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ABSTRACT

Carbon-containing particles are associated with adverse health effects, and their light-absorbing fractions were
recently estimated to be the second largest contributor to global warming after carbon dioxide. Knowledge on
the spatiotemporal variability of light-absorbing carbon (LAC) particles in urban areas is relevant for air quality
management and to better diagnose the population exposure to these particles. This work reports on the first
mobile LAC mass concentrations (M 5c) measured on-board four taxis in the Stockholm metropolitan area
in November 2011. On average, concentrations were higher and more variable during daytime (median of
1.9pug m ~3 and median absolute deviation of 2.3 [1h:s m~3). Night-time (21:00-05:00) measurements were very
similar for all road types and also compared to levels monitored at an urban background fixed site (median of
0.9 ug m~%). We observed a large intra-urban variability in concentrations, with maxima levels inside road
tunnels (median and 95th percentile of 7.5 and 40.1 pug m 3, respectively). Highways presented the second
ranked concentrations (median and 95th percentile of 3.2 and 9.7 pg m ~3, respectively) associated with highest
vehicle speed (median of 65km h ~"), traffic rates (median of 62000 vehicles day ~' and 1500 vehicles h ~') and
diesel vehicles share (7-10%) when compared to main roads, canyon streets, and local roads. Multiple
regression modelling identified hourly traffic rate and My sc concentration measured at an urban background
site as the best predictors of on-road concentrations, but explained only 25% of the observed variability. This
feasibility study proved to be a time- and cost-effective approach to map out ambient My ¢ concentrations in
Stockholm and more research is required to represent the distribution in other periods of the year. Simultaneous
monitoring of other pollutants, closely correlated to My ¢ levels in traffic-polluted environments, and including
video recording of road and traffic changes would be an asset.

Keywords: black carbon, elemental carbon, mobile measurements, urban aerosols, air quality, multiple regression
modelling, Sweden
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1. Introduction Because of their ability to strongly absorb sunlight, LAC
affects the Earth’s climate system through various complex
mechanisms contributing to global warming. Bond et al.
(2013) recently estimated that LAC particles are the second
most important man-made agent of climate change, right

Primary carbonaceous aerosols are formed during incom-
plete combustion of carbon-based fuels, and regarding their
optical properties they are classified as light-absorbing
carbon (LAC) and organic carbon (OC); the latter has
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main sources of LAC emissions in 2005 were residential
combustion of biofuels (37%), road transport (21%), off-
road transport (18%) and power plants/industry (18%)
(Hansson et al., 2011).

Besides the relevant climate impacts, carbon-containing
aerosols are associated with cardiopulmonary morbidity
and mortality since they act as carriers of a wide variety of
toxic chemical constituents (Janssen et al., 2012). LAC
particles make up a large fraction of diesel transport emis-
sions (on average, ~75%) and, lately, the World Health
Organization reclassified diesel exhaust fumes from ‘prob-
ably carcinogenic’ to ‘carcinogenic’ due to compelling
scientific evidence (Attfield et al., 2012; Silverman et al.,
2012). Thus, the implementation of strategies to reduce LAC
emissions should be of outmost importance to decrease
people’s exposure to them, as well as providing almost
immediate climate benefits.

A detailed knowledge of the concentration variability
across the city is required to better predict the daily exposure
of the general population and of drivers, identify air quality
hot-spot areas, and elucidate the factors determining
pollutant emissions. Spatiotemporal characteristics of am-
bient aerosol are commonly investigated by simultaneous
measurements at fixed sites, by remote sensing (aircrafts
and satellites) and, less frequently, by using ground-based
mobile platforms. Mobile platforms provide a larger spatial
coverage than a network of stationary monitoring sites and
can be used either for stationary sampling (i.e. parked for
on-going monitoring) or for drive-by measurements (i.e.
measuring while driving). Mobile air quality laboratories
usually have a large set of gas and aerosol rapid-response
instruments deployed on permanently dedicated vehicles
(passenger cars, vans, trucks and even trains) and follow
a selected route within the city on a regular basis for a
relatively brief time (usually a few hours). Some experiments
are designed to chase single vehicle emissions such as diesel
engine exhaust plumes to construct or verify emission
inventories (e.g. Wang et al., 2011). Other researchers focus
on mapping the concentration distribution of atmospheric
pollutants (e.g. Mohr et al., 2011) whereas some studies
target specific city areas such as traffic-dominated regions
(e.g. Pirjola et al., 2004) and industrial neighbourhoods
(Wallace et al., 2009). Mobile monitoring studies, including
Mpac measurements, were performed in several cities
like Zurich in Switzerland (Mohr et al., 2011), Aachen in
Germany (Schneider et al., 2008), Beijing in China (Wang
et al., 2009), Mexico City in Mexico (Thornhill et al., 2008)
and Los Angeles in USA (Westerdahl et al., 2005).

Stockholm is the most populous metropolitan region in
Scandinavia (2.1 million inhabitants, Statistics Sweden,
2012) and is built over 14 islands with over 30% of the
area made up of waterways and 30% occupied by green
spaces. To interconnect the islands and speed up road

transport, several bridges and road tunnels are in use and
two large road projects consisting of long tunnels (Norra
Lianken and E4 Stockholm Bypass) are under construction.
To comply with national and EU air quality directives,
an air quality monitoring network was established in
Stockholm in 1993-1994 by the Stockholm Environment
and Health Administration and is operated by SLB analys.
A previous study by Krecl et al. (2011) analysed measure-
ments carried out at four monitoring stations (two kerbside
stations, one urban background site and a rural station)
in Stockholm to determine the spatial variability of LAC
mass concentrations (Mpac) within the city. They con-
cluded that concentrations of LAC between urban sites were
poorly correlated (even for daily averages) and highly
heterogeneously distributed. This finding emphasises the
need for a more detailed mapping of pollutants levels in
the city to better assess the population exposure.

This work examines the first mobile LAC measurements
conducted in the Stockholm metropolitan area during an
intensive campaign in November 201 1. Unlike other studies,
we installed instruments on-board taxis operating on their
usual working schedule, with no planned route. We aim
to show that this novel approach is suitable for mapping out
the intra-urban My oc concentrations with high spatiotem-
poral resolution. After characterising the mobile concentra-
tions, we combined them with fixed-site monitoring and
traffic factors into a multiple regression model to identify
the best predictors of on-road LAC.

2. Methodology

Concurrent mobile and fixed M ac concentrations were
collected in the Stockholm metropolitan area during 7-17
November 2011, along with geolocation and vehicle speed
(mobile), and meteorological variables (stationary sites).
A description of the experimental set-up and the strategy
for data analysis follows.

2.1. Mobile measurements

On-road measurements were performed simultaneously by
using four diesel taxis as mobile platforms. Concentrations
of M ac were gathered with Micro Aethalometers model
AES1 (Magee Scientific, USA) at 880 nm wavelength, with
no pre-cut size device and the LAC mass absorption
cross section o, provided by the manufacturer (12.5m> g~ )
was used to compute Aethalometer concentrations. Flow
rates were setup initially at 100 ml min ~!, but after gain-
ing experience on the typical filter loading with these
sampling conditions, the flow rates were lowered to 40—
50ml min~"'. Vehicle geographical position and driving
speed were recorded with portable global positioning system
(GPS) data loggers (GlobalSat model DG-100, Taiwan).
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The instruments were housed in a small box (23 x 14 x
10cm) on the taxi rooftop towards the left centre location
using the taxi roof-light structure to mount the box,
approximately 1.5m above the road surface. This position
was chosen to reduce, as much as possible, self-contamina-
tion by the engine exhaust emissions. The GPS logged data
every 6 sec., and the micro Aethalometer recorded My ac
measurements every minute. Always when batteries were
changed, the clocks of the instruments were synchronised
according to the satellite time given by the GPS. Mobile
Mpac data were screened for high attenuation values
(ATN >75, Virkkula et al., 2007), low battery charge,
flow rate out of range, and LED current out of range.
Measurements matching periods of maintenance and when
taxis were parked at the company garage were also excluded.
GPS data were examined to detect wrong geolocations and
causes of temporary signal interruption (inside road tunnels
or low battery events).

2.2. Fixed-site monitoring

Stationary My oc measurements were carried out at two
monitoring sites in central Stockholm (Hornsgatan and
Torkel) and at a rural station (Aspvreten) using custom-
built Particle Soot Absorption Photometers (PSAPs) with
no size selective inlet at a 525 nm wavelength (Krecl et al.,
2010, 2011). Data were logged every 15 min and several
corrections were applied to PSAP measurements to obtain
the absorption coefficient of the airborne particles (Krecl
et al., 2007, 2010, 2011). To correct for light scattered from
aerosol deposited onto the PSAP filter, aerosol light-
scattering coefficients were estimated from PM, s mass
concentrations multiplied by aerosol mass scattering coeffi-
cients of 4.0 and 2.0m*> g~ ' for urban and rural sites,
respectively (Krecl et al., 2007, 2011). Finally, to convert the
aerosol light absorption coefficient into My oc we used site-
dependent o, values of 7.6 and 10m? g~! for urban and
rural sites, respectively (Krecl et al., 2011). We assumed that
all light absorption was from LAC and that all LAC had the
same o, value at each site over the sampling period. We
discarded the contribution of other light-absorbing sub-
stances (e.g. mineral dust) to the PSAP measurements since
no dust re-suspension occurs in Stockholm during the
fall season (Norman and Johansson, 2006) and no long-
range transport of Saharan mineral dust to Stockholm was
observed during the sampling period (4-d air mass back-
ward trajectory analysis with HYSPLIT, Draxler and
Rolph, 2013).

Hornsgatan is a four-lane street canyon and instruments
were housed in a trailer parked on the street with a traffic
volume of ~ 28000 vehicles per day. Torkel is located on a
rooftop platform (25 m height) and thereby represents urban
background concentrations for the Stockholm region, since

it is less affected by nearby emissions. The distance between
Hornsgatan and Torkel sites is 450 m. Aspvreten is a rural
background station, operated by ITM (Stockholm Univer-
sity), and located 80 km southwest of Stockholm in a region
with forest and grasslands.

In addition, meteorological measurements were con-
ducted at Torkel site, including air temperature and relative
humidity (Hygroclip probe, Rotronic AG, Switzerland),
precipitation (tipping bucket rain gauge, model HB 3166-06,
Casella Measurement, UK), and wind speed and direction
(ultrasonic anemometer, model R3, Gill Instruments Ltd.,
UK). Sensors were installed at 2m above rooftop, except
for the anemometer installed at 10 m height, and hourly
averages were recorded. All data are reported in local
standard time (UTC+1).

2.3. Traffic and population information

Population density is often used as a proxy for anthropo-
genic activities, including vehicular traffic, whereas more
specific traffic variables better describe the impact of on-
road traffic. We used population density for the Stockholm
and Uppsala counties, expressed in number of inhabitants
per km?, provided by Statistics Sweden. The following data
fields from the Swedish National Road database (Norlin,
2013): geocoded location, daily traffic counts, heavy-duty
share, road type and road speed limit were used to assess
the traffic rate and road characteristics for each individual
waypoint in our study. Daily traffic rates, based on annual
average counts including light- and heavy-duty vehicles
travelling in both directions, were informed by the Stock-
holm and Uppsala County Air Quality Management As-
sociation (LVF) for the region of interest. In theory, the
road network includes all roads for motorised vehicles,
and the requirement of positional accuracy for road links
is +4 m at the 95% confidence level (Norlin, 2013). For this
study, road types were grouped into the following cate-
gories: highways, main roads, canyon streets, local roads
and tunnel roads (Fig. 1). Note that geographical positions
of road tunnels were not mapped due to their small di-
mensions in relation to the map scale. Street canyons are
mostly located on main roads (81%), but were classified in a
separate group because of their special geometry, which pre-
vents pollutants from a proper dispersion when wind blows
perpendicular to the canyon orientation (Vardoulakis et al.,
2003). Diurnal profiles of traffic rate for the different road
types, months and days of the week (Monday—Thursday,
Friday, Saturday and Sunday) were extracted from
the LVF emission database (Johansson and Eneroth,
2007) and later used to calculate traffic rates for light-duty
vehicles for each waypoint of our dataset.
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Fig. 1.  Map of the roads sampled in the Stockholm
metropolitan region.

2.4. Data processing and integration

To highlight spatial variations in the concentrations, a
temporal adjustment of mobile M oc concentrations was
performed following a combined approach as suggested by
Dons et al. (2012). Then, hourly mean observations from a
reference monitor (Aspvreten rural site) were used to rescale
the mobile measurements. Depending on the relationship
between the mobile and background concentrations at a
particular day and time, an additive or multiplicative term
was used to temporally adjust the on-road My ¢ concentra-
tion and account for changing background conditions (for
details on the methodology, see Supplementary file).
Median GPS variables (i.e. latitude, longitude and vehicle
speed) were calculated over 1-min periods matching the
sampling times of valid mobile concentrations. We dis-
carded measurements with missing GPS signal due to low
battery charge, whereas data with no associated GPS signal
inside road tunnels were preserved for further analysis.
Using geospatial processing software (ArcGis 10, ESRI,
Redlands, USA), the geocoded 1-min My sc observations
were linked to the road and traffic data associated with the
road network previously described. The spatial joint was
done using the nearest road link and different arbitrary
cut-off distances were considered for data exclusion: 400,
100 and 30m. A threshold of 100 m was decided based on

a trade-off between data accuracy and data reduction (see
detailed explanation in Supplementary file). Finally, the
geocoded My 5c dataset with traffic attributes was spatially
joined with the population density layer.

2.5. Statistical analysis

Descriptive statistics and temporal variations were calcu-
lated for mobile and fixed-site M| ¢ concentrations, and
bivariate relationships between mobile My oc concentra-
tion and traffic-related variables were explored.

Afterwards stepwise multiple regression was performed
to examine the relationship between a single dependent
variable (mobile M 5c data) and a set of independent var-
iables (numerical and categorical), and to predict on-road
M ac concentrations as a function of several predictors.
Prior to model fitting, independent variables were selected to
reduce multicollinearity following Henderson et al. (2007).
First, we analysed the Pearson correlation coefficient (r)
matrix of the numerical independent variables. If two inde-
pendent variables were highly correlated (|r| >0.95), the
one with the lowest correlation with the dependent variable
was deleted. Second, we identified the independent variable
with the highest correlation with the dependent variable in
each subcategory. Variables in the same subcategory that
were moderately correlated (|r| >0.6) with the most highly
ranked variable were also discarded. Categorical variables
were included in the model through indicator coding with
the condition that each subcategory should at least contain
10% of the observations (Noth et al., 2011). The pool of
candidate variables was also checked for normality (normal
probability plots), linearity and homoscedasticity (bivariate
plots) and remedy transformations were applied, when
possible, for assumption violations.

The regression process started with a constant model and
used a linear model as the upper bounding model. The
criterion used for inclusion of independent variables at any
step was their contribution to the adjusted coefficient of
determination (adjusted R?), set up to at least 1%. Variables
with insignificant f-statistics at a confidence level of 95%
were removed. A second model run included a non-linear
effect to allow interactions within the independent variables
in the form of a bilinear moderator. To further determine
assumption violations due to the combined effects of all
independent variables onto the dependent variable, residual
values were examined for normality (normal distribution
plots), linearity and homoscedasticity (studentised residuals
vs. fitted values), and independence of the error term (Hair
et al., 1998). In the latter case, the spatial correlation of
studentised residuals was calculated by using the Moran’s
index and the temporal correlation was explored through
autocorrelation analysis. Then, we identified influential
observations through a set of diagnostics (leverage, Cook’s
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distance, covariance ratio, and DFFIT) and assessed their
impact on the regression model. Besides interpreting the
regression variate from the statistical viewpoint, we identi-
fied empirical evidence of the multivariate relationships
in the dataset that can be generalised for the study area.
To validate the regression model, 25% of the original
dataset was randomly removed and the regression model
was run 300 times on the new data subsets and finally model
outputs (adjusted R% root mean squared error (RMSE),
and regression equations) were evaluated.

3. Results and discussion

3.1. Comparison of aerosol light-absorbing
measurements

The four micro Aethalometers AES1 were intercompared
in the ITM laboratory when sampling air from outdoors
during 18 hours at flow rates similar to those set up during
the field campaign. For 1-min measurements, all instru-
ments showed high correlation coefficients (R =0.97-0.99)
with regression slopes ranging between 1.00 and 1.10 and
y-intercepts <0.06 pg m ~>. Since locations with concurrent
taxi and fixed-site measurements were too few to make
direct comparisons of My 5c concentrations during the sam-
pling campaign, we later intercompared two of the four
AES1 Aethalometers with a custom-built PSAP at Horns-
gatan site for 17 hours and found high correlations
(R=0.99-1.00) and slopes close to one (0.99-1.10) for
15-min aerosol light absorption measurements.

3.2. General overview

During the field campaign (7-17 November 2011), daily
mean temperature and relative humidity ranged between
1.2°Cand 7.1°C, and between 75 and 97%, respectively. The
mean wind speed was 3.1 m s ~! and the prevailing wind di-
rections were west (50%), southwest (17%), and northwest
(15%), and no precipitation occurred. Because Sweden is

Table 1.
period 7—17 November 2011

situated down-stream of large emission areas in the Eur-
opean continent, with a fairly strong aerosol advection most
of the year (Tunved et al., 2003), we investigated the possible
long-range transport of particles during the study period
by analysing: (a) HYSPLIT (Draxler and Rolph, 2013)
96-h air mass back-trajectories arriving at Stockholm at 500,
1000 and 1500 m height above ground level, and (b) PM;,,
PM, s and Mjsc mass concentrations at the Aspvreten
rural site vs. Stockholm background site (Torkel). Two
episodes with particle advection from Central and Southern
Europe to the Nordic countries were identified on 7 and 13
November 2011 (Supplementary file), increasing pollution
levels (PM;g, PM,s, and Mjpac mass concentrations)
simultaneously at all sites in the study area.

Descriptive statistics of 1-min (mobile platforms) and
hourly mean (stationary sites) M oc concentrations are dis-
played in Table 1 for the period 7 November 2011 10:00—17
November 2011 15:00. Missing data corresponded to time
periods when the instruments were not operating or were
known to be operating improperly (e.g. filter high attenua-
tion values, maintenance for filter and battery change, and
taxis parked at the company garage). Considering indivi-
dual datasets per taxi, mean My oc concentrations ranged
from 2.3 to 3.0 pg m >, and standard deviation (SD) varied
between 3.0 and 4.6 ug m ~>. We also calculated the median
absolute deviation (MAD), which is a robust measure of
statistical dispersion and less sensitive to outliers, as the
median [absolute(x;-median(x))], where X; is an individual
observation and median(x) is the dataset median. Values of
MAD ranged from 0.7 to 1.0 ug m ~>. Highest concentra-
tions (95th percentile) presented more differences between
instruments than lowest concentrations (5th percentile):
6.4-8.9 vs. 0.3pg m >. Maximum concentrations per
dataset varied between 48.6 and 103.9 pg m 3, presenting a
large difference with 95th percentile values, and are relevant
for the assessment of short-term population exposure. Mea-
surements corresponding to taxi #4 presented the highest
dispersion and mean value, most likely due to the smaller
number of samples collected (7-12 November 2011).

M| ac descriptive statistics for every taxi and all data together (1-min values), along with fixed site values (hourly data) in the

Mpac [ug m 3] Taxi 1 Taxi 2 Taxi 3 Taxi 4 All taxis Hornsgatan Torkel Aspvreten
Arithmetic mean 2.3 2.3 2.5 3.0 2.4 33 0.9 0.3
Median 14 1.4 1.6 1.7 1.5 2.7 0.7 0.2
Sth percentile 0.3 0.3 0.3 0.3 0.3 0.6 0.3 0.1
95th percentile 6.4 6.9 7.3 8.9 7.3 8.6 2.0 0.8
Maximum 103.9 80.2 48.6 69.0 103.9 16.0 3.8 1.3
Arithmetic SD 3.7 3.4 3.0 4.6 3.6 2.5 0.6 0.2
MAD 0.7 0.8 0.8 1.0 0.8 1.7 0.3 0.1
Skewness [-] 11.5 7.2 4.8 6.5 8.1 1.5 2.0 1.7
# samples 7080 7116 7107 4150 25453 245 245 243
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Individual and composite M oc datasets showed a skewed
nature (Table 1 and Fig. 2), and were more closely rep-
resented by lognormal distributions (displayed only for the
whole campaign, Fig. 2¢). Individual datasets captured the
grand statistical pattern made up by the composite mea-
surements, as shown when comparing median (1.4-1.7 pgm ~3
range for individual taxis vs. 1.5 pg m ~ for the composite),
5th percentile (all with 0.3pug m~3), 25th (0.7-0.9 vs.
0.8ug m —3) and 75th percentile (2.5-3.2 vs. 2.7 pug m ).
This might be explained by the similar traffic contribution
to the My ac concentrations for all taxis, based on the time
the taxis spent of each road type subcategory: tunnel roads
(1%), canyon streets (6—12%), main roads (11-17%),
highways (19-23%) and local roads (48—63%).

Compared to other urban experiments in Europe using
mobile laboratories, our study revealed similar average con-
centrations. Mean My oc concentrations in Zurich ranged
between 1.0 and 12.0 ug m ~3, depending on the sampled
sector (major traffic arteries, residential areas, suburbs, and
surrounding hills) in 66 hours of winter campaigns (Mohr
etal., 2011). In that case, traffic emissions were identified as
amajor contributor to LAC. Schneider et al. (2008) reported
mean M ac values in the 1.5-9.4 ug m ~> range (depending
on the road) for a mobile survey performed in Aachen inner
city and outskirts during 7.5 hours in June 2005.

Stationary measurements in Stockholm showed higher
values of Myac concentrations at the street canyon site,
intermediate levels at the rooftop site, and lower levels
always corresponded to the rural station. The 95th percen-
tile at Hornsgatan was 10 times higher than the 95th
percentile at Aspvreten, and the lowest values at Hornsga-
tan (5th percentile) are comparable to the 95th percentile
at Aspvreten (0.6 pg m ~> vs. 0.8 pg m ). These time series

also exhibit a positive skewness and can be described by
a lognormal distribution (not shown). These findings are in
agreement with results from a previous campaign conducted
in Stockholm in spring 2006 (Krecl et al., 2011).

In our study, concentrations gathered at fixed sites and
mobile measurements have substantially different sampling
frequency (hourly average vs. 1-min values) and totally
different geographical representation. Note that drive-by
measurements must be sampled with high frequency to re-
solve the spatial variability with enough detail. For instance,
I-min measurements represent 500 m for a vehicle driving
at 30 km h ~! whereas a vehicle driving at 90 km h ~! travels
1500 m in the same time period. As previously mentioned,
mobile platforms more accurately assess the pollution levels
to which individuals are exposed in the short term compared
to the hourly statistics (mean, maxima, etc.) usually reported
by fixed monitoring stations. For example, while a fixed
instrument at Hornsgatan site (street canyon) recorded a
maximum hourly value of 16.0 pug m ~3 for M sc on a given
day, portable devices measured very high 1-min values at
other locations in the city (e.g. peak values of 40—60 ug m —*
inside road tunnels, Fig. 9a, b). Even if the sampling time
resolution increases at the stationary sites, they are not able
to provide the spatial coverage offered by mobile surveys.
This clearly remarks the importance of conducting highly-
resolved mobile surveys to identify hotspots and support
outdoor epidemiological studies at the intra-urban scale.

3.3. Temporal variation of M 4c concentrations

Figure 3 shows the diurnal variation of hourly Mpac
concentrations (median and interquartile range) for the
whole mobile dataset and at the three stations. Depending
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Fig. 2. Frequency-of-occurrence histograms of 1-min My ¢ measurements conducted on-board four taxis (individual plots a—d,

composite plot e) in the period 7-17 November 2011. The normal density function is also displayed in the composite plot (black line).
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Fig. 3.  Diurnal variation of My 5c concentrations (median: solid

line, interquartile range: grey area) for all mobile measurements
(a), and for three fixed stations (b) in the period 7-17 November
2011. Number of 1-min mobile samples included per hour for the
diurnal calculation is also displayed.

on the taxis operational scheme and fraction of invalid
data, the number of 1-min samples included in the hourly
calculation varied over the day (Fig. 3a), with fewer
observations in the small hours (01:00-05:00). The hourly
data coverage for the stationary measurements was between
99 and 100% (not shown).

As regards fixed sites, M ac levels were always higher
at the street canyon compared to the other sites, particularly
during daytime. Measurements at the rural site (Aspvreten)
were almost constant, indicating no evidence of local an-
thropogenic activities. These findings agree well with results
from a previous campaign reported by Krecl et al. (2011).
The rise in M sc levels observed at the urban stations in the

early morning (06:00—07:00) is consistent with an increase
in vehicle traffic and, thus, a larger contribution to the
emissions (Krecl et al., 2011). Highest hourly values were
observed during the morning at both urban sites, especially
between 09:00 and 10:00. Peak levels were followed by a
concentration decline at both stations through the after-
noon, partially explained by the well-documented growth of
the mixing layer depth and strong turbulent mixing during
the afternoon. Urban background levels then remained
quite flat until the end of the day, whereas a second peak
value was observed at the street canyon station (16:00—
18:00).

The mobile Mpsc measurements showed a gradual
increase during the day, reached a maximum level in the
late afternoon (16:00—17:00) and decreased afterwards. On
average, similar levels as the ones monitored at the urban
background station (Torkel) were recorded between 21:00
and 05:00. The distinct diurnal cycle of mobile measure-
ments compared to the other site patterns might be ex-
plained by taxis driving during the day in city sectors
characterised by different LAC contributions. We further
investigate this possibility in Section 3.4.

Weekend (Saturday—Sunday) My ac concentrations ac-
counted for 16% of the measurements and median values
were statistically significantly lower than weekday values
during the sampling period: 1.3 and 1.6 ug m ~°, respectively
(Mann—Whitney U test performed at 95% confidence level).

3.4. M ¢ concentrations, vehicle speed and traffic
rates

Vehicle speed time series were averaged (median values) over
1-min intervals matching M sc concentrations, and tunnel
measurements (1%) were excluded because of missing GPS
signals. Then descriptive statistics were calculated for each
taxi and the whole dataset (Table 2). Note that the total
number of samples is lower than the number of mobile
M ac measurements (Table 1) due to shorter battery life
times for the GPS dataloggers, road tunnels exclusion, and

Table 2. Vehicle speed descriptive statistics using 1-min median measurements for every taxi and all data together in the period 7-17

Nov 2011

Vehicle speed [km h ™ 1] Taxi 1 Taxi 2 Taxi 3 Taxi 4 All taxis
Arithmetic mean 21.4 24.8 26.0 28.2 24.4
Median 5.9 12.4 13.7 17.9 11.7
Sth percentile 0.1 0.1 0.1 0.1 0.1
95th percentile 90.7 100.4 104.3 100.3 99.2
Arithmetic SD 29.2 31.5 324 322 31.2
MAD 5.8 12.3 13.4 17.7 11.6
Skewness [] 1.6 1.4 1.4 1.2 1.4
# samples 6109 5430 4807 2417 18763




cut-off distance introduced to integrate the different data-
sets. Despite the lower number of samples for taxi #4,
almost all statistics agreed quite well with the results for the
other datasets, especially with taxi #3. The lowest speed
values (5th percentile) corresponded to periods when taxis
were parked or stopped at traffic light intersections. High
speeds (95th percentile) were recorded for all taxis and
ranged between 90.7 and 104.3km h ~'. As shown for M| oc
measurements, vehicle speed for individual taxis showed the
same general pattern obtained for the composite dataset. All
distributions presented positive skewness values (1.2—1.6).

We classified temporally adjusted My oc concentrations
according to their concurrent driving speed into 13 cate-
gories: 0—0.1 (vehicle parked or at traffic intersections), and
10km h ' intervals up to 110and >110km h~" (highest
speed permitted is 110km h~! for the roads in the study
area). Results presented in box-plot format (Fig. 4) show
that the relationship between Mpc concentrations and
taxi speed was not linear. Highest My ¢ levels (median of
2.4pg m~* and 95th percentile of 11.0 ug m ~*) and larger
variability occurred for vehicle speeds in the 50~70km h ~!
range, which accounted for 7% of the measurements.

To better understand the link between My ac levels and
taxi speed, we analysed this relationship for every road type
previously defined (Supplementary file). On highways,
highest My ac concentrations (median of 3.8 pg m 3, and
95th percentile of 16.1 pg m ~>) were observed for low taxi
speeds (0.1-30 km h ~ ') and then started to decrease. In the
study region, the traffic regulation established a speed limit
of 70km h~" or above for a large fraction (85%) of the
highway class. Thus, low taxi speed values might have been
connected to highway transects with entry or exits, conges-
tion at intersections with traffic lights and/or roundabouts
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that slowed down the traffic rate and decreased inter-vehicle
distances, increasing the sampling of vehicle emissions. On
the contrary, higher vehicle speeds increased inter-vehicle
distances and, hence, favoured dilution prior to sampling.
Main roads showed a similar trend, but My oc concentra-
tions and taxi speeds were lower than on highways. The
maximum speed allowed on the sampled main roads was
50km h~' (79%) or even lower since main streets are lo-
cated in the inner city where population density is high
(3600 inhabitants km ~2). When taxis were parked on the
road or waiting at the intersections with traffic lights
(0—0.1km h™ 1), median M| oc concentrations were higher
for main roads (1.2 pg m ~3), but canyon streets presented the
largest variability and highest 95th percentile (8.2 pg m ~>).
Idle engines in congested traffic areas can increase ambient
concentrations and also increase the sampling of direct
emissions since the inter-vehicle distance increases, as
commented on before. The particular geometry of canyon
streets might have also played a role in this aerosol ac-
cumulation process, reducing ventilation in case the wind
was blowing perpendicular to the canyon axis. Local roads
presented a completely different pattern in relation to My ac
concentrations and vehicle speed when compared to other
roads, with concentrations increasing with vehicle speed
and peaking at 50—70km h~'. Median M ¢ values are
statistically significantly different for taxi speeds between
0.1 and 60 km h ~ ' when comparing local roads and highways
(a Mann—Whitney U test was performed on the median
difference concentration for each speed category at 95%
confidence level). Local roads are narrower and have lower
speed limits (30-50 km ~') than highways, and are generally
surrounded by buildings that can reduce ventilation. Due
to the large number of data sampled on local roads (54%),
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Fig. 4.

Box plots of M ac concentrations (temporally adjusted) classified by the corresponding vehicle speed in the period 7-17

November 2011. Box represents interquartile range and whiskers are lines that extend from the 5th to 95th percentile. Median is indicated
by the line across the box and the cross marks the mean value. Percentages in the top line indicate the relative frequency of occurrence

for each category.
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their My 5 pattern substantially contributed to the general
M ac-speed relationship as depicted in Fig. 4. Analysing the
traffic rates for local roads as a function of vehicle speed
(not shown), the M sc distribution matched the hourly
traffic rate pattern for speeds up to 70km h ~'. This means
that the traffic rate increased with vehicle speed, lead-
ing to higher Mjac levels. Vehicle speeds higher than
70km h !, increased the inter-vehicle distance even when
traffic rates remained constant and, as a consequence,
lowered the My A levels on the road.

We cannot rule out the possibility of self-contamination
when taxis drove at speeds lower than S5km h~! (Weimer
et al., 2009), however My ac values corresponding to the
0.1-10km h~' interval were low when compared to
concentrations of other speed categories.

Finally, we analysed the relationship between temporally
adjusted M 5c concentrations and traffic rates, considering
daily values for all vehicles and for the diesel fraction,
and hourly rates for light-duty vehicles (Fig. 5). A clear
increasing trend was observed for My oc levels with daily
traffic rates as depicted in Fig. 5a, b. Note that, on a par-
ticular day and hour, daily traffic rates might vary widely
from the annual average due to holidays, and day of the

week. Thus, hourly traffic rates might be more representa-
tive of the real-world conditions since they were calculated
taking into account diurnal variations of traffic volume
for a particular hour, day of the week, month, and road
type. Figure 5c shows a clear increase of M oc concentra-
tions for light-duty vehicles on roads with traffic rates up to
2000 vehicles h ~', which represented 89% of the cases.
When traffic rates were higher, median and interquartile
M ac concentrations remained almost constant, and the
highest concentrations (95th percentile) slightly decreased.
Considering the whole dataset, there is a substantial
difference in median concentrations when comparing quite
roads (1.1 pg m ~ %) with busy streets (3.3 pg m ~*). Measure-
ments segregated by road type also showed the same pattern
(Supplementary file), and the largest difference in medians
when comparing quiet and trafficked conditions corre-
sponded to local roads (1.1 vs. 4.4 pg m ). For the same
volume of traffic, local roads presented higher Myac
concentrations (median, 75th and 95th percentiles) than
highways and this finding reinforces the idea previously
discussed that local roads did not favour the pollution
dispersion due to their narrower geometry and surrounding
landscape.
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Fig. 5.

M| ac concentrations as a function of traffic rates: (a) daily, all vehicles, (b) daily, diesel vehicles, and (c) hourly, gasoline vehicles

in the period 7-17 November 2011. Represented are Sth, 25th, 50th, 75th, and 95 percentiles, and mean (x) values.
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3.5. Spatiotemporal distribution

Based on the diurnal cycle study, georeferenced mobile
measurements were classified as daytime (06:00—18:00)
and night-time (18:00-06:00) data. After filtering to extract
unique latitude-longitude coordinates, each coordinate loca-
tion was mapped with associated My 5c concentrations clas-
sified into four classes: 05, 5-10, 10-20, and >20pgm ~>
(Fig. 6). Median concentrations were higher during the day
(1.9pug m~?) than at night (1.2pg m—3), varied widely
depending on the street and time of the day, and appeared
to be strongly influenced by traffic emissions as previously
discussed. Our results agree with findings by Krecl et al.
(2011), who reported a highly heterogeneous distribution
of Mpac concentrations in Stockholm when analysing
measurements at four fixed sites. The highly-resolved pol-
lution measurements, carried out with portable devices, can
complement concentrations simulated by air quality disper-
sion models that usually do not capture this variability
due to uncertainties in meteorology and emission inven-
tories, complexity of the urban canopy and coarse spatial
resolution.

To better understand the spatial variability of Mpac
concentrations, measurements were classified according
to the road type where they were sampled. Statistics of
1-min My sc levels (Table 3) and vehicle speed data for these
sectors were calculated, along with hourly traffic rate per
street group. Results were condensed in box-plots showing
median, interquartile range, and 5th and 95th percentile
values (Fig. 7). Since vehicle speed data for tunnels was not
complete due to the large loss of GPS signals and we lacked
detailed traffic rate for all tunnels, we do not present their

statistics in Fig. 7. Stockholm road tunnels are part of
important transportation arteries and their length varies
between ~0.1 and 3.8 km, with traffic rates as high as
132000 vehicles day ~'. Samples inside tunnels represented
1% of the measurements and showed the highest M Ac
concentrations in the metropolitan region: median, Sth
and 95th percentile of 7.5, 0.9 and 40.1 ug m >, respectively.
This is expected as confined tunnel environments present
a less efficient dispersion of atmospheric pollutants (e.g.
Gidhagen et al., 2003). For the other four categories, the
lowest concentrations were very similar (5th percentile of
0.3-0.5pg m>), and the variability between categories
increased for higher concentrations (95th percentile was
lowest for the local roads and highest for highways).
Highways accounted for 21% of the measurements, and pre-
sented both the highest driving speeds (median of 65 kmh ~ 1)
and traffic rates (median of ~62000 vehicles day ~
1500 vehicles h—"). The samples classified as highways in
this study presented a larger share of diesel vehicles (69%
of the samples have an annual mean diesel fraction of
7-10%) than local streets (64% of samples on roads with

and

4% share of diesel vehicles). Regardless of the vehicle speed
and city sector, LAC emission factors are always higher for
heavy duty vehicles compared to passenger and light duty
vehicles (Keuken et al., 2012). Thus, the relatively high
My ac levels found on highways could be explained by a
more frequent sampling of exhaust plumes from diesel-
powered vehicles driving at highway speed in front of the
taxis and higher traffic volume. Canyon configurations are
mostly found on main roads and presented slightly higher
concentrations than main roads without canyon structure
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Fig. 6.

Spatial distribution of temporally adjusted My oc concentration in the Stockholm metropolitan area for (a) daytime (06:00—

18:00), and (b) night-time (18:00-06:00) in the period 7-17 November 2011.
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Table 3. Descriptive statistics (1-min values) of temporally adjusted My sc concentrations for five road types in the period 7—17 Nov 2011

Mpac (ug m ) Tunnel Highway Main road Canyon street Local road
Arithmetic mean 12.9 3.2 2.4 2.4 2.1
Median 7.5 2.1 1.7 1.8 1.3
Sth percentile 0.9 0.5 0.4 0.5 0.3
95th percentile 40.1 9.7 6.7 7.0 6.1
Arithmetic SD 13.8 3.7 3.1 2.4 3.3
MAD 5.1 1.2 0.8 0.8 0.7

# samples (%) 1 21 14 10 54

(medians are statistically different at 95% confidence level,
Mann—Whitney U test).

Unlike other studies (Yli-Tuomi et al., 2005; Schneider
et al., 2008), we found mean M| 5 concentrations higher on
highways (3.2 g m ~>) than on main roads (2.4 ug m ),
located in the inner city. Yli-Tuomi et al. (2005) reported an
average value of 11 pg m ~* in Helsinki city centre compared
to 8 ug m 2 on the surrounding highways. Schneider et al.

(2008) found mean values of 9.4 ug m ~> in Aachen city —
when sampling for 30 min during the morning and
7.9 ng m ~* during truck chasing on highways for approx.
5 hours. Westerdahl et al. (2005) measured higher My oc
concentrations (median of 12-13pg m %) on highways
(~10000-25000 diesel powered trucks per day) compared
to residential areas (median of 0.7-1.5pg m~3) in Los
Angeles in a 4-d campaign in spring 2003. It is most likely
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Fig. 7.

Boxplot of 1-min vehicle speed, daily (TR) and hourly (TRh) traffic rate, and 1-min My sc concentrations classified into four

categories: local roads, street canyon, main roads, and highways in the period 7-17 November 2011. Represented are 5th, 25th, 50th, 75th,

and 95 percentiles, and mean (x) values.
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that the values we report are lower than the concentrations
observed by the other authors because we sampled for a
longer time and included also night-time periods, which
were characterised by lower pollution levels.

Even though the taxi roof measurements were not
conducted along kerbsides, where people walk, they indicate
large spatial variability in population exposure in traffic
environments. As an example, M oc concentrations along
a main road in the inner city (Sveavigen, Fig. 9¢) varied
from 3.1 to 25.1 pg m 3 (street median value of 5.9 pg m ~%)
in a weekday afternoon, with increasing values towards the
city centre. These mobile observations also indicate a large
variability for taxi drivers’ exposure while driving from
less trafficked local streets to very polluted road tunnels.
The in-vehicle exposure can be more or less attenuated in
relation to the outdoor levels depending on the pollutants
penetration efficiency.

Figure 8 displays the diurnal variation of M oc concen-
trations (median values) for the five roadway groups, along
with the relative frequency per hour for each street category.
Due to the higher M ¢ concentrations, tunnel median
measurements are presented in a separate panel, along with
the 5th and 95th percentiles. Note that tunnel measurements
were scarce, especially at certain hours of the day (02:00—
07:00, 15:00—16:00, 22:00). This highlights the need for a
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Fig. 8. Upper panel: Diurnal variation of M oc concentrations
(median values) for four roadway groups (canyon, main roads,
local roads, and highways) in the period 7-17 November 2011.
Middle panel: Median (black line) and Sth to 95th percentile (grey
area) M ac concentrations for tunnels in the same period. Bottom
panel: Relative frequency per hour for each roadway group.

dedicated campaign to better assess the M oc concentra-
tions inside road tunnels, and actual drive-by measurements
were conducted in Sédra Linken (longest road tunnel in
Stockholm) for several days in 2012 and will be published in
a separate paper. The sampling frequency of different road
groups was not the same over a whole day as depicted
in Fig. 8 (bottom panel). Sampling of local roads was
dominant along a whole day, with the highest frequency
around midday. Measurements on canyons and main roads
were more numerous at night (18:00-00:00), whereas taxis
drove on highways more frequently in the early morning
(03:00—07:00) and a first peak M ac value was observed
at 07:00 matching very busy highways (median of 3400
vehicles hfl). Highest My 5oc levels were recorded in the
afternoon with the largest contribution from canyons and
highways. Excluding tunnels, M oc concentrations were
very similar at night (21:00-05:00, median of 0.9 pg m ~%)
on all roads when traffic rates were the lowest, and also
compared with rooftop levels measured at Torkel site (Table
1). The diurnal pattern of My 5c concentrations at the street
canyon site (Hornsgatan) is very different from the daily
variation from drive-by measurements on canyon streets
during daytime. Several factors could have contributed
to this distinct behaviour: not all sampled street canyons
have the same geometry (aspect ratio, walls symmetry,
canyon length) and street axis orientation (relevant for wind
dispersion of pollutants), different sampling heights for
mobile and fixed monitoring (inlets at 1.5and 2.5 m height
above the road surface, respectively), poor drive-by sam-
pling in the street canyons in the morning when concentra-
tions are highest according to Hornsgatan measurements,
and mobile measurements were conducted along the street
canyons (including intersections) whereas the fixed site is
at ~70m from a traffic-light intersection.

3.6. Case studies

To illustrate different driving cycles and pollution settings
across the city, we show selected My c concentrations
and vehicle speed simultaneously measured during the field
campaign (Fig. 9). As was previously presented, high con-
centrations were observed inside tunnels especially during
daytime (Fig. 9a-b). Missing vehicle speed data corre-
sponded to periods inside tunnels when the GPS signal
was lost. The pollution level in a road tunnel depends,
among other factors, on the tunnel length, vehicle fleet
composition and speed, and traffic rate. A long driving
time inside S6dra Lanken tunnel (3.8 km length, and 10-min
passage) resulted in relatively large Mpac values over
several minutes whereas a shorter driving through Soderled-
stunneln (1.6 km length, 3 min.) recorded a higher and nar-
rower peak concentration (59.8 ug m~>). On roads with
traffic lights controlled intersections, M oc concentrations
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Case studies: 1-min M| A time series measured on board taxis together with vehicle speed: (a) Long driving inside S6dra Lanken

tunnel (grey area). (b) Short driving inside S6derledstunneln tunnel (grey area). (¢) Stop-and-go driving on Sveavigen street (inner city) due
to traffic lights at several intersections, x indicates canyon structure. (d) Taxi parked on a local road very close to a hamburger grill. (e)
High speed driving on E20 highway. (f) High speed driving on E4 highway.

can be spiky during traffic peak hours due to higher
emissions since many vehicles queue in idle mode at joins
and, subsequently, accelerate. Figure 9¢ displays a transect
mostly on Sveavigen street (16:32—16:42), driving towards
the city centre with a mean vehicle speed of 10.8km h~".
The Sveavigen street transect was 1.8 km long with seven
stops and an average stop duration of 35 sec. due to traffic
lights. Because of this traffic control, concentrations ex-
hibited a saw-tooth pattern reaching a maximum value of
25.1pg m 3, influenced also by a street canyon effect in
some sections (wind of 2.6m s~ ' blowing at angle of more
than 30° to the canyon axes, Vardoulakis et al., 2003).
Usually M sc concentrations were low on local roads,
as shown in section 3.5, but other LAC sources than tailpipe
emissions can eventually dominate and drastically increase
air pollution levels on a local scale. Figure 9d depicts My ac
concentrations when the taxi was parked on a local street

very close to a hamburger grill for a few minutes (13:07—
13:24). In this case, we attributed the high and persistent
M ac concentrations to emissions from charcoal combus-
tion for meat cooking after Oanh et al. (1999) reported high
particulate matter levels associated with charcoal combus-
tion for cooking. High speed driving (>90km h™') is
illustrated in Fig. 9e—f when taxis circulated towards the
city centre on E20 highway at night (traffic rate of 20-350
vehicles h —') and E4 highway in the early morning (4500—
7200 vehicles h 1), respectively. These examples show some
sharp spikes, probably due to sampling behind diesel-
powered vehicles driving at highway speed (Westerdahl
et al., 2005; Schneider et al., 2008). Concentrations of My ac
were higher and for a longer period during the daytime case,
most likely because more vehicles were on the highway than
in the small hours period. Since we found a large variability
in My oc concentrations when looking at individual cases,
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we stress the importance of performing a spatiotemporal
analysis to summarise and better understand this variability
across the city.

Based on these results, we should assess whether or not
the M ac monitoring air pollution network, composed of
stationary stations, in the Stockholm metropolitan region
is optimised in terms of spatial coverage. In light of the
geographical variability shown by the mobile survey, even
on the same street (Fig. 9¢), the representativeness of the
fixed stations is questionable. Such Mysc variability is
more important for the highest concentrations, and thus
for the short-term exposure of the population, and less
important for the long-term mean values (which is more
dependent on traffic volume variations along a street).
Ambient air quality standards in Europe do not include
LAC concentrations yet, but there are specific air quality
directives for monitoring other atmospheric pollutants at
fixed sites (Directive EC, 2008) stating where and how
measurements should be conducted. However, from the
view point of population exposure, the directives might not
indicate the best monitoring locations as illustrated by the
taxi data.

3.7. Multiple regression modelling

A pool of numerical and categorical variables was analysed
to identify possible predictors of on-road M sc concentra-
tions. Note that tunnel measurements were not included in
the multiple regression since traffic rates were not available
for this category. Table 4 displays the correlation matrix
(Pearson) of the numerical variables: daily traffic rate (TR),
hourly light-duty traffic rate (TRh), daily diesel traffic rate
(TRd), road speed limit (RS), vehicle speed (VS), hourly
M ac concentrations at the fixed sites (Hornsgatan, Torkel,
and Aspvreten), hourly meteorological measurements con-
ducted at Torkel (temperature T, relative humidity RH,

wind speed WS and atmospheric pressure P) and population
density (Pop). The highest correlation with the dependent
variable corresponded to TRh (r =0.29), and we discarded
TR and TRd as candidate variables since they are in the
same category (traffic) and are highly correlated with TRh
(r >0.6). All traffic rate variables have an impact on mobile
M ac concentrations, but the similarity of their effect (high
collinearity) dictates that only one of them is needed in
the prediction process. For the same reason, only VS is kept
in the model and RS is omitted. M oc concentrations at
Hornsgatan and Torkel contribute to mobile My ac, and
they are correlated between them (r=0.6). Population,
atmospheric pressure, and Mpac at Aspvreten were not
considered since they showed a very low contribution to the
explained variance of mobile M oc. We also include two
sets of dummy variables: road type (highway, main roads,
and canyon streets all relative to local roads), and time
(weekdays during the day 06:00-18:00 LT and weekdays
at night 18:00-06:00 LT, both relative to weekends). To
remedy the lack of normality and improve homoscedasti-
city, a logarithmic transformation was applied to all My ac
concentrations (i.e. mobile and fixed-site) and TRh.

The model including a bilinear moderator presented the
highest adjusted R? (0.25) and smallest RMSE (0.82), and
predicted the 1-min concentrations of on-road Mpac on
weekdays during the day [eq. (1)] and on weekdays at night
and weekends [eq. (2)]. More details on the model runs can
be found in the Supplementary file.

10g(M, y¢.) = 0.11 + 0.27log(M, ,.T) — 0.14WS

+0.22log(TRh) (1)
1og(M, y¢.) = 0.11 + 0.27log(M, ,.T) — 0.14WS  (2)

The most impactful predictor was log(TRh), closely
followed by log(MacT). From an explanatory point of
view, there are two main sources of on-road LAC in
the urban area: local emissions from motorised vehicles

Table 4. Correlation matrix between mobile M| oc and numerical independent variables, with  >0.60 displayed in bold

r[-] TR TRd TRh RS VS MiacH MiacT  MpacA T RH WS P Pop
TRd 0.92

TRh 0.76 0.76

RS 0.69 0.74 0.58

VS 0.53 0.62 0.47 0.72

MiacH —0.05 —0.03 023 —0.02 —0.02

MiacT —0.03 —0.03 0.09 —0.02 —0.02 0.60

MiacA 0.03 0.02 0.00 0.03 0.03 0.26 0.66

T 0.01 0.00 0.06 0.01 —0.02 0.55 0.36 0.29

RH 0.04 0.04 —0.12 0.02 0.04 —0.50 —0.14 0.05 —0.56

WS 0.02 0.03 0.03 0.00 0.00 —0.12 —0.36 —0.03 —-0.03 —0.04

P —-0.05 —-0.02 —0.03 —0.03 0.03 —0.16 —0.08 —0.39 —0.45 048 —0.48

Pop -0.17 —-021 —0.15 —-0.29 —0.26 —0.04 0.00 —0.02 —0.02 0.04 0.01 0.03

Miac 0.17 0.16 0.29 0.12 0.13 0.27 0.20 0.01 0.13 —0.16 —0.09 0.02 —-0.02
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(portrayed by hourly traffic rates) and a city build-up term
(represented by the Torkel baseline values), and wind speeds
act as a mixing factor between these two contributions.
On weekdays during the day the on-road M oc concentra-
tions depend on the hourly traffic rate on that road, and
the hourly My oc concentration and wind speed measured
at an urban background site. At night on weekdays and on
weekends, the hourly traffic rate is not relevant and the
on-road concentration is determined by the background
conditions. This matches with our previous finding that
night-time concentrations were very similar to Torkel levels
for all road types in connection with low traffic volumes.
The negative sign of the wind term represents the dilution
of pollutants by the wind, and this effect increases with
wind speed.

The residual analysis revealed the residuals are not nor-
mally distributed and are temporally (Supplementary file)
and spatially autocorrelated (Moran’s index of 0.24, p =0).
By applying different diagnostics, 19% of the observations
were identified as influential observations (Supplementary
file). When these outliers were excluded from the dataset,
the same regression equation explained now 34% of the var-
iance observed in the mobile M 5oc concentrations and the
RMSE was smaller (0.61 vs. 0.82). The fact that the model
was not able to represent the extremely local variations
in concentrations, even when the outliers were removed,
suggest a highly non-linear problem that cannot be properly
modelled with just including a bilinear moderator.

The estimation of the model robustness was based on 300
runs with random removal of 25% of the original dataset,
producing RMSE values between 0.80 and 0.87 (mean of
0.83), and adjusted R? values between 0.19 and 0.26 (mean
of 0.23). The selected variables by the stepwise method were
log(TRh), logMpacT), RH, WS, and weekday-day, but
only log(TRh) and log(MacT) were present in all regres-
sion equations, which matches with our previous finding
that these variables are the most impactful when predicting
on-road My oc concentrations.

4. Summary and conclusions

To map out atmospheric pollutants in urban areas, rolling
platforms provide a larger spatial coverage than a network
of stationary monitoring sites, and can be used either for
stationary or drive-by measurements. This work reports on
the first mobile Mjc concentrations measured in the
Stockholm metropolitan area, collecting 424 hours of valid
data in multiple trips covering ~ 7600 km of metropolitan
roads. Simultaneous M oc measurements were conducted
both with Micro Aethalometers on-board four taxis (1-min
resolution) and custom-built PSAPs installed at three fixed
stations (hourly values). Individual datasets per taxi cap-
tured the grand statistical pattern made up by the drive-by

composite measurements, with median and MAD Mjac
concentrations ranging from 1.4 to 1.7 ugm ~3, and from 0.7
to 1.0pg m 3, respectively. On-road daytime concentra-
tions were higher and more variable than night-time levels,
and concentrations at night were independent of the road
type and similar to the urban background levels (median of
09 g m ~%). The relationship between Myac levels and
vehicle speed was not linear, and peak concentrations varied
depending on the road type. Highways presented the highest
concentrations for low taxi speeds (0.1-30km h ~') when
roads were busy and inter-vehicle distances smaller, and
the same general trend was observed for main roads and
urban canyons (mostly located on main roads). Differently,
concentrations on local roads increased with vehicle speed
up to 50-70km h~! associated with increasing hourly
traffic rate and poorer ventilation due to smaller width and
surrounding structure.

A large variability in concentrations was observed
along the different roads, with maxima levels inside road
tunnels (median and 95th percentile of 7.5 and 40.1pg
m ~3, respectively). Highways presented the second highest
concentrations (median and 95th percentile of 3.2 and
9.7ug m ~3, respectively) and were associated with highest
vehicle speed, traffic rates, and diesel vehicles share.
Measurements on canyon streets were slightly higher than
levels recorded on main roads, most likely connected to
lower atmospheric dispersion in urban canyons.

Even though multiple regression is just a statistical
technique and the model explained only 25% of the variance
observed in on-road My ac concentrations, the regression
variate identified the best predictor variables (hourly traffic
rate, and My 5c concentrations at a urban background site)
and roughly explained the physics of the problem. In that
sense, we discourage using the regression equations for
prediction purposes.

This feasibility study represents a step forward in
characterising the spatiotemporal variability of M sc con-
centrations in the Stockholm metropolitan area by using
a limited amount of sensors and platforms that proved to be
a time- and cost-effective approach. However, there are
some limitations to our experimental method that could
be improved in future campaigns. Due to the lack of video
recording, we had no information on possible pollution
plumes emitted by vehicle driving on the same road and
sampled by our instruments, and it was more time consum-
ing to identify road changes (e.g. transects within tunnels
and traffic lights stops at intersections) and also discard
invalid data. The derived spatiotemporal distribution of
M ac concentrations only reflects the conditions when we
conducted the measurements and further field experiments
are required to represent the My ¢ distribution in other
periods of the year (i.e. change in emission patterns, and
different dispersion conditions under other meteorological
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settings). Future field campaigns should monitor other
important pollutants using portable devices, most notably
nitrogen oxides, which were found to be closely correlated
with My oc concentrations (Krecl et al., 2011) in traffic-
related environments and could be used to better identify the
LAC emission sources.

In light of the geographical M oc variability shown by
this mobile survey, even on the same street, the representa-
tiveness of the fixed stations is questionable from the
viewpoint of population exposure assessment.
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