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Abstract. Data on airborne fine particle emissions and cotmatons in cities are valuable to traffic and gqiality
managers, urban planners and landscape architeetdth practitioners, researchers, and ultimatelylegislators and
decision makers. This study aimed at determinirgeimissions and ambient concentrations of bladkora(BC) and fine
particles (PM;) in the city of Curitiba, southern Brazil. The metiology applied combined a month-long monitoring
20 campaign that included both fixed and mobile insients, the development of emission inventories, theddispersion
simulation from the regional down to the streetesca
The mean urban background Rdtoncentrations during the campaign were below g0rj in Curitiba city center, but
two- to three-fold higher in a residential arealizating the presence of unidentified local sourpessibly linked to wood
combustion. Mean BC concentrations seemed to be mwiformly distributed over the city, with urbaadkground levels
25 around 2 pg M, which rose to about 5 pgin heavily trafficked street canyons. The dispmrsinodeling also showed
high PM,s and BC concentrations along the heavily transited road and over the industrial area southwestudtiba.
However, the lack of in situ data over this areavpnted the corroboration of the model outputs. ifitegrated approach
used in this study can be implemented in other iBaazcities as long as an open data policy andoaeccooperation

between municipal authorities and academia carchiewed.

30 1 Introduction

It is generally accepted that the fast pace of @laibbanization is associated with the expansiomoflern industries and

non-agricultural sectors, especially in low- andddhe-income countries (Chen et al.,, 2014). The nidaion and
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industrialization have increased the concentratmingutdoor air pollution from vehicles and faces| contributing to the
global burden of asthma and allergic diseases @feral., 2015). A recent global model assessméht nelatively high
spatial resolution (11x11 Kinrevealed that the human exposure to ambientPMe., fine particles with an aerodynamic
diameter smaller and equal to 2.5 pm, ranked éiftmortality risk factor in 2015 with more than famillion deaths (Cohen
5 et al., 2017). The urgent need to take better oérgties’ environment has recently been manifestethe Sustainable
Development Goal (SDG) 11 addressing urban planairdydevelopment. One specific SDG indicator, 2] #r meeting
this goal is the annual mean level of PMveighted by population (United Nations Statistigision, 2018), for which a
global database was developed by the World Healfa®zation (WHO, 2016).
Ongoing research is trying to identify which compnts of inhalable particulate matter contribute riiest to the observed

10 health effects. The Review of Evidence on Healtpekss of Air Pollution (REVIHAAP) assessment (WHZD13) could
not pinpoint the constituents within the RPMmatrix that are more related to specific healttcomes. However, strong
research outcomes have shown that black carbon §B@les - associated to combustion emissionzaslly from diesel
engines - are a more robust indicator of healtbot$fthan solely PM2.5 (Janssen, et al., 2011)adxitional aspect of BC
as a metric for air pollution is its potential totas a Short-Lived Climate Forcer (SLCF), contiibgi to warm up the

15 atmosphere (Bond et al., 2013). Hence, curbing Biz®ons has the double benefit of reducing the druexposure to
PM, s, while contributing to mitigate climate change.

Global assessments of air pollution have revediad the highest P exposure levels are found in Asia, whereas lower
exposure occurs in the American continent (WHO,&20However, there is no threshold for the 2Mealth effects below
which the consequences for human health are nblgligdn the contrary, there are indications thegdaction of lug m-3

20 on PM sconcentrations provides a more significant heladthefit in a city with relatively low levels (i.én the range of 10-
30 pg i), as compared to cities with much higher mean enfations, close or above 100 pg (Burnett et al., 2014).
Another aspect, illustrating the importance of @dg BC, is exemplified by Janssen et al. (2011o whowed that a (g
m~® decrease in Ppk exposure would lead to an increase in life expesteof 21 days per person, whereas the same
reduction in BC concentration would yield an ingedetween 3.1 and 4.5 months.

25 The national ambient air quality standards (NAAQ@EPBrazil were implemented in 1990 and legislatetipalate matter
concentrations as total suspended particlesoPivid black smoke (another metric for exhaust earisy. However, only 12
of the 27 federal units of Brazil have at least airequality monitoring station (Instituto de Enirge Meio Ambiente,
2018). Black smoke is regulated with very tolerégmesholds (mean daily value of 15 m > and mean annual value of 60
ng ¥, but monitoring occurs in only 11.7% of all stats in the country (Instituto de Energia e Meio Aenlte, 2018).

30 Sao Paulo is the only state in Brazil where aPMandard has been implemented, with limit valifed0qug m and 20ug
m2 for the daily maximum and annual average, respelgti
With no legislation supporting the monitoring of P{and BC, most Brazilian cities lack information these pollutants,
except for a few short-term campaigns, which hasenbconducted to address specific aspects of atransmprocesses
(Krecl et al., 2018; Polezer et al., 2018; De Mtaret al., 2012; Targino and Krecl, 2016). The ificant health and
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climate benefits of reducing P/ and BC emissions should be an incentive for thezilan environmental agencies to
assess their concentrations and spatial distribuiyoss cities and to identify their source contions. However, given
financial and infrastructure constraints, uneveatiap distribution of stations, lack of instrumangintenance, spare parts
and technical expertise, the operational monitoah&M, s and BC concentrations in Brazil is still challemgji A positive

5 note is that there are plans under preparatiominesstates (e.g., Parand) to formulate limit vafoesPM, s in line with
what S&o Paulo has already implemented. In paraliete is an urgent need to fill the knowledge gaperms of local
emissions of PMs and BC.
A set of recommendations has been proposed by ¢her@l Assembly of the World Medical AssociationNW) in 2014,
including: a) monitoring and limiting the concenitoas of nanosize BC particles in urban areas uilfling professional and

10 public awareness of the hazard of BC and the egstiethods of eliminating the particles, ¢) devigpstrategies to
protect people’ exposure to BC in motorized tramsgmmes and in the general environment (World iRkEdAssociation,
2014). In line with WMA's guidance, the present Wwas the result of a two-year project entitled RarC'Particles in
Curitiba”), conducted in Curitiba, the capital city the state of Parana. The ParCur project handdrpart of a bilateral
cooperation between Brazil and Sweden. In line withSDG objectives, as well as with SLCF reductistiatives such as

15 the Climate and Clean Air Coalition (CCAC), Swedsmpports bilateral cooperation with specific coi@strwithin
environmental protection, climate change, and meiée development.
ParCur gathered experts from Brazil and Swederm| lstakeholders and end users. As far as we kriosvjs a pioneering
study in South America with the integration of fixeand mobile high spatio-temporal resolution £2Vand BC
measurements, the development of emission investamd the implementation of modelling tools afiedént spatial scales

20 for validating the emissions and to determine thetial distribution of pollutant concentrations @&s the city.

2 Method
2.1 Study area

Curitiba is located in Southern Brazil on a platad@approximately 900 m above sea level and astamtie of 110 km from
the Atlantic Ocean. The Curitiba municipality has estimated population of 1.9 million inhabitarfisom the urbanistic
25 standpoint, the Serete Plan, created in 1964 aptéimented in the 1970’s, was the backbone of tiveldpment plan that
shaped the city’s current structure and morphol(#pntos, 2014). This plan organized the municipalging the triad:
public transportation, land use, and road systehiciwled to the creation of the structural axesransport corridors, some
dedicated to the Bus Rapid Transit (BRT) systemctvhivas pioneered in Curitiba. An important featofethe city’s
planning is the separation of the industrial afeas the city center, located in the southwest, awind of the dominating
30 northeasterly winds.
The official air quality monitoring network is maged by the Environmental Institute of Parana (1ARyl consists of four
automatic stations within the municipality of Cibé: Boqueirdo (BOQ), Cidade Industrial (CIC), Gdoii Pardinho (PAR),

3
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Santa Céandida (STC) and four in the industrial afethe nearby city of Araucéria. An analysis of Bnd NQ data from
the official monitoring network was performed fdretthree year period 2013 to 2015. The objective twadescribe the
general pollution levels, extreme values and seds@riability, for a period close to the campajggrformed as part of this

project in 20186, i.e., for conditions with similarban emissions.

2.2 Study design

A combination of measurements and dispersion mogelias used to assess and map, P&hd BC concentrations. The
modeling had two purposes: validating the emissmentory through comparisons with measured data faw stations,
and obtaining a spatial distribution of the PMind BC concentrations over the city. The comparigomonitored data and
model output can be used for microenvironments atgghby one dominating source to allow an in sétedmination of the
emission factors, in this case for vehicles driirethe city.
The full assessment included the following compdsiésee map in Fig. 1):
1. Analysing the N@GINO, and PM, concentrations collected between 2013 and 201eaour IAP official monitoring
sites in Curitiba: PAR, BOQ, STC and CIC
Developing an emission inventory for the city ahd state of Parana.
Performing field campaign at two fixed sites (Figeft) aimed at:
a) monitoring of NQ@, PM, s and BC concentrations within a street canyon (llaaéDeodoro, hereafter MD) in the
city center at two levels above ground: streetglhiedf 5 m, hereafter ‘MD street’) and rooftop @eti of 70 m,
hereafter ‘MD roof’).
b) monitoring of PMs, BC, EC (elemental carbon) and OC (organic carleongentrations in a residential area (Sitio
Cercado, hereafter SC) located 13 km from theagtyter, and 750 m from the heavily trafficked r@&R+376, which
is part of Curitiba’s ring road (‘Contorno’ as léckesignation).
4. Performing a monitoring campaign with instrumentsbmard bicycles to measure Pdand BC concentrations along
different types of roads in the city center (seg Ei right).
5. Implementing dispersion models at the regionalanrlnd street canyon scales to support the intatjme of the
monitored data.
6. Consolidating the street canyon data and modelubttpobtain real-world emission factors for PMind BC for road
transport in Curitiba.
7. Using the regional and urban modeling, togetheh wie monitored data, to conduct a source apponion of PM 5

and BC levels in Curitiba.

2.3 Emission inventory

The emission inventory developed for Curitiba cdased PMs, BC and NQ for two major economic sectors: industries

and on-road transport. An attempt was made to ctallata on the use of wood or coal by restaur&tasever, the database

4
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gathered was incomplete in space, impeding theisimh of this source in the emission inventory.tNe&i was it possible to
obtain data on the residential use of wood stoeescboking or heating; however, municipal authestinformed that
residential wood combustion should be minimalgast in the city center.

Industrial emission values from large industrialie®s were compiled from the official regional inta&y that covers the
state of Parana (IAP, 2013), while the Curitiba roipality provided data for the inner-city smallade industries. Because
these industrial inventories only included RMmissions, we assumed that 70% of theRvhitted by the industries in and
around Curitiba consisted of BM(Erlich et al., 2007). All industrial emissions mgereated as point sources with emissions
coming out of a stack with characteristics giverthsy/ IAP inventory.

Traffic emissions in Parand state, but outsidectheof Curitiba, were also extracted from the cifii regional inventory
(IAP, 2013). Within the city, the emission calcidas were split between public transport (buses) private vehicle
emissions. Public transport emissions were caledlads line sources along the bus network, as tiedtl by the
municipality. Information on bus size, technologyable 1), average daily distance travelled andageifuel consumed
were obtained for each bus line. Together withithe timetables, it was possible to describe thebmurof buses transiting
a certain road link on an hourly basis. We usedlation between the Brazilian emission legislalRROCONVE and the
European EURO classes (TransportPolicy.net, 2028&8b), enabling the use of emission factors frtwe European
HBEFA database (INFRAS, 2017), as listed in Tabl&v2 assumed an average bus speed of 50°kamth saturated traffic
conditions. The bus types listed in Table 1 wergregated into HBEFA bus classes with weights <1 1%-18 ton, and
>18 ton, respectively. Emission factors for bi@utated buses were extrapolated using informatioriuel consumption
provided by the Curitiba municipality. BC emissifattors were taken from EEA (EEA, 2016) as BC/RNtactions in the
range 65-75%. The use of biofuel lowers the PM B@demissions by 50%, according to the U.S. Departroé Energy
(2018).

Private vehicle emissions were calculated basedraffic volumes per road link (excluding smallerceedary roads),
simulated by the VISSIM model (VISSIM, 2018) for ming and afternoon peak hours. Hourly variatiohgaffic volume
over the day were taken from 230 speed instruntaotstoring the speed of individual vehicles andraggted to different
profiles according to the day of the week: MonddyiEdays, Fridays, Saturdays and Sundays. The daitgeprofiles were
used for all streets.

As for the fleet composition, a simplified assuroptivas made with three different compositions ddpgnon the type of
road. The following shares were adopted, as sugdds the traffic engineers at the Curitiba Murédify: for inner-city
roads (as limited by the ring road): 93% cars, S%tyuvehicles and 2% trucks; for a few larger thoghfares open for
heavy-duty vehicles: 82% cars, 8% utility and 108&cks; and for the ring road: 59% cars, 9% utititd 32% trucks. Table
3 shows the assumptions made on size and technatmsther with emission factors taken from thedpean Environment
Agency (EEA, 2016). Utility vehicles and trucks wemssumed to be diesel-fueled, while flex-fuel caese running on
gasoline as drivers’ primary fuel choice due toofable price. Stop-and-go emissions due to corgesti traffic lights

were not considered.
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2.4 Monitoring campaign

Fixed-site measurements were conducted in the mpegod July 25-August 24, 2016, when pollutionels are expected
to peak (see Section 3.1 for further details). Neobionitoring was performed on 10 selected daystamels (morning and
evening rush hours) between August 1 and August2D46. PMs monitoring was conducted with three types of
instruments: a Harvard Impactor using cut-off 2.Eroms (deployed at street and rooftop levels @ tAnyon site), a
MicroVol low volume air sampler (model 1100, Ecdie@ustralia) at SC, and three DustTrak units (nh@&20, TSI,
USA), one deployed at SC and two units used forilabeasurements.

The Harvard Impactor collected BMsamples on 37-mm teflon filters for gravimetricabsis with a 24-hour resolution.
Daily integrated samples for gravimetric, EC and @@lysis were collected on 47-mm quartz fibeefdtusing the Ecotech
MicroVol. The gravimetric analyses were performetioiving the NIOSH Method 5000 (NIOSH, 2003), while EC and
OC analyses were conducted at Stockholm Universsipng the NIOSH temperature protocol (Birch, 200)e PM s
output from the DustTrak instruments was calibratétt the gravimetric data from SC, yielding a emtion factor of 1.92
(R? = 0.77), which was subsequently applied to coraidbustTrak outputs. This correction factor ighin ranges reported
by other studies conducted in urban areas, fro® (MtNamara et al., 2011) to 2.78 (Wallace et2011).

Total BC concentrations at street and roof levaetsenmeasured with aethalometers (models AE42 ar@BAtespectively,
Magee Scientific, USA) operating at seven wavelesg870, 470, 520, 590, 660, 880, and 950 nm) attd five minute
time resolution. At SC and for the mobile measunet:ieBC concentrations were determined with micteemeters
(model AE51, AethLabs, USA) operating at the wangth of 880 nm. These instruments use the wavdiedgpendent
absorption cross-section values provided by th&ungent manufacturers to convert aerosol absorméificient into BC
mass concentrations. In this study, a site-spediisorption cross section of 18.3% pi* was determined at SC by
correlating daily mean aerosol absorption coeffitsewith collocated EC concentrations’ @R0.96). The BC data from the
AE33 and AE42 instruments were determined usin@b®®rption cross section provided by the manufactu

The passive sampling of NOx at the roof and stleetl of the MD site was performed using Ogawa passamplers
(Hagenbjork-Gustafsson et al., 2010) during twoiqaer of 14 days each. The purpose of this, M@asurement was to
support the determination of local emission facfors/ehicle emitted Pk and BC.

2.5 Dispersion modeling

Dispersion modeling was performed at three spatiales with three different models, all giving Hgudata for the
monitoring period from July 25 to August 24, 20Tthe regional scale modeling was performed with BRAMS 5.2
modeling system (Freitas et al., 2017), which idelian atmospheric chemistry transport model (CQACGOpled on-line
with a limited-area atmospheric model. For thiscifieexperiment, the model was configured to siatelaerosol emission,
transport and its effects (dispersion option) dyricempaign period. The BRAMS physical parametennat were
configured with Mellor—-Yamada level-2.5 turbulersheme (Mellor and Yamada, 1982) and Joint UK LEndironment
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Simulator (JULES) surface—atmosphere interactioehdMoreira et al., 2013). To shortwave and longsvaadiation
schemes was used RRTMG with 1200s frequency umfetee radiation trend (lacono et al., 2008). Hinghe Grell and
Freitas (2014) ensemble version for deep and shaémvection and the single-moment bulk microphygiarameterization
from Walko et al. (1995) were used. The model wasdwver two domains: one covering large partoottSAmerica with
spatial resolution of 50x50 Kn{G1, Fig. 2, left) and nested down to a 10x1C kesolution over the state of Parana (G2,
Fig. 2, left) with anthropogenic emissions takemnira South American inventory (Alonso et al., 20I)e emissions for
the state of Parana were updated with the vehieudrindustrial inventory described earlier (IAR13), except for BC and
OC that used information from EDGAR-HTAP (Joint Rasch Centre, 2018). Biomass burning sources \agentfrom the
model 3BEM (Longo et al., 2009) and biogenic emissiof gases from MEGAN (Guenther et al., 2012)sEhemission
fields were generated by the preprocessor PREP-GISRK2 (Freitas et al., 2011).

For the urban scale modeling, a Gaussian dispersamel was used over a 32x32 *%domain (Fig. 2, right) with a spatial
resolution of 200x200 fnThis model is part of the Airviro system (Airvjra018) and incorporates a diagnostic wind model
(Danard, 1977) that takes into account surfacehmegs and building heights, so that the model ¢autper areas with high
buildings will reflect only the conditions at rolgvel (i.e., the urban background). The wind makslumes that small scale
winds can be seen as a local adaptation of larale sands (free winds) due to local fluxes of haatl momentum at the
surface. The free wind is estimated from a vertprafile at the location of a meteorological stafioising scaled stability
variables. For this application, the input meteogital data was measured at one location (METostati Fig. 1, left) and
the building heights are illustrated in Fig. 2,htigThe regional model output could be directly edido the urban model
without double-counting, since the sources withiem €Curitiba municipality were excluded in the regibmodel.

The street canyon simulations at the MD monitositg were performed with the OSPM model (BerkowR200), one of
the models available in the Airviro system. Thisest canyon model consists of two parts, one dipteine model,
following the estimated wind direction at the bottmf the street canyon. The second model part tekes of the
contribution from the vortex-like re-circulationeated by the surrounded buildings and is calculayea simple box model.
Neutral stability is assumed within the street ecanyThe OSPM model was only used to determine thedalution
contribution from local traffic inside the MD sttezanyon, to be compared to the measured increframtthe roof to street
level. Building heights and the dimensions of tleeet canyons were determined using 3D Lidar dateiged by the
Curitiba municipality. Private traffic volumes pags this station were estimated by municipal t@#fixperts as 24,075
vehicles per day, as an average over the week, asedpby 93% of cars, 5% light duty diesel vehieed 2% heavy duty

diesel trucks. The public transport consisted & Béses per day.
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3 Results
3.1 PMyy and NO, concentrations as registered by the official monitring network

The highest Plyy concentrations during the three year period betvi2843 and 2015 were recorded at station CIC (Téble
note the low data capture at this station), locatede to the industrial area and the ring roath Wwoth mean and maximum
daily values within NAAQS for Brazil (50 and 150 mg°, respectively). The same applies to the,N@nual mean, for
which the limit value is 100 pug frand the maximum measured annual mean was 26.5%af station PAR, located at a
square in the city center. Averaged over the thiszes, all stations showed the highest values iguat) which incentivized
the PMs and BC monitoring campaign of this study to befgened between July and August 2016.

The ratios of the mean Plland NQ levels monitored at the official network duringtmonitoring campaign (in August
2016) to their respective mean values in AugugQdf3, 2014 and 2015 were 70% for Bt PAR, 50% for Plyy at BOQ,
47% for NG at PAR and 86% for NDat STC, while there were no RMdata reported from station CIC during the
campaign period. These ratios show considerablyedopollution levels during the field campaign, asmpared to the
average for this period during the previous threars.

While the number of public buses in operation desee with 6% between 2013 and 2016, the officiatlmer of registered
private vehicles in Curitiba shows an increase %y (#ttp://www.detran.pr.gov.br). Although the regied fleet does not
necessarily equal the actual number of vehiclesinculation, it gives the best estimate of the piévtraffic tendency.
Relating the industrial emissions, and despiteldéic& of data that could sustain an analysis oftthad, to the authors’
knowledge no significant changes occurred overé¢iperted 4-year period. Therefore local emission€iritiba are likely
not to have changed significantly from the peri@l2-2015 to 2016 and the identified differencepafiution levels can
most likely be attributed to variations in meteogital conditions and the long-range transporteliufion arriving to
Curitiba. A comparison of meteorological conditist®wed considerably more precipitation during Astd2016 (163 mm)
compared to what is expected at this time of ther ymased on a 30-year climatology (73 mm), whitegerature, wind
direction and speed were similar to what has begistered during the last 10-20 years (INMET, 2018)

3.2 BC, PM, s and NO, concentrations measured during the 2016 campaign

On average, BC concentrations were the highestraetslevel (5.5 pg ), followed by rooftop level (2.3 ug
representing urban background conditions), angi8.&° at SC site. The mean street canyon increment,twibidefined as
the difference between street and roof levels, lequ@.2 pg i and can be attributed to local traffic along tireet canyon.
Fig. 3 shows the BC daily cycle in the city centdth peak values occurring in the morning (ca. t0ni®) and evening (ca.
7 ug M) rush hours.

Fig. 4 summarizes the descriptive statistics of @@centrations measured in the city center (saedtrooftop levels in
MD) and at the SC site. The urban background cdreons in MD roof were fairly similar to thosecaded at the
residential site (SC), while BC levels were raigeside the street canyon (MD street). Fig. 5 shtivesstrong co-variation

8
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of BC levels (r = 0.68 for hourly data) registerE8 km apart and also the peak values occurring botlwveekdays and
weekends. Note the high BC levels occurring dutimg two weekends of 6-7 and 13-14 August, not fododng the
previous weekend 30-31 July. After analyzing thailable air pollutant data for the two high peakekends, as well as
wind direction and speed, it seems as it was thg leev wind speed that made it possible for BC &M emissions taking

5 place inside or just outside the city, to be ads@dh high concentrations over the central (MD) andthern (SC) parts of
the city. Although the available information doex allow the determination of the source (or therses), we can rule out
the local traffic — which can be assumed to be pnsource to BC levels during weekdays, but netrduweekend nights -
and long-range transport events from remote sourcesdiich should raise the pollution levels in ahtons in a more
homogeneous way - as the main reason to the highy@ues during the two weekends.

10 Fig. 6 displays boxplots of BC data gathered siamdbusly in the city center with mobile monitorisuigd at street level at
MD site. The median BC within the canyon was laremn the one obtained in the mobile samplings &% 4.0 pg m,
respectively). However, the mobile data showedgelavariability and extreme concentrations, wittvér 5" percentile and
larger 98" percentile, illustrating the heterogeneity of B@ncentrations, i.e., the large variations in teaffitensity and
street layout (ventilation) characterizing the bikroutes across the city center.

15 Filter sampling of daily PMs took place both at MD rooftop and street levelsrdoftop level, the mean P} value over
the campaign period was 7.3 ug’.nHowever, the data measured at street level wieeted by a technical failure and
could not be used. During the mobile monitoringhvitie bikes, two 15-min records from weekdays’ nmgrand afternoon
rush hours were obtained during stops at the MBestievel station. Those data indicated a meansRMBC ratio of 3.
Using this scale factor on the BC data obtainestrat level (mean concentration of 5.5 g over the period), a PM

20 concentration of 16.5 pghwas estimated for the street level.

At the residential site SC, the gravimetric analysfi 17 filters yielded a mean daily B¥concentrations of 36.2 pg inof
which 11.2 pg M was OC and 2.6 pg ™EC. This means that the total carbon (EC+OC) édmutied 38% to the P
mass, and yielded a mean OC/EC ratio of 4.4. Thannt®urly PMs concentration registered by the DustTrak monitor
during 25 days, after calibration against the 1t@érfisamples, was 25.3 pgnmThe longer time period for the Blmean

25 value obtained for the DustTrak monitor makes iten@presentative than the filter mean.

The NOx concentrations at MD street site were 4B%fg m-3 at roof level, and 105 and 122 itatnstreet level, for the
two 14-day periods of the passive samplers. Frds) the street canyon increment was determined?asnél 67 ug
respectively, for the two time periods.

3.3 Long-range transport as simulated by the regiced model

30 The impact of sources outside the Curitiba munliipaincluding both nearby industrial sources inetAraucaria
municipality southwest of Curitiba, as well as réencontributions from the state of Parana andékeaf the continent, was
simulated by the regional model BRAMS 5.2 (see iBec2.5). Anthropogenic emissions, including theunby industries,
largely contributed to PM4 levels, while biomass burning presented a smalkich (Table 5). Since the IAP inventory did
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not include BC emissions, they were taken fromcib@rse resolution global EDGAR-HTAP database. Cqunesetly the BC

contribution from the industrial emissions justsidé Curitiba is likely underestimated by the model

3.4 Simulations of local traffic impact inside thestreet canyon

We ran the street canyon dispersion model OSPMraggha for public transport and private vehicles floe period from
July 25 to August 24, 2016, with output at the M2.sTable 6 shows the comparison of measured andlaed NOX,
PM2.5 and BC impact of local traffic inside theestr canyon, using emission factors from the liteea(Tables 2 and 3).
For NOx, there was a relatively good agreementfdiuboth PM s and BC the simulated impact was much lower thaatwh
the measurements indicate. Since uncertaintietetkla the meteorological data and model assunpioa equal for all
three compounds, it is reasonable to assume thdatger uncertainties found for BC and PMre caused by uncertainties
in the effective emission factors. In addition, Rl 5 there is a fraction related to road, tire anchkre@ear, which should
be added to the exhaust emission factors usedeinthdel simulation. To some degree the underesinatfective
emission factors for the private vehicles may Hateel to fleet composition (for the public transpibre fleet composition
was known in detail). However, heavy duty vehidtest do not form part of the public transport astricted in the studied
area, thus reducing this source of uncertainty.

Since BC measurements were available as hourly, dtateas possible to perform a multiple regressamalysis with
measured BC increment as dependent variable ansvtheimulated hourly time series of the contribn from buses and
private traffic as independent variables. The regjon analysis suggests that the public transpgmak(bus impact) should
be multiplied by a factor of 1.2 and the privat@&ffic by a factor of 5. Fig. 7 and the mean valaéFable 7 show that with
these corrected emission factors, the model outmtthes the measured street increment in the steegbn. With the
assumed fleet composition, the effective BC emis$émtor for the mixed private vehicle fleet wasreated from 4 to 19
mg veh' km™.

There were no hourly PM data to perform a similar regression analysis; én@w, scaling up the summed model output of
the bus and private vehicle contributions to My a factor of 5 yielded a local contribution demito the monitored street

canyon increment.

3.5 Urban and regional simulations of PMsand BC

The Gaussian urban model was applied with the ctateemission factors for the on-road vehicles, #yedresults were
subsequently added to the regional LRT contribstidrable 8 shows the contributions at the two sres Fig. 9 displays
the mean spatial distribution of the simulated ,RMnd BC concentrations. The emission inventory shmsal PM s

emissions from the transport sector (public andagte together) within the urban model domain ovaritba of 643 tons
year', which can be compared to 329 tons yefiom the smaller industries located inside thg eind 1,600 tons year

(calculated as 70% of officially reported Pjemissions) from the industrial Araucéria area gmithwest of the city. For
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BC, we estimated 18 tons y&arom public transport and 375 tons y&drom private traffic (no information was available

on the industrial contribution).

4 Discussion and conclusions

The information on Pl and NQ levels from the official monitoring network in Gtilba revealed mean annual MV
5 concentrations between 15 and 30 g mhich are between the values presented in the WldBal assessment for high-

income countries and for low- to middle-income doieis in the Americas (see Fig. 3 in WHO, 2016)mparatively, cities

of the size of Curitiba in the Eastern Mediterran@ad South-East Asia have much higher annual roeacentrations,

spanning from 100 to 200 pgin

The monitoring campaign was only a month long alathied to be representative of wintertime condgionthe southern

10 hemisphere, when the highest pollution levels areally observed. However, the meteorological comalt, and likely also
a smaller contribution from long-range transpodrtiusual, caused the Rjnd NQ levels to be considerably lower during
the 2016 field campaign, as compared to averageetrations in previous years. This indicates thanitored PMs and
BC concentrations reported for the 2016 winter rargmpaign could also have been lower than whatiisally the case
for the months of July and August, likely more cargble to annual mean values of full years as gbyerarlier studies.

15 The urban background P concentrations registered at the roof top in iheaenter (7.3 pg i) agreed reasonably well
with the 10.3 pug m reported from a year-long measurement in 2014-2@1Be Federal University campus (Polezer et al.,
2018), considering the fact that the station wasted approximately 100 m from an interstate highvldeasurements
conducted in 2007 and 2008 at the same locatidhercampus showed a slightly higher mean, Pbncentration of 14.4
pg m° (De Miranda et al., 2012; Andrade et al., 201 Xsituly reflecting higher vehicular emissions at tivae.

20 At the residential station SC, the mean J2Moncentration (25.3 pg H was significantly higher than in the urban
background of the city center (7.3 u@mThe existence of an additional local source B not included in the emission
inventory, can be deduced from the mapped, Pdbncentrations of Fig. 8 (left), which does nalidate any levels in the
range of 20-30 ug tharound the SC station. The mean OC/EC ratio of(adge 3.3-9.0) found in P\ sampled at SC
indicates that the dominant local emissions in #iisa were unlikely to originate from diesel trafémissions along the

25 nearby ring road, since the EC contribution forsdlevehicles can be expected to be larger tha®@®eart (Harrison and
Yin, 2008). Comparatively, a monitoring campaigmfpened at four urban sites in Sdo Paulo (Monteios Santos et al.,
2016) reported OC levels between 2.65 and 3.37 figmd EC levels between 6.11 and 1.50 i yielding OC/EC ratios
of 1.57, 1.88, 1.89 and 0.56. The lowest OC/EC almerved within a street canyon, suggesting @ laogtribution from
diesel-fueled vehicles. Thus, the higher OC/ECor&dund at the Curitiba residential station, makaslikely that traffic

30 emissions and the closeness to the ring road wereduse to the higher BMlevels. Instead, the high OC levels may

indicate the presence of wood burning around thesta@on. Curitiba municipality lacks informatiom such residential
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biofuel devices, but the staff operating the mamii station occasionally reported the smell of d@moke and noted the
presence of several houses with small chimneysemeighborhood.
The simulated BC levels in the urban backgrourel, excluding street canyons and the immediatenitycof the major
roads, were fairly homogenous over the city (Figight). Also the few existing measurement datmfsandicated a spatial
5 homogeneity, with mean values just above 2 |i§anthe sites MD roof and SC reported in this paet also at the
university campus, considering the year-long datasen 2014-2015 (Polezer et al., 2018). Withirestrcanyons, the BC
levels were locally raised (Johansson et al., 26t&cl et al., 2016) and also close to highway$wliesel traffic (Andrade
et al., 2012). Even if BC levels show to be spbtilomogenous in the urban background, there wargel temporal
variations due to meteorological conditions, chanigethe long-range contribution and likely duestone unidentified BC
10 sources inside or just outside the city. The tembpevolution of BC levels at station MD and SC ig.F5 shows high BC
levels at both stations during the second and thedkends of the monitoring campaign, however, idenably higher BC
peaks were observed at the residential site SCseTbahanced BC peaks at the SC station may hawkecefrom wood
combustion in the vicinity of the SC station, eviethe BC levels were not increased as much a®©eand PM; levels.
The mean BC concentration of 5.5 pg observed at MD street level was similar to whas wegistered during weekdays in
15 a Stockholm street canyon in 2006 (5.1 Lg).n later comparison in 2013 for the same sit8tiockholm showed reduced
levels (2.2 ug M) explained by technologically improved vehiclesfficking this street canyon (Krecl et al., 201This
gives an indication of what is possible to achieith regulations on vehicle technology.
The regional model was used to estimate the longe@ontributions of P and BC to the city. The emission inventory of
industrial sources only included R)emissions, which required an assumption that 70%ase were in the fine particle
20 size range. Table 5 thus gives the magnitude oPtflgs impact from industrial sources and also the;pPMhpact, which
can be seen as an upper limit if all industrial iissions are found in the BMfraction. The regional model also indicated
a rather small (0.5 g contribution of biomass burning to BMin Curitiba for the monitoring campaign period.
Unfortunately, the regional model did not have asde complete BC emission data, since the Paraeatory of industrial
emissions only covered Py With only the large-scale global EDGAR-HTAP eniss, the BC and OC content in the
25 long-range transported air arriving to Curitiba whesarly underestimated by the model.
An important aim with the ParCur assessment in tibariwas to determine the emission of RMind BC from sources
inside the city. For that purpose, the street canpeasurements were used to evaluate in situ tiesiem characteristics of
the vehicle fleet in Curitiba. With emission factdaken from the literature as input to the disparsodel, there was good
agreement between the model outputs and the melaki@® concentrations, but the BC increment witlie street canyon
30 was underestimated by a factor of 3 (Table 6). D&M model has been used and evaluated in many erbaronments
and an extensive comparison showed good resulfd@gr(Ketzel et al., 2012). If assumed that the modetgreasonable
results, then the good resemblance between sirdutatd monitored NOvalues indicates that the NN@mission factors
should be fairly accurate, but also that the BCssion factors are erroneous. With this as motivatiew emission factors

for BC were determined through regression analyiis.interesting fact is that the regression analysinfirmed the
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magnitude of the emission factors of the buses,sehfieet composition, age and equivalent Eurosctes know in detail.
However, the regression pointed out a large underason (factor of 5) of the mixed private vehidleet emissions, for
which the composition and technical status was mess known. A factor of 5 of difference in an esios factor may be
seen as a too large discrepancy. However, BC amigattors show a large scatter and both the @igirmg veH km™ and
5 the corrected 19 mg vétkm™ for the mixed private vehicle fleet circulatingdhigh the MD street canyon fit into “real-
world” emission factors reported in the literatuf@rough chasing individual vehicles, BC emissiactérs spanned from 10
to 32 mg BC krit for gasoline cars (JeZek et al., 2015), whilehfeavy-duty diesel vehicles they went from 53 mglac*
(Park et al., 2011) to values 10-fold higher (Wan@l., 2012). An assessment of real-world BC emisfactors performed
in a street canyon in Stockholm (Krecl et al., 20fbr the year 2006 (when BC levels within the streanyon were similar
10 to those reported for M. Deodoro in Curitiba) foumdC emission factor for gasoline cars of 11 mig’viem™, which is
significantly higher than the 0.15 mg vekm™ used originally in the present study (Table 3) aad therefore justify the
higher emission factor coming out of the regression
For PMs, which at the MD station was only measured ag/daikrages, it was only possible to compare thelsited total
impact of all vehicles in the street canyon with theasured increment (i.e., the difference betwleemore polluted air in
15 the bottom of the street canyon and the cleaneosihere at the rooftop). Also here the simulated £ddntribution of the
local traffic was largely underestimated when coregato the measured increment. For J£2Mcontributions from non-
exhaust particles generated by the vehicles are eadpected, namely those consisting of wear pegiflom brakes and
tires, together with wear of the street pavemesglfit which were not included in the emission fastof Tables 2 and 3.
However, since the aim was to estimate the totaj fhissions, no separation was made between extadiston-exhaust
20 PM,soriginating from the traffic in Curitiba. Sincei#t not possible to perform a regression that ggoogion the impact on
PM, 5 of public transport and private vehicles (lackholurly data), a general correction with a factoiSofvas applied to
both buses and the mixed fleet of private vehicles.
The boxplot comparison between mobile measuren@&nBC along the four biking trajectories in theycienter and the
measured BC levels at the fixed MD street statmrealed the large heterogeneity in traffic rated stneet layouts in the
25 city center when compared to a fixed site in a boagyon street. The variability in traffic rateeate differences in
emission rates at microscale level (individualettiganyons), and varying building heights will aisfluence the immediate
dilution of air pollutants emitted by local traffic
A goal of the ParCur project was to map the anramicentrations of PWy and BC over the city, identifying the
contribution of local sources and the magnitudéheflong-range transport. As indicated by Tabla Bpmplete picture has
30 not been possible to achieve. For RMhe summed model output attained 5.1 jiapmpared to 7.3 pg frmeasured in
the city center. The missing 30% contribution copdssibly be attributed to sources not includethenemission inventory
(e.g. restaurants and residential sources), amdtalsnderestimated particle mass in the regiomaehoutput (which did

not include secondary aerosol formation). At theidential site, the simulated BMlevels only covered 20-25% of the
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measured concentrations, indicating a strong Ieoatce not being included. As discussed earlieretlare indications of
wood combustion taking place in this residentiabaon the city’s outskirts, but not in its center.

For BC, the simulated concentrations constitute® 58 the measured concentrations in the city cesmer exactly half at
the residential location. Most of this differencelikely due to a too low BC concentration in thedated long-range
contribution, since the emission inventory lackedustrial emissions of BC (e.g. those in Araucduist southwest of
Curitiba). For the residential site, the existenteesidential wood combustion would also contrébtat increased BC levels.
However, not as large as for BMthis since high OC/EC ratios are expected in fuo@ning from wood combustion.

The few monitoring points and the short samplinggeecontributed to certain uncertainties in oundasions concerning
the PMys and BC emissions and concentrations in Curititma. tRe city’s inner core, the information from tfieed MD
station and the mobile monitoring, supported byrttoalel results, should together allow a good dpsori of emissions and
concentrations. However, the higher air 2Mind BC concentration indicated in the model oufig. 8) along the ring
road “Contorno” and around the industrial area lsaest of Curitiba, could not be verified by locabmitoring and also
included various methodological simplificationscklas the vehicle fleet composition, emissions ftheindustries, that
makes the concentrations indicated for this aresernacertain. In connection to this problem, greatertainty subsists in
knowing the actual characteristics of the grossuperis, notably old trucks (Fig. 9) in transit thgh Curitiba’s ring road.
Many of them are not registered in the state ohR@mand, consequently, not taken into accountriinwentory.

The outcome of the monitoring campaign was positorethe BC part, whereas the RMsampling at the central street
canyon station implied two difficulties. The majone was the technical problems that impeded theulegion of the
increment from roof to street and the necessitysirig BC data as a proxy for BM Also, the fact that PM data had daily
resolution made it difficult to separate publicnsport and private vehicles, which had differemygeral variation during
the day. Since the determination of local emissamd their impact rely heavily on monitored datas fair to conclude that
the BC results, both monitored and simulated, shbelseen as more robust than the, Pidsults.

This study highlights the need to develop emisgiwentories for PMsand BC at local, regional and national levels drat
currently missing in Brazil. Other local activitiessich as small combustion from backyard burning aodd burning
appliances, and emissions from pizzerias, bakarndssteakhouses should be also considered inbatories.

Data on airborne fine particle emissions and coimagans in cities are valuable to traffic and qirality managers, urban
planners and landscape architects, health prawits researchers, and ultimately to legislatotsdatision makers. Most
Brazilian cities lack this kind of information witichinders an accurate assessment of their ambémtentrations, the
source apportionment and the potential health omésn Air quality monitoring networks with sufficiespatial coverage are
unlikely to be available in Brazil in the near fidu Hence, methods, instruments and models to ifgemit pollution
hotspots and their sources are an urgent needegusad the population exposure to toxic airboymecgs. This paper, as a
result of the Brazil/Sweden cooperation materializethe ParCur project, addressed this gap takimgtiba as case study.
The integrated approach used in the study can pkimented in other Brazilian cities as long as penodata policy and a

close cooperation between municipal authoritiesazatiemia can be achieved.
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Fig. 1: Maps showing the location of: i) Left: the fouriofél monitoring stations (CIC, PAR, BOQ, STC), theesit the residential area
(SC), and the meteorological station (MET), ii) Rigthte street canyon site (MD), and the four bikirajectories used for the mobile
5 measurements.
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Fig. 2: Domains for the regional model (left) and the urlaspersion model (right). For the latter, buildihgights above 10 m are
marked (right). Over the remaining built-up citgas the building height was set to 6 m
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Fig. 3: Mean daily cycle of BC concentrations (at 880 nm vevgth) measured at roof and street levels at M& 8leriod: July 25 —
August 24, 2016 (all days of the week).
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Fig. 4: Boxplots of hourly BC concentrations measured at MB &€ sites in the period July 25 — August 24, 201& midline is the
median, the upper and lower limits of the box &ee75th and 25th percentiles, the whiskers ar&tihe@nd 9th percentiles, and the black
5 dotis the mean.
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Fig. 5: Time series of hourly BC concentrations registereti@trooftop and at SC from July 25 to August 20, @0The shaded areas
represent the weekends.
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Fig. 6: Boxplot of BC data collected with mobile monitorind¢& resolution) along the four biking routes arahfr5-min concentrations
simultaneously measured at MD street site. The ingidis the median, the upper and lower limits of tiox are the #5and 2%
percentiles, the whiskers are tHedhd 9% percentiles, and the black dot is the mean.
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Fig. 7: Daily mean variation of measured and simulated BGQritnriions from local traffic at MD street site. &fsimulated impact was
corrected with a factor of 1.2 for public transpamt a factor of 5.0 for private vehicles.
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Fig. 8: Modelled mean concentrations of PM(eft) and BC (right) in the period from the '2%f July to the 2% of August, 2016.
Regional (anthropogenic and biomass) and local §tmgunside Curitiba, public transport and privaghicle impact) contributions were
5 included. The city center (MD) and the resider(®C) stations marked as white circles.
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Fig. 9: Photo of a truck circulating in Curitiba’s ring rgalllistrating the intense exhaust emissions.
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Tables

Table 1. Number of buses in the public transportation systé Curitiba classified by type, technology anélftype for the
year 2016 (source: Municipality).

Euroll  Euro lll Euro Il Euro V Euro V Total

Bus type and length diesel diesel biodiesel Diesel biodiesel

Micro (8 m) 18 2 0 0 0 20
Special micro (10 m) 0 172 0 0 0 172
Common (12 m) 52 555 0 3 0 610
Semi-standard (13 m) 0 30 0 0 0 30
Standard (13 m) 9 328 0 0 0 337
Standard hybrid (13 m) 0 0 0 28 2 30
Articulated (18.6 m) 38 198 0 0 0 236
Articulated (20 m) 0 35 6 0 0 41
Bi-articulated (25/28 m) 54 92 26 0 0 172
Total 171 1424 32 31 2 1660
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Table 2. Emission factors for public transport.

NOy PM exhaust BC Fuel cons.

Bus classes Technology diesel biodiesel diesel biodiesel

(mg veR kmY)  (mgveR' km?®)  (mgveh'km?)  (mlveh® km™)
Micro Euro Il 9840 184 92 120 60 326
Standard Euro Il 13080 264 132 172 86 444
Articulated Euro 1l 16380 373 187 242 121 568
Bi-articulated Euro Il 19438 443 221 288 144 674
Micro Euro Il 9020 171 86 120 60 344
Standard Euro I 11740 237 119 166 83 463
Articulated Euro I 14770 285 143 200 100 588
Bi-articulated Euro Il 17527 338 169 237 118 698
Micro Euro V 6690 52 26 39 20 298
Standard Euro V 8370 68 34 51 26 410
Articulated Euro V 7750 81 41 61 30 535
Bi-articulated Euro V 9197 96 48 72 36 634
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Table 3. Emission factors for private vehicles were takeant the report by the European Environment AgerieigZA,
2016), where BC emission factors are expresseémemages of Pp emissions (see Table 3-91 in EEA, 2016). Cars had
flex-fuel engines running predominantly on gasaliHeavy duty vehicles (HDV) constitute a mix of esions standards,

5 here simplified to an intermediate technology ofdelil.

NOy PM exhaust BC Fuel cons.
(mg veh km?) (mg veh' km™) (mg veh! km™®) (ml veh® km?)
Gasoline cars Euro 4 61 1 0.15 115
Diesel LDV, < 3 tons Euro 4 831 41 36 95
Diesel HDV, 16-32 tons  Euro Ill 6270 130 91 250

32



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-1094 Atmospheric

Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 10 December 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License. Discussions

Table 4.PM;, and NQ concentrations from Curitiba’s official monitorimgtwork for the period 2013-2015. Unit: ug’m

Pollutant Station Mean Hourly Daily Month with Data
max max highest concentration capture
PMyq PAR 15.1 180 86 August 91%
CIC 30.3 326 120 August 43%
BOQ 145 197 90 August 88%
NO, PAR 26.5 201 89 August 88%
CiC 225 148 57 August 59%
STC 13.2 90 43 August 76%

T At BOQ only PMywas measured and at STC only NO
5
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Table 5. Contribution of long-range transported pollutidtR{T) to MD in the city center and at the resideingide SC.
Period: July 28 to August 24, 2016.

MD rooftop SC
Emission sources (ug m) (ug m°)
Anthropogenic including IAP inventory PM 2.4 4.3
Anthropogenic including IAP inventory ~ PM 1.7 3.0
3BEM biomass burning PM 0.5 0.5
EDGAR-HTAP BC 0.06 0.06
EDGAR-HTAP OoC 0.46 0.46

5 " The IAP inventory provided the Pllemissions, anthropogenic RMemissions were estimated as 70% of,j(gkee Section 2.3)).
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Table 6. Comparisons between simulated and measured airtgoas from local traffic inside MD street canydyote that
the measurements are reported here as street iwtenfgiven as the difference between street amd level
concentrations) to be comparable with the modepwatitwhich only gives the impact of the road tmfiiside the street

5 canyon.
Measurements Model simulation

Period (ug nt) (ug )

Buses Private Total

vehicles

29" July — 13" August, 2016 NOy 62 43 32 75
15" July — 29" August, 2016 NO, 66 40 29 69
25" July — 24" August, 2016 PMe 9.3 0.9 0.7 1.6
25" July — 24" August, 2016 BC 3.2 0.6 0.5 1.1

" PM, s increment estimated by using a PMo BC ratio of 3 at street level, based on mobilasneements
(see previous comment of Bymeasurements at MD street site).

10
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Table 7. Measured street increments and simulations of toafiic impact inside the canyon where the mongtation MD
(street level) was located, after correcting théssions factors.

Measurements Model simulation
Period (ug nt) (ug m°)
Buses private Total
25" July — 24" August, 2016  PM, 9.3 8.0
25" July — 24" August, 2016 BC 3.2 0738 2.2" 3.0

5 " Total simulated PM2.5 output of Table 6 correaiéith a factor of 5.
" Bus impact of BC corrected with a factor of 1.2 aridgie traffic impact of BC corrected by a factor d Swith values given
by a regression analysis of hourly data.
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Table 8. Simulated contributions of regional and local sesrdnside Curitiba (urban model output) to ambient
concentrations at the MD rooftop and SC sites.dée@3" July to 24" August, 2016. Unit: pg th

MD roof SC MD roof SC

Contribution model (PMz5) (PM,5) (BC) (BC)
Anthropogenic with I1AP regional 1.7 3.0 - -
3BEM biomass burning regional 0.5 0.5 - -
Anthropogenic + biomass regional - - 0.06 0.07
Industry inside Curitiba urban 0.6 0.6 - -
Public transport urban 23 18 0.13 0.07
Private vehicles urban ' ' 1.07 0.98

Summed model 5.1 5.9 1.27 1.11

Monitored 7.3 25.3 2.29 2.22

5 7 The contribution could only be simulated as the sifi public and private traffic since the same ection
factor was applied.
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