior example Meng et al. (2011) and Gong et al. (2011) mea-
50yr since humans in the early 20th century started to consured NH concentrations in the urban areas of Beijing (an-
vert unreactive gaseouso,Nhto NH3 as a basis for fertiliz-  nual averages between 18.5-23.5 ppb) and Houston (2.4 ppb
ers used for food production (Van Der Hoek,1998; Sutton etin winter and 3.1 ppb in summer), respectively, showing that
al., 1993; Erisman et al., 2007, 2008; Erisman and Suttoncorrelations between NgHoncentrations and traffic tracers,
2008). Overall, more than 80 % of the chemical productionsuch as CO and/or NQ were observed in winter but not
of NH3 is used to produce fertilizer in the forms of ammo- in summer thus suggesting that other non-traffic sources be-
nium nitrate, urea, and so on (Erisman et al., 2007). As acame more important during the warm season (i.e. variations
whole, agriculture is estimated to contribute for 94 % to thein local or regional emission sources, changes in vehicular
total NH3 emission in Europe with livestock being the largest catalytic converter performance, NHemissions from dew
category in its emission inventory (EEA Technical Report, evaporation with increasing temperature in summer or natu-
2011). As a result, the scale of the environmental effects ofral release of NH from vegetation and soil through photo-
NH3 emissions extended over the years from a few hotspotsynthetic processes). Perrino et al. (2002) also identified ve-
to the whole of Europe (Erisman and Sutton, 2008). hicles as an important source of Nt many traffic sites
Other sources of Nklinclude natural sources such as soil, in Rome (mean Ng concentrations between 13.5 ug
oceans, vegetation, animal excreta, biomass burning, or arand 21.6 pg m3) with higher NHy/CO ratio in summer com-
thropogenic sources such as industries (mainly manufacturpared with winter as a consequence of the evaporation of
of NHz and N containing fertilizers), coal burning, power NH3 from particulates and from various non-traffic sources
generation, sewage systems, wastes, human breath, swagaksent in the selected urban area. lanniello et al. (2010)
and smoking, and vehicle emissions (Sutton et al., 2000compared the concentrations of jlleasured in Beijing
Zhao et al., 2012). Globally these sources form a minor par{(5.47 pg n2 in winter and 25.39 ug ? in summer) with
of the emissions but they might be relevant locally playing NOyx, CO and PM s and concluded that traffic was an impor-
the greater role in Nklemissions. At urban level for example tant source of Ng. Nevertheless, the mean Nidoncentra-
there is a growing concern related with the emissions of NH tion was around five times higher in summer than in winter
after the introduction of gasoline-powered vehicles equippedikely due to agricultural emissions enhanced under higher
with three-way catalytic converters (Cape et al., 2004; Heebatmospheric temperatures (lanniello et al., 2010). Saylor et
et al., 2006) and diesel-powered vehicles adopting selectival. (2010) analyzed the weekday versus weekend differences
catalytic reduction (SCR) system (Kean et al., 2009). In thein composite hourly mean diurnal profiles of Mldt an ur-
first case, NH is the product of NO reduction on the catalyst ban site (Atlanta) during July—December 2007 (mear i+
surface which, beyond the formation of molecular, Mads  urban site: 1.3 ppb) and concluded that mobile sources had a
to NHs in motor vehicle exhaust. In the second casesN8H  measurable but relatively small impact on Niddicating the
used as reagent and supplied to the catalyst system by the iinteraction of local NH emissions and dry deposition with
jection of urea into the exhaust which then undergoes thermathe evolution of the diurnal and nocturnal boundary layer as
decomposition and hydrolysis into NH concomitant important phenomenon affecting the concentra-
Many studies have been carried out to determine thg NH tions of NH;.
emission factors from vehicles under different driving condi- Concomitance of different NI sources was also pre-
tions by means of tunnel or dynamometer experiments showsented by Nowak et al. (2006) which showed that the diur-
ing the increased Nfiemissions from catalyzed vehicles nal cycles of NH measured at an urban site in Atlanta (from
(e.g. Moeckli et al., 1996; Fraser and Cass, 1998; Kean an@.4 to 13 ppb NH) in summer presented a morning peak re-
Harley, 2000; Durbin et al., 2004; Burgard et al., 2006; Heeblated with the rush hours and an afternoon peak related with
et al., 2008; Kean et al., 2009). Contextually, measurementson-traffic sources such as Mlgmissions from soil or Ngl
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release from secondary nitrate particle volatilization. Simi-
larly, Lin et al. (2006) and Bari et al. (2003) associated the
summer increase in the concentrations ofd\heasured at
urban sites in Central Taiwan (annual mean 8.5 ggyand
New York (3-5 pg n3), respectively, with the higher volatil-
ity of NH4NOj3 particulate under typical summer tempera-
tures. Some of these studies also reported significant positiv
differences in NH levels between traffic and urban back-
ground stations (Perrino et al., 2002) or between urban and
rural stations (Meng et al., 2011; Edgerton et al., 2007; Per8
rino et al., 2002) thus confirming traffic and human activities @
as potentially important sources of Nldt urban levels. 3
As a consequence of the difficulties in distinguishing be
tween the different NK sources, NH emissions from en-
gines and vehicles are not yet regulated. NeverthelessjdNH
listed as a toxic air pollutant by the EU and emission ceilings
are defined for each member state (EC, 2001). In Spainan
regulation has been implemented on 28 January 2011 (Royz:
Decree 102/2011) establishing the requirement to measure. ) o
NH; levels at five rural background stations covering the Fi9- 1. Location of the two measurement sites in Barcelona (NE
country and at one traffic site in cities with more than 500 OOOSpam) : UB (wraffic-influenced u.rban backgrqund) and CC (histori-
. . .. cal city center). Type and location of potential sources oiNire
inhabitants. At European level the critical level for jlHas reported in the figure.
been established in 8 pgtas an annual mean (Air Qual-
ity Guidelines for Europe, 2000) although recent studies re-

ported importgnt effects on vegetation whenNEeVels are  garcelona, Serveis de Mobilitat, 2009). The second measure-
above 3pgm* (Cape et al., 2009). ment site (CC; 412258.18' N 02°1008.59 E; 30ma.s.l.)

In this study we present the results of a measurement cams placed on the roof of a 20 m height building in the densely
paign performed in Barcelona (NE Spain) between May andyopylated historic city centre of Barcelona, less influenced
September 2011 and mainly aimed: (a) to study the differ-py traffic emissions but dense with commercial activities
ences in the concentrations and dynamics of ambier&H  markets, restaurants, pubs and so on) and people wandering
two urban sites with different characteristics in term of NH  5,5und the old city and mainly in summer when tourism is
emission sources; (b) to asses major sources and sinks affeqiigh. The two measurement sites were around 4.7 km apart.
ing the daily evolution of NH concentrations; (c) to under- The main possible important sources of Nid the area un-
stand the reasons for the high concentrations of secondanyg, study included major highways and roads, pig farms,
sulfate particles usually observed in Barcelona in summengyicyitural fields, and power plants. Figure 1 shows that the
compared with other urban and industrial sites across Spaifnajority of these sources were located relatively far from
(Querol et al., 2008). With this aim, the differences in&NH parcelona with the exception of two power plants located
concentrations and daily evolutions at the two selected siteg; around 5 km south and 10 km north-east the measurement
in Barcelona (one in the historical city centre and one in asjtes and some major roads which surrounded the sites. Main
traffic-influenced urban background area) will be presemedagricultural fields, mainly vegetable groves and orchards,

and discussed. were located 25 km west the measurement stations.

2.2 Measurements

2 Methods
The measurements of NHvere supplemented with a set of

2.1 Sampling sites ancillary hourly measurements of gaseous pollutantsy(NO
NO, Oz, SO), particulate matter (Pl and black carbon

The measurements of NHand ancillary data were per- (BC) concentrations, meteorological data (wind speed and

formed at two measurement sites in the city of Barcelonadirection, temperature, humidity, solar radiation and pres-

(NE Spain) (Fig. 1). The first site (UB; 42324.01' N sure) and daily mean concentrations of secondary inorganic

02°0658.06' E; 68 ma.s.l.,, 1ma.g.l.) is a urban background aerosols (Nlj, sof; and NQ;). Measurements were per-

site influenced by vehicular emissions from one of the mainformed at UB from 6 May to 7 September 2011 and at CC

avenues of the city (Diagonal Avenue) located at a distancdrom 13 May up to 28 June 2011. Not all the parameters

of around 300 m with a traffic density of 132000 vehicles were monitored at both sites. The concentrations o NBC

per day (around 60% diesel in vehicle fleet; Council of and meteorological data were measured at both measurement
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sites while the concentrations of RNMPM1g, PM2 5, PM1)
and gaseous pollutants were measured only at UB site.

_
o

y = 0.95x + 0.25
R?=0.98

©
L

2.2.1 NH; measurements

On-line measurements of gas-phasesNdh a 1-min base
were performed by means of two gas-phasesMitasuring
instruments  (AIRRmonia; http://www.mechatronics.hl
(Erisman et al., 2001; Wyers et al., 1993). The instrument
has the potential to detect Nldoncentrations from 0.1 up to
100 pg nT3 in real time and has shown good performances
during a field inter-comparison campaign in Scotland (von
Bobrutzki et al., 2010). 0 ‘ ‘
The instrument uses a gas-permeable PTFE (polytetrafluo- 0 2 4 6 8 10
roethylene) membrane to selectively permeate thg fib AiRRmonia Instrument #1 NH3 [ug/m’]

the air flow (11 mir 1) into the stripping solution where NH _ ) _ o
Fig. 2. Intercomparison between the two AiRRmonia instruments

is converted to Nljfl. Otjes and Erisman (1999) showed that d : ; . .
the ammonium contained in ammonium nitrate and sulfate eploye_d during the measurement_campalgn. Site used for the inter-
) ) . . comparison: UB. Temporal resolution: 1 min.
particles is not retained by the sampling membrane and less
than 1% and 3% of (N)2SOs and NH;NOg3, respectively,
are captured. The pH of the stripping solution is raised by ad-
dition of sodium hydroxide (NaOH) to form molecular NH
which is transferred through a second PTFE membrane in th
detector block into a stream of pure deionised water wher
the NH; is reverted to NH. The NH! concentrations are
then determined by a conductivity measurement of the wate
and calibration is made using aqueousj\lbtandard solu-
tions. During the measurement campaign both AIRRmonias
were calibrated approximately once per week (Slanina et al.3 Results
2001).

AiRRmonia Instrument #2 NH3 [Lg/ma]

Finally, conventional analyzers were used for measure-
gwents of levels of gaseous pollutants at UB (Thermo Sci-
entific, Model 42i for NQ and MCV S.A., model 48AUX
%or 0O3) and meteorological data were collected at both UB
F\nd CC by means of meteorological stations.

3.1 AiRRmonia intercomparison
2.2.2 Ancillary measurements

The two AiIRRmonia instruments deployed at UB and CC
Hourly levels of PMg, PM, 5 and PM at UB were continu-  sites were intercompared before the measurement campaign
ously measured by means of a laser-spectrometer dust moimn order to assure the quality of the intercomparison between
itor (Grimm Labortechnik GmbH & Co. KG; model 180). the NH; concentrations measured at both measurement sites.
Then the levels of PM were corrected by means of stanfigure 2 shows the results of the intercomparison performed
dard 24 h PM gravimetric measurements performed twice pebetween 6 and 11 May at UB site based on 1-min resolution
week with high volume samplers (DIGITEL and MCV at data.
30 h~1) with appropriate (PNo, PM2.5 and PM) cut-off As reported in the Fig. 2 the correlation between the two
inlets. instruments was very good with a coefficient of determina-

The measurements of the ambient concentrations of blackion R? of 0.98 and a small bias of around 4 %.

carbon (BC) were performed at UB by means of a MAAP in-
strument (Multi Angle Absorption Photometer, model 5012, 3.2 General features
Thermo) and at CC by using an aethalometer (microAeth
Model AE51, Magee Scientific). With the MAAP the con- Figure S1 (in the Supplement) shows the time series ofNH
tent of BC were continuously determined by simultaneouslyBC, PM;, PMy5_10 and gaseous pollutant concentrations
measuring the optical absorption and scattering of light byand meteorological data available at CC and UB measure-
the particles collected on the filter tapeiiNer et al., 2011). ment stations. The black dashed boxes hamed scl1-sc3 in the
The Magee aethalometer is a small and portable monitor withFig. S1 highlight periods considered as special cases and dis-
a Teflon coated borosilicate glass fibre filter where particlescussed in detail in the following paragraphs.
were captured. The aethalometer detects changes in the opti- As reported in Fig. S1 some measurements were sporadi-
cal absorption of the light transmitted through the filter and cally not available because of technical problems. This is the
calculates the BC load. The filter inside the aethalometer wagase of NH at UB from 19 May to 9 June and from 12 to
replaced every day in order to prevent saturation. 15 August, BC at UB after 20 August, gases concentrations

Atmos. Chem. Phys., 12, 75577575 2012 www.atmos-chem-phys.net/12/7557/2012/
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Table 1. Statistics on available measurements performed at the urban background (UB) and historical city centre (CC) measurement stations.

Statistics at UB were also reported for the same sampling period of CC station (13 May—28 June).

station

uB Unit Availability Mean SD 25th perc. 50thperc. 75thperc. min max
(06/05—07/09)

2967h

NH3 pg 3 2157 h (73 %) 2.2 1.0 1.4 1.9 26 02 10.6
NO pg nt3 2791 h (94 %) 51 104 15 3.0 50 1.0 211.0
NO, pg 3 2791h (94%) 239 16.2 13.0 19.5 30.0 1.0 1385
O3 pg 3 2773h (93%) 62.7 256 46.0 63.5 795 1.0 1945
SO, pg i3 2791 h (94 %) 2.2 1.9 1.0 15 25 1.0 275
BC ng n3 2394h (81%) 1554 1158 870 1231 1870-22 11153
PMyg pg 3 2853h (96%)  25.2 8.2 19.2 23.9 29.8 10.8 97.9
PMy 5 pg 3 2853h (96%)  19.1 7.1 13.7 17.7 228 7.4 63.5
PM; pg 3 2853h (96%) 13.6 5.9 9.1 125 16.7 4.2 44.6
T °C 2611h (88 %) 23.7 3.1 21.7 23.7 259 141 34.4
RH % 2611 h (88 %) 73.4 12.6 65.7 75.0 83.2 34.0 100.0
Prec mm 2611 h (88 %) 0.01 0.1 0.00 0.00 0.00 0.00 3.43
Wind speed mst 2611h (88 %) 1.9 1.1 1.0 1.7 25 02 6.8
Sol Rad W2 2611h (88%) 252.9 314.8 0 75 488 0 1035
cC

(13/05-28/06)

1100h

NH3 pg 3 978 h (89 %) 5.6 2.1 4.2 5.2 65 1.8 16.2
BC ngni-3 899h(82%) 1190 1059 524 867 1552-20 7383

T °C 1100 h (100 %) 21.6 3.2 19.2 21.5 23.8 143 30.9
RH % 1100 h (100 %) 65.1 13.9 56.0 66.0 76.0 26.0 94.0
Prec mm 1100 h (100 %) 0.1 0.8 0.0 0.0 0.0 0.0 144
Wind speed mst 1100 h (100 %) 21 1.0 1.3 2.0 2.8 0.1 5.1
Solar rad. wn?2  1100h (100 %) 284 335 0 101 602 0 964
UB

(13/05—28/06)

1100h

NH3 pg 3 526 h (48 %) 2.6 11 1.8 2.3 32 05 10.6
NO pg 3 930 h (85 %) 49 114 1.0 2.0 45 1.0 211.0
NO, pg 3 930h (85%) 25.6 17.6 135 215 33.0 10 1385
O3 pg 3 930h (85%) 66.9 254 515 68.0 83.0 6.0 1320
SO, pg m—3 930h (85 %) 2.9 2.1 15 2 35 1 17.5
BC ngnt3 1047h (95%) 1665 1283 904 1293 2010-22 11153
PMyg pgn 3 1100h (100%) 23.4 6.4 18.6 22.6 27.0 120 54.1
PMs 5 pgm3  1100h (100%)  18.3 6.0 13.8 17.1 214 91 48.7
PM; pgm—3  1100h (100%)  13.4 5.3 9.4 12.2 16.3 6.0 40.9
T °C 907 h (83 %) 20.6 3.2 18.1 204 225 141 30.3
RH % 907 h (83 %) 69.9 15.2 59.2 71.8 811 27.0 98.5
Prec mm 907 h (83 %) 0.0 0.1 0.0 0.0 0.0 0.0 3.3
Wind speed msl 907 h (83 %) 1.9 1.2 1.0 1.7 24 02 6.7
Sol Rad wnr? 907h (83%) 266.7 328.7 0.0 75.8 490.8 0.0 1034.7
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2500 deduceed that an important contribution to the highes NH

—+-CC concentrations measured at CC came from other sources than
| traffic. A measurement campaign with passive Néam-
plers performed at different sites in Barcelona (Reche et al.,
2012) showed that humans, waste containers and sewage sys-
tems were potential important sources of NiH the histor-
ical city centre. These sources are especially dense in the
old city where the population density is also high. Under
- high temperatures in summer these sources have the po-
01234567 891011121314151617181920212223 tential to increase the ambient levels of Nidt CC well

hour of the day above the urban-background-traffic-influenced UB measure-

ment station. Moreover, the urban design of the old city of
Barcelona with narrow streets also favored the accumula-
tion of NH3 preventing the dispersion of air pollutants. Fi-
nally, the fact that the lowest hourly NHoncentration at CC
was 1.8 ug m? also demonstrates the presence of a relatively
and meteorological data at UB from 22 to 27 June and fromhigh background of Nklin the old city. The difference be-
20 June to 5 July, respectively. tween the NH concentrations between both sites was around

Table 1 shows the statistics for the measurements per3 ug n23 (4 ppbv) which can be seen as the minimum mean
formed at both sites reporting sampling periods, percentageontribution from non-traffic sources affecting CC site. Fig-
of available measurements on hourly base, means, standatde 4 reports the polar plots (source Openair; Carslaw and
deviations, 25th, 50th (i.e. medians) and 75th percentilesRopkins, 2011) of the concentrations of Bliheasured at
minimum and maximum values. Table 1 also reports theUB and CC sites. The Figure clearly shows that on average
statistics for the UB station averaged over the CC samplinghe highest concentrations of Nt CC & 6.0 pg nT2) had
period, i.e. from 13 May to 28 June. a very local origin, being detected under low wind speeds

On average the levels of Nt CC station were higher (< 1ms1), and that important concentrations of blivere
compared with UB. Mean Ngllevels of 5.6+ 2.1 ug n3 transported from the north-west toward the CC site when
(7.5+ 2.8 ppbv) and 2.2 1.0 ugnT3 (2.9+ 1.3 ppbv) were  wind speeds were higher(2 ms™1). Conversely, at UB site
measured at CC and UB, respectively. Over the same CGhe highest concentrations of NH> 2 pgn3) were de-
sampling period (13 May-28 June) the mean3d\idncen-  tected when winds blew with high velocities from the south,
tration at UB was 2.6 1.1 ugn12, close to the mean value i.e. from major roads and from the city centre, where the
obtained by averaging all the NHlata available for UB  highest NH concentrations were measured. Thus, Fig. 4
station. The minimum and maximum NHoncentrations shows that the major sources of jlith Barcelona were lo-
at CC station on hourly base were 1.8pgin(2.4ppbv)  cated within the city between the CC and UB sites thus sug-
and 16.2 ugm® (21.6 ppbv), respectively, while 0.2ugm  gesting a more local origin for the measured concentrations
(0.27 ppbv) (or 0.5 pug mPover the CC sampling period; Ta- of NH3 at both sites. Moreover, the high difference observed
ble 1) and 10.6 ug m? (14.1 ppbv) were respectively mea- for the NHs concentrations measured at UB and CC also sug-
sured at UB site. The Black Carbon (BC) concentration atgested a reduced contribution from regional Nddurces.
UB (1665+ 1158 ngnT3 over the same CC sampling pe- The levels of PMg, PMos and PM measured at
riod) was higher compared with the mean BC concentrationUB were 25.2£8.2ugnt3, 19.1+7.1pugm?3 and
registered at CC (11901059 ngnT3) where higher N 13.6+5.1ugnt3, respectively, during the period 6 May—
concentrations were observed. Higher BC concentrations af September. Amato et al. (2009) reported concentrations
UB were consistent with the higher number of vehicles reg-of PMyg, PMo5 and PM of 40.3 ugn13, 27.7 ug m3 and
istered on average at UB site compared with CC (Fig. 3).17.3 ug 3, respectively, during the period 2003-2007 in
Traffic density data were collected concurrently to the mea-Barcelona. The relatively low PM concentrations reported in
surement campaign by means of induction loops embeddethis study were due to the atmospheric conditions typically
in the road pavement and the closest induction loops to th@bserved in summer in the Western Mediterranean Basin
measurement sites were used as reference. Figure 3 shoWd/MB) characterized by higher dispersion of pollutants
that the mean number of vehicles traveling the Diagonal Av-in the atmosphere at a local scale due to higher planetary
enue (close to the UB site) and the main avenue (Paralleboundary layer heights and higher recirculation of air masses
Ave.) close to the CC site (Fig. 1) was high from around over the WMB (Jorba et al., 2011; Pey et al., 2008) thus
05:00 to 19:00 GMT at both sites. However, the mean num-eading to lower mean levels of PM in summer in Barcelona
ber of vehicles at UB was almost twice compared with CC. compared with the whole year.
Thus, by comparing the CC and UB measurement sites in The mean concentrations of NO, MN(QDs; and SQ dur-
terms of number of vehicles and BC concentrations it can beéng the UB measurement period (6 May—7 September) were

n
o
o
o

1500 ~

1000 +

Traffic intensity

500 -

0

Fig. 3. Mean daily cycles of number of vehicles at UB (Diagonal
Ave.) and CC (Parallel Ave.) measurement sites.
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wind spd [m/s]
7

Fig. 4. Polar plots of the concentrations of Niheasured at UB and CC sites.

Table 2. Coefficients of determination’?2) at UB measurement sit&?2 higher than 0.6 are highlighted in bold.

R2UB NHz NO NO, NOx SO SOE_ NO3 NH:{ BC PM; PMig PMys_10 T RH ws wd

(24 h base)

NH3 - 0.15 0.15 0.16 0.04 0.02 0.06 0.00 0.20 0.01 0.05 0.12 0.17 0.24 0.04 0.01
NO - 0.72 0.85 040 0.15 036 025 054 0.17 0.12 0.02 0.20 0.10 0.10 0.30
NO> - 0.97 040 0.15 045 0.33 0.65 0.28 0.18 0.01 044 0.04 023 0.17
NOx - 0.43 0.16 0.44 032 0.68 0.26 0.17 0.01 0.37 0.06 0.20 0.22
SO, - 0.28 024 032 051 0.08 0.05 0.00 0.13 0.09 0.08.74
80421_ - 0.04 080 040 0.62 0.62 0.21 0.01 0.07 0.10 0.22
NO; - 0.03 0.24 0.06 0.06 0.03 0.45 0.17 0.03 0.01
NH?{ - 0.42 076 0.60 0.09 0.02 0.14 0.17 0.21
BC - 0.48 0.40 0.07 0.06 0.02 0.45 0.36
PMq - 0.88 0.17 0.11 0.05 0.01 0.12
PM1g - 0.51 0.06 0.01 0.01 0.08
PM25_19 - 0.00 0.07 0.12 0.00

t - 0.24 0.00 0.03
RH - 0.08 0.04
ws — 0.00

wd —

around 5, 24, 63, 2ugn3, respectively, and the meah, rain per hour ranging from 0.1 to around 14 (highest value
RH, precipitation, solar radiation and wind speed were sim-registered at CC).

ilar at both sites (Table 1). Relatively high mean tempera- Table 2 shows the coefficients of determinati®?) be-

tures around 22-24C were measured during the measure- tween the atmospheric components and parameters available
ment campaign with relative humidity (RH) around 73 % and for UB site where a larger and more complete dataset was
65 % at UB and CC respectively (the RH mean value at UBcollected compared with CC. The? higher than 0.6 were
over the CC sampling period was 70 %). A slightly higher highlighted in Table 2.

wind speed at CC (2.1 nT$) was observed compared with ~ As expected highk? were observed between NO, NO

UB (1.9 ms1). Differences in meteorological data between NOy, and BC, being these atmospheric components emitted
UB and CC were mainly due to the relative distance betweemmainly by passing vehicles. Interestingly, S®as the only

the measurement sites (Fig. 1). The measurement period wagriable which correlated with the direction of the wind due
on average sunny with sporadic rain events resulting in a toto the transport of S@from the port of Barcelona (Fig. 1) to-

tal of 47 h (1.6 %) at UB and 60 h (5.5 %) at CC with mm of ward the UB site when the sea breeze was active. On average
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no correlations were observed betweengN\hkhd tempera- concentrations of Ngkimeasured at UB were enough for neu-
ture and/or relative humidity because both variables changettralization. This analysis was not possible for CC site given
only little during the measurement campaign. Dependencethat at CC the concentrations of ammonium salts were not de-
of NHz with 7 and RH have been observed mainly by com- termined. Finally, during the measurement campaign 100 %
paring winter and summer months when both atmospheri@and 74 % of ammonium and sulfates in Mrespectively,
variables vary considerably (e.g. Reche et al., 2012). Secwere accumulated in the PMraction. By contrast, during
ondary sulfates were strongly correlated with- ammonium,the study period, only 8% of NDin PM3o was found in
PM; and PM but not with the coarse PM mode (BML 10) PM;. Therefore, secondary nitrates were characterized by a
thus suggesting a finer character of secondary sulfate parteoarser size distribution and likely neutralized by calcium
cles which were present mainly in the form of ammonium and/or sodium (Brez et al., 2008; Harrison and Pio, 1983).
sulfates. Finally, weekdays vs. weekend differences in the con-

As previously observed, the chemical reactions processesentrations of reported species were studied by means of
leading to SIA formation involve precursor gases such asthe non-parametric Kruskal-Wallis test (Kruskal and Wallis,
sulphuric acid (HSOy), nitric acid (HNG;), hydrochloric  1952) by using two groups obtained by averaging the avail-
acid (HCl) and NH. The SO, and HNG; are oxida-  able data over the Monday—Friday and Saturday—Sunday pe-
tion products of gaseous sulphur dioxide ¢3@nd nitro-  riods. The null hypothesis of the Kruskal-Wallis test is that
gen oxides (NQ), respectively, while NH is directly emit-  the populations, from which the samples originate, have the
ted from its sources. Secondary sulphate particles in the atsame median while the alternative is that the medians are dif-
mosphere may exist as sulphuric acid, ammonium sulphatéerent. In this work a statistically significant result will re-
(NH4)2S0Oy or ammonium bisulphate (NHHSOy) and the  fer to a significance level of 5% (p-value lower than 0.05).
formation of each depends on the amount offNKlenough At UB site statistically significant weekdays-weekend dif-
NH3 is present, the particulate sulphate will be found asferences were observed for traffic related pollutants such as
(NHg4)2SOy. Ammonium nitrate (NEHNO3) and ammonium  NO2, NO, BC and PM (p < 0.008). A slight decrease on
chloride (NH,CI) are formed via reversible phase equilib- weekend was also observed for the concentrations of NH
rium with precursor gases such as jHHNOs; and HCI (p = 0.04), while for the remaining parameters no significant
and the thermodynamic equilibrium between gas and partidifference were observed. Conversely, at CC site no signifi-
cle phase depends on the ambient temperature and relativeant differences were observed between weekdays and week-
humidity. Thus, the Formation of NHNO3 and NH,Cl is end for NH; and BC concentrations. The lack of a weekly
favoured under conditions of high relative humidity and low cycle at CC was related to both the short measurement pe-
temperature. Given that the affinity ofoBOy for NH3z is riod available at CC and the peculiar characteristic of the city
larger than that of HN@and HCI the available NHlis first centre of Barcelona where anthropogenic activities were ha-
taken up by sulphuric acid to form ammonium sulphate saltsbitually active also on weekends.
Any excess NH available may then react with nitric and hy-
drochloric acid to form ammonium nitrate and chloride. 3.3 Dally cycles

During the measurement campaign the chemistry of PM
(on 24 h base) was only available at the UB site and due td-igure 5 shows the mean daily cycles of §HBC, wind
technical problems the number of R¥llters simultaneously  speed and direction measured at CC and UB measurement
sampled with NH was reduced down to 24. Mean Ile sites and averaged over the entire measurement periods avail-

50121*, NO;, and CI concentrations in PMfilters at UB able at the two stations. Thus, Fig. 5a—c shows the daily cy-
site for the campaign period were 0.83 pgn2.85 pg mr3, cles at CC averaged over the 13 May-28 June period, while
0.10 ug n73 and 0.22 ug m3, respectively. As shown in Ta- Fig. 5d—f shows the mean daily cycles at UB averaged over
ble 2, NH} aerosol was clearly associated with fSO/vith the 6 May—7 September period. Figure 6 shows the daily cy-
a coefficient of determination of 0.8. However, fiHvas cles of gases (S£NOy, Oz), PMy and PN 510 concentra-

not correlated K2 < 0.1) with NG; and CI (not shown in t|ons_, gnd meteorologpa! parameters (temperature, relative
Table 2). Therefore, and taking into account the relativelyhumldlty and solar radiation) measured at UB over the pe-

low concentrations of NQ and CI with respect to Sﬁf, riod 6 May—7 September. Mete'orologicgl data in Fig. 6 will
the presence of ammonium sulfate salts was evidenced. Tht%e used as reference for both sites. In Fig. 5a the daily cycles

average equivalent ratio of l\ﬂHto SOf‘l‘ was 0.89 with gf t’\rﬁ% coljléentr;tlc(:)cn:s measured attUB _(b(ljack lines) dunntg d
daily ratios varying from 0.6 to 1.4. A ratio of 1 indicates 0 € an measurement periods were presente

the presence of (Ni2SQs, whereas a value of 0.5 sug- with a different scale (right-hand y-axis in Fig. 5a) for better

gests the formation of NFHHSQ,. The average ratio Nfl comparing the dynamic of Ngt both sites.

_ _ _ . . . ' We will refer to the Figs. 5 and 6 in order to not only sep-
to (So‘zl +NGQ; +CI™) was 0.75, with daily ratios varying arately describe the characteristics of Nt UB and CC but

from 0.5 to 1.4 and the variation of these ratios may indicatealso to study the differences in the daily evolution of NH

differing degrees of aerosol neutralization. On average, th%etween the two measurement stations
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Fig. 5. Daily cycles of:(a) NH3 concentrations (red dotq)) black carbon concentrations, afa) vectorial (grey triangle in the box-and-
whiskers plots) and scalar (grey solid line) wind speed and vectorial direction (black triangles) measured at CC over the period 13 May—
28 June; and daily cycles ofd) NH3 concentrations(e) BC concentrationdgf) wind speed (scalar and vectorial) and direction (vectorial)
measured at UB over the period 6 May—7 September. In Fig. 5a the concentrationg ohé#tdured at UB over the periods 6 May—

7 September (black solid line) and 13 May—28 June (black dashed line) are also reported. Box-and whiskers plots represent the 25th and 50t
percentiles (upper white and lower grey boxes), colored symbols represent the means, the black horizontal bands represent the median (50t
percentiles) and lower error bars represent the minimum measured values.

In general, comparisons between different measurementately from the same sector. As reported in the Supplement
sites should be done approximately over the same meathe temporal delay observed for the development of the sea
surement period in order to avoid any bias due to possibldreeze at the two sites was due to the different measurement
changes in meteorological conditions or sources charactemperiods. Thus, the sea breeze at UB also developed at around
istics. However, as reported in Table 1, the differences be07:00 GMT after averaging the UB wind data over the CC
tween the concentrations of Ntnd ancillary data collected measurement period. Consequently, wind data were reported
at UB and averaged over the whole UB period (6 May- separately for both stations in Fig. 5.

7 September) or over the CC period (13 May—28 June) were

relatively small thus allowing the comparison between thez 31 N levels at the old city (CC site)

two sites over different measurement periods. The feasibility

?Iiithlééa)pspr:g\i‘/(i:: Itshgirttrr:eerdi(mj‘reerrne%rlse};a;ig/vlget:tehgzgﬁlceer?ntergﬁ_he levels of NH at CC site (Fig. 5a, red dots) showed

tior?é and daily c?/cles of data collected at UB and average daily (_:ycle driven main_ly by the_ _direction and velocity
f the wind. The lowest wind velocities were measured be-

over"thDe.ftfw o different messurer‘r&ent P?”?ds v_ve(;e rela(tjlvely ween 00:00 and 06:00 GMT with scalar and vectorial means
small. Difierences were observed mainly for wind Speed anq, o than 1.6 mst and 0.2 ms?, respectively. The vecto-

direction. As reported in Fig. 5¢ during the period 13 May— rigl means, which are weighted by the directions of the wind,

: ; . Péflected general stagnant conditions at night/early morn-
07:00 GMT with winds blowing from the sector 130-180 de- ing with winds blowing mainly from N-NE (black triangles

lgrte es. At US fsﬂzyéaiepF?hmtaer) the dseke)llbre_eze developeﬂ Fig. 5c) with low and rather constant velocities within
ater aroun ' Wi € Winds blowing approxi- 5 shallow nocturnal boundary layer. Under low dispersion
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50th percentiles (upper white and lower grey boxes), colored symbols represent the means, the black horizontal bands represent the media
(50th percentiles) and lower error bars represent the minimum measured values.

conditions the ambient concentrations of N&hd BC mea-  sistent with the increase of traffic density at these time peri-
sured at CC accumulated with time reaching their highestods (Fig. 3).
mean values of more than 7.5 ugfand 2000 ng m?, re- Starting from 07:00 GMT the increasing solar radiation
spectively, around 05:00-06:00 GMT. The median concen{Fig. 6h) and temperature (Fig. 6g) activated the sea breeze
trations of BC emitted by passing vehicles increased bycharacterized by winds blowing, with increasing velocities,
around 200% between 01:00 GMT and 06:00 GMT (from from the S-SE direction (from the Sea) reaching relatively
550 and 1640ngm?) while the medians Nkl concen-  constant values of more than 3 mis(scalar) and 2mg
trations increased by less than 20% (from 5.9 g nto (vectorial) between 11:00 and 15:00 GMT. The cleansing
7.1pgnt3). Despite the fact that BC is mainly emitted by effect of the sea breeze led to the observed gradual re-
diesel vehicles (60% of the fleet in Barcelona), whereasduction in the concentrations of NHand BC observed in
NH3z is emitted by diesel and gasoline vehicles, the vehi-the morning. The NBl and BC median concentrations re-
cle emissions were more effective in increasing the levels ofduced from 6.5ugm® to 4.4ugn3 (~30%) and from
BC above the values measured at night rather than those afround 1500 ng m® to 700 ng nT3 (~ 50 %) from 07:00 to
NHs. The observed increase in BC concentrations was con12:00 GMT, respectively. The lower relative reduction of
NH3 median concentrations compared with BC was likely
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Fig. 7. Correlation betweer(a) NH3 and BC concentrations at C()) NH3 and BC concentrations at UB, af) BC and NG concentra-
tions at UB.

due to the increasing evaporation of plfilom other fugitive  trations also showed the same peak in the early morning due
urban sources which contrasted the cleansing effect of théo the start of the sea breeze after the stagnant nocturnal con-
breeze and the possible depletion of N#tue to the forma-  ditions. However, at night the Ngtoncentrations increased
tion of ammonium salts. monotonically from 19:00 to 06:00 GMT without showing

The concentrations of NHreached their minimum mean the second peak around 20:00 GMT. The constant nocturnal
value (4.1 g m?) at 18:00 GMT with fairly constant mean NHj3 increase observed at CC was not detected at UB where
concentrations around 4-4.5 ugfobserved between 13:00 the NHs levels were rather constant at night with a slight but
and 18:00 GMT. Starting from 19:00 GMT the concentra- detectable increase around 20:00 GMT due to traffic emis-
tions of NHs accumulated again with time as wind veloc- sions (Fig. 5d). The observed monotonic increase o NH
ity decreased reflecting the tendency toward the stagnantoncentrations at CC, under relatively stable nocturnal con-
atmospheric conditions observed at night. The lowest BCditions with fairly constant temperature and humidity, sug-
mean concentrations (between 590 and 20 640Tymere  gested the presence of active non-traffic sources of BiH
instead observed around 15:00-16:00 GMT when the se&C at night likely related with the night life in the histori-
breeze was fully developed. Then, the concentrations of BCal city centre of Barcelona in summer. Relatively constant
increased again starting from 16:00 GMT reflecting the de-NH3 concentrations with time were instead observed when
creasing trend of wind velocities and consequent accumuthe sea breeze was fully developed blowing with high and
lation of BC emissions from traffic which was still high at relatively constant velocities (Fig. 5¢). Mean Rlidoncen-
16:00 GMT (Fig. 3). trations of 4.5 pg m® with relatively low standard deviation

On average during the measurement campaign at CC sitef 1.0 ug T3 were measured based on the 120 hourly data
low correlation was observed between the hourly concentraavailable between 12:00 and 14:00 GMT. The observed con-
tions of NHs and BC (Fig. 7a;R2 = 0.21). Low R? (0.26) stant NH; concentrations at these times are better represented
was also observed by correlating the hourly concentrationsn Fig. 8 showing the relationship between the frequency dis-
of NH3 and BC between 03:00 and 06:00 GMT (around 170tribution of scalar wind velocities and the concentrations of
points, not shown) when traffic intensity (Fig. 3) and vehicle NH3 (Fig. 8a) and BC (Fig. 8b). Given the low occurrence
emissions increased under stagnant conditions at night. Théar wind velocities higher than 4.5 n$ the frequency dis-
observed poor correlation was a consequence of the highdribution of hourly wind velocities in Fig. 8 was calculated
number of sources and sinks affecting the ambient concenfor values between 0nT$ and 4.5ms?! (99.3 % of occur-
trations of NHy compared with BC. Poor correlation between rence). Figure 8 shows that the highest BC and;ehcen-
the hourly concentrations of Nf-and BC was observed also trations were on average measured under low wind speeds
at UB (Fig. 7b) while BC correlated wellR? > 0.9) with and vice versa. Moreover, for wind speed higher than around
NO>, being both components emitted mostly by passing ve-2.5ms! the concentrations of Nidwere on average con-
hicles (Fig. 7c). stant (horizontal dashed black line in Fig. 8), while BC de-

A further evidence of the fact that non-traffic sources dom-creased almost monotonicall{ > 0.8). This demonstrates
inated the levels of NElat CC is given from Fig. 5a, b. The that besides meteorology different sources and processes
BC concentrations showed the typical bimodal diurnal cyclewere affecting the concentrations and evolution of J\&
driven by increasing (morning) or decreasing (night) emis-CC during the measurement campaign.
sions from traffic coupled with meteorological conditions fa-
voring the accumulation (low wind and shallow planetary 3.3.2 NH;s levels at the urban background (UB site)
boundary layer (PBL) at night) or dispersion (sea breeze and
higher PBLs during the day) of pollutants. The plebncen-  As for the CC site the concentrations of aerosol compo-

nents and gaseous pollutants measured at UB showed daily
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in NH3 concentrations at UB. All these factors increased the
levels of NH; from around 2.1 pg m? (or 2.4 pug 2 over

the CC site sampling period) at 05:00 GMT up to 2.7 ggPm
(or 3.5 ug nr3) at 09:00 GMT. Thus, an increase with respect
to the values measured at night was clearly detectable at UB
but it may have been masked at CC where the concentrations
of NH3 were continuously increasing at night-early morning
for the aforementioned reasons. Moreover, at CC a sudden
entrance of clean air was guaranteed with the beginning of
the sea breeze at 07:00 GMT given the proximity of the CC
station to the sea causing the fast reduction of pollutants con-
centrations observed at CC.

Traffic emissions from the close Diagonal Avenue were
in part responsible for the observed increase ingNgvels
in the morning and in the evening at UB. We will show in
the next paragraph that the concentrations ofsNtl UB
showed a clear bimodal diurnal cycle as BC (or N@n-
der specific atmospheric conditions favoring the accumula-
tion of pollutants but that these conditions were not domi-
nating during the summer measurement campaign. Figure 6d
shows that the daily cycles of NHand PM were anticor-
related in the early morning with PMconcentrations de-
creasing from 06:00 GMT (before the development of the sea
breeze) despite the increase in the concentrations of traffic
tracers (BC, NO, N©) likely due to particle volatilization.
cycles driven mainly by meteorology. The concentrationsThus, volatilization of ammonium particles was also respon-
of NO; (Fig. 6b) and BC (Fig. 5e) which as already noted sible, at least in part, for the observed MNidorning increase.
were highly correlated at UB (Fig. 7c¢), increased in the early Moreover, the transport of elevated backgroundsHn-
morning up to around 08:00 GMT with a peak around 05:00—centrations from the historical city centre and of Némit-
06:00 GMT mirroring the rush hours in the Diagonal Avenue. ted from the vehicle crossing the Diagonal Avenue down-
Then, the levels of traffic related pollutants decreased withwind the measurement station, may occur at the beginning of
time, as the velocity of the wind increased under the seahe sea breeze when wind direction changed from 0 degrees
breeze circulation (Fig. 5f), reaching their minimum value at 07:00 GMT to around 120 degrees at 09:00-10:00 GMT.
around 13:00 GMT when the sea breeze was fully developedA prolonged morning peak at UB similar to that observed
Subsequently, traffic emissions accumulated again as windor NH2 was observed for the coarse PM mode (Mo,
velocity decreased and the concentrations of BC and NH Fig. 6f). The PM 5_10 fraction in Barcelona is mainly com-
showing a second peak at around 20:00 GMT. Thus the dailyposed by crustal material (wind blown and traffic resus-
cycles of BC at UB and CC were fairly similar reflecting the pended dust) and marine aerosols (Amato et al., 2009, 2010).
similarities in the daily evolution of vehicles number and me- The increase in Plk_10 in the early morning (under stag-
teorology at both sites. nant conditions) was due to traffic-resuspended road dust

The concentrations of Ngat UB increased in the morn- from vehicles crossing the Diagonal Avenue. However, with
ing from 06:00 GMT up to the development of the sea breezehe development of the sea breeze the transport of coarse
which caused the observed reduction ofNélels at UB. As  aerosols from wind blown and traffic resuspended dust (also
reported in Fig. 5 the concentrations of plpresented arel- from construction works) from the historical city centre and
atively large peak in the morning compared with the concen-marine aerosols from the sea may have contributed to the rel-
trations of NH at CC (Fig. 5a) with relatively constant val- atively constant values observed for the coarse aerosol mode
ues from 07:00 to 10:00 GMT. The NHncrease in the early between 06:00-10:00 GMT. The second peak at 15:00 GMT
morning at UB was likely due to the concomitance of dif- for PM5_19 concentrations was mainly due to coarse ma-
ferent factors: traffic emissions, volatilization of secondary rine aerosols when sea breeze was fully developed (Amato et
particles formed during the night under stagnant and cooleal., 2010). Thus, the similarities in the diurnal cycles of NH
atmospheric conditions with the beginning of the solar ac-and PM5_19 in the morning suggest the transport of NH
tivity around 06:00 GMT (Fig. 6h), transport of background from the old city as concomitant effect affecting the concen-
NH3z from the old city and the Diagonal Avenue when seatrations of NH; at UB station.
breeze developed, or natural release ofzNitdm vegetation A common characteristic of Ngdiurnal cycles at UB and
and soil may have account for the observed morning increas€C sites was the delay observed in NEbncentrations in
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25 3000 with levels and daily evolutions of Ngddominated by spe-
(@) y=- 126-95X +2063.8 cific sources or processes such as traffic emissions or gas-to-
R"=0.7863 particle partitioning. Data from UB site were used with this
2000 aim given the larger dataset collected at this station compared

with CC.

r 1000

Frequency [%)]
BC [ng/m’]

4.1 SC1.: traffic dominated scenario

ml g A closer analysis of each day of measurements performed at
ot o 2 UB station revealed that a clear traffic-driven bimodalNH
w speed [m/s] diurnal cycle, similar to that of N& was observed on 12

25 4 . .
(b) ) 0.0227x + 20839 days (only weekdays) out of 90 days with simultaneougNH

R?=0.176

and NG measurements. Five out of these 12 days were con-
secutively observed between 9 and 13 May and the mean
diurnal cycles of the measurements available at UB during
this period (named SC1; ref. Fig. S1) are reported in Fig. 10
and compared with the mean diurnal cycles during the whole
campaign.

As shown in Fig. 10 the beginning of the campaign was
characterized by atmospheric conditions favoring the accu-
mulation of pollutants. The mean concentrations of 3NH
PM3, PM25_109, NO2, BC and SQ during SC1 were higher
compared with the whole campaign by around 32 %, 65 %,
10%, 112%, 53% and 70%, respectively. The lower in-
crease was observed for the coarse PM mode @) in-
dicating that these atmospheric conditions favored the accu-

mulation mainly of fine particles. In fact, the mean concen-

reaching their minimum values compared with BC. Thus, atiation of PM, under SC1, around 22.7 ug# was higher
UB the minimum mean values for Ntand BC were reached {30 the mean value of 13.6 ugdreported by Amato et

at18:00 and 13:00 GMT, respectively. As for CC site, this de- 5| (2009) for the 2003—2007 period. The opposite was ob-
lay was probably due to the continuous reduction isN¥-  served for ozone which was around 37 % lower than the
els due to gas-to-particle partitioning in the afternoon. Con-ean. The SC1 period was characterize by low tempera-
versely, at night from around 20:00 to 04:00 GMT the con- yres and wind speeds, less breeze and higher solar radia-
centrations of NiJ at UB were rather constant with mean tjon and pressure. The analysis of the backtrajectories (not
value of 2pgm® and relatively low standard deviation of spown) indicated the lack of strong synoptic winds during
0.7ugnT® on hourly base. This equilibrium condition for these days with air masses coming mainly from the Mediter-
the NH; concentrations at UB site was favored by the virtual ranean Sea thus explaining the reduction in temperature de-
absence at night of the continuously emitting non-traffisNH gpite the slightly higher solar radiation. A certain degree of
sources observed at CC site. The different behavior 0§ NH |qca) recirculation of air masses was also observed thus ex-
and BC at UB is further shown in Fig. 9 where relationship pjajning the accumulation of pollutants. Under these atmo-
between BC concentrations and wind speed was clearly ObSpheric conditions the Niemitted by passing vehicles were
served {2 = 0.78) while a low correlation was observed for easily accumulated with Niishowing the typical bimodal

NHs. diurnal cycle, in parallel with N@ and BC, clearly related

Thus, the differences observed between the concentrationgiih traffic emissions during rush hours in the morning and
and evolutions of Nigat UB and CC were mainly due to the i, the evening when the sea breeze was not active.

differences in the sources affecting both sites which deter- the specific case under study demonstrated that traffic was
mined the degree of equilibrium of ambient concentrations ofy, important source of Nidat UB. On the base of previ-
NH3 under different atmospheric condition during the 24h. 4,5 publications in the area under study we know that the

most intense stagnant atmospheric conditions leading to ac-
4 Specific cases cumulation of pollutants were usually observed in winter

(Jorba et al., 2011; Pandolfi et al., 2011; Pey et al., 2010).
As reported in the previous paragraphs different factors conThus, the traffic-driven bimodal diurnal cycles of hlidan
tributed to the measured concentrations and daily evolutionde expected to be more frequent in winter than in summer
of NH3 in Barcelona in summer. We present and discussin Barcelona. Similar findings were reported for example by
in this section three cases observed during the campaigMeng et al. (2011) and Gong et al. (2011).

Frequency [%]
NH3 [ug/m°]

Fig. 9. Correlation between the frequency distribution (%) of scalar
wind velocity (m s and(a) BC concentration antb) NH3 con-
centrations at UB.
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Fig. 10.Mean diurnal cycles of aerosol components and parameters measured at UB station during the period 9-13 May (Special Case 1).

SC2: 01-05 Aug (Weekdays)
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Fig. 11.Mean diurnal cycles of aerosol components and parameters measured at UB station during the period 1-5 August (Special Case 2).

4.2 SC2: regional recirculation scenario and PM levels of 2.7+ 1.0 ugm2 and 15.8+ 6.7 pgnm3,
respectively, and the other one from 15 July up to the end of
Figure S1 shows that the measurement campaign at UB caffie campaign with considerably lower mean concentrations
be divided in two main periods: one from the beginning of the of NH3 (1.640.7ugnr3) and PM (11.8+4.9ugnr3).
campaign up to around the first half of July with mean4\NH The observed reduction in both Ntdnd PM concentrations
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o o able when the concentrations of sulfate were high as expected
I S ° from to the gas-to-particle conversion which in summer in-
< %% & 08 lved mainly the formation of secondary sulfates (mean
+ volved mainly the formation of secondary sulfates (meal
§ 06 1 ° value (22 filters)=3.3 g n1?3) rather than nitrates (mean
3 04 y = -0.084x + 1.00 e © value= 0.3 ug nT3). Only one filter collected between 4 and
Z 0s | R? = 0.44 ® ’\ 5 August was available during SC2 (highlighted in Fig. 12)
< ' sc2 and it was used as reference for the whole SC2 period. On
I \ \ ‘ ‘ the other end, the conditions during the selected 5 days were
0 ! 2 8 4 5 6 very stable and the mean diurnal cycles calculated on 4 and
24h SO,* [ug/m?] 5 August separately did not differ very much from the mean

) ) ) ) _diurnal cycles calculated over the whole SC2 period (mainly
Fig. 12. Relat|04r1rsh|p between the gas fractlgn of ammonia showing low NH, relatively high PM and temperatures).
]f.'l\'H3/(N'I'|'3 M '\éH ) ﬁnd Su.lfe:jte (S¢) concentrations from 24 Thus, during the specific case under study (SC2) the gen-
liters collected over the period 10 May-5 August at UB. eral atmospheric conditions, including higher mean temper-
atures, led to the formation of high concentrations of sul-
fate particles with consequent reduction in the concentrations
was due to the typical summer recirculation/dispersion con-of gas-phase Nkl Thus, the gas-to-particle conversion also
ditions enhanced during the second half of the campaignplayed an important role during the campaign in the variation
The period 1-5 August (SC2; Monday—Friday), reported inof NH3 concentrations.
Fig. 11, was characterized by these typical summer atmo-
spheric conditions with sea breeze circulation and relatively4.3 SC3: high NH; episode
high wind speed. Solar radiation and pressure were close to
the mean values observed during the whole campaign whildhe last specific case described in this section was the
the temperatures registered under SC2 were considerabpisode (one day, 13 July 2011) with the highest mean daily
higher than the mean. NH3 concentrations (4.9 ugmi) registered during the whole
During SC2 the levels of PMand NH; at UB were  campaign at UB. The mean diurnal cycle for 13 July was re-
14.8 ugn3 and 1.0 ug m3, respectively higher and lower ported in Fig. 13.
than the corresponding means calculated over the second part The 13 July started with some rain at night around 03:00—-
of the campaign. Consequently, as reported in Fig. 11 the lev05:00 GMT causing the drastic reduction in the concentra-
els of PM, under SC2 were similar to the levels measuredtions of the atmospheric components reported in Fig. 13
during the whole campaign while the concentrations ogNH (NH3, BC, NO;, PMy and PMys_10) scavenged by rain-
were among the lowest on average measured. Figure 11 alsiyops. High NH concentrations were instead observed be-
show the lack of the clear bimodal diurnal profile of plbb-  fore the rain event. This day was characterized by strong
served in Fig. 10 under more stagnant conditions. Our interwind velocities and the virtual absence of sea breeze cir-
pretation is that the enhanced formation of secondary sulfatéulation, with winds blowing from the NW direction from
during the days under study may cause the relative differ00:00 to 13:00 GMT. The high Nglconcentrations observed
ence observed between the concentrations of hitl PM at night before the rain were likely due, in this specific case,
with respect to the mean values observed during the wholéo the transport of Niifrom forested areas located NW the
campaign. The influence of gas-particle partitioning ongNH city. High solar radiation and temperature were recorded at
during the day with depletion of N¢in favor of the forma- ~ midday in concomitance with a reduction in RH. The NH
tion of high concentrations of sulfates was recently presentedncrease after the rain was likely due to the increased mi-
by e.g. Ellis et al. (2011) in an agricultural area in Canada.crobial processes in soil and vegetation that can release NH
Moreover, Reche et al. (2011) showed that in Barcelona in(e.g. Ellis et al., 2011) or from dew evaporation in the morn-
summer nucleation episodes involving NSO, particles  ing.
formation are commonly observed at midday causing high
levels of ultrafine particles.
Figure 12 shows the relationship between the 24h-5 Final considerations
averaged gas fraction NH(gas fraction= NHz/(NH3 +
NHj{)) and sulfate concentrations from off-line analysis of We have shown that the levels of NHn summer in
24 h filters collected during the campaign. Twenty-two fil- Barcelona were regulated by different chemical and physical
ters collected from 10 May to 5 August were available for atmospheric processes. In the old city (CC measurement sta-
this analysis. Details on experimental procedures used fotion) traffic did not dominate the measured concentrations of
the determination of Sﬁ), NO; and NI—[{ from filters are  NH3 (5.6 2.1 ug nr3 or 7.5+ 2.8 ppbv) which were higher
given in Querol et al. (2001). Figure 12 shows that low am-compared with those simultaneously measured at the traffic-
bient concentrations of Nglin its gas fraction were avail- influenced urban background station (UB) (2.0 pg nt3
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Fig. 13.Mean diurnal cycles of aerosol components and parameters measured at UB station during 13 July (Special Case 3).

or 2.9+ 1.3 ppbv) where higher BC concentrations and num-consequence of the emissions from non-trafficsNidurces
ber of vehicles were observed compared with CC. Thus,n the old city which were active also during the night.
other non-traffic fugitive NH sources such as waste con- From the off-line analysis of the 24 h filters collected
tainers, sewage systems, humans and open markets stronglyring this summer measurement campaign resulted that
contributed to the measured levels of Biikthe densely pop- lower ambient concentrations of Nkh its gas fraction were
ulated old city of Barcelona. available when the concentrations of sulfate were high as
In summer, under high atmospheric temperatures, thesexpected from to the gas-to-particle conversion which in
fugitive emissions had the potential to increase the concenBarcelona in summer involved mainly the formation of sec-
trations of NH; well above the levels measured at the traffic- ondary sulfates (mean valee3.3 ug n73) rather than ni-
influenced urban background UB site. Moreover, the urbartrates (mean value 0.3 pgnt3). Thus, the gas-to-particle
design of the old city of Barcelona with narrow streets alsoconversion also played an important role during the cam-
favored the accumulation of NdHreventing the dispersion paign in the variation of Nglconcentrations.
of air pollutants. The levels of NH measured in Barcelona, especially high
At UB the lower contribution from non-traffic Ng  in the old city, may contribute to the high mean annual
sources compared with CC led to a more marked effect ofconcentrations of secondary sulfate and nitrate measured in
traffic emissions which contributed to the Nlhcrease ob- Barcelona compared with other cities in Spain affected by
served in the morning and in the evening during the rushhigh traffic intensity. In Madrid (around 3 millions inhabi-
hours. Conversely, at night-early morning, when traffic in- tants) for example considerably lower concentrations 0§ NH
tensity was low, the Nkl concentrations at UB were con- have been observed (hot shown) compared with Barcelona.
stant indicating that equilibrium between the plBources  These high NH concentrations in Barcelona may also ex-
and sinks was reached under relatively stagnant atmospherjaain the increase of around 4 pgfin the mean annual
conditions at night. concentrations of fine PM (PM) measured in Barcelona
The typical bimodal-traffic-driven Ngldiurnal cycle at  compared with Madrid. Finally, the concentrations of \NH
UB was especially marked at the beginning of the campaigmmeasured in Barcelona may also be the reason for the nucle-
when the lack of synoptic winds favored the accumulation ofation episodes involving NHHSO, formation which have
pollutants. This bimodal diurnal cycle was not observed atbeen observed in Barcelona and which caused high levels
CC site where the Nglconcentrations showed a monotonic of ultrafine particles (Reche et al., 2011). Consequently, we
increasing tendency at night-early morning (from 19:00 to conclude that it is important to take specific measures in
05:00 GMT) before the development of the sea breeze as a
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order to reduce the emissions of bl the city of Barcelona  Carslaw, D. C. and Ropkins, K.: openair an R package for air
and mainly in the old city. quality data analysis, Environ. Modell. Softw., 27-28, 52-61,
doi:10.1016/j.envsoft.2011.09.008011.
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