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Abstract. Data on airborne fine particle emissions and coimaéons in cities are valuable to traffic and ginality
managers, urban planners and landscape architeetdth practitioners, researchers, and ultimatelylegislators and
decision makers. This study aimed at determinimgeimissions and ambient concentrations of bladkora(BC) and fine
particles (PM5s) in the city of Curitiba, southern Brazil. Thepplied methodologyapplied-combined a month-long
monitoring campaign that included both fixed andbifeinstruments, the development of emission itwees, and the
dispersiorsimulationof dispersiorfrom the regional down to the street scale.

The mean urban background Pitoncentrations during the campaign were below g0rii in Curitiba city center, but

two- to three-fold higher in a residential areathe city outskirtsindicating the presence of unidentified local rees,

possibly linked to wood combustion. Mean BC congiuns seemed to be more uniformly distributedrdkie city, with
urban background levels around 2 pg, which rose to about 5 pgthin heavily trafficked street canyons. The disp®tsi
modeling also showed high BMland BC concentrations along the heavily transited road and over the industrial area
southwest of Curitiba. However, the lack of in sitata over this area prevented the corroboratichefmodel outputs. The
integrated approach used in this study can be img¢ed in other Brazilian cities as long as an agsga policy and a close

cooperatiorbetween amonmunicipal authorities and academia can be achieved.

1 Introduction

It is generally accepted that the fast pace of glaitbanization is associated with the expansiomoélern industries and

non-agricultural sectors, especially in low- andddhé-income countries (Chen et al., 2014). The nigzdion and
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| industrialization have increased the concentratmfnsutdoor air polluintsionfrom vehicles and factories, contributing to

the global burden of asthma and allergic diseagkeang et al., 2015). A recent global model assessmith relatively high
spatial resolution (11x11 Knrevealed that the human exposure to ambientPMe., fine particles with an aerodynamic
diameter smalleerd- orequal to 2.5 pm, ranked fifth as mortality risktéacin 2015 with more than four million deaths
(Cohen et al.,, 2017). The urgent need to take betiee of cities’ environment has recently been ifeated in the
Sustainable Development Goal (SDG) 11 addressibgnuplanning and development. One specific SDCcatdr, 11.6.2,
for-meeting-this-geodls the annual mean level of BMweighted by population (United Nations Statisidigision, 2018),
for which a global database was developed by theldAréealth Organization (WHO, 20168mproved information on the

spatial distribution of Pl exposure in cities will be required to monitoruig progress of the SDG 11 air pollution target.

Ongoing research is trying to identify which compots of inhalable particulate matter contribute riest to the observed
health effects. The Review of Evidence on Healtpekss of Air Pollution (REVIHAAP) assessment (WHZD13) could
not pinpoint the constituents within the PMmatrix that are more related to specific healtficomes. However, strong
research outcomes have shown that black carbon jB@}les —associated to combustion emissiongcéalfy from diesel
engines— are a more robust indicator of healthcefféhan solely Pk (Janssen, et al., 2011). An additional aspect 0BBC
a metric for air pollution is its potential to aas a Short-Lived Climate Forcer (SLCF), contribgtio warm up the
atmosphere (Bond et al., 2013). Hence, curbing Bissons has the double benefit of reducing the druexposure to
PM, s, while contributing to mitigate climate change.

Global assessments of air pollution have revediatl the highest PM exposure levels are found in Asia, whereas lower
exposure occurs in the American continent (WHO,&0However, there is no threshold for the RMealth effects below
which the consequences for human health are nbigligdn the contrary, there are indications thegduction of 1ug >
on PM, s concentrations provides a more significant heladthefit in a city with relatively low levels (i.en the range of 10-
30 ug mi3), as compared to cities with much higher mean eomations, close or above 100 ug (Burnett et al., 2014).
Another aspect, illustrating the importance of i@dg BC, is exemplified by Janssen et al. (2011)o whowed that a {1g
m® decrease in PM exposure would lead to an increase in life expegteof 21 days per person, whereas the same
reduction in BC concentration would yield an inaedetween 3.1 and 4.5 months.

The national ambient air quality standards (NAAQSBrazil were implemented in 1990 and legislatetipalate matter
concentrations as total suspended particlesoPivid black smoke (another metric for exhaust éarisy However, only 12
of the 27 federal units of Brazil have at least airequality monitoring station (Instituto de Energe Meio Ambiente,
20148). Black smoke is regulated with very tolerant girelds (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 Aenite, 2084).

Until November 2018S&o Paulds-wasthe only state in Brazil where a Bystandardias hadeen implemented, with limit

values of 60ug m™> and 20ug m™ for the daily maximum and annual average, respalgti_The PM s standard was

extended to the other units of the federation aBaefember 2018. However, with no previeuslegislation supporting the

monitoring of PMs and BC, most Brazilian cities lack information timese pollutants, except for a few short-term
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campaigns, which have been conducted to addresffis@spects of atmospheric processes (Krecl.eR@ll8; Polezer et
al., 2018;be-Miranda et al., 2012; Targino and Krecl, 2016). Bignificant health and climate benefits of redgckiV, 5
and BC emissions should be an incentive for theiBaa environmental agencies to assess their aurat@dons and spatial
distribution across cities and to identify theiusme contributions. However, given financial anftdstructure constraints,
uneven spatial distribution of stations, lack adtimment maintenance, spare parts and technicalrtisg the operational
monitoring of PM s and BC concentrations in Brazil is still challemgi A—pesitive—note—is-that-there—are—plans—under
ion—i : ' i o—Paulo-has—already
implemented. Until the new NAAQS are implemented atations become operable across the countryadalel, there is

an urgent need to fill the knowledge gap in terfiecal emissions of PM; and BC.

hreparation a ome ate __, '- ana a abeHm vatye a D Jl a ne\wWith \win

A set of recommendations has been proposed by ¢ner@l Assembly of the World Medical AssociationNW) in 2014,
including: a) monitoring and limiting the concentoas of nanosize BC particles in urban areasuidiling professional and
public awareness of the hazard of BC and the exgisthethods of eliminating the particles, ¢) develgpstrategies to
protect peoples exposure to BC in motorized transport, homes arttié general environment (World Medical Associatio
2014). In line with WMA'’s guidance, the present was 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 reduciiotiatives such as
the Climate and Clean Air Coalition (CCAC), Swedsupports bilateral cooperation with specific coi@strwithin
environmental protection, climate change, and smedtée development.

ParCur gathered experts from Brazil and Swedeml ktakeholders and end users. As far as we krosvist ao innovative
pieneeringstudy in South America with the integration ofefikand mobile high spatio-temporal resolution,Rind BC
measurements, the development of emission investamd the implementation of modelling tools afiedént spatial scales

for validating the emissions and to determine hial distribution of pollutant concentrations @ss the city.

2 Method
2.1 Study area

Curitiba is located in Southern Brazil on a plataaapproximately 900 m above sea level and astantie of 110 km from
the Atlantic Ocean. The Curitiba municipality has estimated population of 1.9 million inhabitarfEsom the urbanistic
standpoint, the Serete Plan, created in 1964 apttmented in the 1970’s, was the backbone of theldpment plan that
shaped the city’s current structure and morphol@gntos, 2014). This plan organized the municipalding the triad:

public transportation, land use, and road systehictwled 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, dwind of the dominating

northeasterly winds.
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The official air quality monitoring network is maged by the Environmental Institute of Parana (IAR) consists of four
automatic stations within the municipality of Cioé: Boqueirdo (BOQ), Cidade Industrial (CIC), Qioi Pardinho (PAR),
Santa Candida (STC) and four in the industrial afehie 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 sedseariability inside the Curitiba municipalifyfor a period close to the
campaign performed as part of this project in 206, for conditions with similar urban emissions.

The air quality in Curitiba is affected by emissogenerated inside the city and by sources looaigside in the Parana

state and in other parts the continédn.observational and modelling study conducted bgdRio et al. (2013) showed that

smoke plumesjeneratedduring the biomass burning season in northern amit&l Brazil (August—Octoberith-and peak

activity in September) reached the southern statelsiding the Curitiba region.

2.2 Study design

A combination of measurements and dispersion moglelias used to assess and map, Phd BC concentrations
Curitiba e i |

The full assessment included the following comptsiésee map in Fig. 1):

1. Analysing the N@NO, and PM, concentrations collected between 2013 and 201eafour IAP official monitoring

sites in Curitiba: PAR, BOQ, STC and Cl@e monitoring network also includes stationssamle Curitiba, however

they were not used for comparisons with model dugimce the high resolution modelling only covetkd Curitiba

municipality).

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 (ilaaéDeodoro, hereafter MD) in the
city center at two levels above ground: streetglhiedof 5 m, hereafter ‘MD street’) and rooftop (et of 70 m,
hereafter ‘MD roof’).
b) monitoring of PMs, BC, EC (elemental carbon) and OC (organic carlsongentrations in a residential area (Sitio
Cercado, hereafter SC) located 13 km from theastyter, and 750 m from the heavily trafficked 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 Ej right).
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5. Implementing dispersion models at the regionalanrlnd street canyon scales to support the intatfme of the

monitored datanside the Curitiba municipality

6. Consolidating the street canyon data and modelubtdpobtain real-world emission factors for Pivind BC for road

transport in Curitiba.

~

7. Using the regional and urban modeling, togetheh wie monitored data, to conduct a source appanton of PM 5
and BC levels irihe Curitibamunicipality.

The modeling in a microenvironment — a street canytad the purpose to determine the impact oquaility levels by one

dominating source, to allow an situ determination of the emission factors, in thisecks vehicles circulating in the city

center. The comparison between measurements anel matgut was also extended to the urban backgroiitite Curitiba

municipality, comparing model results with the ma&asnents in the city center and in a residentiabathis in order to

evaluate the emission inventory covering the Craitmunicipality, i.e., the area for which high resion modelling was

performed.

2.3 Emission inventory

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

and on-road transport

Industrial emission valuest NO,, SO, and PM, from large industrial sources were compiled frdm official regional

inventory that covers the state of Parana (AP 320&hile the Curitiba municipality provided datar the inner-city small
scale industrieBecause Sincthese industrial inventories only included BMmissions, we assumed that 70% of the M
emitted by the industries in and around Curitibasisted of PMs (Erlich et al., 2007)Information on industrial BC

emissions was not availablall industrial emissions were treated as pointrees with emissions coming out of a stack with

characteristics given by the IAP inventomhe IAP inventory is based on a policy in which théustries are supposed to

monitor themselves their own emissions and comnat@ido the official authorities. The IAP inventorgveals a

concentration of sources in the southwest areawitiGa, and in the neighbor city Araucaria. Withime central parts of

Curitiba there are just a few point sources, dught urban planning of the 1970’s and the creatibrthe Curitiba’'s

Industrial Site located in the southwest regionyimg almost all industries in the center to thisvrerea downwind of the

city according to the predominating winds. The Ardin city includes one of the biggest industritdss of Brazil with a

state-owned oil refinery together with several Isteglulose/pulp and chemical industries.

Traffic emissions in Parana state, but outsideciheof Curitiba, were also extracted from the oiffi regional inventory

(IAP, 2013). Within the city, the emission calcidats were split between public transport (buses) private vehicle

5
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emissions. Public transport emissions were caledlas line sources along the bus network, as thteidl by the
municipality. Information on bus size, technologyable 1), average daily distance travelled and apeifuel 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 legislaRROCONVE and the
European EURO classes (TransportPolicy.net, 2028a8b), enabling the use of emission factors frowm European
HBEFA database (INFRAS, 2017), as listed in Table&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 bicutated buses were extrapolated using informatiorfuel consumption
provided by the Curitiba municipality. BC emissifattors were taken frorine European Environment Ageney-EfREA,
2016) as BC/PMis fractions in the range 65-75%. TR&/1 and BC emission factors for busssing-ef100%biofuel lewers
the-PM-and-BC-emissions were redutyd50%, according to théndings published by th&).S. Department of Energy
(2018).

Private vehicle emissions were calculated basettradfic volumes (number of vehicles) per road lifik total 3061 road

links, excluding smaller secondary roads) for tlemmg and afternoon peak hours, acquired fromt{bars travel demand
model, which was created with the software VISURITY GROUP, 2019). VISUM is a macroscopic demand ehadich,
based on socio-economic data and the transportoneteharacteristics, estimates the number of tpps time period

between all the defined origins and destinatiorthiwithe modeled region and assign those triphgaetwork, resulting in

the traffic volume on each link. The specific moé® Curitiba was developed in 2014 and it washralied and validated
based on traffic counts carried out on 80 diffetarks of the road network—Private-vehicle-emissiovere-calculated-based

moerning-and-afternoon-peak-hodrourly variations of traffic volume over the day mwegaken from 230 speed instruments
monitoring the speed of individual vehicles andraggted to different profiles according to the déyhe week: Monday-

Thursdays, Fridays, Saturdays and Sundgigs 2) The same daily profiles were used for all streets

As for the fleet composition, a simplified assuroptivas made with three different compositions ddpenon the type of
road. The following shares were adopted, as sugddst the traffic engineers at the Curitiba Murdédity: for inner-city
roads (as limited by the ring road): 93% cars, S#ityuvehicles and 2% trucks; for a few larger tboghfares open for
heavy-duty vehicles: 82% cars, 8% utility and 10&cks; and for the ring road: 59% cars, 9% utidihd 32% trucks. Table
3 shows the assumptions made on size and technatmgpther with emission factors taken fr&A’s emission inventory

gquidebook-the-Edurepean-Environment-Age(EEA, 2016). Utility vehicles and trucks were assuahio be diesel-fueled,
while flex-fuel cars were running on gasoline aivehs’ primary fuel choice due to favorable pri&op-and-go emissions

due to congestion or traffic lights were not comsédl. It follows from the emission factors displayedTiable 3 that the

most critical assumption is the percentages oedliesled LDVs and HDVSs.

An attempt was made to collect data on the use addwor coal by restaurants. However, the databaseered was

incomplete in space, impeding the inclusion of gosirce in the emission inventory. Neither wasoggible to obtain data

6
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on the residential use of wood stoves for cookingeating. However, municipal authorities inforntbdt residential wood

combustion should be minimal, at least in the céwpter.

2.4 Monitoring campaign

Fixed-site measurements were conducted in the ipggod July 25-August 24, 2016, when pollutiondls are expected
to peak (see Section 3.1 for further details). Nohionitoring was performed on 10 selected daystimnes (morning and
evening rush hours) between August 1 and August2046. PMs monitoring was conducted with three types of
instruments: a Harvard Impactor using cut-off 2.Erons (deployed at street and rooftop levels @&f tanyon site), a
MicroVol low volume air sampler (model 1100, Ecdte@ustralia) at SC, and three DustTrak units (nh@&20, TSI,
USA), one deployed at SC and two units used forilaoheasurements.

The Harvard Impactor collected Blsamples on 37-mm teflon filters for gravimetricabssis with a 24-hour resolution.
Daily integrated samples for gravimetric, EC and &flysis were collected on 47-mm quartz fibeerfdtusing the Ecotech
MicroVol. The gravimetric analyses were performetioiving the NIOSH Method 5000 (NIOSH, 2003), whilee EC and
OC analyses were conducted at Stockholm Universsing the NIOSH temperature protocol (Birch, 200)e PM 5
output from the DustTrak instruments was calibratéti the gravimetric data from SC, yielding a @mtion factor of 1.92
(R? = 0.77), which was subsequently applied to coraiddustTrak outputs. This correction factor ighim ranges reported
by other studies conducted in urban areas, frof @\icNamara et al., 2011) to 2.78 (Wallace et20111).

Total BC concentrations at street and roof levedsenmeasured with aethalometers (models AE42 ar&BAEespectively,
Magee Scientific, USA) operating at seven wavelead870, 470, 520, 590, 660, 880, and 950 nm) attd five minute
time resolution. At SC and for the mobile measuneisieBC concentrations were determined with mictfeemeters
(model AES1, AethLabs, USA) operating at the wangth of 880 nm. These instruments use the wavdiethgpendent
absorption cross-section values provided by thgungent manufacturers to convert aerosol absorpta@ificient into BC
mass concentrations. In this study, a site-speaifisorption cross section of 18.3% o' was determined at SC by
correlating daily mean aerosol absorption coeffitsanith collocated EC concentrations’ @(R0.96). The BC data from the
AE33 and AE42 instruments were determined usingbs®rption cross section provided by the manufactu

To supplement the datasets and support the mogleitivities, high spatio-temporal BC and PMoncentrations were

collected on selected days and hours along prestributes using two retrofitted bicycles as sangpfitatforms, following

the experimental design by Targino et al. (2016).

The passive sampling of NGt the roof and street level of the MD site wasfggened using Ogawa passive samplers
(Hagenbjork-Gustafsson et al., 2010) during twaqasr of 14 days each. The purpose of this, M@asurement was to

support the determination of local emission facfora/ehicle emitted Pl and BC.
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2.5 Dispersion modeling

Dispersion modeling was performed at three spatales with three different models, all giving Hgudata for the
monitoring period from July 25 to August 24, 20T®e regional scale modeling was performed with BRAMS 5.2
modeling system (Freitas et al., 2017), which idelwan atmospheric chemistry transport model (CQACDUpled on-line
with a limited-area atmospheric model. For thiscijiexperiment, the model was configured to simtellaerosol emission,
transport andts—effeets-dispersioneption)-during the campaign period. The BRAMS physical parameteiorsti were
configured with Mellor-Yamada level-2.5 turbulersheme (Mellor and Yamada, 1982) and Joint UK LEndironment
Simulator (JULES) surface—atmosphere interactiodeh@oreira et al., 2013)-e-Forshortwave and longwave radiation
schemeswas-used the Rapid Radiative Transfer Model for ge@nCirculation Model{RRTMG) was usedwith 1200s

frequency update of the radiation trend (laconal £2008). Finally the Grell and Freitas (20143emble version for deep

and shallow convection and the single-moment buticaphysics parameterization from Walko et al. @P@&ere used. The
model wasised appliedver two domains: one covering large parts of Sdutterica witha gridspatiaresolution of 50x50
km? (G1, Fig.32, left) and nested down to a 10x10 %mrid resolution over the state of Parana (G2, Big.left) with
anthropogenic emissions taken from a South Ameiiicaentory (Alonso et al., 2010). The emissionstfar state of Parana
were updated with the vehicular and industrial imteey described earlier (IAP, 2013), except for B& OCthat-usedfor
which information from EDGAR-HTAP (Joint Research Cen618)was usedThe carbonaceous speciation BC and OC,

from the HTAP database, is for South America thmesas of Edgar V4.1 database, both at country aegim level.

Biomass burning sources were taken from the moB&NM (Longo et al., 2009) and biogenic emissionggases from
MEGAN (Guenther et al., 2012). These emission fielkre generated by the preprocessor PREP-CHEM{ERlas et
al., 2011).

For the urban scale modeling, a Gaussian dispersimiel was used over a 32x32 %domain (Fig.32, right) with agrid
spacing-spatial-reselutioof 200x200 M. This model is part of the Airviro system (Airvir@018) and incorporates a

diagnostic wind model (Danard, 1977) that takes imtcount surface roughnessed- calculated over built-up areas as a

function ofbuilding heightswith a maximum roughness of 0.7 m for the cityteemreas with the highest buildings—se-that

wind model assumes that small scale winds can ¢ @& a local adaptation of large scale winds (frieels) due to local
fluxes of heat and momentum at the surface. The Wwind is estimated from a vertical profile at theation of a
meteorological station, using scaled stability &bies. For this application, the input meteorolabiata was measured at
one location (MET station in Fig. 1, left) and thailding heights are illustrated in Fig2, right. The regional model output
could be directly added to the urban model withdmible-counting, since the sources within the @aitunicipality were
excluded in the regional model.

The street canyon simulations at the MD monitositg were performed with the OSPM model (Berkow200), one of

| the models available in the Airviro systefihis street canyon model consists of two componentslume model that
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simulates the direct contribution from vehicles @albdox model that calculates the contribution fribve recirculation part

diagnostic wind model, assuming its output to reeré the wind at roof levelNeutral stability is assumed within the street
canyon. The OSPM model was only used to deternfi@eair pollution contribution from local traffic side the MD street
canyon, to be compared to the measured incrememt tihe roof to street level. Building heights ahd dimensions of the
street canyons were determined using 3D Lidar gedgided by the Curitiba municipality. Private fiafvolumes passing
this station were estimated by municipal traffipents as 24,075 vehicles per day, as an averagettveveek, composed
by 93% of cars, 5% light duty diesel vehicles aftl lReavy duty diesel trucks. The public transportsisted of 469 buses
per day.

3 Results
3.1 PMyp and NO, concentrations as registered by the official mondtring network

The highest Py} concentrations during the three year period batvi28d 3 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 Wwbth 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 pg thand the maximum measured annual mean was 26.5%af station PAR, located at a
square in the city center. Averaged over the three years, all stations showed theesigkalues in August, which
incentivized the PMs and BC monitoring campaign of this study to befgrened between July and August 2016.

The ratios of the mean Pland NQ levels monitored at the official network duringettmonitoring campaignJuly 25 -
August 24, 2016) to their respective mean values in Augu2aif3, 2014 and 2015 were 70% for Bt PAR, 50% for
PM;, at BOQ,and47% for NQ at PAR and 86% for NQat STC; Unfortunately thewhile-there-were- iRMy, monitor
atdata—reperted-frorstation CICwas not in operatioduring the campaign peripdowever the N@ratio at CIC was 76%..

Theselisted ratios show considerably lower pollution levelsidgrthe field campaign, as compared to the avefagthis

period during the previous three years.

While the number of public buses in operation dasedwith-by 6% between 2013 and 2016, the official number of
registered private vehicles in Curitiba shows airaaseby-of 4% (http://www.detran.pr.gov.br). Although the r&gred
fleet does not necessarily equal the actual nurabgehicles in circulation, it gives the best esttenof the private traffic
tendency. Relating the industrial emissions, argpie the lack of data that could sustain an amalgkthe trend, to the
authors’ knowledge no significant changes occuneer the reported 4-year period. Therefore locaksimns in Curitiba
are likely not to have changed significantly frone tperiod 2013-2015 to 2016 and the identifiededéfices in pollution

levels can most likely be attributed to variatidnsmeteorological conditions and the long-rangengpeorted pollution
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arriving to Curitiba. A comparison of meteorolodicanditions showed considerably more precipitationng August 2016
(163 mm) compared to what is expected at this tifrthe year based on a 30-year climatology (73 mwvh)le temperature,
wind direction and speed were similar to whas-beenwaregisterediuring inthe last 10-20 years (INMET, 208).

3.2 BC, PM, 5 and NGO, concentrations measured during the 2016 campaign

On average, BC concentrations were the highestraetslevel (5.5 ug i), followed by rooftop level (2.3 pg
representing urban background conditions), anqig.&i® at SC site. The mean street canyon increment hwhidefined as
the difference between street and roof levels, legu&2 pg rif and can be attributed to local traffic along ttreet canyon.
Fig. 34 shows the BC daily cycle in the city center wittag values occurring iifne rush hours d¢he morning (ca. 10 pg'm
% and evening (ca. 7 pg rush-hours

Fig. 54 summarizes the descriptive statistics of BC cottetiopns measured in the city center (street awdtap levels in
MD) and at the SC site. The urban background cdragons in MD roof were fairly similar to thosecarded at the
residential site (SC), while BC levels were raigeside the street canyon (MD street). Fi§.shows the strong co-variation
of BC levels (r = 0.68 for hourly data) register8l km apart and also the peak values occurring bntlweekdays 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 peakelends, as well as
wind direction and speed, it seemss thafit was the very low wind speed that made it possfblr BC and PM emissions
taking place inside or just outside the city, todowectedn-high-concentrationever the central (MD) and southern (SC)
parts of the city. Although the available inforneatidoes not allow the determination of the sounretfe sourcesdf the

observed high concentratignse can rule out the local traffic — which candssumed to be a majseurce contributoto

BC levels during weekdays, but not during weekeigihts - and long-range transport events from remsotgces — which
should raise the pollution levels in all stationsai more homogeneous way - as the main reasorethigih peak values
during the two weekends.

Fig. 76 displays boxplots of BC data gathered simultankaduasthe city center with mobile monitoring andsiteet level at
MD site. The median BC within the canyon was lartem the one obtained in the mobile samplings & 4.0 ug M,
respectively). However, the mobile data showedgelavariabilityand-exireme concentrationtith lower 5" percentile and
larger 98" percentile, illustrating the heterogeneity of B@ncentrations, i.e., the large variations in traffitensity and
street layout (ventilation) characterizing the bikroutes across the city center.

Filter sampling of daily PMs took place both at MD rooftop and street levelsr@oftop level, the mean P} value over
the campaign period was 7.3 pg’.nHowever, the data measured at street level wigeeted by a technical failure and
could not be used. During the mobile monitoringhwiite bikebicycles, two 15-min records from weekdays’ morning and
afternoon rush hours were obtained during stopgheaMD street level station. Those data indicatedesman PM;s to BC
ratio of 3. Using this scale factor on the BC dattéained at street level (mean concentration ofis.51° over the period), a

PM, s concentration of 16.5 pghwas estimated for the street level.
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At the residential site SC, the gravimetric analysfi 17 filters yielded a meateily PM, 5 concentratioa of 36.2 ug ri, of
which 11.2 pg i was OC and 2.6 ugrEC. This means that the total carbon (EC+OC) duutied with 38% to the PMs
mass, and yielded a mean OC/EC ratio of 4.4. Thanrheurh~PM, s concentratioras registeredhour-by-houtby the
DustTrak monitor during 25 days, after calibratayainst the 17 filter samples, was 25.3 iy Whe longer time period for
the PM, s mean value obtained for the DustTrak monitor makesre representative than the filter mean.

The NQ concentrations at MD street site were 43 and 5&jfi@t roof level, and 105 and 122 pg mt street level, for the
two 14-day periods of the passive samplers. Frdm the street canyon increment was determined?asnfl 67 pg i

respectively, for the two time periods.

3.3 Long-range transport as simulated by the regical model

The impact of sources outside the Curitiba munltipaincluding both nearby industrial sources inetAraucaria
municipality southwest of Curitiba, as well as réencontributions from the state of Parana and é¢keaf the continent, was
simulated by the regional model BRAMS 5.2 (see iSec2.5). Anthropogenic emissions, including theans industries,
largely contributed to PM levels, while biomass burning presented a smalaich (Table 5). Since the IAP inventory did
not include BC emissions, theywere taken from the coarse resolution global EDGARAP database. Consequently the
BC contribution from the industrial emissions juasitside Curitiba is likelynderestimated very poorly describleyl the
model.

3.4 Simulations of local traffic impact inside thestreet canyon

We ran the street canyon dispersion model OSPMraegha for public transport and private vehicles floe period from
July 25 to August 24, 2016, with output at the Mi2.sTable 6 shows the comparison of measured andlated NQ,
PM, s and BC impact of local traffic inside the streahgon, using emission factors from the literatdrables 2 and 3). For

NO,, there was a relatively good agreement, but fah BV, s and BC the simulatednpact-wasconcentrations wemach

lower than what the measurements indida&ince uncertainties related to the meteorologiedh and model assumptions
are equal for all three compounds, it is reasonttblessume that the larger uncertainties foundforand PM s are caused
by uncertainties in the effective emission factdnsaddition, for PM;, there is a fraction related to road, tire andakre
wear, which should be added to the exhaust emisfotors used in the model simulation. To some eegthe
underestimated effective emission factors fiee-private vehicles may be related to fleet compasit{for the public
transport the fleet composition was known in dgtdilowever, heavy duty vehicles that do not formt pd the public
transportare haveestrictedcirculationin the studied area, thus reducing this souragoértainty.

Since BC measurements were available as hourly, dat@as possible to perform a multiple regressanalysis with
measured BC increment as dependent variable anvtheimulated hourly time series of the contribod from buses and

private traffic as independent variables. The regjom analysis suggests that the public transpgmak(bus impact) should

| be multiplied by a factor of 1.2 and the privataffic by a factor of 5 The regressiornwith a forced—demandingero
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intercept was based on 696 hourly dataints from the monitored increment between roof andeststations, and from

model output for the two simulations, vielding afiusted  of 0.78 Fig. 87 and the mean values of Table 7 show that with

these corrected emission factors, the model outmatthes the measured street increment in the steegon. With the
assumed fleet composition, the effective BC emis$aetor for the mixed private vehicle fleet wasrecoted from 4 to 19
mg veh' km™.

There were no hourly P)M data to perform a similar regression analysislowever, scaling up the summed model output
of the bus and private vehicle contributions to,RMy a factor of 5 yielded a local contribution diamito the monitored

street canyon increment.

3.5 Urban and regional simulations of PMsand BC

The Gaussian urban model was applied with the ctadeemission factors for the on-road vehicles, tedresults were
subsequently added to the regional LRT contribstidrable 8 shows the contributions at the two sared Fig. 9 displays
the mean spatial distribution of the simulated ,RMnd BC concentrations. The emission inventory staval PM 5
emissions from the transport sector (public andgbei together) within the urban model domain ovaritiba of 643 tons
year!, which can be compared #29 393tons year from thesmallerindustries located inside the city and 1,600 tazay
(calculated as 70% of officially reported PMemissions) from the industrial Araucaria area gmithwest of the city. For
BC, we estimated 18 tons y&arom public transport and 375 tons yédrom private traffic (no information was available

on the industrial contribution).

4 Discussion and conclusions

4.1 Pollution levels in Curitiba in general

The information on Pl and NQ levels from the official monitoring network in Gtiba revealed mean annual PM
concentrations between 15 and 30 i§j mhich are between the values presented in the WldBal assessment for high-
income countries and for low- to middle-income doies in the Americas (see Fig. 3 in WHO, 2016)mparatively, cities
of the size of Curitiba in the Eastern Mediterranead South-East Asia have much higher annual roeaoentrations,
spanning from 100 to 200 pgin

The monitoring campaign was only a month long alathed to be representative of wintertime condgionthe southern
hemisphere, when the highest pollution levels arelly observed. However, the meteorological comaiit, and likely also
a smaller contribution from long-range transpodrtiusual, caused the RMand NQ levels to be considerably lower during
the 2016 field campaign, as compared to averageecrations in previous years. This indicates thahitored PMs and
BC concentrations reported for the 2016 winter rhar@mpaign could also have been lower than whadrimally the case
for the months of July and August, likely more cargble to annual mean values of full years as gbyerarlier studies.

The urban background PiVconcentrations registered at the roof top in itheaenter (7.3 pug i) agreed reasonably well
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with the 10.3 pg M reported from a year-long measurement in 2014-2016e Federal University campus (Polezer et al.,
2018), considering the fact that the station wasiled approximately 100 m from an interstate highwdeasurements
conducted in 2007 and 2008 at the same locatidhercampus showed a slightly higher mean, Ptbncentration of 14.4

pg m* (BeMiranda et al., 2012; Andrade et al., 2012) pogsieflecting higher vehicular emissions at thatetim

4.2 High PM, s levels in the residential area (station SC)

At the residential station SC, the mean f2Moncentration (25.3 pg ™ was significantly higher than in the urban
background of the city center (7.3 pg)mThe existence of an additional local source lfB not included in the emission
inventory, can be deduced from the mapped Pddncentrations of Fig9 (left), which does not indicate any levels in the
range of 20-30 pg 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 #rsa were unlikely to originate from diesel traféimissions along the
nearby ring road, since the EC contribution forsdievehicles can be expected to be larger tha®eart (Harrison and
Yin, 2008). Comparatively, a monitoring campaigmfpened at four urban sites in Sdo Paulsbteiro-doesSantos et al.,
2016) reported OC levels between®and 3437 pg m* and EC levels between 8.and 1.9 pg m, yielding OC/EC
ratios of 1.57, 1.88, 1.89 and 0.56. The lowestETCwas observed within a street canyon, suggestilagge contribution
from diesel-fueled vehicles. Thus, the higher OCHatio found at the Curitiba residential statiorgkms it unlikely that
traffic emissions and the closeness to the ring mere the cause to the higher PNevels. Instead, the high OC levels may
indicate the presence of wood burning around thes@&@on. Curitiba municipality lacks informatiom such residential
biofuel devices, but the staff operating the mamiig station occasionally reported the smell of d@moke and noted the

presence of several houses with small chimneyisemeighborhood.

4.3 BC levels in Curitiba

The simulated BC levels in the urban backgroure, excluding street canyons and the immediatenitycbf the major
roads, were fairly homogenous over the city (Ei§, right). Also the few existing measurement datintsoindicated a
spatial homogeneity, with mean values just aba@eu® m® at the sites MD roof and SC reported in this papet also at
the university campus, considering the year-longskt from 2014-2015 (Polezer et al., 2018). Witiheet canyons, the
BC levels were locally raised (Johansson et all72&recl et al., 2016) and also close to highweyth diesel traffic
(Andrade et al., 2012). Even if BC levels show ® dpatially homogenous in the urban backgroundethere large
temporal variations due to meteorological condgionhanges in the long-range contribution and Jikélie to some
unidentified BC sources inside or just outsideditg. The temporal evolution of BC levels at statidD and SC in Fig65
shows high BC levels at both stations during theosd and third weekends of the monitoring campalypwyever,

considerably higher BC peaks were observed atasidential site SC. These enhanced BC peaks &Ghstation may have
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resulted from wood combustion in the vicinity oétBC station, even if the BC levels were not inreeedaas much as the OC
and PM s levels.

The mean BC concentration of 5.5 pg observed at MD street level was similar to whas veggistered during weekdays in
a Stockholm street canyon in 2006 (5.1 ig). later comparison in 2013 for the same sit&tiockholm showed reduced
levels (2.2 pg m) explained by technologically improved vehicleafficking this street canyon (Krecl et al., 201This

gives an indication of what is possible to achieith regulations on vehicle technology.

4.4 Long-range contributions as assessed by the regal model

The regional model was used to estimate the longe-@ontributions of Pk and BC to the city. The emission inventory of
industrial sourcesh Paranzonly included PM, emissions, whicheguired motivated theaassumption that 70% of those
were in the fine particle size range. Table 5 thives the magnitude of the BMimpact from industrial sources and also the
PM,q impact, which can be seen as an upper limit ifrelustrial PM emissions are found in the RNraction. The regional
model also indicated a rather small (0.5md) contribution of biomass burning to BMin Curitiba for the monitoring
campaign period. Unfortunately, the regional madiel not have access to complete BC emission dateg she Parana
inventory of industrial emissions only covered gMVith only the large-scale global EDGAR-HTAP enuss, the BC and
OC content in the long-range transported air argvio Curitiba wasrobably-elearlyunderestimated by the modglee
Section 4.7 for the discussion of measured velisuglated BC levels in the urban background of Gloaix

4.5 Contribution to BC levels from local traffic

An important aim with the ParCur assessment in tibariwas to determine the emission of Mind BC from sources
inside the city. For that purpose, the street canyeasurements were used to evaluate in situ tissiem characteristics of
the vehicle fleet in Curitiba. With emission facdaken from the literature as input to the dispermodel, there was good
agreement between the model outputs and the melall@® concentrations, but the BC increment witthia street canyon
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 resultd@r(Ketzel et al., 2012). If assumed that the modedgyreasonable
results, then the good resemblance between sirdutatd monitored NQvalues indicates that the N@mission factors

should be fairly accurate, but also that the BCssinh factors are erroneous. With this as motivatiew emission factors
for BC were determined through regression analyArs.interesting fact is that the regression analysinfirmed the

magnitude of thé3C emission factors of the buses, whefleet composition, age and equivalent Euro classkm@w in

detail. This is a result that can be used in other B@zikities where theharacteristics of thpublic bus fleet isegually

knownHn-ts-details However, the regression pointed out a large umstienation (factor of 5) of the mixed private velicl

fleet emissions, for which the composition and techl status was much less known. A factor of Hiffierence in an
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emission factor may be seen as a too large disocgp&lowever, BC emission factors show a largetscand both the
original 4 mg velt km™ and the corrected 19 mg vekm™* for the mixed private vehicle fleet circulatingahigh the MD
street canyon fit into “real-world” emission factoreported in the literature. Through chasing imtlial vehicles, BC
emission factors spanned from 10 to 32 mg BC'Kor gasoline cars (JeZek et al., 2015), while Heavy-duty diesel
vehicles they went from 53 mg BC KngPark et al., 2011) to values 10-fold higher (Wanh@l., 2012). An assessment of
real-world BC emission factors performed in a stemyon in Stockholm (Krecl et al., 2017) for tesar 2006 (when BC
levels within the street canyon were similar tosthoeported for M. Deodoro in Curitiba) found a B@ission factor for
gasoline cars of 11 mg vétkm™, which is significantly higher than the 0.15 mchvekm™* used originally in the present
study (Table 3) and can therefore justify the highmission factor coming out of the regressi@resson learnt for other

Brazilian cities is thus the necessity to assessll®BC emission factors for the private vehicleefleusing similar

experiments as in Curitiba.

The boxplot comparison between mobile measuren@B&€ along the four bikingoutesrajecteries in the city center and
the measured B€oncentrationgevels at the fixed MD streeanyonstation revealed the large heterogeneity in tratiies

and street layouts in the city center when compsodide a-fixed site-in-a-busy-canyen-street. The variphbili traffic rates
create differences in emission rates at microsleadel (individual street canyons), and varying 8uny heights will also

influence the immediate dilution of air pollutaetsitted by local traffic.

4.6 Contributions to PM2.5 levels from local traffc

For PM, 5, which at the MD station was only measured asydaikrages, it was only possible to compare theilsited total

impact of all vehicles in the street canyon with theasured increment (i.e., the difference betwieemore polluted air in
the bottom of the street canyon and the cleaneosgihere at the rooftop). Also here the simulated £ddntribution of the

local traffic was largely underestimated when coradato the measured increment. For 2Mcontributions from non-
exhaust particles generated by the vehicles arme exdpected, namely those consisting of wear pasgiflom brakes and
tires, together with wear of the street pavemesdlfit which were not included in the emission festof Tables 2 and 3.
However, since the aim was to estimate the totaj fhissions, no separation was made between exdiadiston-exhaust
PM; 5 originating from the traffic in Curitiba. Sincei# not possible to perform a regression that ggogion the impact on

PM;, 5 of public transport and private vehicles (lackholurly data), a general correction with a factoibofvas applied to

both buses and the mixed fleet of private vehicles.
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4.7 Spatial distribution of PM,sand BC over Curitiba (comparison between simulatecind measured concentration

levels)

A goal of the ParCur project was to map the anramicentrations of Ppy and BC over the city, identifying the
contribution of local sources and the magnitudéheflong-range transport. As indicated by Tabla 8pmplete picture has
not been possible to achieve. For f2Mhe summed model output attained 5.1 pyammpared to 7.3 pg fimeasured in

the city center. The missing 30% contribution copdssibly be attributed to sources not includeth@emission inventory
(e.g. restaurants and residential sources), amdt@landerestimated particle mass in the regioradehoutput (which did

not include secondary aerosol formation). At thsidential site, the simulated BMIlevels only covered 20-25% of the
measured concentrations, indicating a strong Isoatce 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® %6 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 thewdated long-range

contribution, since theffical emission inventoryor Parandacked industrial emissions of BC (e.those in Araucaria just
southwest of Curitibapnd the emission input had to be taken from therseo global database EDGAR-HTAPor the

residential site, the existence of residential woothbustion would also contribute to increased B&ls. However, not as
large as for PM;, thissince high OC/EC ratios are expected in fumes cgrfiom wood combustion.

The few monitoring points and the short samplingqaecontributed to certain uncertainties in oundasions concerning
the PM s and BC emissions and concentrations in Curititma. tRe city’s inner core, the information from tfieed MD
station and the mobile monitoring, supported byrtfelel results, should together allow a good dpsori of emissions and
concentrations. However, the higher air RMind BC concentration indicated in the model oufpidg. 89) 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 fthmindustries, that
makes the concentrations indicated for this areeermacertain. In connection to this problem, grgatertainty subsists in
knowing the actual characteristics of the grossupas, notably old trucks (Fid.09 in transit through Curitiba’s ring road.

Many of them are not registered in the state caR@rand, consequently, not taken into accountiinneentory.

4.8 Lessons learnt from the Curitiba case study aniis applicability for other Brazilian cities

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 theuledion of the
increment from roof to street and the necessitysirig BC data as a proxy for BM Also, the fact that Pk data had daily

resolution made it difficult to separate publicnsport and private vehicles, which had differemyperal variation during
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the day. Since the determination of local emissam their impact rely heavily on monitored datas fair to conclude that
the BC results, both monitored and simulated, shbaelseen as more robust than the, Pidsults.

This study highlights the need to develop emissiwentories for PMs and BC at local, regional and national levels trat
currently missing in Brazil. Other local activitiessich as small combustion from backyard burning awondd burning
appliances, and emissions from pizzerias, bakandssteakhouses should be also considered intbatories.

Data on airborne fine particle emissions and coma#gans in cities are valuable to traffic and quirality managers, urban
planners and landscape architects, health prawtitsy researchers, and ultimately to legislatotsgetision makers. Most
Brazilian cities lack this kind of information wiichinders an accurate assessment of their amboattentrations, the
source apportionment and the potential health ooéso Air quality monitoring networks with sufficiespatial coverage are
unlikely to be available in Brazil in the near ftéu Hence, methods, instruments and models toifgesit pollution
hotspots and their sources are an urgent needagusad the population exposure to toxic airboqmecges. This paper, as a
result of the Brazil/Sweden cooperation materializethe ParCur project, addressed this gap taRimgtiba as case study.
The integrated approach used in the study can pkemented in other Brazilian cities as long as penodata policy and a

close cooperation between municipal authoritiesaratiemia can be achieved.

4.9 Summary of most important results from the expeémental campaign:

* Local emission factors for B@eredetermined foon+oad vehicles

e BC emissions from local traffic contributed to abdalf of total levels in Curitiba, theestremaindeibeing

predominantly caused by sources outside the Carittiunicipality. Typical urban backgrourdvelsofBC

concentrationsverefeundaround 20 g m®, raising to 5.0 ug m° closein-to central street canyons.

« Urban background P4 concentrationslevelsn central Curitiba were .8-8.0 ug ni®, doubling inside street

canyons. In a residential afggoncentrationthree- to-3- four-fold4-timekigherlevelswere observed, most likely

due to local biomass or waste combustion.

5 Limitations

Some important limitations of this PMand BC assessment in Curitiba have been identified

e Measurement campaign limited in time (one montly space (two fixed stations amibbile measurements along
four mebileroutescovering an area of 4.8 km&dmeasurements—on-bike)attempt was made to relate tore
month-long campaign data to the wintertime condgiobserved during the thrpeeceedingprecedingears, this in

order to assess the representativity of our cated®M s and BC data. The two fixed sites were well selbcte

however there is a need for future monitoring cammpsatin additional locationge.g, in the more polluted areas

along the ringroad and towards the industrial zones just southefasie Curitiba municipality
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» __Technical failures during the campaign contribut@dncreased uncertainties in the PMssessment in the street

canyon. Also here a future campaign could give nreimble information on emission factors for thari@ba

vehicle fleet.

While the model input information for simulatingethimpact of public transport was very detailed amfdigh

quality, there was a lack of information on fleetposition for the private vehicles circulating tioad network.

* Lack of emission informatiowfon some local sources of potential importance (egtaurants, residential wood

combustion), as well as regional information on,RlEind BC emissions from the industrial sector.
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Fig. 1: Maps showing the location of: i) Left: the fouriofél monitoring stations (CIC, PAR, BOQ, STC), the=dit the residential area
(SC), and the meteorological station (MET), ii) Rigfite street canyon site (MD), and the four bikirajectories used for the mobile
5 measurements.
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Fig. 2 Measured traffic volumes (vehthfrom the so called speed traps (speed radar @a280 locations in Curitiba. To the left raw

data, to the right the aggregated time variationslifferent days of the week used in the dispersidelling.
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Fig. 23: Domains for the regional model (left) and the urléspersion model (right). For the latter, buildihgights above 10 m are
marked (right). Over the remaining built-up citgas the building height was setto 6 m
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| Fig. 34: Mean daily cycle of BC concentrations (at 880 nm elength) measured at roof and street levels at D Beriod: July 25 —
August 24, 2016 (all days of the week).
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| Fig. 45: Boxplots of hourly BC concentrations measured at MB 8C sites in the period July 25 — August 24, 20t@ midline is the
median, the upper and lower limits of the box & T5th and 25th percentiles, the whiskers arétih@and 9th percentiles, and the black
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| Fig. 56: Time series of hourly BC concentrations registertebll2 rooftop and at SC from July 25 to August 201@0The shaded areas
represent the weekends.
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| Fig. 78 Daily mean variation of measured and simulated BQritriions from local traffic at MD street site. @lsimulated impact was
corrected with a factor of 1.2 for public transpamd a factor of 5.0 for private vehicles.
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| Fig. 89: Modelled mean concentrations of RM(eft) and BC (right) in the period from the 2®f July to the 2% of August, 2016.
Regional (anthropogenic and biomass) and local étrgdunside Curitiba, public transport and privaticle impact) contributions were
5 included. The city center (MD) and the resident&C) stations marked as white circles.
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Fig. 910 Photo of a truck circulating in Curitiba’s ring ahdllustrating the intense exhaust emissions.
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Tables

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

Euroll  Euro lll Euro 1l 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.

NO, PM exhaust BC Fuel cons.

Bus classes Technology diesel biodiesel diesel biodiesel

(mg velt km?®)  (mgvehkm?)  (mgveh' km?®)  (mlveh* km?)
Micro Euro 1l 9840 184 92 120 60 326
Standard Euro Il 13080 264 132 172 86 444
Articulated Euro Il 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 llI 11740 237 119 166 83 463
Articulated Euro IlI 14770 285 143 200 100 588
Bi-articulated Euro llI 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 takeont the report by the European Environment AgeregA,
2016), where BC emission factors are expresse@m@emages of PM 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,
here simplified to an intermediate technology ofdelll.

NO, PM exhaust BC Fuel cons.
(mg vel km™®) (mg veRt 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 lll 6270 130 91 250
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Table 4.PM,, and NQ concentrations from Curitiba’s official monitorimgtwork for the period 2013-2015. Unit: pg'm

Pollutant Station Mean Hourly Daily Month with Data
max max highest concentration capture
PMy PAR 15.1 180 86 August 91%
CiC 30.3 326 120 August 43%
BOQ 14.5 197 90 August 88%
NO, PAR 26.5 201 89 August 88%
CiC 22.5 148 57 August 59%
STC 13.2 90 43 August 76%

" At BOQ only PM,was measured and at STC only NO
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Table 5. Contribution of long-range transported pollutidtR{) to MD in the city center and at the resideintde SC.
Period: July 2% to August 24, 2016.

MD rooftop SC
Emission sources (ug nt) (ug )
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 oC 0.46 0.46

5 " The IAP inventory provided the Plylemissions, anthropogenic Bemissions were estimated as 70% of;p(¥ee Section 2.3)).
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Table 6. Comparisons between simulated and measured airtgrtts from local traffic inside MD street canydyote that
the measurements are reported here as street mctenigiven as the difference between street ard level
concentrations) to be comparable with the modeputytwhich only gives the impact of the road tmafiiside the street
canyon.

Measurements Model simulation

Period (ug ) (ug md)

Buses Private Total

vehicles

29" July — 12" August, 2016 NO 62 43 32 75
15" July — 24" 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 mobilesneements
(see previous comment of Bmeasurements at MD street site).
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Table 7. Measured street increments and simulations of koafiic impact inside the canyon where the mongtation MD
(street level) was located, after correcting théssions factors.

Measurements Model simulation
Period (ug ) (ug md)
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°

" Total simulated PM2.5 output of Table 6 correatétth a factor of 5.

" Bus impact of BC corrected with a factor of 1.2 ariggie traffic impact of BC corrected by a factor of with values given
by a regression analysis of hourly data.
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Table 8. Simulated contributions of regional and local sesranside Curitiba (urban model output) to ambient
concentrations at the MD rooftop and SC sites.d@e@3" July to 24" August, 2016. Unit: ug i

MD roof SC MD roof SC

Contribution model (PM5) (PM.5) (BC) (BC)
Anthropogenic with 1AP 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 " The contribution could only be simulated as the sii public and private traffic since the same eoction
factor was applied.
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