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Transport regulation at local level for the abatement of air pollution has gained signiﬁcant traction in the
EU. In this work, we analyze the effect of different transportation changes on air quality in two similarly
sized cities: Granada (Spain) and Ljubljana (Slovenia). Several air pollutants were measured at both sites
before and after the implementation of the changes. In Ljubljana, a 72% reduction of local black carbon
(BC), from 5.6 to 1.6 mg/m3, was observed after the restriction was implemented. In Granada, statistically
signiﬁcant reductions of 1.3 mg/m3 (37%) in BC and of 15 mg/m3 (33%) in PM10 concentrations were
observed after the public transportation re-organization. However, the improvement observed in air
quality was very local since other areas of the cities did not improve signiﬁcantly. We show that closing
streets to private trafﬁc, renewal of the bus ﬂeet and re-organization of the public transportation
signiﬁcantly beneﬁt air quality.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Atmospheric pollution represents a risk factor for respiratory
and cardiovascular diseases and for cancer (e.g. Pope and Dockery,
2006). Trafﬁc emissions are of particular concern in urban areas and
their surroundings, since trafﬁc-related pollutants have been
associated with overall mortality increase (e.g. Hoek et al., 2000),
lung cancer risk (e.g. Beelen et al., 2008), and worsening of respiratory health (e.g. Brauer et al., 2002).
Among trafﬁc-related pollutants, black carbon (BC) has become
a matter of concern during the past years. Aerosolized black carbon
is a primary product of incomplete combustion of carbonaceous
fuels. In particular, diesel engines in the transportation sector are
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the major source of black carbon in many European urban areas
(e.g. Hamilton and Mansﬁeld, 1991; Pakkanen et al., 2000). The
emissions from these engines depend on the efﬁciency of combustion as well as on the amount and type of the consumed fuels,
and on the exhaust treatment (e.g.Wehner et al., 1999). Previous
studies have shown a proportional relationship between ambient
BC concentrations and amount of trafﬁc emissions (Hamilton and
Mansﬁeld, 1991; Watson et al., 1994; Pakkanen et al., 2000; Reche
et al., 2011). Reche et al. (2011) showed that variations of particulate matter and particle number concentrations do not always
reﬂect the variation of the impact of road trafﬁc emissions on urban
aerosols. However, BC concentrations vary proportionally with
those of trafﬁc related gaseous pollutants, such as CO, NO2 and NO
(Reche et al., 2011). Therefore, according to these authors, BC can be
considered a suitable proxy to quantify changes in road trafﬁc
emissions because it is primary and directly emitted by vehicles.
Due to the relatively short atmospheric lifetime of BC particles,
controlling their emissions can be a quick way to improve air
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quality and hence reduce the effect of particulate air pollution on
public health (e.g. Jacobson, 2002).
In many large cities of Europe standard air quality limit values of
particulate matter (PM) and gaseous pollutants are exceeded.
Emissions from road trafﬁc are frequently reported to be the major
cause of such exceedances (EEA, 2010). To reduce the number of
exceedances, and with the aim of meeting the European regulation
(2008/50/EC), a large number of air quality plans, most of them
focusing on trafﬁc emissions, have been implemented in the last
decade. Despite this implementation, exceedances of the PM concentrations are still observed in many cities. Reche et al. (2011) and
Janssen et al. (2011) pointed out that a reason for that could be an
inappropriate metric for quantifying the impact of these plans on
air quality and suggest that the regulation of BC along with PM10
will be appropriate. Current air quality action plans have a strong
emphasis on trafﬁc regulation and involve policies such as
encouragement of public transportation usage, ring road utilization, trafﬁc ﬂow improvement, speed limit reduction and implementation of low emission zones (LEZs, www.lowemissionzones.
eu). However, there is very little evidence of the effectiveness of
these local policies in reducing air pollution and ultimately
improving public health. From the cost-effective point of view,
evaluation of these policies is of interest, as questions arise whether
they are worth pursuing. Previous studies have investigated the
effect of different air quality action plans in urban areas. Based on a
three days campaign, Invernizzi et al. (2011) found that the
restricted area in Milan (ECOPASS) has considerably lower BC
concentrations than regular trafﬁc areas but concentrations of
PM10, PM2.5, and PM1 did not change signiﬁcantly. Panteliadis et al.
(2014) observed a signiﬁcant decrease in trafﬁc-related pollutants
concentrations in a LEZ in Amsterdam, with the larger decrease
observed for BC concentrations. Boogaard et al. (2012) investigated
the effect of the implementation of LEZs on air quality in various
Dutch cities. These authors reported that LEZ policies directed at
old heavy duty vehicles (trucks) did not substantially change concentrations of trafﬁc-related pollutants, mainly because old trucks
constituted only a small part of the average ﬂeet. Cyrys et al. (2014)
observed a 10% decrease in PM10 concentrations after the LEZ
implementation in Cologne, Berlin, and Munich. Fensterer et al.
(2014) also report a 10% reduction in PM10 concentrations after
the LEZ implementation in Munich. Also in Munich, Qadir et al.
(2013) concluded that there was a positive effect of implementation of LEZ on the reduction of organic particles concentrations.
Furthermore, Qadir et al. (2013) found a reduction of 60% in the
contribution of trafﬁc sources to PM2.5 after the LEZ implementation. Gramsch et al. (2013) investigated the extent of which the reengineered public transportation system in Santiago de Chile
affected BC concentrations. The transportation system in Santiago
de Chile saw a decrease in total number of buses and a reduced
overlap of bus routes. The results of Gramsch et al. (2013) indicated
that a more signiﬁcant reduction in BC concentrations occurred
when the total amount of vehicles and not only the number of
buses was reduced.
Recently, the municipalities of two similarly sized cities
Granada (Spain) and Ljubljana (Slovenia) carried out abatement
measures with the aim of reducing particulate and gaseous air
pollution from trafﬁc. In Ljubljana, a major street through the city
center was closed, allowing only public bus and taxi trafﬁc. In
Granada, where a similar restriction was implemented in the past,
the public transportation system was signiﬁcantly reorganized.
The new scheme reduces overlap between bus lines in the city
center and introduces brand-new buses with higher passenger
capacity and lower emissions. The aim of this work is to evaluate
to what extent these changes positively impact the air quality of
both cities.

2. Methodology
2.1. Context for the study
The analysis was conducted in the cities of Granada and Ljubljana. Both are of a similar size and lie in basins.
Ljubljana, the capital of Slovenia, is a city with 285,000 inhabitants. It lies in a well populated basin featuring frequent winter
inversions, and PM10 concentrations have regularly exceeded the
regulated number of days per year (Directive, 2008/50/EC) in the
past 5 years in several measurement sites in the city (SEA, 2010,
2011, 2012, 2013, 2014). In addition to road trafﬁc, biomass
burning for heating purposes constitutes an additional source of
pollutants during the cold season. The population of the Ljubljana
conurbation is estimated to be around 500,000, with 71% of the
travel to work being conducted with a car (Pelko et al., 2010).
Previous research (Ogrin, 2007) has identiﬁed a NOx air pollution
hotspot in the city center, a street-canyon section of Slovenska
Street. The Ljubljana municipality has closed a 400 m section of
Slovenska Street on 22 September 2013 for all trafﬁc except public
buses and taxis as an abatement measure (Fig. 1). Following this
date, the street had been reconstructed with works ending on 28
September. There are 15 public bus lines through this section of
Slovenska Street. The frequency of the buses varies though the day
with up to 6 buses from a single line passing this section each hour.
Neither the number of lines nor the number of buses in this section
of Slovenska Street had changed with the implementation of the
trafﬁc restricted zone.
Granada is medium-sized city located in south-eastern Spain
whose population is between 240,000 and 350,000 inhabitants
(depending on whether the entire metropolitan area is considered).
The city is surrounded by mountains with elevations varying from
1000 to 3500 m.a.s.l. The bowl-like topography of Granada basin
favors temperature inversions and dominance of weak wind
speeds. This, in combination with pollutant emissions can lead to a
large accumulation of particles near the surface (e.g. Lyamani et al.,
2012). There are no large industries in the surroundings and the
main aerosol local source is road trafﬁc (Titos et al., 2014). According to information from Spanish authorities (www.dgt.es), the
total vehicle ﬂeet at Granada was 628,244 in 2013 and about 57% of
them were vehicles with diesel engines. Trafﬁc related sources
contribute around 60% to the ﬁne fraction (PM1) mass concentration in Granada and their contribution to PM is higher in winter
than in summer (Titos et al., 2014). From October to March, domestic heating (based on fuel oil combustion) represents an additional important source of aerosols. As many European cities,
Granada failed to comply with the air quality European limits for
particulate matter and nitrogen dioxide, especially in trafﬁc inﬂuenced monitoring stations (e.g. Vida-Manzano et al., 2008; BravoAranda et., 2010). In an effort to decrease air pollution, the municipality of Granada implemented a new bus transportation system on 29 June 2014. The new scheme has reduced the overlap
between bus lines in downtown and introduced brand-new buses
with higher passenger capacity and lower emissions. The overlap
between bus lines was reduced by replacing around 10 bus lines
with identical routes when crossing the Granada downtown (from
Caleta to Palacio de Congresos) by a single bus line (named Linea de
Alta Capacidad, LAC). Fig. 2a shows that there were originally
around 10 bus lines going through Gran Vía (shown in a box in
Fig. 2) which were replaced on 29 June 2014 by a single line, LAC, as
can be seen in Fig. 2b. Only two old bus lines (C1 and C2) still transit
Gran Vía together with LAC (Fig. 2b), because these lines use small
buses that are able to traverse the narrow streets of the historical
center. New buses in the LAC line are very frequent, about a
3e5 min wait for passengers at any given moment in contrast to the
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Fig. 1. Map of the trafﬁc restriction zone in Ljubljana (green line) and measurement stations (red dots). (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

passage frequency of 15 min of the old buses. With this new allpurpose central line, two new bus hubs have been placed at Palacio de Congresos and Caleta (marked as black stars in Fig. 2). The
new ﬂeet in the LAC line consists of 15 Mercedes-Benz CapaCity
buses (model C628.486) that use diesel fuel and comply with the
EURO V regulation. These new buses only operate in the LAC line
which goes from Caleta to Palacio de Congresos (Fig. 2b). The other
lines still operated by old buses of varying ages (6 years old in
average). Most of these old buses use diesel fuel and only few ones
use biodiesel fuel. Unfortunately, trafﬁc data are not available.
However, taking into account the number of buses in each line and
their frequency we have estimated a 50% reduction in the number
of buses passing through Gran Vía. This reduction in the number of
buses results in signiﬁcant reduction in trafﬁc congestion in
downtown, especially in Gran Vía Street.
In this study, we analyze ambient pollutant concentrations
measured at three sites in Granada (marked as red squares in
Fig. 2b) and three sites in Ljubljana (marked as red circles in Fig. 1)
before and after the implementation of the new transportation
scheme to determine whether these measures have had any effect
on air quality and to what extent. The measurement sites and the
instrumentation used are described in the following sections.
2.2. Measurements
Two different models of Aethalometers (both Magee Scientiﬁc,
Aerosol d.o.o.) were used in this study: Aethalometers model AE31

(Hansen and Novac, 1984) and Aethalometers model AE33
(Drinovec et al., 2014). The model AE33, so called “dual-spot”,
represents an improvement for measuring black carbon concentrations compared to the AE31 since it includes a real-time loading
compensation of the loading non-linearity (Drinovec et al., 2014).
Uncertainty of the AE31 is about ±5% (Hansen, 2005) and for the
AE33 the uncertainty is expected to be lower. The Aethalometer
measures light attenuation through a quartz ﬁlter matrix as aerosols are deposited on the ﬁlter, at 7 different wavelengths covering
the UV (370 nm), visible (470, 520, 590, and 660 nm) and NIR (880
and 950 nm) ranges. The instrument reports BC mass concentrations calculated from the change in optical attenuation in the
selected time interval using a speciﬁc mass cross section for each
wavelength.
In this work, the change in optical attenuation at 880 nm
wavelength has been used to obtain BC mass concentration using a
mass absorption cross section of 16.6 m2 g-1 as recommended by
the manufacturer. Aethalometer measurements at different wavelengths provide insight in the chemical composition of the
absorbing material (Sandradewi et al., 2008). At this wavelength
the absorption by organic particles and dust is very small relative to
that by BC and thus the aerosol absorption can be attributed to
black carbon alone (e.g. Kirchstetter et al., 2004; Moosmüller et al.,
2009). In Ljubljana, the average daily temperature dropped from
19 ± 4  C in the ﬁrst two weeks of the campaign to 13 ± 4  C in the
last two weeks. Such a temperature change is expected to force
inhabitants in and around of Ljubljana to start heating their houses.
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Fig. 2. Map of the old (a) and new LAC (b) public transportation systems in Granada. The black box marks Gran Vía Street and the black stars the bus hubs (Caleta and Palacio de
Congresos). The red squares indicate the measurement stations. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

On the other hand, Granada campaign was performed during the
summer months (JuneeJuly) with average temperatures for the
Before and After periods of 24 ± 5  C (same average temperature
during both periods). Thus, in order to avoid misinterpretation of
the results due to changes in the emission patterns in Ljubljana
(only trafﬁc during the warm period compared to both sources:
trafﬁc and wood burning, during the colder period), the Aethalometer model (Sandradewi et al., 2008) was used to apportion BC
concentrations in Ljubljana and only the trafﬁc contribution was
€m exponents equal to 1 for trafﬁc emissions
investigated. Ångstro
and 2 for biomass burning were used in the model. This model was
not applied to Granada data since the contribution of wood burning
is expected to be negligible during summer season.
PM10 mass concentrations in Granada were measured using an
optical counter (DustTrak model DRX, TSI) and a beta-attenuation
monitor (Thermo Environmental, Inc.). In the DustTrak instrument, the particle-laden ﬂow goes through the inlet and enters the
optical chamber, where it is illuminated by a collimated 655 nm
laser beam. Scattered light in the scattering angle range of 90 ± 62

is captured by a gold-coated spherical mirror and focused onto a
photo detector (Wang et al., 2009). Wallace et al. (2010) showed
that the DustTrak has a low instrument to instrument variability
(bias of ±10% over 18 instruments) and good agreement when
comparing with gravimetric samples (R2 above 0.9). On the other
hand, the beta-attenuation monitor is based on a different working
principle. In this instrument, low-energy beta rays (i.e.,
0.01e0.1 MeV electrons) are focused on deposits on a ﬁlter tape and
attenuated according to the approximate exponential function of
particulate mass (i.e., Beer's Law). The instrument employs a
continuous ﬁlter tape. The attenuation through an unexposed
portion of the ﬁlter tape is measured, and the tape is then exposed
to the ambient sample ﬂow where a deposit is accumulated. The
difference in attenuation between the blank ﬁlter and the particle
laden ﬁlter is a measure of the accumulated concentration of particles. The beta-attenuation monitor is operated by the Air Quality
Network of the Andalusia Regional Government (www.
juntadeandalucia.es/medioambiente/) and it is calibrated using
concurrent gravimetric measurements as reference.
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Surface SO2, NO2 and CO concentrations were also recorded in
Granada. These measurements were continuously performed by
the Air Quality Network of the Andalusia Regional Government
(www.juntadeandalucia.es/medioambiente/). NO2 concentrations
were measured with an instrument based on the chemiluminescence method (Thermo Environmental Instruments Inc.),
concentrations of CO were obtained by non-dispersive infrared
spectroscopy (Thermo Environmental Instruments Inc.) and SO2
concentrations by ultraviolet ﬂuorescence (Thermo Environmental
Instruments Inc.). Maintenance and calibration operations were
routinely performed to guarantee the correct functioning of the
instruments following the EC directive.
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Aethalometer was about 3.5 m above ground on the roof of the
station. Tivolska Street features 2 lanes in each direction with
extremely dense trafﬁc during peak hours and is one of the busiest
streets in Ljubljana.
Urban background site: This site is part of the air quality
network operated by the Slovene Environmental Agency. The station lies in a park next to the courtyard of the agency away from
busy streets, with the only sources being cars arriving and leaving
the parking in the courtyard. It is classiﬁed as an urban background
site and we used it to monitor the changes in the urban background
BC concentrations during the transition from summer to fall during
the campaign (SEA, 2012). The inlet of the Aethalometer AE33 was
about 3.5 m above ground on the roof of the station.

2.3. Measurement sites
Table 1 lists the measurement sites, instrumentation used and
pollutants measured during the Ljubljana and Granada campaigns.
A detailed description is presented below.
2.3.1. Ljubljana campaign
The three measurement sites in Ljubljana are marked as red dots
in Fig. 1 and are described below. BC measurements were taken at
all three sites with Aethalometers AE33 between 24 August and 23
October 2013.
Slovenska Street (Restriction zone): An Aethalometer AE33
was installed on the ground ﬂoor of the Post building, next to a busy
bus stop. The site is about one third into the trafﬁc restriction zone
from its south end. The inlet was about 3 m above ground with only
sidewalk separating the inlet from the road e the horizontal distance is about 2 m. There are 15 bus lines stopping at the bus stop at
intervals less than 1 min during peak hours on workdays, and no
trafﬁc late at night. Weekends feature different schedules. The
trafﬁc through Slovenska Street was restricted to buses and taxis
with the introduction of the low emission zone. There were four
lanes of trafﬁc (two in each direction: one reserved for public buses
and taxis) before the introduction of the trafﬁc restriction; and two
lanes (one in each direction) afterwards.
Tivolska Street (bypass road): This street is a bypass road
around the city center. We decided to monitor BC at this site
because we expected an increase in trafﬁc and the associated air
pollution at this site. The Aethalometer AE33 at the Tivolska Street
was installed in the municipal air quality measurement station.
This station is placed in a small park about 5 m from the street; it is
classiﬁed as an urban road-side site (SEA, 2012). The inlet of the

2.3.2. Granada campaign
The three measurement sites in Granada are marked as red
squares in Fig. 2.
Gran Vía (GV): This street has three lanes of trafﬁc: two in the
northern direction and one in the southern direction. This street is a
restricted trafﬁc zone so it is closed to private cars between 7:30 to
22:00 local time, except for residents in the area and access to
hotels. The main trafﬁc through this street is usually due to buses,
taxis and motorcycles and it is directly affected by the new public
transportation scheme (Fig. 2). An Aethalometer model AE31 and a
DustTrak DRX were placed on a balcony on the third ﬂoor of the
 gica, a University of Granada
Centro de Transferencia Tecnolo
building (Table 1). This building is located on the Gran Vía Street
and the instruments directly face the road. BC and PM10 measurements at this site started on 9 June 2014.
Palacio de Congresos (PC): An Aethalometer AE31 was placed
at Palacio de Congresos, which is close to one of the new bus hubs
(Fig. 2). This Aethalometer was installed in a cabin of the air quality
network of the Andalusia regional government (Consejeria de
Medio Ambiente, Junta de Andalucía) where other instruments
measuring CO, NO2, SO2 and PM10 are continuously operated (see
Table 1). The station is located close to a children's playground and
around 80 m from the closest road with motor trafﬁc, where one of
the new bus hubs is located (see Fig. 2). At this site the inlet is
around 4 m above the ground. BC measurements at this site started
on 27 June 2014.
Centro Andaluz de Medio Ambiente (CEAMA): Centro Andaluz
de Medio Ambiente is a research facility located in the southern
part of the city of Granada. It is about 470 m from the principal
highway of the city and less than 200 m from a busy street. The

Table 1
Measurement sites, instrumentation used, measured variables and measurement frequency during the Ljubljana and Granada campaigns.
Measurement site
Ljubljana
Slovenska street (restriction zone)
Tivolska Street (bypass road)
Urban background
Granada
Gran Via Street
Palacio de Congresos

CEAMA

Instrument

Measured variable

Measurement
frequency

Aethalometer AE33
Aethalometer AE33
Aethalometer AE33

BC
BC
BC

1 min
1 min
1 min

Aethalometer AE31
DustTrak DRX
Aethalometer AE31
Beta attenuation monitor
Thermo Environmental Instruments

BC
PM10
BC
PM10
NO2
CO
SO2
BC
Wind speed,
wind direction,
temperature,
relative humidity

2 min
1 min
5 min
10 min
10 min
10 min
10 min
1 min

Aethalometer AE33
Meteorological station
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CEAMA institute is located in a pedestrian street and the nearest
street with motor trafﬁc is about 100 m away. This atmospheric
research facility has been continuously operated by the Atmospheric Physic Group of the University of Granada since 2005 (e.g.
Lyamani et al., 2010; Titos et al., 2012). Air inlets for the instrumentation operated at this station are installed on the roof of the
building about 15 m above the ground (see Lyamani et al., 2008,
2010 for further details on the measurement station). CEAMA station is 2 km away (straight line) from Gran Vía Street and is not
directly affected by the new public transportation scheme. At this
site, the Aethalometer AE33 has been used for measuring BC concentrations since 2013. Furthermore, continuous data of wind
speed and direction, relative humidity and temperature were obtained from a weather station located in the rooftop of the building.
This station is used here as background reference station in order to
evaluate the impact of the new transportation scheme on air
quality in the city center.
2.4. Comparability of black carbon measurements
The Aethalometers used in both Ljubljana and Granada studies
were compared before the corresponding campaigns. In Ljubljana,
instruments were run together in a test chamber for two days.
Table 2 shows the slopes and correlation factors from the intercomparison exercises using AE33-bypass road as reference instrument. One of the AE33 instruments (AE33-background site) differed
by þ14% from the other two instruments most probably due to a
ﬂow calibration. The factor shown in Table 2 was used to correct the
measurements of this instrument. In Granada, Aethalometer instruments (one AE33 and two AE31) were run together connected to
a common sampling ambient air inlet during two weeks. The results
of the intercomparison exercise are shown in Table 2. AE33-CEAMA
was used as reference instrument. During this period, BC covered a
wide range of concentrations (from values below 1 up to 12 mg/m3),
which can be considered as representative for this area (Lyamani
et al., 2011). The differences observed between instruments were
taken into account when analyzing the results.
3. Results and discussion
3.1. Ljubljana campaign
The restriction zone in Ljubljana has been implemented in a part
of Slovenska Street in the city center. The road was closed for all
trafﬁc except public buses and taxies. Ljubljana campaign consisted
of BC measurements for approximately one month before restriction and one month after the implementation of trafﬁc restriction
(Fig. 3).
Before the trafﬁc restriction, BC concentrations were higher at
the restriction zone than at the other sites. This is expected as the
restriction zone is a typical street-canyon. During the reconstruction period high BC concentrations were observed at this site
caused by heavy diesel machinery. Therefore, this data was omitted
from the later analysis. The following time periods have been
compared:

 Before restriction: 24/08/2013 00:00:00e21/09/2013 23:59:00
 After restriction: 29/09/2013 00:00:00e23/10/2013 15:04:00
Statistical analysis of BC concentrations for the selected periods
shows lowest BC concentrations at the background site (Fig. 4).
There was an increase in background BC concentrations before and
after the trafﬁc restriction was implemented from 2.0 to 3.0 mg/m3.
A part of this difference was attributed to the start of the heating
season with an average increase in biomass burning fraction of
0.4 mg/m3 in BC as calculated using the source apportionment
model (Sandradewi et al., 2008). The remaining difference could be
attributed to the changes in the planetary boundary layer height in
the beginning of autumn. Similarly, an average increase of 1 mg/m3
in black carbon mean concentrations from 4.5 to 5.5 mg/m3 was
observed for the bypass road. On the contrary, we observe a strong
reduction on mean BC values at the restriction site from 7.6 to
4.7 mg/m3 (Fig. 4). A reduction in the interquartile range and the
median values is also observed at the restriction zone.
To get further insight about the pollution/dilution regime we
have investigated diurnal evolution of BC concentrations (Fig. 5).
Before the trafﬁc restrictions, we found morning, afternoon and
evening peaks (at 8 h, 16 h and 21 h) at the restriction zone. With
the trafﬁc restriction in place the afternoon peak completely disappeared, being therefore most probably caused by cars. The BC
diurnal proﬁle at the bypass road did not show signiﬁcant changes
before and after the restriction was implemented, featuring distinct
peaks in the morning and in the evening. After the implementation
of the trafﬁc restriction we observe similar BC diurnal proﬁles for
bypass road and restriction site with a decrease of BC in the middle
of the day. The BC diurnal evolution at the background site has less
pronounced peaks being less sensitive to the local sources. The
evening peak is more pronounced in the second part of the
campaign at the background site. Part of this enhancement is
connected to the start of the wood burning season (Fig. 5c); also
there might be some inﬂuence of less vertical mixing in the atmosphere due to lower temperatures and shorter day.
To identify the contribution of the local sources to the pollution
at the restriction zone and bypass road we subtracted the background black carbon concentrations (Fig. 6). We observe a big
reduction of local BC concentration at the restriction site and
almost no change at the bypass road. The results show that buses
and taxies are responsible for only about a quarter of the local BC.
The restriction measures decreased the local concentrations of BC
at the restriction zone below those found at the bypass road even
though the restriction site is a street-canyon. At the bypass road we
did not observe any increase in local BC concentrations although an
increase in trafﬁc intensity was expected there. Trafﬁc restriction
measures in the center of Ljubljana turned out to be very efﬁcient at
reducing local BC concentrations by 72% at the restriction site
without signiﬁcant change at the bypass road (Table 2).
3.2. Granada campaign
The study covers the period from 9 June to 15 July 2014. The new
public transportation system became operational on 29 June. Thus,

Table 2
Results of the Aethalometers intercomparison exercises carried out before ﬁeld installation (slopes and correlation factors). AE33-bypass road and AE33-CEAMA were used as
reference instruments for the Ljubljana and Granada campaigns, respectively.
Study

Reference instrument

Instruments

Slope

Ljubljana campaign

AE33-bypass road

Granada campaign

AE33-CEAMA

AE33-restriction zone
AE33-background site
AE31-GV
AE31-PC

1.017
1.139
0.967
0.902

R2
±
±
±
±

0.001
0.001
0.008
0.006

0.99
1.00
0.98
0.99
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Fig. 3. BC concentrations measured in Ljubljana at the restriction zone, bypass road and background site. The three time periods (before restriction, reconstruction and after
restriction) are shown.

the study period was split into two periods (named as Before and
After) with the division time on 29 June in order to evaluate the
impact of this new transportation scheme on air quality. Meteorological conditions and emissions are competitive processes
determining the magnitude of pollutant concentrations in the atmosphere (e.g. Lyamani et al., 2012). Therefore, the main meteorological variables (temperature, relative humidity, wind speed and
direction and precipitation) have been compared for both periods
in order to ensure that changes in air pollutant concentrations are
caused by changes in emissions rather than changes in the meteorological conditions. During both periods, the relative humidity
and the temperature were very similar (RH of 37 ± 15% for the
Before period and 34 ± 15% for the After period and average temperature of 24 ± 5  C for both periods). For both periods, the averaged wind patterns were very similar with a predominance of
winds from the North-East and South-West directions. Average
wind speeds were also very similar during both periods
(1.5 ± 0.7 m/s before and 1.6 ± 0.7 m/s after). The only day affected
by rain was 24 June; during this day 7.6 mm of rain were recorded
on Granada area (OGIMET, http://www.ogimet.com/). To remove
the possible inﬂuence of precipitation, we excluded this day from
the study in order to ensure that both periods were meteorologically similar.

Fig. 4. Box plots of BC mass concentrations for the Before and After periods for restriction zone, bypass road and background site in Ljubljana. The squares are the mean
values, the whiskers represent the standard deviation, the box limits are the 25 and 75
percentiles and the mid line is the median concentration.

The LAC implementation involved renewal of the bus ﬂeet and a
reduction in the number of buses passing through Gran Via Street;
an increase in the number of buses (old and new ones) due to the
creation of a bus hub in Palacio de Congresos; and no changes in
bus trafﬁc in the surroundings of the CEAMA station. In addition, it
is worth noting that since many years ago Gran Via is a trafﬁc
restricted zone from 7:30 he22 h, so trafﬁc at this street is mainly
due to buses, taxies and motorcycles. Fig. 7 shows 30-min averaged
BC and PM10 mass concentrations measured at the three stations
during the study period. The green line marks the division between
the Before and After periods and the shadowed area the days
excluded from the study. There was a visible drop in all stations in
BC and PM10 concentrations during 19e22 June. These days were
excluded from the analysis because they were festive days with a
special trafﬁc management and hence they were not representative
of the normal conditions. Both BC and PM10 mass concentrations
showed a strong diurnal variability (seen as spikes of day-time
concentration maxima in the time-series, Fig. 7). Taking into account the 10% difference found between AE31 PC and AE33 CEAMA
(Table 2), BC concentrations at CEAMA and PC were very similar and
followed almost identical temporal evolutions (Fig. 7), which might
be expected due to the proximity between these two stations.
The distributions of 30-min averaged BC mass concentrations
for the Before and After periods during working days (from Monday
to Friday) are shown as box plots in Fig. 8. Considerable decreases in
the mean and median BC concentrations after the implementation
of the new transportation scheme were observed in Gran Vía. It is
worth to note, that the 25% and 75% percentiles of BC concentrations at Gran Vía also showed a signiﬁcant decrease after the
implementation of the new transportation system, suggesting a
signiﬁcant decrease in the background and peak BC concentrations.
On the other hand, only a small decrease in BC concentrations was
observed at CEAMA during the analyzed period. In order to estimate whether the effect of LAC on air pollutants was signiﬁcant a
Welch's t-test (so called unpaired t-test) (Welch, 1947) was performed on the Before and After data. According to this test the differences between the BC concentrations before and after the
implementation of LAC at Gran Vía were signiﬁcant at 0.01 conﬁdence level while at CEAMA the slight decrease was not signiﬁcant
(Table 3). Mean BC concentrations at Gran Vía experienced an
average decrease of 1.3 mg/m3 (37% decrease) after the LAC implementation. The box plots in Fig. 8 show that the distribution of BC
concentrations were very similar for the Before and After periods at
CEAMA, but differed considerably at Gran Via (lower standard deviation and interquartile range for the After period).
Fig. 9 shows the average diurnal evolution of hourly BC mass
concentrations measured during working days at CEAMA and Gran
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Fig. 5. Average diurnal evolution of hourly BC mass concentrations during weekdays for before and after trafﬁc restriction in Ljubljana for (a) restriction zone, (b) bypass road and
(c) background site. BC biomass burning concentration BCBB is presented for the After period (d) at the three sites. The standard deviations have been omitted for better
visualization.

Via for the Before and After periods. The diurnal cycle of BC showed
two maxima during morning and afternoon trafﬁc rush hours at
both stations. This pattern did not change after the implementation
of the LAC, indicating similar features in source emissions and atmospheric boundary layer dynamics. At CEAMA, BC concentrations
at every hour of the day remained fairly constant for the Before and
After periods and the diurnal evolution during both periods was

Fig. 6. Contribution of the local sources to the measured black carbon concentration
before and after the trafﬁc restriction in Ljubljana at the location of the restriction zone
and the bypass road.

almost identical. On the other hand, BC mass concentrations at
Gran Via experienced a considerable decrease after the LAC
implementation, especially evident during the morning trafﬁc peak
(BC mass concentrations decreased from 10 ± 2 mg/m3 to 5 ± 2 mg/
m3 during the morning peak). It is important to draw the attention
to the BC values at Gran Via during the night (from midnight to
6 am) when the same BC concentrations were obtained for the
Before and After periods. At this time on working days there is no
bus service so the trafﬁc consists of taxis, motorcycles and private
cars. From 7 am to 11 pm the decrease for mean BC values in GV was
larger (1.8 mg/m3 average decrease, that is 45%). Thus, the BC
decrease observed at GV during the day can be attributed to the
implementation of the new transportation system since there were
no changes outside the hours of buses operation. This fact is reinforced by the fact that at CEAMA (background station not directly
affected by LAC implementation) the BC concentrations remained
at the same levels during the Before and After periods, as shown
previously.
To identify the contribution of local sources to the BC pollution
at Gran Via we subtracted to the BC concentrations measured at GV
the ones measured at CEAMA, considering that measurements at
CEAMA are representative of the background situation (Fig. 10). A
big reduction of local BC concentrations is observed, with a
decrease of 44% on average.
PM10 concentrations strongly decreased in Gran Via after LAC
implementation by 15 mg/m3 (33%) on average, while there was no
signiﬁcant change at Palacio de Congresos (Fig. 11). The decrease in
PM10 concentrations observed in GV was signiﬁcant at 0.01
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Fig. 7. Time series of 30-min averaged BC concentrations measured at CEAMA, Gran Via and Palacio de Congresos (upper panel) and PM10 mass concentrations measured at Gran
Via and Palacio de Congresos (lower panel). The green line marks the change in the transportation system and the shadowed area the days excluded from the study. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

conﬁdence level according to the t-test (Table 3). Similarly to BC,
PM10 at GV also showed less variability after the LAC implementation with lower standard deviation and interquartile range as
shown in Fig. 11. Throughout the day, the decrease in PM10 concentrations at GV was more pronounced during the morning rush

Fig. 8. Box plots of BC mass concentrations during working days before and after the
LAC implementation at GV and CEAMA stations. The squares are the mean values, the
whiskers represent the standard deviation, the box limits are the 25 and 75 percentiles
and the mid line is the median.

hours, although the decrease occurred at all hours of the day
(Fig. 12). The PM10 morning maximum decreased from 81 ± 28 mg/
m3 to 53 ± 17 mg/m3, evidencing a signiﬁcant decrease in trafﬁc
emissions due to the LAC implementation. At Palacio de Congresos,
no signiﬁcant changes were observed in the diurnal evolution of
PM10 concentrations, although slightly higher concentrations were
observed during the afternoon peak after the new buses regulation.
Larger error bars (standard deviations) were obtained for the After
period at PC denoting larger PM10 variability after the implementation of the LAC system (Fig. 11).
SO2, NO2 and CO concentrations were only measured at Palacio
de Congresos station. SO2 and NO2 did not exhibit any change after
the implementation of the LAC system, but CO experienced a slight
increase as shown in Fig. 13. According to the t-test, this increase
was not signiﬁcant at 0.01 conﬁdence level (see Table 3). Mean and
standard deviation values of CO increased from 450 ± 50 to
460 ± 70 mg/m3, denoting also larger variability during the After
period. Unfortunately, there were very few BC data at PC for the
Before period so it is not possible to see if this increase in CO was
accompanied by an increase in BC too. At Palacio de Congresos, in
spite of the implementation of the LAC buses with lower emissions,
the concentrations of PM10 and gaseous pollutants did not change
signiﬁcantly, except for CO that increased slightly. This might be
due to an increase in the total number of buses (new ones from the
LAC line but also old ones from the other lines) that transit this area
and the driving regime (frequent stops and restarts), due to the new
bus hub.
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Table 3
Statistical summary of the main pollutants measured at the different stations in Ljubljana and Granada before and after the trafﬁc changes and relative difference between the
mean values (the minus sign denotes a decrease after the modiﬁcation of the transportation system). Change signiﬁcance at 0.01 conﬁdence level according to the T-test is also
reported.
Pollutant (mg/m3)

Before
Mean

Ljubljana
BC Restriction zone
BC Bypass road
Granada
BC CEAMA
BC GV
PM10 PC
PM10 GV
SO2
NO2
CO

After
SD

Mean

Relative difference

Signiﬁcant
at 0.01 level

72%
6%

Yes
No

14%
37%
0
33%
9%
7%
þ2.2%

No
Yes
No
Yes
No
No
No

SD

5.6
2.5

8.1
4.9

1.6
2.4

5.9
6.3

1.4
3.8
26
45
12
29
450

0.9
2.7
11
19
7
19
50

1.2
2.5
26
30
11
27
460

1.0
1.6
14
12
6
18
70

Fig. 9. Average diurnal evolution of hourly BC mass concentrations during working days before and after the LAC implementation at GV (left panel) and CEAMA (right panel). The
standard deviations have been omitted for better visualization.

4. Discussion and conclusions
The trafﬁc restriction implemented in Slovenska Street in
Ljubljana is similar to the restriction implemented in Gran Via,
Granada, several years ago when the trafﬁc to private cars was
limited. The effect of trafﬁc restriction on air quality in the center of

Fig. 10. The contribution of the local sources to the measured black carbon concentration Before and After trafﬁc restriction in Granada at Gran Via.

Ljubljana was evaluated using black carbon measurements. The
local contribution to BC was determined in Ljubljana by subtracting
the urban background concentration from the measurements at
restriction zone and bypass road. The results show a 72% reduction

Fig. 11. Box plots of PM10 mass concentrations during working days before and after
the LAC implementation at PC and GV stations. The squares are the mean values, the
whiskers represent the standard deviation, the box limits are the 25 and 75 percentiles
and the mid line is the median.

G. Titos et al. / Atmospheric Environment 114 (2015) 19e31

29

Fig. 12. Diurnal evolution of hourly PM10 mass concentrations during working days before and after the LAC implementation at GV (left panel) and PC (right panel). The standard
deviations have been omitted for better visualization.

of the local BC pollution at the restriction site and almost no change
at the bypass road. The trafﬁc restriction is limited in its scope as
only a 400 m long section of Slovenska Street has been closed to
cars. The effect of the restriction is therefore larger than one might
expect from its length. In Granada, a new transportation scheme
was implemented in the city center, which involves a reduction in
the number of buses transiting Gran Via and a completely reengineered bus ﬂeet in this street. A statistically signiﬁcant
decrease in air pollutants concentrations (BC and PM10) was
observed at Gran Vía after the implementation of the new public
transportation system. The change in the public transportation
system resulted in a 37% (1.3 mg/m3) and 33% (15 mg/m3) decrease in
BC and PM10 concentrations at Gran Via, respectively. In addition,
measurements of PM10, BC and gaseous pollutants close to one of
the new bus interchange stations showed no changes in PM10, SO2
and NO2 mass concentrations and a slight increase of 2.2% on CO
concentrations after the implementation of new public transportation system. At the background station, CEAMA, which was
not directly affected by the changes in the public transportation, BC
mass concentrations did not change signiﬁcantly.

Since the change in the public transportation occurred in a
period that could be inﬂuenced by a decrease in the number of
private cars due to summer vacation we have investigated the BC
concentrations measured at CEAMA for the same time period of the
three previous years (2011, 2012 and 2013). Over these past years,
BC concentrations did not change signiﬁcantly during the transition
from June to July. With this in mind and taking into account that GV
station is located in an area where private transportation is
restricted except during the evening, the decrease observed in BC
and PM10 concentrations at Gran Vía street can be attributed to the
change in the public transportation system. Since the new buses as
old ones run on diesel fuel, the improvement observed on air
quality in Gran Vía might be due to the reduction in the number of
buses passing by this street and/or to the new technology implemented in the LAC buses with lower emissions. A similar modiﬁcation in the public transportation system was implemented in
Santiago de Chile (Transantiago) in July 2006. Gramsch et al. (2013)
studied the effect of this change on BC concentrations along four
roads directly affected by the modiﬁcation of the transport system
by analyzing the BC concentrations during July 2005 and July 2007.

Fig. 13. Box plots of SO2, NO2 and CO mass concentrations during working days before and after the LAC implementation at PC station. The squares are the mean values, the
whiskers represent the standard deviation, the box limits are the 25 and 75 percentiles and the mid line is the median.
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Gramsch et al. (2013) reported a statistical signiﬁcant BC reduction
in one of the streets, an increase in other one and no changes in the
other two streets. These authors concluded that the decrease
observed was more likely due to a decrease in the total number of
cars, but not to changes in the public transportation system. In our
study, since Gran Vía was already a street restricted to private cars,
the decrease observed in BC and PM10 was likely due to the reengineered bus ﬂeet and the reduction in the number of buses
passing through Gran Vía.
Other measures to improve air quality have been implemented
over the last decade at many European cities. These actions are often
unpopular and debatable and their effectiveness is still somewhat
unquantiﬁed. Low Emission Zones (LEZs) have become a very common measure to reduce air quality degradation in Europe.
Panteliadis et al. (2014) reported a 13% and 7.7% reduction in
elemental carbon, EC, concentrations after the implementation of a
LEZ in Amsterdam. Rapaport (2002) and Carslaw and Beevers (2002)
reported that the implementation of the LEZ in Stockholm and
London, respectively, did not resulted in any improvement in NO2
concentrations. On the other hand, Invernizzi et al. (2011) reported a
decrease of black carbon (47%) and no changes in PM10 in the Ecopass
Zone in Milan in comparison to a non-restricted area during a three
days campaign. Davis (2008) investigated the LEZ in Mexico City and
showed no evidence of air quality improvement, mostly because
inhabitants circumvented the restrictions. Our study shows an
overwhelming 72% reduction in BC due to limiting trafﬁc allowing
only public transport and taxis in Ljubljana and a decrease above 30%
in BC and PM10 in the street directly affected by the modiﬁcation of
the public transportation in Granada. Thus, appropriate transportation policies can importantly improve the air quality of the city.
Limiting trafﬁc to public transport only and reducing overlap between public transport lines with a concurrent renewal of the ﬂeet
can reduce the primary air pollution by up to 80%.
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