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• The spatial variability of air pollutant con-
centrations was experimentally evaluated
using observations from a mobile labora-
tory and a drone

• We observed that bothmean flow and tur-
bulent fluctuations need to be considered
when pollutant dispersion and concentra-
tions are examined

• Thermal turbulence has strong impact
particularly on the formation of aerosol
particle hotspots in winter

• Prediction equations for vertical pollutant
decay in a wide street canyon were devel-
oped

• The vertical decay was mostly controlled
by seasonal variations in air temperature
over mean flow and turbulent processes
A B S T R A C T
A R T I C L E I N F O
Editor: Jianmin Chen

Keywords:
Air quality
Drone
Meteorology
Mobile laboratory
Turbulence
Urban air pollutant concentrations are highly variable both in space and time. In order to understand these variabilities
high-resolutionmeasurements of air pollutants are needed. Here we present results of a mobile laboratory and a drone
measurements madewithin a street-canyon network in Helsinki, Finland, in summer andwinter 2017. Themobile lab-
oratory measured the total number concentration (N) and lung-deposited surface area (LDSA) of aerosol particles, and
the concentrations of black carbon, nitric oxide (NOx) and ozone (O3). The drone measured the vertical profile of
LDSA. Themain aimswere to examine the spatial variability of air pollutants in awide street canyon and its immediate
surroundings, and find the controlling environmental variables for the observed variability's.
The highest concentrations with themost temporal variability weremeasured at the main street canyon when the mo-
bile laboratory was moving with the traffic fleet for all air pollutants except O3. The street canyon concentration levels
were more affected by traffic rates whereas on surrounding areas, meteorological conditions dominated. Both the
mean flow and turbulence were important, the latter particularly for smaller aerosol particles through LDSA and N.
The formation of concentration hotspots in the street network were mostly controlled by mechanical processes but
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in winter thermal processes became also important for aerosol particles. LDSA showed large variability in the profile
shape, and surface and background concentrations. The expected exponential decay functions worked better in well-
mixed conditions in summer compared to winter. We derived equation for the vertical decay which was mostly con-
trolled by the air temperature. Mean wind dominated the profile shape over both thermal and mechanical turbulence.
This study is among the first experimental studies to demonstrate the importance of high-resolution measurements in
understanding urban pollutant variability in detail.
1. Introduction

Deteriorated air quality in urban areas is one of the major global chal-
lenges we are facing today. Adverse health effects including respiratory
and cardiovascular diseases are coupled to several air pollutants with par-
ticulate matter being the most important. The sources of air pollutants in
urban areas have largely been identified, but our ability to understand
their spatial and temporal distributions within urban areas especially at
local scale is limited. To ensure healthy and safe living environment in cities
we need in-depth understanding on the factors controlling pollutant disper-
sion, and their high spatial and temporal variability, in addition to effective
means to reduce pollutant emissions.

Road traffic is a dominant source for both gaseous and particulate air
pollutants in urban areas (e.g. Kittelson et al., 2004; Fenger, 2009). As a
consequence, highest pollution levels are commonly seen at the pedestrian
level in street canyons due to proximity of the emissions (Vardoulakis et al.,
2003). This especially when the prevailing meteorological conditions and
turbulent mixing lead to inefficient pollutant transport from the street
canyon and mixing of the above air towards the surface (Britter and
Hanna, 2003). The turbulent properties and scalar transport of the flow
are furthermore modified bymorphological effects such as building layouts
and vegetation (Barlow et al., 2004; Kurppa et al., 2018; Karttunen et al.,
2020), creating spatially and temporally variable concentration fields
(Vardoulakis et al., 2005; Pirjola et al., 2012; Borge et al., 2016). The
main features of pollutant dispersion have been studied (Li et al., 2021),
but we still have gaps in fundamental understanding of the processes con-
trolling the mixing conditions and pollutant distributions. This particularly
in realistic urban areas as most of past studies have been made in wind tun-
nels or they have focused on idealised building arrays using computational
fluid dynamics (CFD). These studies have shown how local dispersion is a
result of mechanical and thermal effects but experimental evidence of
their dominance in different meteorological conditions in real urban condi-
tions has been missing. Recently, Barbano et al. (2021) conducted a field
campaign in Bologna, Italy, where they found thermal processes to take
place faster than the mechanical ones, and that thermal effects are particu-
larly efficient for perpendicular wind directions.

Furthermore, we are often lacking information on the effect of disper-
sion on different aerosol metrics representative for different sized of aerosol
particles. The local concentrations of smaller particles aremost complicated
as their local distributions are shaped by the different transformation
processes such as nucleation, coagulation, condensation and deposition
(Kumar et al., 2011). It has been found that indeed the dispersion is some-
what different for smaller and larger particles (Rivas et al., 2017; Karttunen
et al., 2020) indicating the need to examine in detail what factors control
different aerosol metrics.

One reason for the lack of experimental evidence is that typically air
quality measurements in urban areas are conducted in a few air quality
stations within a city, whereas in order to examine pollutant distribu-
tions in detail observations with high spatial and temporal resolution
are needed. Information on the spatial variability at local scale has
been obtained in the past by conducting stationary measurement
campaigns (Vardoulakis et al., 2005; Borge et al., 2016), or using novel
measurement platforms such as mobile laboratories (e.g. Pirjola et al.,
2012; Ruths et al., 2014; Choi et al., 2016; Solomon et al., 2020) or drones
(Liu et al., 2021; Kuuluvainen et al., 2018) which allow higher spatial
resolution than stationary measurements but are limited to shorter mea-
surement periods.
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To answer the needs above, this study examined the horizontal and ver-
tical variability of air quality components measured using a mobile labora-
tory and a drone in a wide boulevard-type street canyon in Helsinki and its
adjacent road network under contrastingmeteorological conditions. Partic-
ularly, we wanted to distinguish the most important factors impacting the
dispersion of different pollutants including aerosol particle number, black
carbon (BC) and lung-deposited surface area (LDSA) of aerosol particles.
Particle number, LDSA concentrations and BC concentrations are typically
dominated by relatively small particle sizes, being efficiently deposited to
human respiratory system, and thus tried to be linked to the health effects
of particles. Particulate mass (PM) is the only regulated aerosol variable
and thus the most commonly measured and used in epidemiological stud-
ies, whereas there are indications that the metrics representing the smaller
particle sizes could be more important factor when considering the harm-
fulness of PM (Oberdorster et al., 2005; Kuula et al., 2020).

2. Methods and material

Two intensive measurement campaigns to map the spatial variability of
air pollutants were carried out in a busy street canyon and its immediate sur-
roundings in Helsinki, Finland, in 2017 (Fig. 1). The measurements were
conducted next to an urban air quality monitoring supersite (60∘110N,
24∘570E) located in a street canyon and operated by the Helsinki Region
Environmental Services Authority (HSY). The street canyon has pavement
and three lanes for both directions. The outermost lane next to the pavement
is reserved for buses and taxis. In the middle of the street canyon, there are
two tram lines surrounded by street trees. The width of the street canyon is
42 m, and building heights next to the HSY supersite are 19 m and on the
other side of the canyon 16 m. The average height-to-width ratio of the
canyon is 0.45.

The first campaign took place from 5 till 16 June 2017 and the second
from 27 November till 8 December 2017. During the measurement cam-
paigns, a mobile laboratory Sniffer (Pirjola et al., 2004) and a drone were
used to map the horizontal and vertical variability of gaseous compounds
(onlymobile laboratory) and aerosol particles. Stationarymeasurements in-
cluded air quality and turbulence observations made at the HSY supersite
and background station SMEAR III Kumpula (Järvi et al., 2009) located
900 m north from the main monitoring site (Fig. 1). All mobile laboratory
and drone measurements were made on non-rainy workdays.

2.1. Mobile laboratory

Amobile laboratory “Sniffer” (VW LT35 diesel van) (Pirjola et al., 2004,
2012) measured the horizontal variability of air pollutants with 1 s resolu-
tion on 14 workdays during the measurement campaigns. On each day,
Sniffer collected data for 2 h up to three times a day (during morning and
afternoon rush hours and early evening) allowing different meteorological
conditions to be covered. During each 2-hour period, Sniffer circulated an
area of a few blocks around the HSY supersite (Fig. 1). Furthermore, the
mobile laboratory stopped one to two times with engine off to measure
the background concentrations away from the road emissions and on
both sides of the main street canyon for >5 min.

The inlets of the instruments were positioned above the van's wind-
shield, 2.4 m above the ground. The aerosol particle number size distribu-
tion used to calculate the lung deposited surface area (LDSA)wasmeasured
using an electrical low-pressure impactor (ELPI, Dekati Ltd., Finland)
equipped with a filter stage (Lappi et al., 2002) and an additional stage



Fig. 1.Map of the measurement area. Mobile laboratory driving route on 14 June 2017 afternoon is plotted for visualisation. SS and OSmark the drone locations at the HSY
supersite and opposite it. BG is the background location for the mobile laboratory where standing background measurements were collected. In Kumpula SMEAR III the
stationary air quality and turbulence measurements were collected and Traffic marks the location for traffic rate measurements. @OpenStreetMap contributors.
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designed to enhance nanoparticle size resolution (Yli-Ojanperä et al.,
2010). LDSA concentrations strongly correlate with ion attachment and
diffusion charging, and thus can be measured with diffusion charger
based instruments such as ELPI. LDSA is calculated by summing up the elec-
tric currents measured with ELPI by multiplying used currents with field
calibration coefficient 60 µm2/(cm3 pA) (Kuuluvainen et al., 2016). ELPI
measured the currents at aerodynamic size range 7 nm–10 μmbut only cur-
rents from 7–950 nm were used to calculate the LDSA. The total number
concentration (N) with particles larger than 2.5 nm was measured with a
condensation particle counter CPC (TSI3776, TSI Ltd., USA), as well as the
concentrations of nitrogen oxides (NO, NO2 andNOx) using a chemilumines-
cence analyser (APNA360, Horiba Ltd., Japan) and ozone (O3) using a UV
absorption analyser (O3 42 M, Environment, France). Black carbon (BC)
in PM1 size fraction was measured using an aethalometer (AE33, Magee
Scientific, USA). Measurements at 880 nm were used for the BC concentra-
tions. The van carried also a GPS to save the speed and driving route.

2.2. Drone measurements

Vertical distribution of LDSA was measured using a multicopter model
X8 (VideoDrone Finland). The copter was modified for the purpose of emis-
sionmeasurements by replacing themain payload of the dronewith a sensor
unit containing an onboard computer, network modem, GPS antenna, and
humidity, temperature, and pressure sensors. The pressure sensor was
used as an altimeter with its accuracy ±0.12 hPa corresponding approxi-
mately ±1 m in altitude. In addition, particle sensor Partector (Naneos
GmbH, Switzerland, Fierz et al., 2014) was installed to the drone measuring
the aerodynamic size range 10–300 nm. Partector is based on the diffusion
charging of particles and the induced current is measured with an electrom-
eter. The output current signal is calibrated to measure the alveolar lung
deposited surface area (LDSA) concentration. The weight of the Partector
is 400 g, time resolution 1 s, and it can be operated as much as 15 h without
recharging the battery. Air sample to the Partector was drawn through a
70 cm long inlet tube outside of airflow caused by rotors. Details of themea-
surement setup can be found from Kuuluvainen et al. (2018).
3

Drone measurements were made on four days during the measurement
campaigns. The drone was always flown on both sides of the street canyon
(Fig. 1) from the ground level to an altitude of 50 m with an approximate
vertical velocity of 1 m/s. During a 2-hour measurement period, the
drone was flown 10 subsequent up-and-down flights on each side lasting
around 30 min after which the battery was changed or recharged. Two to
four measurement periods were conducted on each day. The number of
the 2-hour periods was affected bymeteorological conditions or other chal-
lenges in the measurements.

To ensure the quality of the drone LDSA measurements, three similar
Partectors were used as referencemeasurements. One Partectorwas located
at the ground level next to themeasurement container at the HSY supersite,
one to the other side of the canyon next to the drone measurements, and
one at the roof level of the other side. The same 1 s resolution was used
in these measurements.

2.3. Stationary measurements

Stationary air quality measurements were conducted at the HSY
supersite located in the main street canyon. The station has a measurement
container located on a pavement next to the road. Sample air for the mea-
surement devices is taken from the roof of the container at a height of
4 m from the ground level. The aerosol particle number size distribution
at size range 8–800 nm was measured using a differential mobility particle
sizer (DMPS, Aalto et al., 2001) with a 9 min temporal resolution. In DMPS,
aerosol particles are bipolarly charged, classified into different size classes
based on their electrical mobility and finally counted using a CPC. LDSA
was measured using a Pegasor AQ Urban sensor (Pegasor, Finland), repre-
senting aerosol sizes 10–400 nm, BC using a Multi Angle Absorption
Photometer (MAAP 5012, Thermo Scientific, USA), the concentrations of
NO, NO2 and NOx using a chemiluminescence analyser (APNA 370),
and O3 using a UV absorption analyser (APOA 370, Horiba) with 1-min
temporal resolution. For the duration of the measurement campaigns, a 3-
dimensional ultrasonic anemometer (USA-1, Metek GmbH, Germany) to
provide wind components (u, v, w) and sonic temperature at high temporal
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resolution (10 Hz) was installed on northern corner of the container on top
of a pole resulting total height of the turbulence measurements at 5 m.

Additional stationary measurements representative for urban back-
ground were collected at the SMEAR III Kumpula station (Järvi et al.,
2009). At this site, the aerosol particle number size distribution at size
range 3–1000 nm was measured using a twin DMPS and BC using the
same aethalometer model as at the mobile laboratory. The concentration
of NOx was measured using a chemiluminescence analyser (TEI42S,
Thermo Instruments, USA). The instruments were located in a measure-
ment container and the sample air was drawn from the instruments above
the container at height of 4 m. DMPS and aethalometer measured with
10-min temporal resolution, and NOx instrument with 1 min temporal res-
olution. Turbulence variables were measured using a similar ultrasonic an-
emometer as at the HSY supersite on top of a 31mhighmeasurement tower
(Järvi et al., 2009; Nordbo et al., 2012).

Traffic countwasmeasured in 15-min time resolution by the City ofHel-
sinki at the main street canyon 600 m north of the HSY supersite (Fig. 1).

2.4. Data analysis

2.4.1. Turbulence data
The high-frequency wind and temperature measurements at the back-

ground station and the HSY supersite were used to calculate turbulence pa-
rameters describing dispersion conditions. The used parameters included
mean wind speed (U, m s−1), vertical wind speed variance (σw, m s−1),
momentum flux (u′w′,m2 s � 2), sensible heat flux (QH, W m−2) and atmo-
spheric stability (ζ). The last twowere calculated from covariances between
the vertical wind speed (w) and the respective scalar of interest following

QH ¼ ρwcp T ′
sw′

� �
, (1)

ζ ¼ � zκg T ′
sw′

� �
Tsu3∗

, (2)

where the overbar indicates time average which in our case is either 10 or
30 min, ′ indicates the fluctuation of a scalar from its mean, u and v are the
Eastern and Northern wind components (m s−1), ρw is the air density (kg
m−3), cp =1004J kg−1K−1 is the specific heat of air at constant pressure,
Ts the sonic temperature (K), z is the measurement height (m), κ Von
Karman constant (0.41), g is the gravity (9.81 m s−2) and u∗ is the friction
velocity defined as

u2� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u0w0ð Þ2 þ v0w0ð Þ2

q
: ð3Þ

In the calculations commonly accepted procedures including 2D coordi-
nate rotation, despiking, cross-wind and heating (only in Kumpula where
water vapour data were available) corrections and stationary filtering
(60 % limit) were used (Nordbo et al., 2012). Atmospheric stability was
used to estimate stability classes very unstable (ζ ≤ −2), unstable (−2 <
ζ ≤ −0.01), neutral (−0.01 < ζ ≤ 0.01), stable (0.01 < ζ ≤ 2) and very
stable (ζ > 2).

2.4.2. Mobile laboratory
The raw data measured by the mobile laboratory were divided by driv-

ing routes. These were standing background (BG), main street canyon
(MS), side streets (SD), main street canyon and side streets (MS + SD),
standing the HSY supersite (SS) and standing opposite the HSY supersite
(OS). The mobile laboratory stayed from 5 to 15 min at each driving
route. Furthermore, the first 3 min of the standing measurements were
always removed from the data analysis. Median values for each driving
route at each time instance were calculated resulting in 701 data points
all together. These median data were linearly fitted against 10 min meteo-
rological and traffic data.

In addition to simple linear correlations of pollutant concentrations and
environmental variables at different driving routes, a generalised linear
4

multivariable regression was made. A linear model was chosen over other
regressionmodels for its transparency. Also linear regressionmodel belongs
to white-box models which have been reported to be closer to physics-
based models and with them it is easier to spot the relative importance of
the predictor variables (Fung et al., 2021). Furthermore, normalisation of
the predicted variables (concentrations of LDSA, N, BC, NOx and O3) and
the predictor (environmental) variables X1…X2 gives regression coeffi-
cients βn telling the relative contribution of each environmental variable

to the value of the predicted variable (bP). The used linear regression
model had form

bP ¼ β0 þ β1X1 þ β2X2 þ . . .þ βnXn: (4)

We used bootstrapping to get error estimates for the model parameters
and performance indices (Järvi et al., 2008). In bootstrapping, the data
were divided into 100 subsets each including arbitrary 5/6 of the original
data. Separate regression model for each subset was constructed and the
final statistics calculated as medians, and 25th and 75th percentiles of
each subset. To find appropriate variables to the regression model, a se-
quential forward feature selection was used (e.g. Lange et al., 2021). The
feature selection selects a subset of variables from the initial variable set
that best predict the data by sequentially selecting features which improve
the prediction. We tested both forward selection and LASSO to select suit-
able variables for the regression, but the first was chosen over the latter
as LASSO has been reported to trade off potential bias in estimating individ-
ual parameters for better overall prediction. Thus, there might be issues in
reliable estimation of the regression coefficients and interpretation of the
contribution of individual variables (Ranstam and Cook, 2018). The
variables included to the initial set were background meteorological (air
temperature Tair, mean wind speed U and wind direction) and turbulent
(QH and u′w′) variables, and the traffic rate. Wind direction was divided
into eight classes (so called dummy variable) relative to the street canyon
(330 − 20∘, 20 − 60∘, 60 − 110∘,110 − 150∘,150 − 200∘, 200 −
240∘,240− 290∘,290− 330∘). Here u′w′ was chosen to describe turbulent
fluctuations over σw as it describes also the mechanical turbulence produc-
tion. Correlation between u′w′ and σw was strong with R2 = 0.72. Street-
canyon measurements were not included in the initial set of variables as
they had strong linear correlations with the respective background vari-
ables and they present the local conditions at SS. Forward selection and
linear regression were separately made for the two seasons.

In addition to temporal averaging of the raw data by driving route, data
were spatially averaged to 4-m grids in order to examine the spatial vari-
ability of pollutant concentrations and formation of pollutant hotspots in
detail. This was done based on the GPS information of the van. This resulted
in all together 159 spatial maps. Meteorological data were averaged for
each measurement period presenting the meteorological conditions for
the 159 spatial maps. Forward selection of themost important environmen-
tal variables for each four meter grid was conducted using the same initial
variable dataset as above. Grids for which forward selection was made
needed to have in minimum 40 measurement points. For these grids the
same linear regression model was fitted to obtain the relative contribution
of meteorological variables and traffic rate to the different pollutant con-
centrations in each four-meter grid.

2.4.3. Vertical profiles
In order to examine the vertical dispersion of particles in themain street

canyon, geometric mean values of LDSA vertical profiles over the 10 repe-
titions on each side of the canyon were calculated. This resulted in
all together 37 profiles: 20 profiles from summer and 17 from winter.
These were fitted against the height using a first-order exponential decay
equation (Murena and Vorraro, 2003; Kumar et al., 2008; Kuuluvainen
et al., 2018)

Cz � Cf
� �

= C0 � Cf
� � ¼ exp � zk=Hð Þ, (5)
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whereCz is the LDSA at height z, C0 is the LDSA at the ground level, Cf is the
background LDSA, H is the canyon height and k1 = k/H is the exponential
decay coefficient (m−1) combining the meteorological and morphological
effects of pollutant dispersion. The inverse of the decay function is the
characteristic dispersion height. To find the value of k for each measured
profile, a non-linear least-square regression to Eq. (5) was made.

Furthermore, a generalised linear regression model to predict k using
meteorological variableswas developed in similar fashion for the datamea-
sured by the mobile laboratory. A sequential forward feature selection was
made using the same initial set of variables as before with the addition of
having side of the street canyon (1=SS, 2=OS) and season (1= summer,
2 = winter) as predicting variables. Here data from summer and winter
were combined due to the small amount of data. In our case the morphol-
ogy of the measurement sites on both sides of the main street canyon
remains the same allowing to examine the effect of meteorology on pollut-
ant vertical dispersion in detail.

3. Results and discussion

Besides general data analysis of the measurement campaigns, we chose
two measurement periods (hereafter called case examples) to visualize the
behaviour of analysed variables. One case example from each season was
selected representing the typical behaviour of air pollutant concentrations
with moderate wind speeds. The two case examples were afternoons on
14th June and 5th December.
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3.1. Meteorological conditions

During the summer campaign, the background air temperature (Tair)
was on average 14.7∘C and reached 22.3∘C, whereas in winter Tair remained
below 5.4∘Cwith amean value of 1.7∘C (Fig. 2 a–b). During both campaigns
slightly warmer temperatures were measured in the street canyon (on aver-
age 14.9 and 2.3∘C, respectively) due to anthropogenic heat emissions from
traffic and buildings, and solar radiation wrapping due to reduced sky-view
factor. During the summer campaign, mean wind (U) was slightly calmer
than during the winter campaign with the background averages being 3.3
and 5.1 m s−1, respectively (Fig. 2 c–d). In the street canyon, U were
lower being on average 0.8 and 1.6 m s−1. Prevailing wind direction was
from west–north-west and east–south-east during the campaigns, respec-
tively (Fig. 1 in the Supplementary material). Eastern and western flows
are perpendicular to the street canyon allowing formation of canyon vortex
whereas south-east and north-west are parallel to the street canyon.

As measurements were only made on dry days, there were often clear
sky conditions (Fig. 2 e–f). The large contrast between the summer andwin-
ter campaign radiation levels had strong effect on the atmospheric stability
and appearance of different stability classes (Fig. 3). During summer cam-
paign, very stable atmosphere indicating limited verticalmixingwasmostly
seen at nighttime whereas in daytime very unstable conditions occurred
93%onmidday (between 11:00–14:00) indicatingwell-mixed lower atmo-
sphere. In winter the atmosphere remained less unstable in daytime with
very unstable conditions occurring 20 % and unstable conditions occurring
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35% onmidday. Also the onset of mixing was later in winter (around 9:00)
than in summer (around 6:00). Thus, in summer the mixing conditions are
very different compared towinter whichwill have direct impact on vertical
dispersion and studied pollutant concentrations.

The contrast in meteorological conditions between the winter and sum-
mer campaigns was also visible in our case examples (Fig. 2 in the Supple-
mentary material). The mean daily Tair during the summer case example
was 14.7∘C and during winter case example −0.5∘C. The street canyon
Tair was similar to background Tair in summer (14.9∘C) but clearly larger
in winter (1.3∘C). The greater thermal turbulence generation in summer
was seen in QH which reached 270 and 180 W m−2 at the background
and street-canyon compared to−5 and 6 W m−2, respectively, in winter.
U was similar between the two case examples (3.5 and 2.0 m s−1 at the
background, 1.8 and 1.1 m s−1 in the street-canyon) but stronger turbu-
lence was seen in summer when compared to winter. Thus, there were
more both mechanical and thermal mixing in summer than in winter creat-
ing more favorable conditions for pollutant dispersion. Wind was from the
Table 1
Median concentrations of lung deposited surface area (LDSA), total particle number conc
driving routes during the summer and winter measurement campaigns. BG = standing
canyon + side streets, SS = standing the HSY supersite, OS = standing opposite the H

LDSA (μm2 cm−3) N (103cm

Summer BG 36.5 ± 12.4 9.2 ± 3.5
MS 73.3 ± 23.1 27.4 ± 7
SD 43.8 ± 14.4 13.9 ± 6
MS + SD 61.7 ± 26.7 19.6 ± 4
SS 50.7 ± 15.7 17.6 ± 9
OS 63.1 ± 26.3 30.2 ± 1

Winter BG 25.4 ± 9.1 10.7 ± 3
MS 65.6 ± 20.7 29.2 ± 8
SD 34.3 ± 12.1 13.6 ± 4
MS + SD 51.2 ± 21.4 24.7 ± 7
SS 44.1 ± 17.7 27.4 ± 1
OS 43.4 ± 18.4 20.0 ± 8

6

North (mean 356∘) and thus around 45∘ relative to themain street canyon in
summer, and from the West (mean 282∘) in winter being slightly more
parallel to the street canyon than in summer. At the time of the mobile
laboratory and drone measurements, U decreased and turned more from
south-west during the winter case example.
3.2. Horizontal variability of pollutant concentrations

The air pollutant concentrations measured by the mobile laboratory
showed large temporal and spatial variability (Table 1, Fig. 6 in the Supple-
mentary material). Excluding O3 and N in summer (30 ⋅ 103cm−3 at OS),
the highest concentrations were measured at the main street canyon,
when the van was moving with the traffic, with median LDSA 73 and
66 μm2 cm−3, N 27 and 29 ⋅ 103cm−3, BC 2.2 and 2.2 μg m−3, and NOx

55 and 72 ppb in summer and winter, respectively. The lowest concentra-
tions were systematically measured at BG when the mean values were
also closest to the concentrations measured at the background SMEARIII
Kumpula station. The median concentrations remained below 37 μm2

cm−3 (LDSA), 11 ⋅ 103cm−3 (N), 0.7 μg m−3 (BC) and 13 ppb (NOx). On
other driving routes the concentrations remained between these limits
with highest concentrations commonly measured at OS in summer and on
the combination routeMS+SD inwinter. In the case of O3, lowest concen-
trations were measured at the main street canyon (17 ppb in summer and
8.2 ppbwinter) and largest at the BG (27 ppb in summer and 13 ppbwinter)
due to photochemical reactions with nitrogen compounds. For the same
reason, O3 concentrations were greater in summer than in winter. For N,
BC and NOx higher concentrations were measured in winter than in sum-
mer whereas for LDSA in summer (excluding OS). As the traffic rates are
similar between the two campaigns (15-min mean vehicle count 675 in
winter and 658 in summer) the larger wintertime concentrations can be
explained by variability in emission factors in different temperatures and
the limited mixing in winter. Traffic flow towards the city centre passes
the HSY supersite in the morning and opposite the HSY supersite in the af-
ternoon. Earlier study from Helsinki also found greater LDSA in summer
than in winter due to larger particle sizes (Kuula et al., 2020) as relevant
particle sizes likely due to increased photochemistry and VOC emissions
(Barreira et al., 2021). All the measured concentrations were typical for
near-road environments (e.g. Pirjola et al., 2012; Eeftens et al., 2015;
Borge et al., 2016; Rivas et al., 2020) with the highest concentrations at
major roads and decay in concentrations the further from the emission
sources you go (Ruths et al., 2014; Enroth et al., 2016; Amato et al.,
2019). While standing at SS, LDSA measured by ELPI correlated well (r =
0.64, RMSE = 29.6 μm2 cm−3) with the stationary Pegasor instrument
located at the HSY supersite but showed slightly larger concentrations
(Mean bias error (MBE) = 3.3 μm2 cm−3) (Supplementary material
Fig. 1). The observed differences between the two instruments were reason-
able as they have different measurement principles, measurement heights
and representative size ranges.
entration (N), black carbon (BC), nitrogen oxides (NOx) and ozone (O3) on different
background, MS = main street canyon, SD = side streets, MS + SD=main street
SY supersite.
−3) BC (μg m−3) NOx (ppb) O3 (ppb)

0.6 ± 0.3 8.2 ± 5.0 27.4 ± 6.9
.6 2.2 ± 1.0 54.8 ± 20.5 19.1 ± 7.7
.9 1.2 ± 0.4 19.2 ± 9.5 20.4 ± 7.7
.6 1.5 ± 0.7 37.5 ± 20.4 21.9 ± 7.5
.1 1.1 ± 0.3 27.6 ± 12.7 23.4 ± 4.7
4.3 1.8 ± 1.1 40.7 ± 25.2 16.6 ± 7.8
.4 0.7 ± 0.2 12.8 ± 4.9 13.0 ± 3.4
.9 2.2 ± 0.7 71.8 ± 26.6 8.2 ± 3.8
.3 1.1 ± 0.4 25.0 ± 12.9 11.4 ± 4.7
.2 1.8 ± 0.4 50.9 ± 18.7 10.2 ± 4.4
1.5 1.6 ± 0.6 47.2 ± 19.2 8.9 ± 4.7
.2 1.3 ± 0.4 34.3 ± 24.7 11.9 ± 2.9
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3.3. Controls of horizontal variability of pollutants

Pollutant concentrations at all driving routes showed varying correla-
tions from meteorological variables (see Supplementary material). On
both seasons, the linear correlations between different air pollutants and
environmental variables were larger than that of traffic rates with greatest
concentrations seen in cold and calm conditions. Depending on the air
pollutant, largest linear correlation coefficients with traffic rate were seen
in winter at SD (N, 0.19), SS (LDSA, 0.32) and MS (BC, 0.29; NOx, 0.27).
On other driving routes insignificant or even negative correlations were
seen. In order to understand more in detail the effect of different variables
at each driving route, linear regression between the different pollutant
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Fig. 4. Beta coefficients obtained from the multivariable linear fitting made between env
(QH), momentum flux (u′w′), traffic rate (Tr) and wind direction (WD), and lung deposit
O3 (i–j) during summer (a, c, e, g, i) and winter (b, d, f, h, j). See Table 3 in the Supplem
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concentrations and environmental variables was made. Fig. 4 gives the
beta coefficients of the variables affecting the pollutant concentrations
identified by the forward selection on different driving routes. One should
keep in mind that on some driving routes there was a small number of data
points available which affects the certainty of the fit (Table 7 in the Supple-
mentary material). Large variability in the most important variables for the
measured pollutant, driving route and season was seen.

At BG, local road traffic hadminor importance on themeasured concen-
trations during both seasons and it was turbulent transport (u′w′) which
had most impact on pollutant levels excluding O3. The BG concentrations
increased with decreasing u′w′ as the sign of u′w′ is always negative with
greater negative value indicating more turbulent mixing. For LDSA and N,
H u'w' Tr WD

b)

d)

f)

h)

j)

BG MS SD
MS+SD SS OS

Route

ironmental variables air temperature (Tair), mean wind speed (U), sensible heat flux
ed surface area (a–b), total particle number (c–d), black carbon (e–f), NOx (g–h) and
entary material for detailed statistics.
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Tairwas the second important variable in summer and QH in winter. For BC
and NOx, U was the second important variable on both seasons. U and Tair
weremost important variables for O3. At SD, u′w′ dominated the concentra-
tions of LDSA andN, andU the concentrations of BC, NOx andO3 in summer
indicating the importance of pollutant transport from the main road either
by turbulence or mean flow. In winter, U was important for all pollutant
concentrations. It was the most important variable for all other concentra-
tions thanNwhichwas slightlymore affected byQH.QHwas also important
for BC and NOx whereas Tair was more important for LDSA. At SD, wind di-
rection was contributing largely to LDSA, BC and NOx levels in winter
emphasising the importance of pollutant transport from the main road in
certain flow conditions. Traffic rate was important only for O3. U was
again the most important variable for O3.

When drivingwith the trafficfleet atMS, traffic rate had greater contribu-
tion than on other driving routes. Uwas the most important variable in sum-
mer for other pollutants than LDSAwhich was slightly more affected by u′w′.
The mean wind was followed by traffic rate in the case of N, BC and NOx.
Traffic had the largest contribution to BC and NOx in winter whereas for
other pollutants either U (LDSA and O3) or u′w′ (N) contributed most. If the
mobile laboratory was standing at the HSY supersite (SS) or opposite it
(OS), the effect of road traffic decreased and the importance of meteorologi-
cal variables increased. At SS, u′w′ had the largest contribution to pollutant
concentrations in summer except to O3 which was most affected by Tair. Tair
was also important for LDSA, N and NOx. Thus, mean wind had little effect
on the pollutant concentrations at SS in summer but rather concentrations
were determined by mechanical turbulence and thermal effects. In winter,
mean wind was more important than in summer being the most contributing
variable for all other pollutants except for N which was most affected by
Tair. Tairwas second important variable for all other pollutants. At OS, the im-
portance of QH increased in summer and it was the most important variable
for LDSA and N. BC and O3 on the hand were most affected by U, and NOx

by wind direction. Wind direction was also important for other pollutants.
In winter, the importance of mechanical turbulence increased u′w′ being
the most important variable for LDSA, N and BC. NOx was most affected by
Tair. Other important variables varied between the different pollutants
being wind direction for LDSA, Tair for N and BC, u′w′ for NOx and traffic
for O3. The differences in the explanatory variables at SS and OS could be ex-
plained by the different morphologies relative to the prevailing wind direc-
tion which is South-West. In this case, a street canyon vortex is formed
causing pollutants to be pushed fromOS to SS (Kurppa et al., 2020). Previous
study found nanocluster concentrations to depend on wind direction at SS,
but in their study they did not examine the relative importance of other
meteorological variables (Hietikko et al., 2018). The SS side also gains
more direct sun light in the morning while OS still remains in shadow, and
in the afternoon the situation is vise versa with more radiation at OS than
at SS.

The results show how the concentration levels at themain street canyon
are more affected by traffic rates whereas on other driving routes environ-
mental conditions dominate. Traffic rates were particularly important for
NOx. The result might be different if temporal correlations at a higher
spatial resolution would have been examined whereas here we examined
the effect of environmental variables on pollutant concentration medians
at different routes. It is also evident that bothmean flow and turbulent fluc-
tuations contributed to the pollutant concentrations in the different driving
routes emphasising the importance of turbulence in pollutant transport. For
the aerosol metrics representing smaller particles, it wasmore often theme-
chanical turbulence which dominated over mean flow. O3 concentrations
were most often affected purely by mean wind. Traditionally, mainly due
to lack of turbulent observations, only U has been correlated with pollutant
concentrations whereas in those studies where the effect of turbulent
fluctuations has been considered, the fluctuations have been found to be
more important for pollutants concentrations than the mean flow. Previ-
ously Choi et al. (2016) found σw to be the strongest determinant factor
for ultrafine particle number concentrations in Los Angeles (US) and
Weber et al. (2013) in Essen (Germany)whereas Borge et al. (2016) demon-
strated strong correlation between NO2 and u∗ (derivative of u′w′).
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3.4. Formation of pollutant hotspots

Previous analysis focused on examining the effect of environmental fac-
tors on pollutant concentrations at the different driving routes but it did not
tell what are the most important variables for the formation of pollutant
hotspots at the street network. Their formation is demonstrated with the
aid of our case examples for LDSA and N (Fig. 5). In both examples, higher
concentrations focused on north-west part of the main street canyon and
around OS in summer. In winter, more hotspots could be observed at the
main street canyonwhen compared to summer. Naturally for differentmea-
surement periods, the highest concentrations could be seen in different
locations. In order to examine what environmental variables are mostly
responsible for variations in each 4-m grid, a multi-linear regression
was conducted between the variables, and LDSA,N, BC and NOx concentra-
tions. Good model performances with RMSE 0.043–0.279 μm2 cm−3,
0.038–0.351 103cm−3, 0.044–0.261 μg m−3 and 0.0420–0.300 ppb,
respectively, were found. During summer campaign, u′w′ was responsible
for most of the variation in 70 % (LDSA), 75 % (N), 40 % (BC) and 46 %
(NOx) of the grids. These were followed by traffic rate in 21 % (LDSA),
14 % (N), 35 % (BC) and 42 % (NOx) of the grids. In winter, on the other
hand, more variation in the most determinant variables were seen. For
aerosol variables, Tair was the most important variable in 64 % (LDSA),
45 % (N) and 35 % (BC) of the grids. For LDSA and N this was followed
byQH in 12% and 18% of the grids emphasising the importance of thermal
effects on pollutant dispersion. In the case of BC, u′w′ was most important
variable in 27% of the grids. For NOx, u′w′was themost important variable
in 43 % of the grids, followed by traffic rate in 19 % of the grids. Thus in
winter, thermal effects contributed mostly to the local behaviour of aerosol
particles whereas in summer mechanical turbulence had more importance
for all pollutants. This might be due to the well mixed lower boundary
layer throughout the measurements whereas during winter campaign
more variability in mixing levels could be seen between the different
times of day. The turbulentfluctuationsweremore important for the forma-
tion of hotpots than the mean flow. The importance of thermal turbulence
on pollutant distributions within street canyon network has been studied in
the past in wind-tunnels and idealised urban areas (Li et al., 2021), but so
far experimental evidence from real urban street canyons has been lacking
to a large extent.
3.5. Vertical variability of LDSA

The measured vertical LDSA profiles showed large variability in surface
(at 4m) and background concentrations (at>1.5 building height) as well as
in their shape (Fig. 6). The surface values varied from 14 to 64 μm2 cm−3

and the background values from 8 to 40 μm2 cm−3. Statistically non-
significant differences between the summer and winter surface and
background concentrations were observed as based on Mann-Whitney U
test. LDSA measured by the drone at four meter height matched well with
the reference measurements at the ground level at SS and OS, and on the
roof at OS (Supplementary material Fig. 2). When profiles were normalised
(Eq. (5)), LDSA followed the exponential decay better in summer than in
winter in which case the largest normalised LDSA were not necessarily
measured at the surface but rather at elevated level indicating poor vertical
mixing of the pollutants. Thus the decay functions worked better in well-
mixed situations when compared to more stable situations.

When fitting the first-order exponential decay equation to the normal-
ised profiles, we got k varying between 0.546 and 3.518 corresponding to
k1 values of 0.029–0.186 m−1 (Fig. 6 in the Supplementary material). On
average k/k1 were 12 % larger in summer (1.262/0.067 m−1) than in win-
ter (1.124/0.060 m−1). This indicates more efficient dispersion (greater
decay) of LDSA from the street canyon in summer than in winter reducing
the street-canyon concentrations.

The upper range of k1 values corresponded those obtained earlier for the
same site (0.164 and 0.237 m−1) for two vertical profiles of LDSA when
wind was perpendicular to the street canyon (Kuuluvainen et al., 2018).



Fig. 6. a) Mean vertical profiles of lung deposited surface area (LDSA) and b) normalised LDSA for summer (solid lines) and winter (dashed lines) measurement campaigns.
Geometric mean values for LDSA are used.

Fig. 5. Example of the spatial variability of a–b) lung deposited surface area (LDSA, μm2 cm−3) and c–d) total particle number concentration (N, cm−3), during case examples
in summer (a, c) and winter (b, d).
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In general, our values corresponded well with the range of values obtained
in other studies with different morphological and meteorological condi-
tions. In previous studies, the morphological effects to k1 have been dis-
cussed through street canyon aspect ratio (H/W). Murena and Vorraro
(2003) found in deep street canyon (H/W = 5.7) k1= 0.08–0.16 m−1

whereas in more regular street canyons (H/W = 1.65–1) values have
been found to range between 0.10 and 0.36 m−1 (Chan and Kwok, 2000;
Kumar et al., 2008). The street canyon in our case is a wide boulevard
type road with H/W = 0.45 for which Kuuluvainen et al. (2018) found
larger k1 and thus stronger mixing than for the canyons with greater H/
W-ratio and thus more restricted pollutant ventilation. However, as
shown this study with the same H/W-ratio, large variability in k1 can be
found due varying meteorological conditions. Previous studies have classi-
fied profiles by wind direction relative to the street canyon of interest (Liu
et al., 2021), but we did not find strong dependency of the profile shapes on
wind direction.

To demonstrate the variability of the profile shapes, Fig. 7 shows the
vertical profiles of LDSAmeasured using a drone during our case examples.
In both cases the LDSA concentrations decreasedwith height but the behav-
iour was different between the two sides and case examples. In summer,
greater ground level concentrations were measured at OS that at SS. The
wind in this case was from North and the forming canyon vortex pushed
particles towards northern side of the street-canyon. In winter, on the
other hand, the situation was vise versa with greater ground level concen-
trations at SS side of the street-canyon when the wind was more from
west and South-West. Profiles from the two sides united on top of the roof
level showing more blended signal. At higher altitudes representing the
Fig. 7. Vertical distribution of geometric mean lung deposited surface area (LDSA) du
14:57–15:16 and opposite the HSY supersite (OS) at 15:23–15:37 on 14 June 2017, a
December 2017. Solid and dashed lines show the background LDSA measured in SME
markers independent LDSA measurements made at the ground level and green markers
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background (>1.5 times rooftop) the concentrations measured by the
drone approached the background values measured at SMEAR III (6.8
and 7.7 μm2 cm−3 in summer and 8.5 and 8.1 μm2 cm−3 in winter during
SS and OS measurements, respectively) but remained 34–38 % higher in
summer (10.9 and 11.6 μm2 cm−3 at SS and OS) and 45–52 % higher in
winter (15.5 and 16.9 μm2 cm−3 at SS and OS). In summer the more effi-
cient mixing could be seen as steeper decay when compared to winter
case example.

To get a deeper understanding of the factors affecting the shape of the
profiles, i.e., decay of LDSA, a linear regression analysis to the k values
was made. The performance of the regression model to predict k did not
significantly (with 95 % significance level) improve after five variables
identified by the forward feature selection. The five selected variables
were Tair, U, QH, Season and side. The obtained linear regression model

k ¼ � 3:41þ 2:81Tair � 1:89U þ 0:88QH þ 2:00Seasonþ 0:44side (6)

predicted the variation of kwell (RMSE=0.153±0.010m−1, see Supple-
mentarymaterial for details). If we have a look on the relative contributions
of the different variables in the variation of k, the most contributing vari-
ables were Tair (2.18) and season (2.00) emphasising the difference in
dispersion conditions between summer and winter. These were followed
by U with a negative effect (−1.89) and QH with a positive effect (0.88).
The negative effect of U indicated that with greater mean wind speeds the
profile will remain more flat in vertical, and not so pronounced differences
between the lower and upper part of the street canyon were seen. Larger
QH on the other hand indicated more turbulent mixing and unstable
ring our case examples: a) summer profiles measured at the HSY supersite (SS) at
nd b) winter profiles measured at SS at 16:01–16:22 and OS at 16:26–16:46 on 5
ARIII Kumpula when the drone was measuring at SS and OS, respectively, black
independent LDSA measurements made at roof level at OS.
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atmosphere resulting inmore efficientmixing of pollutants from the surface
to the atmosphere. The measurement side was the least important variable
(0.44). Interestingly, the surface concentration of LDSAnor traffic ratewere
among the selected variables indicating minor impact from the emission
source itself on the shape of the profile. Neither mechanical turbulent fluc-
tuations appeared among the five variables indicating that for the vertical
mean shape of LDSA themeanflowwasmore significant. One should notice
that as all drone measurements were made in low wind speed conditions
due to safety reasons, the importance of thermal processes was likely
greater that would be with greater wind speeds (Wang et al., 2014).
Barbano et al. (2021) studied turbulent vertical exchanges in a deep street
canyon (H/W=1.65) in Italy and found thermal processes to be faster than
mechanical processes particularly for perpendicular directions. They
also found that turbulent exchanges are not important on parallel flow con-
ditions where on contrary the mean flow has been found to dominate
(Karttunen et al., 2020).

4. Conclusions

In this study, mobile laboratory and drone measurements of air pollut-
ant concentrations from Helsinki were analysed to examine the horizontal
and vertical variability of pollutant distributions, and the effect of environ-
mental conditions on the observed variations. The data were collected dur-
ing two 2-week measurement campaigns conducted in summer (5–16 Jun)
and winter (27 Nov–8 Dec) 2017. Mobile laboratory Sniffer measured the
total number concentration (N), lung-deposited surface area (LDSA),
black carbon (BC), NOx and O3 within a wide street canyon (H/W =
0.45) and its immediate surroundings. Drone was used to measure the
vertical distribution of LDSA on both sides of the main street canyon.

Meteorological conditions between the two measurement campaigns
were contrasting particularly from the point of view of thermal processes.
In winter, solar radiation levels were much lower than in summer resulting
in lower air temperatures, less turbulence and less mixed lower atmo-
sphere. Mixing started around 3 h later in the morning in winter than in
summer, and unstable conditions occurred only 55 % on midday's com-
pared to 92 % occurrence in summer. Mechanical turbulence was also
slightly greater in summer than in winter.

The largest concentrations with most temporal variability were mea-
sured at the main street canyon for all other pollutants except O3 which
had highest concentrations at the background. For N and BC, higher con-
centrations were measured in winter than in summer contrary to LDSA
which had higher concentrations in summer similarly toO3. The concentra-
tion levels in the street canyon were more affected by traffic when the
mobile laboratorywasmovingwith the traffic fleet. At other driving routes,
mean concentrations were more affected by the meteorological variables.
Both mean wind and turbulence contributed to the variation of pollutant
concentrations. For aerosol metrics representative more for the smaller
particles, it was more often turbulence which dominated over mean flow.
The importance of thermal processes was largest when the mobile van
was standing at the HSY supersite or opposite it. The formation of pollutant
hotspots within the street canyon network were most controlled by
mechanical effects and traffic rate in summer. In winter, the importance
of thermal effects increased in the case of LDSA and N. This highlights the
need to consider also thermal processes when high-resolution air quality
observations in cities are examined.

The measured vertical LDSA profiles showed large variability in their
shape, and surface and background concentrations. In summer the profiles
followed the predicted exponential decay better than in winter indicating
that the decay functions work better in well-mixed conditions compared
to more stable conditions. We derived a prediction equation for the decay
which is applicable for the H/W ratio of the studied street-canyon. The
most important variable controlling the decay function was the season
followed by mean flow and thermal turbulence. This study showed the ef-
fect of meteorological conditions on vertical profiles to be large indicating
that when drawing conclusions for their generalised behaviour, meteoro-
logical effects need to be included in addition to morphological effects.
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The results show that in order to understand pollutant dispersion in
street-canyon networks in detail, not only the mean flow but also turbulent
processes should be considered. Mechanical processes were often dominat-
ing thermal processes but still both should be accounted for when examin-
ing pollutant dispersion in urban areas. This is among the first studies
providing experimental evidence on this. In order to understand in detail
the effect of meteorological conditions on temporal and spatial variability
in both horizontal and vertical directions, more observations from real
urban environments from different morphological situations would be
needed. Prediction equation for decay functions was derived in this study
but more work on the format of the regression model used should be
made. We chose a simple linear regression model over other models for
its interpretability and as we were interested on the dominant environmen-
tal factors over exact prediction equations.

This study focused on the horizontal and vertical dispersion of particle
emissions of traffic. The studied metrics N, LDSA and BC in urban environ-
ments are dominated by relatively small particles originated from exhaust
of vehicles powered by internal combustion engines. However, traffic con-
tributes also the ambient concentrations of extremely small particles not
studied here (i.e., nanoclusters, see Hietikko et al., 2018), on the other
hand, larger particles such as road dust, brake dust and tyre dust. The pro-
cesses affecting the dispersion of these particle types may differ from the
processes affecting the dispersion of N, LDSA and BC, which should be
taken into account in future studies and when exploiting the results of
this study.
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