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Abstract

The vertical profiles of lung deposited surface area (LDSA) concentration were measured in
an urban street canyon in Helsinki, Finland, by using an unmanned aerial system (UAS) as
a moving measurement platform. The street canyon can be classified as an avenue canyon
with an aspect ratio of 0.45 and the UAS was a multirotor drone especially modified for
emission measurements. In the experiments of this study, the drone was equipped with
a small diffusion charge sensor capable of measuring the alveolar LDSA concentration of
particles. The drone measurements were conducted during two days on the same spatial
location at the kerbside of the street canyon by flying vertically from the ground level up
to an altitude of 50m clearly above the rooftop level (19m) of the nearest buildings. The
drone data were supported by simultaneous measurements and by a two-week period of
measurements at nearby locations with various instruments. The results showed that the
averaged LDSA concentrations decreased approximately from 60pm?/cm?® measured close
to the ground level to 36-40pm?/cm?® measured close to the rooftop level of the street
canyon, and further to 16-26 pm?/cm?® measured at 50 m. The high-resolution measurement
data enabled an accurate analysis of the functional form of vertical profiles both in the
street canyon and above the rooftop level. In both of these regions, exponential fits were
used and the parameters obtained from the fits were thoroughly compared to the values
found in literature. The results of this study indicated that the role of turbulent mixing
caused by traffic was emphasized compared to the street canyon vortex as a driving force
of the dispersion. In addition, the vertical profiles above the rooftop level showed a similar
exponential decay compared to the profiles measured inside the street canyon.

Keywords: urban air quality, street canyon, aerosol, lung deposited surface area, vertical
profile

Capsule: The high-resolution vertical profiles of lung deposited surface area obtained in
this study are valuable with respect to exposure estimations, urban planning, and urban air
quality models.
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1. Introduction

Street canyons are important microenvironments in urban areas with respect to the dis-
persion of traffic emissions and human exposure. Pedestrians, cyclists, and people inside
vehicles may be exposed to relatively high concentrations of particles and gaseous pollutants
on the ground level of street canyons because of the reduced natural ventilation (Kumar
et al., 2011; Vardoulakis et al., 2003). Vertical dispersion of pollutants affects the human
exposure in buildings above the ground level and contributes to regional background concen-
trations as well as to the global atmospheric effects of anthropogenic emissions. According
to Monks et al. (2009), the characterization of the vertical profiles in urban areas and street
canyons is crucial in determining pollution transport from the urban area to the regional
scale. Understanding of the vertical dispersion in street canyons also provides a possibility of
improvements in urban planning, building ventilation, and indoor air quality (Ai and Mak,
2015).

The fine particulate matter, i.e. the particles with a diameter smaller than 2.5 um (PM2.5),
has been estimated to cause about 3.3 million premature deaths per year worldwide (Lelieveld
et al., 2015). The problem is emphasized nowadays in Asia but also, in spite of the strict
emission and air quality standards, still recognized in Western countries (Beelen et al., 2014).
The mass of fine particles has been widely monitored in urban areas all over the world (Cheng
et al., 2016) and shown to correlate with the incidence of cardiopulmonary diseases (Silva
et al., 2013). In addition to the negative health effects, aerosols emitted from anthropogenic
sources have also an impact on global climate (Rotstayn et al., 2009). In order to better
understand the urban air quality with respect to the particulate matter and the effects of
anthropogenic sources on global climate, a lot of different measurements conducted in ur-
ban environments have been reported, including particle number concentrations and number
size distributions (Shi et al., 1999; Pant and Harrison, 2013; Pirjola et al., 2012), as well as
chemical composition of particles (Putaud et al., 2004; Pirjola et al., 2017).

Recently, an increasing number of studies have reported surface area related quantities
measured in urban areas. The reason for this trend can be found in toxicological studies
where the surface area of particles has been shown to correlate with negative health effects
better than the mass and number concentrations (Brown et al., 2001; Oberdérster et al.,
2005). One of the most common surface related metric is the lung deposited surface area
(LDSA) concentration that can be defined separately for the alveolar or trancheobronchial
regions of lungs. The alveolar LDSA concentration has been found to be on average between
10 and 89pm?/cm? at urban background measurement stations located in different West-
ern cities (Reche et al., 2015). According to a recent study by Kuuluvainen et al. (2016),
traffic related particle modes dominate the size distribution of the LDSA and the average
concentrations are usually at the highest at busy traffic sites.

The interest towards street canyons as significant microenvironments in urban areas has
resulted in various measurements and development of models. It is commonly known that the
highest concentrations of fine particles in urban areas usually exist in closed street canyons
with relatively high and long buildings parallel to the street (Kumar et al., 2011; Pirjola et al.,
2012). The basic dispersion of aerosol particles and other pollutants in a street canyon is
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characterized by the vortex caused by the predominant wind above the building rooftop
level and the turbulent mixing affected by bypassing vehicles (Qin and Kot, 1993). Kumar
et al. (2009b) compared the performance of three different street canyon models including an
operational street pollution model (OSPM) (Berkowicz, 2000), a semi-empirical box model,
and a computational fluid dynamics (CFD) model. They found that the OSPM and box-
based models were able to predict the similar shape of concentration profiles corresponding
to pseudo-simultaneously measured values reported by Kumar et al. (2008b). Both of these
models include calibration parameters based on experimental data from various field studies.
The vertical profile of pollutant concentrations in a street canyon have also shown to follow
an exponential form by multiple other studies. In a theoretical study (Huang, 1979), two
wind tunnel experiments (Hoydysh and Dabberdt, 1988; Dabberdt and Hoydysh, 1991), and
four field measurements studies (Capannelli et al., 1977; Zoumakis, 1995; Chan and Kwok,
2000; Vardoulakis et al., 2002), the concentrations were found to be the highest near the
canyon bottom with a decreasing gradient towards the rooftop level.

A lack of experimental data or uncertainties related to the available data often restrict
the evaluation of street canyon models. Several studies have reported particle concentrations
and other pollutants measured at the ground and rooftop level of street canyons (Vikeva
et al., 1999; Kukkonen et al., 2001; Pakkanen et al., 2003; Kumar et al., 2009a). The
decrease of concentrations with the increasing altitude has been evident. Marini et al. (2015)
conducted a measurement campaign with simultaneous aerosol particle measurements at
three or four different heights on both sides of a symmetric street canyon and pointed out
the strong influence of wind conditions on the particle concentrations in the canyon. It is
noteworthy that unlike inert gases, such as carbon dioxide (CO,), aerosols consist of particles
of different sizes and composition, which may behave differently and interact with each other
during dispersion and dilution processes (Kumar et al., 2008b; Imhof et al., 2005). Some
measurements of carbon dioxide have been conducted at different heights up to 30m in a
lattice tower located in a street canyon with a rooftop level at the height of 15m (Vogt et al.,
2006). However, these results cannot directly be applied for particulate matter because of
the inert nature of carbon dioxide and its relatively high and variable background levels
compared to the ambient values in urban environments.

In general, the vertical concentration profiles of particulate matter and other pollutants
can be measured with stationary or moving measurement platforms installed onto the walls
of buildings and other constructions, or with flying measurement platforms. The above-
mentioned studies reporting particle and CO5 concentrations in street canyons are examples
of stationary measurements. On the other hand, Imhof et al. (2005) measured particle
concentrations and size distributions by using an elevator installed into a tower as a moving
measurement platform at an open motorway environment. Recently, the development of
unmanned aerial systems (UAS) or unmanned aerial vehicles (UAV), commonly known as
drones, has enabled the measurement of vertical profiles especially by using sensor-type
instruments with a light weight and a high time resolution. Villa et al. (2016) reviewed
the use of drones in the air quality research and they found that the field is in its early
stages of development. Most of the studies reporting measurements with a drone are focused
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on meteorological parameters, such as temperature and relative humidity, and they have
been performed by using fixed-wing drones that are not applicable for measuring vertical
profiles close to the ground level (Elston et al., 2015). Only a few studies have reported
measurements of particulate matter with a drone. Brady et al. (2016) demonstrated the
performance of a rotary-wing drone equipped with an optical particle counter and a COq
sensor for vertical gradient measurements at the surf zone of an ocean. In a recent study
by Villa et al. (2017), the vertical profiles of particle number concentration were measured
with a drone adjacent to a motorway by using a sensor, based on the diffusion charging of
particles.

The aim of this study was to investigate the vertical profiles of lung deposited surface area
concentration in an urban street canyon. Measurements were performed with a miniature
electrical particle sensor installed into a multirotor drone that was operated from the ground
level to an altitude clearly above the rooftop level of the street canyon. The obtained
vertical profiles were supported by stationary measurements at different heights and ground
level measurements at nearby locations. The experimental data were analyzed further by
using exponential fits and parametrization, the aim of which was to compare the results
to previous studies. Altogether, this study demonstrates the performance of a drone in an
urban street canyon environment for measurements of fine particles.

2. Methods

Measurements were carried out in a busy street canyon in Helsinki next to an urban su-
persite air quality measurement station (Méakelankatu 50; 60°11’N, 24°57'E) operated by the
Helsinki Region Environmental Services Authority (HSY). The location of the measurement
station is shown on the map in Fig. 1a and 1b. The supersite measurement station consists
of a container (length 8.0m, width 1.7m, height 2.7m) that is equipped with the standard
air quality measurement devices and other instrumentation. All the inlets for the measur-
ing devices are located on the top of the container approximately at a height of 2.8 m from
the ground level. The drone measurements were carried out right next to the measurement
station during two days, on November 14th and 15th, 2016. These measurement days are
referred as Day 1 and Day 2, respectively. In addition to them, stationary measurements at
two different heights were carried out during the afternoon on November 17th, referred as a
stationary day, and a two-week period of measurements between 7th and 23rd. In addition
to the measurements in the street canyon, simultaneous measurements were carried out at an
urban background measurement station in Kumpula (SMEAR III station; 60°12'N, 24°57'E;
30m above sea level) (Jarvi et al., 2009), seen on the map in Fig. 1a.

Figure 1c shows a schematic cross-section of the street canyon. The street Makeankatu
is one of the main streets in Helsinki aligned in a northwest—southeast direction at the
measurement station. The average traffic volume is 28 100 vehicles per weekday (11 % heavy
duty vehicles). Asseen in Fig. 1b and 1c, the measurement station is located on the southwest
side of the street at the kerbside between the sidewalk and roadway. The street consists of a
sidewalk and three lanes for both directions for which the outermost lane is reserved for buses
and taxis. In the middle, there is a green zone with two tram lines surrounded by trees. The

4
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Figure 1: (a—b) The measurement locations in the street canyon (A and B), the location of the weather
station (C), and the location of the urban background measurement station (D) on the map. (c) The exact
locations (A and B) with respect to the cross-section of the street canyon. Also the building heights and the
operation zone of the drone are shown. The measurement station is seen on the left. (a~b) ©OpenStreetMap
contributors.

width of the street canyon is 42 m, and the heights of the buildings next to the measurement
station and on the other side of the street are 19 and 16 m, respectively. We used the height
of the buildings next to the measurement station and the place for the drone measurement
as the canyon height. The ratio of the canyon height H and width W is commonly known as
an aspect ratio (AR = H/W) that was 0.45 for this canyon. Usually, if the aspect ratio for
a street canyon is below 0.5, the canyon can be classified as an avenue canyon. The drone
was operated vertically starting from the ground on the southeast side of the measurement
station up to an altitude of 50 m. During the drone measurements, simultaneous reference
measurements were carried out with different instruments at the measurement station, on the
other side of the street at the kerbside, and at the urban background measurement station.
In addition, meteorological data, including the wind speed and direction, was measured at
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a weather station located on a rooftop of a building at the height of 50 m from the ground
level about one kilometer from the measurement station (Fig. 1la). These wind conditions
can be assumed to represent the average wind conditions above the rooftop level at the street
canyon.

The unmanned aerial system (UAS) used in the experiments was a multicopter manufac-
tured by VideoDrone Finland Ltd. (Fig. S2). The model was X8, which means that the UAS
had 8 motors in 4 pairs at the end of the grid bars. The UAS had been modified for emission
measurements by Aeromon Ltd. by replacing the main payload of the UAS with a sensor
unit, which in these measurements contained an onboard computer, network modems, GPS
(global positioning system) antenna, and sensors for humidity, temperature, and pressure.
The data of this unit consists of sensor reading paired with time and location from GPS
and all the data were also sent forward to cloud service for visualization in real time. The
pressure sensor was used as an altimeter its accuracy was +0.12 hPa corresponding approx-
imately to an accuracy of +1m in altitude. In order for the results to represent an altitude
dependency, the air sample was taken outside of the UAS air flow caused by rotors. The
sample to the particle sensor was taken through a Tygon E-3603 (Saint-Gobain Performance
Plastics) tubing of 70 cm that was upheld by a hollow carbon fiber stick (Fig. S2). In the
measurements, the drone was flown with an approximate velocity of 1 m/s from the ground
level to an altitude of 50m, which is clearly above the roof level of the nearby buildings.
The lowest point between subsequent up-and-down flights was approximately at a height of
2m. The drone was able to operate 3—5 subsequent up-and-down flights before the battery
had to be changed or recharged. Altogether, 48 up-and-down flights were conducted during
the two days.

The particle sensor installed into the drone was a Partector (Naneos GmbH) originally
introduced by Fierz et al. (2014). The Partector is based on the diffusion charging of particles
and the measurement of induced current with an electrometer. The output current signal
of the instrument is calibrated to measure the alveolar lung deposited surface area (LDSA)
concentration. The weight of the Partector is only 400 g, the time resolution 1s, and it can
be operated as much as 15 hours without recharging the battery, which makes it suitable
for drone measurements. The sample flow of the Partector is 0.51pm, and the diffusion
losses in the sample line of the drone measurement were estimated to be negligible. Also
another similar sensor was used in the measurements. The sensor used in the drone is
referred as Partector 1 and the other sensor is referred as Partector 2. Both the sensors
were used simultaneously in the stationary measurements in a mast located at the top of the
measurement station during few hours in the afternoon. Partector 1 was installed at a height
of 2.8m and Partector 2 at a height of 5.6 m. Because Partector 2 was recently calibrated
by the manufacturer, it was used as a reference instrument for other instruments.

In addition to these two devices, several other instruments were used in the measure-
ments. An electrical low pressure impactor (ELPI+, Dekati Ltd.) measured continuously
during the campaign at the measurement station. The ELPI+4+ measures the aerodynamic
size distribution of particles with a high time resolution and a detailed description of the in-
strument is given by Jéarvinen et al. (2014). Kuuluvainen et al. (2016) used the older version
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of the instrument for measuring the LDSA concentrations and size distributions in an urban
environment based on a field calibration. Another hand-held sensor similar to the Partector
called a DiSCmini (Testo Ltd.) (Fierz et al., 2011) was used to measure the LDSA on the
other side of the street (B) during the drone measurements. The DiSCmini was placed in a
vehicle parked at the kerbside and the inlet of the sampling line was at a height of one meter
from the ground level. Furthermore, a Pegasor AQ Urban sensor (Pegasor Ltd.) measured
continuously at the top of the measurement station during the campaign and another similar
sensor measured at the urban background measurement station in Kumpula (see location D
in Fig. 1a). A predecessor of this sensor has been used previously to measure the LDSA in
an urban environment by Jarvinen et al. (2015). The time resolution of all these instruments
was 1s and a synoptic view of the instruments is shown in the supplementary material (Ta-
ble S1). The devices Partector 1, Partector 2, ELPI+, and DiSCmini were installed to the
same sampling line close to the Pegasor sensor located on the top of the container during the
period from 18th to 23rd November. Thus, this period was used for the inter-comparison
and field calibration of the instruments.

The obtained measurement data on the vertical concentration profiles were fitted with a
mathematical equation to find a functional form for the LDSA concentration versus the mea-
surement altitude. A simple exponential function has been suggested for the concentration
of gaseous pollutants (Murena and Vorraro, 2003) as well as particle number concentration
in a street canyon (Kumar et al., 2008a) and traffic intersections (Goel and Kumar, 2016).
In this study, we formulate it as

Cz == CE,grd eXp(_k : Z*) + CBG,stra (1)

where C, is the concentration at an altitude z and Cg gra(= Cgra — Cia str) is considered to be
the concentration at the ground level resulting from ground level emissions. In other words, it
is the ground level concentration Cyq substracted by the background concentration Cpg gt in
the street canyon. The variable z*(= z/H) is the dimensionless altitude, which is the altitude
z normalized by the street canyon heigth H. The exponential decay of the concentration
can be characterized by the dimensionless decay coefficient k(= k; - H), where k; is the
exponential decay coefficient in m~!. The decay coefficient combines both meteorological
and topographical parameters. A similar exponential expression as in Eq. (1) can be used

to fit the measurement data above the rooftop level
Cz == CE,rft eXp(_k : (Z* - 1)) + C(BGr,urb- (2)

As a modification to Eq. (1), the z* -axis is shifted in Eq. (2) by the dimensionless canyon
height (= 1) to set the exponent term exp(—k-(z*—1)) to unity at the rooftop level instead of
the ground level. This shift affects only the meaning of the parameter Cg (= Crte — CBGurb),
which is now the concentration at the rooftop level resulting from the street canyon emissions.
However, the shift has no effects on the decay coefficient k or background concentration Cyg.
The vertical profiles for Day 1 and Day 2 were divided into two regions: the region inside the
street canyon below the rooftop level and the region over the rooftop level. The parameter
values were acquired for Cg g4, k, Cpgstr inside the street canyon and for Cg,, k, CBG,urb

7
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above the rooftop level, along with the confidence bounds for these three parameter fits by
using a MATLAB function cftool.

3. Results and discussion

Figure S1 found in the supplementary material shows a comparison of the instrument
responses based on the field measurement data. All the data were validated and averaged
over 10 min. Since Partector 2 was chosen to be the reference instrument, calibration factors
were calculated for other instruments. The calibration factor (CF) for an instrument was
defined as the LDSA concentration measured by Partector 2 divided by the simultaneous
output signal of the instrument in question. As seen in Fig. S1, there were only small
changes as a function of the LDSA concentration measured by the reference instrument
seen in the calibration factors of different instruments. This indicates that the instrument
responses were very similar with each other for these traffic related particles measured in the
street canyon environment in these conditions. As a result of the comparison, the average
calibration factors were used to calibrate and correct the output signals (LDSA in pm?/cm?
or electric current in pA) of all the instruments to be comparable with the LDSA measured
by Partector 2. These factors were 1.18, 1.00, 30.3 pm?/(cm?®pA), and 132 pm?/(cm?®pA) for
Partector 1, DiSCmini, ELPI+, and Pegasor AQ Urban, respectively.

The statistics of the measured LDSA values is important with respect to the averaging
and comparison of different time series. Figure 2 illustrates the statistics of the LDSA
values with a histogram, in which the number of observations per hour is presented as
a function of the LDSA concentration. The distributions are shown with geometric mean,
median, (arithmetic) mean, and geometric standard deviation values for the two-week period
of measurements and, as an example, for the stationary measurements at the height of 2.8 m.
As seen in this figure with a logarithmic x-axis, both the distributions seem to be close to a
log-normal distribution. In the distribution for the two-week period, a slightly asymmetric
shape can be seen, due to the strong diurnal variations and polarization of concentrations
to high-traffic and low-traffic periods. The distribution for the stationary measurement
includes data of only a few hours measured during an afternoon and the concentrations seem
to be more precisely log-normally distributed. However, the geometric means and geometric
standard deviations represent well the statistical characteristics of both of these example
distributions. Therefore, the geometric mean and geometric standard deviation were used
in the further analysis and averaging of the data.

The drone measurements were carried out during two days and the stationary measure-
ments at different heights during one day. In order to estimate the representativeness of these
measurement days with respect to the two-week period, Fig. 3 shows the diurnal variation
of the LDSA concentration measured at the street level of the street canyon along with a
wind rose for the different measurement days and the two-week period of measurements. In
the wind rose (Fig. 3b), the wind direction and speed measured at the weather station are
shown with an averaging time of 10 min and all the wind directions and speeds present in
the two-week data can be seen. In the LDSA concentrations (Fig. 3a), the two-week data
showed a strong diurnal pattern as expected at an urban traffic site. Even though the wind
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Figure 2: A histogram showing the number of lung deposited surface area (LDSA) concentration values
per hour for the two-week period and for the stationary data measured at the height of 2.8 m during an
afternoon. Note the logarithmic x-axis. Geometric mean, median, and (arithmetic) mean values are shown
for both of the distributions. The horizontal bars represent the geometric standard deviations.

conditions were very different during the two drone measurement days, namely a relatively
strong south wind during Day 2 and a much weaker north-east wind during Day 1, the
LDSA concentrations measured at the ground level were very similar during these days and
close to the two-week averages during daytime. This indicates that the vortex caused by the
predominant wind had only a minor influence on the LDSA concentrations compared to the
turbulent mixing caused by the traffic. The minor influence of the vortex is not surprising
for this sort of a wide avenue street canyon. The wind conditions during the stationary
day were close to the wind conditions during Day 1 with respect to street direction and the
location of the measurement station. The average LDSA concentrations of the stationary
day were also close to the two-week averages and other measurement days during daytime.
During night time, there was a much greater deviation in the average LDSA concentrations
of different measurement days. The drone measurements and the stationary measurements
were carried out during daytime, and the exact measurement periods and the corresponding
wind conditions are illustrated with light-colored plots and markers in Fig. 3.

Figure 4 shows the vertical profiles of the LDSA concentration measured with Partector 1
installed into the drone, separately for the two drone measurement days. The deviation of all
the measured data points on a logarithmic axis was similar to the examples of the two-week
period of measurements and stationary measurements discussed earlier. Thus, the geometric
means were used to average the measurements of vertical profiles. As seen in Fig. 4, the
shapes of the averaged vertical profiles were similar for both the measurement days. Two
different dilution profiles were seen — one of them inside the street canyon with the LDSA
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Figure 3: (a) Diurnal variations of the lung deposited surface area (LDSA) concentration measured at the
ground level of the street canyon. The data is shown separately for the two-week period, the stationary day,
and two drone measurement days. In addition, the diurnal variation measured at the background station
corresponding to the two-week period is plotted with a dashed line. The drone and stationary measurement
times are illustrated with the shaded color plots on the background. (b) A wind rose shows the wind direction
and speed with an averaging time of 10 min. The data is classified according to the measurement day and
the light-colored markers represent the actual measurement times.

concentration approaching the background level in the street canyon, and the other above
the rooftop level with the LDSA concentration approaching the urban background. The
greatest difference between the data of these two days was observed in the magnitude of
the deviation for all the data points and in the averaged profiles right below the rooftop
level. During the drone measurements of Day 2, the wind speed was much higher (on
average 4.8m/s) compared to Day 1 (2.0m/s), which may cause more efficient advection
of emissions and more random dilution. In addition, the higher wind seemed to contribute
to the breakage of the rooftop level concentration as seen in the averaged vertical profiles
during Day 2 (Fig. 4b) but not during Day 1 (Fig. 4a). Another factor affecting this issue
was probably the wind direction, which caused the measurement site to be on the leeward
side during Day 2 and on the windward side during Day 1. However, the effect of the vortex
caused by the predominant wind on the vertical profiles and the LDSA concentrations at
the ground level seemed to be insignificant.

The results of the drone measurements can also be observed with respect to the support-
ing data from the ground level measurements and stationary measurements. Therefore, Fig. 4
shows the geometric means and geometric standard deviations for the two-week data mea-
sured at the measurement station, for the stationary measurements at two different heights,
and for the ground level data that was measured simultaneously with the drone measure-
ments on both sides of the street canyon. It can be seen that the simultaneous ground level

10
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Figure 4: Vertical profiles of lung deposited surface area (LDSA) concentrations for (a) Day 1 and (b) Day 2.
All the measured data is presented with gray dots and the geometric means for different altitudes with
colored circles. The rooftop level of the closest building is illustrated with a black dashed line. In addition,
the geometric means with geometric standard deviations are shown for the two-week data (including also
weekends and nights), ground level measurements on both sides of the street canyon simultaneous with the
drone measurements, and for the stationary measurements at different heights. The averaged background
(BG) concentrations measured at the urban background station simultaneously with the drone measurements
are illustrated with colored dashed lines together with the geometric standard deviations.

measurements from the measurement station (A) resulted in smaller LDSA concentrations
than the drone measurements carried out right next to the station. The reason for this differ-
ence is probably caused by the effect of the measurement station container on the flow field
around it. The turbulent mixing caused by traffic may be increased because of the container
being located right next to the bus line, which may increase the concentrations behind the
corner of the container, while the air at the top of the container is more diluted. Also the air
swirl caused by the drone rotors could have an effect on the dispersion of particles around
the corner of the measurement station. Interestingly, the different wind conditions during
the two measurement days had only a minimal effect on the ground level concentrations
measured at this side of the street canyon. This fact supports the insignificance of the vor-
tex and importance of the turbulent mixing caused by traffic on the LDSA concentrations
in this sort of a wide avenue canyon. However, on the other side of the street canyon (B),
the ground level LDSA concentrations were strongly influenced by the measurement day and
the different wind conditions. This asymmetry can most likely be explained by the lack of
a container on that side of the street, which allows a more stabilized vortex to affect the
concentrations.

The stationary measurements at two different heights supported the vertical LDSA pro-
files measured with the drone (Fig. 4). The level of the LDSA concentrations was lower
in the stationary measurements, as it was in other measurements sampled at the top of
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the measurement station container, but the concentration gradient was similar to the drone
measurements. HEspecially, the gradients of the drone measurements on Day 2 and the sta-
tionary measurements were close to each other (Fig. 4b). This is reasonable with respect to
the wind conditions that were similar during the drone measurements on Day 2 and during
the stationary measurements. The comparison between the drone measurements and sta-
tionary measurements is important because the air swirl caused by the drone rotors may
have an effect on the vertical dispersion of emissions and the concentration gradient. How-
ever, the results indicate that this effect was not significant at least during daytime with
the presumably high turbulent mixing caused by traffic. In order to analyze this issue from
another perspective, we also plotted the vertical profiles measured with the drone separately
on ascent and descent (Fig. S3). This analysis showed that, even if the flight direction most
probably affected notably the flow field around the drone, it did not have a significant ef-
fect on the vertical LDSA profiles. These results are comparable to the measurements and
analysis carried out previously by Villa et al. (2017). Of course, the air swirl caused by
the drone rotors may occasionally increase or decrease the vertical dispersion of traffic emis-
sions, but with a decent number of repeats the effect seems to be small. This conclusion was
also supported by the relatively small and random changes seen in the diurnal variations of
drone measurement days when the drone flight times were removed from the ground level
measurement data (Fig. S4).

Day1 e Day2 —— Fit
30 LI | T T T T T T T T
12-exp(—1.6:(z"—1))+16
o5l . 13-exp(—2.0-(z"—1))+26 |
27-exp(—3.1-z%)+40
35-exp(—4.5-7%)+36

20 !

Normalized altitude (z*)

LDSA (um?/cm3)

Figure 5: Exponential functions fitted to the measured vertical profiles (geometric mean values) of lung
deposited surface area (LDSA) concentrations for two measurement days (colored circles). Separate fits
for both the days and two different regions, one in the street canyon and the other over the rooftop level,
are shown with functional forms for LDSA concentration in pm?/cm3. The altitude is normalized with the
rooftop height (z* = z/H). The rooftop level of the closest building is illustrated with a gray dashed line and
the averaged urban background (BG) concentrations measured simultaneously with the drone measurements
are illustrated with colored dashed lines.
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The exponential functions, described by Eqgs. (1) and (2), were used to fit the averaged
vertical LDSA concentration profiles. Figure 5 presents the geometric means of the measured
LDSA concentrations along with fitted curves for both of the drone measurement days.
Additionally, the measured urban background (BG) concentrations are shown. The profiles
show that the vertical dispersion and dilution were different inside the canyon compared to
the region above the rooftop level. Inside the canyon, profiles were similar for both the days,
with the exception of a slight difference in the exponential decay. Analogously, the profiles
over the rooftop were similar with each other, especially with respect to the exponential
decay and dilution. The largest difference was in the urban background concentrations,
which mostly explains the shift in the LDSA axis. Note that, one measurement point for
Day 2 inside the canyon closest to the rooftop was excluded from the fit, since, as discussed
earlier, the wind speed was higher during Day 2, which probably resulted in the breakage
of the rooftop level concentration. This claim and the exclusion of the point is supported
by the fact that the excluded point seems to align well with the Day 2 data points above
the rooftop level, if the curve is extended to lower altitudes. Moreover, this indicates that a
complex mixing phenomenon occurs in the region near the rooftop level, when two different
kind of air masses are colliding, and results in effectively lower canyon height during Day 2.
By taking into account the effectively lower canyon height, the fit with two parts would also
become continuous.

Table 1 displays the values obtained for the fitted parameters along with the 95 % con-
fidence bounds. In comparison of these parameter values, the street canyon background
concentrations Cpg gy Were close to each other for both of the days, and the ground level
concentration resulting from the ground level emissions Cf grq showed only a small variation
(8 pm?/cm?) between the days. Moreover, the largest difference was in the decay coefficients
k, which were higher for Day 2. This difference is probably due to the stronger wind during
that day. On the other hand, the values for k were still relatively close to each other, and,
for this reason, it can be hypothesized that the turbulent mixing caused by traffic was a
dominant dispersion mechanism. The rooftop level concentrations Cg,¢ and the decay coef-
ficients k were almost identical for the two measurement days, whereas the differences in the
urban background Cpg b explained the differences in the vertical profiles above the rooftop
level. Similar differences were also found in the measured urban background concentrations,
which were 20.75 and 12.97 pm?/cm? for Day 1 and Day 2, respectively. Although the fits
on the drone data predicted higher urban background concentrations than the measurement,
they agreed well with each other. The goodness of the fits seen in the correlation coefficient
values (R?) supports the chosen functional forms for both the regions above and below the
rooftop level.

In Table 1, the exponential decay coefficients obtained in this study are compared to
values found in the literature. These literature values have been determined for different
gaseous compounds, including nitrogen oxides NO, (Capannelli et al., 1977), tracer gas
ethane CoHg (Hoydysh and Dabberdt, 1988; Dabberdt and Hoydysh, 1991), carbon monox-
ide CO (Zoumakis, 1995), and benzene (Murena and Vorraro, 2003), as well as, for the
mass (Chan and Kwok, 2000) and number (Kumar et al., 2008a; Goel and Kumar, 2016)

13



393

394

395

396

397

398

399

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

Table 1: Comparison of the parameter values of the fitted concentration profiles, see Egs. (1) and (2),
obtained in this study and those reported in the literature. Cg grq is the concentration at the ground level
resulting from the ground level emissions, Cg ¢ is the concentration at the rooftop level resulting from street
canyon emission, Cpg str iS the street canyon background concentration, Csg,urb is the urban background
concentration, and k as well as k; are the decay coefficients. The unit for the concentrations C; is 1m?/cm?.
The coefficients k& marked with an asterisk (*) were calculated using coefficients k; and reported canyon
heights H (k = ky - H), and the value marked with a circled asterisk (®) was calculated by Murena and
Vorraro (2003). The error limits are 95 % confidence bounds, and the R? -value is the square of the correlation
coefficient. Note the trivial fit (R? = 1) for Day 2 marked Wlth a dagger (}).

Cigrd O Cirfe CBastr OF CBG,urb ki (m~1) H (m) R?
This study, Day 1 street canyon  26.83 £ 1.72 39.65 + 1.46 3.11 :t 0.68 0.1635 £ 0.0353 19 0.9999
This study, Day 2 street canyon 34.85 36.39 4.50 0.237 19 1.0000%
This study, Day 1 above rooftop ~ 13.22 + 1.45 25.90 + 1.19 1.99 + 0.48 0.1046 + 0.0251 19 0.9967
This study, Day 2 above rooftop ~ 11.73 + 5.69 16.17 £ 5.27 1.55 £+ 1.62 0.0815 + 0.0850 19 0.9544
Capannelli et al. (1977) - 0.049 to 0.083 - -
Hoydysh and Dabberdt (1988) 0.33 to 1.86 - 0.075 0.95 to 1.00
Dabberdt and Hoydysh (1991) 0.3248 to 2.9466 - 0.075 0.949 to 0.997
Zoumakis (1995) 1.18 to 1.86 0.041 to 0.064* 29 0.867 to 0.949
Chan and Kwok (2000) 1.08* 0.036% 30 0.9924 to 0.9983
Murena and Vorraro (2003) 2.64 to 5.28%* 0.08 to 0.16 33 -
Kumar et al. (2008a) 1.8 to 2.2* 0.10 18 to 22 0.60
Goel and Kumar (2016) 9.24 and 12.72* 0.66 and 2.12 14 and 6  0.86 and 0.99

concentrations of particulate matter. Some of the values have originally been reported as a
dimensionless decay coefficient & and others as a decay coefficient k; with the unit of m™=!
These two values are linked with the canyon height H, and thus, to allow better comparabil-
ity between the literature values, the coefficients k; found in the literature were converted,
in this study, to dimensionless k£ and vice versa by using the canyon heights reported in the
original studies. However, Capannelli et al. (1977) did not specify the canyon height, thus
conversion to k was not possible. Furthermore, using an extremely small H in wind tunnel
experiments yielded unreasonably high k; values (Hoydysh and Dabberdt, 1988; Dabberdt
and Hoydysh, 1991), and thus, the values are not presented in Table 1.

The values for k£ in Table 1 varied approximately from 0.3 to 13. In a closer inspection,
the values determined for gaseous compounds show only a slight difference when compared
to the values for particles. However, it can be said that the k values were slightly higher
for particle number concentrations (Kumar et al., 2008a; Goel and Kumar, 2016) and LDSA
concentrations (this study). This is reasonable, because particles can coagulate and deposit,
which results in a decrease of the concentration, and hence, increase of k. It should still be
noted that the studies were performed in various environments, with varying street canyon
characteristics. The highest values for k& were obtained by Goel and Kumar (2016), who
performed the measurements in an open traffic intersection, while the lower values were
obtained in closed street canyons. Thus, it seems that the measurement location affects
the vertical dispersion more than the particle dynamics. This conclusion is also supported
by Pirjola et al. (2012), who concluded that aerosol dynamics had a minor effect in the
dispersion.

Afiq et al. (2012) discussed about the high importance of the canyon aspect ratio (AR)
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determining the flow field in street canyons and concluded that the air quality is worst during
low wind speed situations in deep canyons because of limited air exchange. Furthermore,
Murena and Vorraro (2003) suggested that the aspect ratio has also an important role in
explaining the concentration profiles in street canyons. They measured concentration profiles
in a very deep street canyon (AR = 5.7), while Chan and Kwok (2000) as well as Kumar
et al. (2008a) measured in regular canyons with an AR of 1.65 and 1, respectively. In these
three studies, the values of k; were towards the lower end of the range shown in Table 1. The
street canyon of this study was a wider avenue with an AR of 0.45. The values of k; were
slightly higher for this canyon, which indicates that the open area of the avenue provided
better mixing compared to street canyons with higher aspect ratios. Similarly, Goel and
Kumar (2016) performed a study in relatively open areas of traffic intersections and found
the highest reported values of k. To sum up, this comparison of the decay coefficient values
kq in Table 1 suggests that the parameter values are lower for regular and deep street canyons
than for avenues and traffic intersections with more open areas. However, the pattern is not
clear, since also meteorological effects are incorporated in the decay coefficient.

The vertical profiles above the rooftop level have not been reported before for particulate
matter, and therefore a direct comparison to literature values is not possible. Interestingly,
the values of k and k; obtained in this study for the region above the rooftop level were
still in the same range with the literature values obtained for street canyons. This finding is
particularly intriguing, since, at the same time, the dilution process might be caused by a
different physical process above the rooftop level compared to the street canyon.

4. Summary and conclusions

The vertical profiles of alveolar lung deposited surface area (LDSA) concentration were
measured for the first time in an urban street canyon by using a drone as a moving mea-
surement platform. In spite of different wind conditions, the averaged vertical profiles of
LDSA measured during two different days were found to be close to each other. The aver-
aged LDSA concentrations decreased approximately from 60 pm?/cm?® measured close to the
ground level to 36-40 pm?/cm?® measured close to the rooftop level of the street canyon, and
further to 16-26 pm?/cm?® measured above the rooftop level. The shapes of the measured
vertical profiles were in adequate agreement with the exponential functions used for fitting,
both in the street canyon and above the rooftop level. The role of turbulent mixing caused
by traffic was emphasized compared to the street canyon vortex as a driving force of the
dispersion. However, this phenomenon depends on the specific characteristics of a street
canyon environment and should not directly be generalized to different microenvironments
such as street canyons with higher aspect ratios.

The purpose of this study was to provide high-resolution vertical measurement data for
the use of urban regional air quality models, urban planning, and street canyon model veri-
fication. In order to increase the relevance of the results, the parameters obtained from the
exponential functions fitted to the measurement data were thoroughly compared to previous
studies. The comparison was mainly carried out for the decay coefficients of exponential
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functions. It should be noted that some studies have reported the coefficients in a dimen-
sionless form related to the dimensionless canyon height and others a form that is related to
the absolute altitude. In this study, the values found in the literature were converted to each
other and both of them were compared. However, it is not evident, which one of the decay
coefficients should be used as a general parameter in street canyon models, or whether there
is such a parameter at all. The comparison of the values obtained in this study and the val-
ues found in literature showed that the dimensional decay coefficients were lower for regular
and deep street canyons than for environments with more open areas, such as avenues and
traffic intersections. However, no significant difference was seen between regular and deep
canyons for the values found in literature. There is a need of further studies with respect to
street canyon modeling and experiments for model verification in order to really understand
the phenomenon of vertical dispersion in various street canyon environments.

The high-resolution measurement data and fits of this study showed that the concen-
tration over the rooftop level decreased exponentially approaching the urban background
concentration. In a previous modeling study by Kumar et al. (2009b), a computational fluid
dynamics (CFD) model, the operational street pollution model (OSPM), and a box-based
model predicted zero concentrations above the rooftop level. Thus, more modeling studies
are needed to take into account the dispersion of particles and other pollutants in street
canyons, and couple that with the dispersion over the rooftop level. Models should be able
to explain the dispersion in different scales starting from the source at the ground level to
the level where pollutants are fully mixed to the urban background air. The high-resolution
measurement data obtained in this study can be then used in the verification of models. In
addition, the methodology based on the use of a drone as a moving measurement platform
can be used to characterize the vertical profiles in various urban street canyons as such or
support model development for example in different meteorological conditions. In this study,
the measurements and data analysis indicated that the effect of the air swirl caused by the
drone rotors on the vertical dispersion of particles was small, but this is an issue that may
also depend on the type of the street canyon environment and weather conditions, and more
comparisons to stationary measurements should be carried out in the future.
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