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Air quality monitoring has always been an important topic of concern in urban environments.
In cities traffic was always considered to be one of the main sources of emissions. In addition to
gaseous emissions, traffic emits substantial amount of particulate matter which has diverse effects
on human health and climate. Out of all traffic-related particulate emissions black carbon presents
the most interest and concern. Many recent studies have stated that black carbon poses more
danger to climate and human health than commonly used PM2.5 .
In this work black carbon was continuously measured by Helsinki Regional Environmental Services (HSY) for one year in the Mäkelänkatu Supersite in Makelankatu street canyon in Helsinki.
In addition to black carbon, the concentrations of carbon dioxide as well as other traffic-related
pollutants were measured at this station. Background levels of carbon dioxide were recorded by
Finnish Meteorological Institute (FMI) at Kumpula measurement station (SMEAR-III) for the same
time period. The main aim of this work was to study the emission factors of black carbon and
their temporal variations throughout the observation period. Another aim was to understand the
effects of background concentrations of trace gas on the emission factors and determine the approach to minimise the effects. To achieve these aims, the data about concentrations of black
carbon and carbon dioxide was analysed during different time constraints and separating work
days from weekends, and used during calculations of emission factors. To mitigate the effects of
the background on emission factor calculations, a special algorithm was implemented and used in
the calculations of the final results.
The data analysis has revealed a monthly variation in emission factors to be from 0.08 to 0.10
gBC /kgfuel with highest levels being during summer period. The main assumption is that such
a variation is related to traffic behaviour, however slight drop in carbon dioxide concentrations
during summer time hint on the effects of vegetation. Moreover, the overall levels of emission
factors were found to be the highest during the working days. The diurnal analysis of emission
factors has shown one consistent peak in values during morning rush hours with individual peaks
during other times. The reason for this was not studied in this work however assumed to be related
to traffic distribution and rates.
Keywords: Black carbon, Carbon dioxide, Emission factors, Street canyon, Traffic emissions
The originality of this thesis has been checked using the Turnitin OriginalityCheck service.
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1. INTRODUCTION

The main sources of particulate and gaseous emissions in urban areas are related to
combustion processes: exhaust from traffic as well as residential combustion. In ideal
world the only product of combustion process is carbon dioxide (CO2 ). However, in real
world the combustion is never complete and results in particulate and gaseous emissions.
Urban environments consist of street canyons which play a big role in accumulation of
traffic-related emissions and human health effects (Vardoulakis et al. 2003). In 2015
only PM2.5 (particulate matter with aerodynamic diameter below 2.5 µm) caused 4.2 million premature deaths globally and 1,600 in Finland alone (Segersson et al. 2017, Niemi
2020). In comparison, traffic accidents in 2017 and COVID-19 in 2020 caused 238 and
322 deaths respectively (Niemi 2020). Out of the particulate matter which is emitted as
a result of combustion processes the one which raises the most concern is black carbon
(BC). According to recent studies, BC has more influence on public health and global
climate, then commonly assessed PM2.5 (Segersson et al. 2017).
Black carbon or, how it is also referred to, elemental carbon is usually emitted from onroad vehicles (mainly with diesel-powered engines), industrial, residential and solid fuel
burning. In urban areas the primary sources of black carbon are traffic and residential
combustion which include sauna, heating and cooking burning. Being part of fine particulate matter, BC comprises from 10% to 30% of the PM2.5 mass in ambient air depending
on conditions and source (CCAC 2018). The size of fresh BC particles is usually less than
100 nm. After being emitted into the atmosphere BC undergoes mixing and coagulation
processes and grows in size. The atmospheric lifetime of BC is from 1 week to 10 days
(Seinfeld 2016). BC absorbs solar radiation causing warming of the troposphere hence
affecting the climate (Timonen et al. 2019, Seinfeld 2016). When deposited onto the
surface BC changes the surface albedo of earth causing warming of northern regions (Timonen et al. 2019). In addition to climate effects in urban areas BC poses serious threat
to human health which range from lung diseases to nervous system disorders (CCAC
2018). All of these reasons highlight the importance of measuring and estimating the
emissions of BC.
The aim of this work is to provide the overview of the long-term data related to the pollution
of black carbon in an urban street canyon, calculate the emission factors and present the
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different temporal variations of them throughout the span of one year. Another aim of
the thesis is to understand the role of the background concentrations of the trace gas
in the calculations of emission factors and determine the comprehensive method of its
calculation for long-term data.
To achieve the set aims, the thesis first attempts to provide an overview of the urban
aerosols and traffic emissions, introduces the concept of black carbon, its sources and
measurement techniques. Then the work focuses on the metrics of particulate emissions
- emission factors, - and use of carbon dioxide in the calculations. Next, Chapter 3 describes the measurement environment, measurement setup and talks about the methods
used for calculating emission factors and determining the background concentrations of
carbon dioxide. Finally, Chapter 4 presents the temporal variations in the concentrations
of particulate matter and carbon dioxide and presents the results of emission factor calculations and discusses their temporal variations.
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2. FINE PARTICLE EMISSIONS AND THEIR METRICS

This section provides the necessary knowledge about fine particulate matter and its emissions. It will describe aerosols and particulate matter, look into the problems of black
carbon as well as discuss the ways to estimate and describe emission factors.

2.1 Aerosols and particulate matter in urban environments
Aerosols surround us everywhere in everyday life. They can be seen as a smog, mist,
inhalable medication or emissions from transport or production. Aerosols are defined as
a suspension of solid or liquid particles in a carrier gas and are usually referred to by their
particulate contents (Seinfeld 2016). Among urban polluters on-road vehicles contribute
the most to emissions in urban environments (Franco et al. 2013). Vehicle emissions can
be both gaseous and particulate. Among gaseous emissions carbon dioxide (CO2 ), carbon oxide (CO) and nitrogen oxides (NOx ) play the biggest role. In particulate emissions
fine particles (PM2.5 ), coarse particles (PM10 ) and carbonaceous compounds like black
carbon (BC) have the most importance (Niemi 2020, Seinfeld 2016). Traffic emissions
have proven to have significant effect on climate (absorption or scattering of light by soot
particles), and serious impacts on human health (Pirjola et al. 2012).
Aerosol emissions can be classified as primary or secondary. Primary emissions refer to
particles which were directly emitted from the source in solid form. Secondary emissions
refer to those particles which were formed later in the atmosphere as a result of gas-toparticle conversion (Karjalainen et al. 2019). In addition to these two types of emissions
some works also define delayed primary emissions, which refer to emissions which are in
gaseous form in the source, but after cooling and dilution will condense and can be found
in the particulate form once released into atmosphere (Rönkkö et al. 2017). Aerosol
particles are generally from a few nanometers to tens of micrometers in diameter but
once airborne, they can change their size due to coagulation, evaporation, deposition
and chemical reactions (Seinfeld 2016).
The urban aerosol emissions particle size distribution can be described in terms of three
modes. The nucleation mode, which peaks at 10-20 nm (Pirjola et al. 2012), consists
of smallest particles which are the result of gas-to-particle conversion of exhaust gases
(Hinds 1999). The accumulation, or soot, mode, which peaks at 60-90 nm, consists of
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particles emitted directly from the emission sources or "aged" particles which grew in size
after interacting with other particles in the atmosphere (Pirjola et al. 2012, Hinds 1999).
The coarse mode consists of the largest particles, which usually a result of growth of
accumulation mode particles and human-made or natural dust particles as well as result
of mechanical processes. The particle size boundaries for different modes are ambiguous
and might differ from case to case. For example, Pirjola et al. (2012) measured the
nucleation mode to be at around 20 nm, while the accumulation mode at around 80 nm.
Other sources say that soot mode peaks at around 40-50 nm (Kittelson 1998).

2.2 Black carbon
One of the main products of combustion processes of liquid or gaseous fuels are of carbon
origin. Carbonaceous particles can be separated into organic and elemental carbon. The
latter is also referred to as black carbon (BC). Black carbon can originate as a product of
direct emission or from agglomeration of particle in the atmosphere (Seinfeld 2016).
Black carbon is characterised by its strong refractory and visible light absorption qualities,
it is insoluble in water, organic solvents and other components of atmosphere and exists
as an agglomeration of small carbon spheres (Bond et al. 2013). Once emitted directly
into the atmosphere black carbon can travel significant distances from the sources, and
then is removed from the atmosphere by wet or dry deposition processes on the surface
of the Earth (Fig. 2.1). Because of black carbon properties and formation mechanisms,
these particles can be found as freshly emitted or as aged particles in accumulation mode
after it underwent growth process (Bond et al. 2013). Moreover, BC size is highly dependent on the source of combustion, be it fossil fuel burning or biomass burning (Schwarz
et al. 2008).
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Figure 2.1. Schematic of BC emission sources, distribution in the atmosphere and climactic effects. Adapted from Bond et al. (2013).

The work of Bond et al. (2013) provides a comprehensive overview of climactic effects of
black carbon and its characteristics. In short, there are a number of ways how BC affects
climate and warming mechanisms on Earth (Fig. 2.1). When black carbon is in the atmosphere and above the cloud level it absorbs solar radiation and the radiation reflected from
the earth’s surface. This results in heating of the atmosphere and reduces the amount of
light reaching the surface. This process was called direct radiative forcing of black carbon
(Bond et al. 2013). BC also affects the formation of clouds in the atmosphere, which can
result in either increased reflectively forcing increase in cooling, or facilitate warming effects due to reduction of cloudiness. Black carbon also has strong influence of the albedo
of earth’s surface. When deposited on snow or ice surfaces black carbon absorbs more
solar radiation producing warming of the surfaces.
In addition to strong effect on climate, black carbon is also a concern for human health.
In recent years scientists and health experts start to argue that black carbon can be
used as a stronger indicator for health effects of PM than commonly used PM2.5 (WHO
2012). Due to relatively small size, BC particles can cause a number of respiratory and
cardiovascular diseases as well as lead to central nervous system disorder and such
diseases as Alzheimer disease (WHO 2012, CCAC 2018, Shang et al. 2019).
Emissions of black carbon are highly dependent on the region, where the samples are
being takes, due to different distribution of sources, as well as on the development of the
region in question. There is a clear dependence between region’s economic growth and
the amount of black carbon emitted. This has been proven by the works of Murphy et
al. (2011) and Lei et al. (2011) who noticed the changes of the BC emissions during
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population and economic growth periods of USA and China. For USA there was a 25%
decrease in Black carbon emissions, which was linked to stable increase on population
and usage of high technology, while in China there was a 30% increase, which was a
result of rapid country development and industrialisation (Murphy et al. 2011, Lei et al.
2011).
The largest sources of black carbon can be separated into several groups: open burning
(forest, field fires), residential combustion (heating, cooking) and transportation combustion (diesel engines, aviation, maritime combustion, etc.) (Bond et al. 2013). For urban
areas main sources of BC are residential combustion and on-road and off-road vehicles.

2.2.1 Black carbon measurement techniques
Due to relatively low concentration of BC particles in the atmospheric aerosol direct mass
concentration measurements, where, for example, particles are collected on the filter and
then counted, are hard to conduct. The most common approach is to measure concentrations of BC using optical approaches, heating or investigating electromagnetic radiation
emission spectra using lasers. Some of the methods might be biased, due to the properties of black carbon or because of the mixing processes before sampling or during measurements. This means, that black carbon can be mistaken for another substance or vise
a versa leading to inaccurate estimations of concentrations. There is a way to separate
BC from other carbonaceous particles. It relies on the fact, that BC is a non-volatile compound. However, such process allows to separate elemental carbon from organic, which
does not give the BC concentrations immediately (Bond et al. 2013). Most common approach is based on light absorption properties of black carbon and converts it into mass
concentrations. Most commonly used methods of light absorption measurements include
Aethalometer, photoacoustic spectrometer (PAS) and multi-angle absorption photometer
(MAAP) (Kulkarni et al. 2011).
The operating principle of PAS relies on absorption of electromagnetic energy by BC. The
aerosol is placed in the acoustic chamber with carrier gas, where particles are illuminated
with laser of set frequency. The electromagnetic energy absorbed by BC, heats the carrier gas causing its expansion and changing the frequency of the light. The change of
pressure in the cell produces a sound wave intensity of which is detected by the microphone, and is proportional to the BC concentration. MAAP, on the other hand, measures
the scattering of light at multiple angles from the filter tape, which contains BC particles.
Aethalometer has a similar working principle as MAAP using a filter tape, however, it
measures absorption of light by BC particles rather than reflection at different or one set
wavelength. (Kulkarni et al. 2011)
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2.3 Emission factors and the role of carbon dioxide
Emission factors (EF) are a very convenient way to represent, model and compare the
amount of particles produced by emission sources. Emission factors typically indicate
an amount of emissions produced by the source per some characteristic of the source,
like the amount of fuel burned. In case of traffic emissions, emission factors usually indicate the number of mass of particles emitted per kilogram of fuel consumed or distance
travelled, i.e. mass/unit. The emission factors can be calculated not only for particulate
emissions but also for gaseous substances like carbon dioxide or nitrogen oxides. Emission factors can be calculated for different scenarios in traffic situations - for the whole
flow, different types of vehicles (diesel, gasoline, etc.) and for individual automobiles. As
said before, emission factors can be used in different traffic emission models, and can
be a good leverage while developing emission control strategies and making air quality
related decisions. (Franco et al. 2013)
For a long time emission factors for vehicles were calculated based on travelled distance.
However, such approach produced consistent results only in modelled environments,
where vehicles were placed under dynamometer tests (Yli-Tuomi et al. 2005). With increased need for on-road measurements in the real traffic situations, distance-based calculations produce inconsistent results which differed significantly from measured values
(Singer and Harley 1996). To account for inconsistencies Singer and Harley (1996) developed a fuel-based inventory for emissions. This method of calculating emission factors
is more versatile and has little variations in different driving modes (Yli-Tuomi et al. 2005).
This work will be using a fuel-based approach to calculating emission factors of traffic in
a street canyon environment with CO2 concentrations as a tracer of BC.
The reason behind using CO2 as a tracer for BC is simple. Any combustion process
produces gaseous emissions, and one of the main products of burning is CO2 . As said
in previous sections, traffic emissions are both particulate and gaseous. That leads to a
conclusion that by tracing the emission spikes of CO2 we can determine the emissions of
BC, and relate them to the traffic combustion. Such approaches, when the CO2 is a tracer
and precursor of BC emissions has been used in many works before, like in Yli-Tuomi et
al. (2005), Wang et al. (2018), Wang et al. (2015) and others.
The general form of the equation for the emission factor which is dependent on CO2 would
be of the following form:

EFp = EFCO2

Np
,
NCO2

(2.1)

where N p and N CO2 are the concentrations of the pollutant (P) and CO2 respectively, and
EFCO2 is the emission factor of CO2 .
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In general, concentrations can be represented in many forms, but in this work, N p was
measured in µg/m3 while concentrations of CO2 were measured in parts per million (ppm).
In order for the formula for emission factors to work we need to make a conversion from
ppm to µg/m3 .
Parts per million can be expressed in different terms, but we will need volumetric expression of ppm in this case:

ppm =

Vs −6
10 ,
Vt

(2.2)

where Vs is the volume of the substance and Vt is total volume. Here we need to find an
expression of volume of CO2 in terms of mass. In this case we need to remember the
expression for ideal gas law and expression for number of moles of a substance:

P V = nRT,

(2.3)

where P is pressure, R is universal gas constant, T is temperature, n is number of moles
of the substance and can be expressed as n =

ms
,
Ms

where ms is mass of substance in

grams and Ms is molar mass (g/mol). After rearranging the first part of Equation (2.3) we
can obtain expression for volume of substance:

Vs =

ms RT
.
Ms P

(2.4)

By combining equations (2.2) and (2.4) we obtain an expression for conversion from ppm
to µg/m3 :

Ns (µg/m3 ) = Ns (ppm)

Mp P
.
RT

(2.5)

After combining expressions (2.1) and (2.5) we can obtain the final form of emission factor
equation:

EFp =

Np
RT
EFCO2
,
NCO2
MCO2 P

(2.6)

where EFCO2 is the average emission factor for carbon dioxide, M is the molar mass of
CO2 , the molar gas constant R , T is temperature and P is pressure which are measured at normal conditions. The first part of the formula descries the relation between
the concentration of the pollutant (P) and CO2 . Emission factor of CO2 was calculated by
Yli-Tuomi et al. (2005) to be 3,141 gCO2 /kgfuel . This value was calculated as an average
for the vehicle fleet in Finland so it can be applied to the current scenario.
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3. METHODOLOGY

This section will discuss the methods used in data acquisition and analysis for this work.
First, it will discuss the urban street canyon environment, its characteristics and importance for air quality monitoring. Next, there will be a discussion about the stations where
measurements were conducted, and, lastly, there will be a discussion about the importance of background in calculations and methods used to acquirer the results discussed
in Section 4.

3.1 Measurement environment
Measurements and data collection for this work were carried out at two measurement
stations in Helsinki Metropolitan Area (HMA): one is located along Mäkelankätu, and
the second one is in urban area of Kumpula. The first station is operated by Helsinki
Region Environmental Services (HSY), and the second is operated and maintained by
Finnish Meteorological Institute (FMI). Measurements were conducted continuously for
one year (1st January 2017 - 31st December 2017). First station imitates the environment
of a street canyon and traffic-related polluters, while the second one provides information
about urban background of trace gases. The stations are located within 1 km from each
other and their locations can be seen in Figure 3.1.
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Figure 3.1. Locations of the two measurement stations in Helsinki Metropolitan Area:
street canyon measurement station (A) and urban background measurement station (B).
© OpenStreetMap contributors.

Street canyons present unique environments where due to their topology emissions accumulate with lower chance of being blown away by wind. This leads to greater exposure
of population to emissions and increased health impacts. (Vardoulakis et al. 2003)
The term street canyon is usually applied to narrow streets which are enclosed by high
buildings on both sides with few free space between them. There are different types
of street canyons and they are differentiated by the aspect ratio between the height of
the canyon and its width. Canyons can be called regular (aspect ratio approximately 1),
avenue (aspect ratio lower that 0.5) or deep (aspect ratio of 2). Canyons can also be
called long, short or medium depending on their length between major intersections, or
symmetric or asymmetric depending on the height of building on both sides being equal
or not. Another distinctive characteristic of street canyons and the one which affects the
dispersion and transformation of pollutants as well as exposure to them is wind behaviour.
Usually, wind in the street canyon forms different vortexes which govern the air exchange
in the canyon. The side of the street which is up-wind is called leeward, and the one
down-wind side is called windward. The dimensions of the canyon as well as other aspects of the street like trees, kiosks, traffic and other barriers affect the behaviour of wind
vortexes and their formation. Generally, the leeward side shows increased concentrations
compared to windward side of the canyon due to the main wind vortex. There might also
be other concentration hotspots in other places where additional vortexes form. However,
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that is not always true. In case when the buildings windward side is higher than the leeward, the concentrations on the windward side are higher. Another factor affecting the
dispersion is the speed on the main wind current, which goes into the canyon from the
top, forming the vortexes. If the wind current is too slow, then there would be no vortexes
in the canyon leading to stagnation of air. (Vardoulakis et al. 2003) All the factors above
signify the importance of measuring particulate emissions in urban street canyons.
The background information about urban pollution is very important in the discussion of
urban emissions, since it is essential to account for the pollution that does not originate
in the measurement locations. For this reason street canyon measurements require information about background concentrations of gases and other particulate matter which
can be carried by wind into the canyon. (Vardoulakis et al. 2003) Street canyon is an
optimal environment to investigate the effects of traffic pollution, however, traffic is not
the only combustion source in urban environments. In addition to traffic CO2 can be produced by residential combustion, or can be brought from elsewhere. As emphasised in
the discussion of the street canyons, wind plays a big role in the particulate and gaseous
concentrations in this environment, so some other compounds which do not originate from
the local sources can affect the concentrations. In case of Mäkelänkatu, the main source
of emissions there is automotive traffic, however, in the close vicinity there is a big train
track which is the main train way in and out of the city, which might also affect the concentrations indirectly. Moreover, the natural background levels of CO2 are relatively high,
and the lifetime of CO2 in the atmosphere is long, so the emissions of CO2 are quickly
diluted. This fact raises the importance of determining the regional background for CO2 .
In addition to this, background concentrations of CO2 will have an effect on calculations
of emission factors which will be discussed later in Section 3.3.

3.1.1 Mäkelänkatu street canyon site
Mäkelänkatu supersite measurement station is operated and maintained by HSY for the
purpose of monitoring air quality in urban area of Helsinki. The station is located in
Mäkelänkatu (address: Mäkelänkatu 50). The exact location can be seen in Figure 3.2b.
Mäkelänkatu is a major transportation artery of Helsinki leading towards downtown, which
goes in north-southeast direction at the measurement station location (Kuuluvainen et al.
2018, Fung et al. 2021). The average traffic flow in this location is around 28,200 vehicles
per working day, when around 10% is freight transport, and the speed limit is 50 km/h
((HSY) 2021). The width of the Mäkelänkatu canyon at the measurement location is 42
meters, which consists of a main road with three lanes in each direction with one lane
reserved for taxis and buses and pedestrian walkways on both sides. The main road is
separated by the green zone with trees which surround tram tracks. The height of the
buildings on both sides were measured to be 19 and 16 meters (Kuuluvainen et al. 2018,
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Hietikko et al. 2018). Figure 3.2c shows a schematic representation of the measurement
environment.
The measurement station is a container located on the side of the street. The distance
from the main road to the station is 0.5 meters. There are a lot of parameters related to air
quality that are measured in Mäkelänkatu street canyon. They include PM10 and PM2.5 ,
nitrogen oxides, ozone, CO, CO2 , BC, Lung Deposited Surface Area, volatile organic
compound, Polycyclic aromatic hydrocarbon, particle concentrations and meteorological
parameters like ambient temperature, wind direction, pressure and humidity. The height
of the sampling inlet in 4 meters above ground level (Fig. 3.2c) ((HSY) 2021, Kuuluvainen
et al. 2018).

(b) Exact location of Mäkelänkatu measurement station. Measurement container is in(a) Photo of Mäkelankätu measurement sta- dicated with a ’red’ point. © OpenStreetMap
tion.
contributors.

(c) Schematic representation of Mäkelänkatu street canyon cross-section. The building heights, width of the canyon and height of sampling inlet of the station are shown.
Adapted from Kuuluvainen et al. (2018).

Figure 3.2. Mäkelänkatu measurement station
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3.1.2 Kumpula urban background measurement site
Kumpula measurment station, or Station for Measuring Ecosystem-Atmosphere Relations
III (SMEAR-III), is located in an urban area of Helsinki in Kumpula (Järvi et al. 2009). The
station is located around 5 km to the northeast of the city center on the territory of Helsinki
University and Finnish Meteorological Institute campus (Fig. 3.3). The measurement station, or tower to be exact, is located on a rocky mountain, with a container containing
trace gas measurement devices at the bottom of the tower. The measurements for the
gases are taken from the top of a 31 meter high tower. In the surrounding area there are
university buildings (closest is 55 meters away from the tower), parking lots, big green
area and a big road to the east of the tower (150 meters away from the tower). The intensity of the main road is 50,000 vehicles per weekday with considerable amount of freight
transport. The main sources of pollution in this area are traffic pollution and residential
wood combustion. (Järvi et al. 2009, Fung et al. 2021)

Figure 3.3. Exact location of urban background measurement station. Station is indicated
by a ’black’ circle. © OpenStreetMap contributors.

3.2 Measurement equipment
In Mäkelänkatu measurement station mass concentration of BC is measured using two instruments: MAAP (Thermo Scientific model 5012) and using Aethalometer (AE33, Magee
Scientific). For this work data obtained from MAAP was used. The working principle of
MAAP was described in Chapter 2.2.1. The measurement wavelength for MAAP was
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set at 637 nm with mass absorbtion coefficient for conversion from absorbance to BC
mass concentration fixed at 6.6 m2 /g. Other particulate matter, like PM2.5 and PM10 were
measured by particulate monitor TEOM 1405. The resulting concentrations were given in
µg/m3 . (Fung et al. 2021, Luoma et al. 2021)
Concentrations of CO2 were measured on both stations in ppm (parts per million) using
standard equipment: infrared gas analyser LI-7500 (Li-Cor Inc., Lincoln, Nebraska, USA).
(Järvi et al. 2009, Fung et al. 2021)
All measurements were taken with time resolution of one minute. The time in Mäkelänkatu
was set to local time (UTC+2: Helsinki), while in Kumpula site the time was measured at
UTC+0, which required later conversions during calculations together with consideration
of winter and summer time. The time-scale of the results presented in this work was
converted into one uniform format - local time.

3.3 Method development and explanation
This section describes method and approaches used for determining background concentrations and emission factors of Black Carbon. For this work all the data analysis was
done using computational software provided by MathWorks, Inc - MATLAB® R2020a.

3.3.1 Background concentrations of CO2
In Chapter 3.1 it was mentioned that information about background levels of some substances is important in the considerations of street canyon environments. In this work,
it is important to determine the urban background levels of CO2 since it will have great
effect on calculations of emission factors of BC.
In general, due to the nature of CO2 it can be used as a tracer not only for BC, but also
for any other product of combustion processes (Rönkkö et al. 2017). A few works have
used CO2 as a tracer in calculating the emission factors of combustion-related emissions
(Hietikko et al. 2018, Rönkkö et al. 2017, Wang et al. 2018, Franco et al. 2013, Yli-Tuomi et
al. 2005, etc.) and identified the importance of monitoring the background concentrations
of the tracer gas. The exact method of determining the background varies from work
to work, but general approach is linked to identifying individual plumes using CO2 as a
tracer: the levels of CO2 are defined at the beginning and at the end of the plume and the
background is defined as the minimum value (Wang et al. 2018). Current work, however,
does not have an aim of identifying the individual plumes but rather determining emission
factors of BC for the whole fleet, so different approach was needed.
In this work we treat measurements at Kumpula station as urban background measurements, so in order to determine the background it would be logical to simply treat Kumpula
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data as such. However, that is not that simple. The main problem is the fact that Kumpula
is not an ideal environment which provides background values unaffected by local polluters. So in some cases the levels of particles in the background location are higher
than in Mäkelänkatu (Fig. 3.4). Sometimes such situation lasts for an hour in other cases
for half a day. If we treat Kumpula as a background and simply subtract its values from
measured at street canyon we will have significant amount of negative values, which can
not be used for further calculations. To avoid this situation an algorithm was developed
which compares the tenth percentiles of both Mäkelänkatu and Kumpula concentrations
at a given instant and takes the minimum value of the two as the regional background
(Fig.3.4). Such approach leads to a significantly less losses of measured values compared to a more direct method, and improves the accuracy of the final emission factor
calculations.

Figure 3.4. Time series of CO2 . Blue dots indicate concentration of CO2 measured
at Mäkelänkatu station, Red dots indicate concentration of CO2 measured at Kumpula
station, and black line indicates regional background obtained from the method defined
with an algorithm.

3.3.2 Emission factors of Black Carbon
The calculations of emissions factors are based on Equation 2.6 derived in Chapter 2.3.
The emission factor then are calculated as a slope of a linear fit between concentrations
of BC and CO2 (Fig. 3.5) multiplied by constant values of temperature and pressure at
normal conditions, 273.15 K and 101,325 Pa, respectively, emission factor of CO2 and
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universal gas constant. After determining the regional background with an algorithm, it
is subtracted from the concentrations measured in Mäkelänkatu, and the result is used
for calculations of the emission factors with the formula. The error was calculated using
95% confidence interval of the slope. Some of the data was cropped in order to get rid of
extreme outliers as well as negative values: CO2 is taken with the values under 80 ppm
after subtraction of the background values, and BC is taken with values under 10 µg/m3 .
The cropped data includes about 96% of the original data for one month, however, the
exact percentage depends on the month. For example, March retained 78% after being
cropped.

Figure 3.5. Concentration of Black carbon as a function of background subtracted CO2
concentration. Black line represents the slope obtained from the relation between concentrations of particles in Formula 2.6.

When the method of calculating emission factors with background taken into account was
compared to method when the raw data is used (background is not taken into account) it
reveals some aspects. The most important aspect is that the data behaves significantly
better and follows the linear fit formed after calculating the slope using the Equation 2.6.
It can be clearly visible through the behaviour of average values in Figures 3.5 and 3.6
which represent the behaviour of the raw points. When the background is taken into
account, the data closely follows the fit (Fig. 3.5), while if the background is not taken
into account, the data is more chaotic and has more outliers (Fig. 3.6). This leads to
the conclusion, that the method proposed in this work will provide us with more accurate
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estimations of emission factors, then the method which does not account for background
levels.

Figure 3.6. Concentration of Black carbon as a function of ambient CO2 concentration,
in which background is not taken into account. Black line represents the slope obtained
from the relation between concentrations of particles in Formula 2.6.

18

4. ANALYSIS OF RESULTS

This section will talk about the results obtained during the progress of the thesis. First,
ambient concentrations of particulate matter and gases like Black Carbon, PM2.5 , PM10
and CO2 , as well as background concentrations of CO2 will be presented and compared
with existing knowledge for the measurement locations. Next, the results for emission
factors’ calculations will be presented and compared to results in similar works.

4.1 Concentrations of fine particles
In order to make some predictions for the behaviour of emission factors during different
situations and variations it would be worthwhile to first look at the behaviour of the concentrations of particulate matter and gaseous compounds which are produced by traffic:
black carbon (BC), CO2 , PM10 and PM2.5 . When analysing concentrations, data went
through light treatment in order to get rid of negative value for particulate matter and
gaseous compounds values above 350 ppm were considered. For better observation of
trends, the concentrations of PM are presented in logarithmic scale, and concentrations
of CO2 are limited to 370-520 ppm (Fig. 4.1). Moreover, the data was symbolically divided
into seasons in the same way it was done in several works (Fung et al. 2021, Wang et al.
2018): 1st January 2017-28th February 2017 - winter; 1st March 2017-31st May 2017 spring; 1st June 2017-30th September 2017 - summer; and 1st October 2017-1st January
2018 - autumn.
From the Figure 4.1 we can not tell if there is any clear dependence between the month
or time of year for BC, PM10 or PM2.5 concentrations. However, there is a clear decrease
in the overall levels of CO2 levels in both street canyon and background settings during
summer. According to the nature of the EFs calculations (refer to Eq. 2.6) we can predict
an increase in the values of emission factors for the summer months. It is also evident that
the concentrations of CO2 in the background location is overall lower than in Mäkelänkatu
street canyon. The mean values for the whole period of measurement for the BC and CO2
concentrations in street canyon and urban background are 1.0821 µg/m3 with standard
deviation (SD) of 1.222, 421,49 ppm with SD of 15.6334 and 413.5 ppm with SD of 8.4377
respectively. These calculated values prove the observation that Mäkelänkatu has slightly
higher levels of CO2 concentrations than urban background, and are in line with values
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obtained by Fung et al. (2021) and Luoma et al. (2021) in their works while observing the
same locations during the same period of time.

Figure 4.1. Concentrations of particulate matter (a, d-e) and CO2 (b-c) during the period
of measurements 1st January 2017-31st December 2017. The particulate matter includes
(a) black carbon (BC), (d) PM10 and (e) PM2.5 particle concentrations; gaseous - CO2
in (b) street canyon and (c) urban background environments. Black lines separate the
seasons (winter, spring, summer and autumn respectively).

Another point of interest in this analysis are diurnal variations in the values of PM concentrations. In Helsinki region the rush hours, i.e. times when there is increase in traffic flow,
are typically observed during two time frames: from 6 to 9 am (morning rush hour) and
from around 4 to 6 pm (evening rush hour) (Fung et al. 2021, BV. 2021). The hypothesis is
that the concentrations of the particles should experience visible peaks during those time
frames. According to some works (Fung et al. 2021, Hietikko et al. 2018) the morning
peaks are slightly higher than the evening peaks.
The results of the diurnal analysis for BC, CO2 , and different PM concentrations can be
seen in Figure 4.2. It is evident, that BC, CO2 and PM2.5 measured in street canyon environment clearly follow the hypothesis, and morning peaks are slightly higher than the
evening peaks. However, the same can not be related to CO2 measured in the background location and PM10 measured in street canyon, where the CO2 concentrations
have only one peak during the morning hours and decreasing during the day until it starts
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growing again during the evening and night, PM10 concentrations are gradually increasing during the day and then go down during the evening and night times. The possible
explanation for such trends in CO2 can be hidden in the location itself. There is only one
major road in the close vicinity of Kumpula station and such variation might be related to
the nature of the traffic flow there. Another possible explanation might be lying in the wind
behaviour which is not studied in this work. As for concentrations of PM10 , or coarse particles, the explanation might be related to the nature of the particulate matter. As discussed
in Chapter 2 coarse particles originate from natural or human-made dust, so the diurnal
behaviour might be related to human activity intensity during the day. It is important to
note, that the mean as well as standard deviation do not tell the complete story about the
data behaviour. Even though there is a difference between the peaks, it is really subtle
and might be different, if more aspects are taken into account while processing the data.

Figure 4.2. Diurnal variations in concentrations of particulate matter (a, d-e) and CO2
(b-c) during the period of measurements 1st January 2017-31st December 2017. The
particulate matter includes (a) black carbon (BC), (d) PM10 and (e) PM2.5 particle concentrations; gaseous - CO2 in (b) street canyon and (c) urban background environments. the
dotted lines represent the standard deviation (SD) from the mean.

As for implications for emission factors of Black carbon patterns, it can be expected to
have similar behaviour during rush hours, meaning visible peaks during morning and
evening hours as seen in BC and CO2 concentrations in Mäkelänkatu measurement cite.
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4.2 Emission factors of Black Carbon
This section will talk about the emission factors of black carbon. The analysis is based
on two types of variations, monthly, where the changes in emission factor values are observed depending on the months and seasons during all the days of the month, workdays
and weekends separately, and diurnal where emission factors were analysed as a function of not only months but also the hour of the day to see if there is any dependence on
the time of the day. The calculations were done using the formula 2.6 derived in Section
2.3 and method described in Section 3.3.

4.2.1 Monthly variations
For proper analysis of results and easy comparison with other works the year was separated in seasons. Winter season lasts from January to end of February, spring season is
from March to end of May, summer season lasts from June to end of September and autumn season lasts from October to end of December of 2017. For each month emission
factors were calculated together with an error margin which was determined using a 95%
confidence interval of the slope (ref. Section 3.3).
The overall trend for emission factors is that the summer values are the highest throughout
the year with the lowest figures in autumn season (Fig. 4.3a). The mean values as well
as the 95% confidence interval deviation for emission factors during four seasons are
the following: 0.0940 ± 0.0007 gBC /kgfuel (winter), 0.0917 ± 0.0008 gBC /kgfuel (spring),
0.1016 ± 0.0007 gBC /kgfuel (summer), and 0.0846 ± 0.0006 gBC /kgfuel (autumn). Such
variation partly agrees with other works (Wang et al. 2018), where spring-summer levels
were higher than during winter-autumn. Here the calculations show, that the mean figure
for winter is slightly higher than spring, while autumn season still shows the lowest values.
The reason for this is not really clear, however, the most likely reason was named to be
the traffic-related change in emissions (Healy et al. 2017). The general values for BC
emission factors range from 0.0781 ± 0.001 gBC /kgfuel to 0.1023 ± 0.0012 gBC /kgfuel ,
which is well within the levels for Helsinki urban area (Enroth et al. 2016).
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(a) Monthly variation in emission factors for all days. Dotted line represents the 95%
confidence interval of the slope used in calculations.

(b) Monthly variation in emission factors separated into workdays and weekends.

Figure 4.3. Monthly variations in BC emission factors. Vertical black lines signify separation into seasons: winter, spring, summer and autumn respectively.
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If the emission factors were to be analysed separately for working days and weekends
(Fig. 4.3b), then for working days we would see the same trend as for the general case,
however, the overall values of the emission factors would be higher except for individual
case. For weekends the levels in emission factors are significantly lower than for weekdays, however, it is hard to say if the results are valid. The reason might be lack of data
for weekends, since their share in the month is significantly less than working days, so no
meaningful results were obtained.

4.2.2 Diurnal variations
Another point of interest in analysis of emission factors is their variability depending on
the hour of the day. Some works already investigated the dependence of emission factors on the hour of the day not only for different particulate matter (Hietikko et al. 2018),
but also for black carbon in particular (Wang et al. 2018). Both works noticed spikes in
emission factors during most busy hours (rush hours) which coincided with spikes in PM
concentrations, however, in case of BC there was only one clear spike - during morning
hours (Wang et al. 2018). Same tendency has been noticed for the emission factors of
BC in Mäkelänkatu street canyon (Fig. 4.4). The highest levels of emission factors were
obtained during morning rush hours (6-9 am) with local peaks during other times which
are different for every month. That leads to the conclusion, that the peak during mornings is a global trend and other peaks are a result in some traffic related situation which
happened during one particular month. The possible reason behind the singular morning
peak in emission factors can be related to traffic rates and distribution. The hypothesis is
such that in the mornings there is a larger share of diesel-powered delivery trucks, which
prefer to do deliveries in the mornings rather than during some other time. Another reason might be related to the positioning of the measurement station. The measurement
container is placed on the side of the road which leads into the city, while the side of the
road which leads outside of the city and which might be more used during evening rush
hours is separated from the measurement container by the tram tracts and vegetation,
which might affect the amount of particles detected.
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Figure 4.4. Contour plot for diurnal variations of black carbon emission factors.

Same tendencies can be seen for the working days (Fig.4.5a), where there is one visible
peak for all months - during morning rush hour. Moreover, the levels of emission factors
during workdays were found to be slightly higher than for the whole year in general for
some of the months. It is hard to assess the situation for weekends separately for the
same reason as when assessing monthly variations. The only thing which falls within
predictions is that weekend values are significantly smaller than those of the working
days.
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(a) Emission factors of black carbon during workdays.

(b) Emission factors of black carbon during weekends.

Figure 4.5. Contour plot of diurnal variations in emission factors depending on the day of
the week
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5. CONCLUSION

This work has focused on the emissions of black carbon in the urban environment of
street canyon in Helsinki area. The data analysed in this work provides an overview
of emissions that have been registered in the street canyon measurement during one
year. This allowed to investigate the long-term variations in the particle concentrations as
well as how the emission factors vary during different seasons and time of the day. The
results have been analysed and compared to similar works (Wang et al. 2018, Enroth
et al. 2016). In addition to that, this work also attempts to provide a comprehensive
approach to determining the background levels of the trace gas, CO2 in this case, which
are important for correct representation of fuel-based emission factors.
The analysis has revealed that the emission factors during one year of measurements in
Mäkelänkatu street canyon can vary from 0.0781 gBC /kgfuel to 0.1023 gBC /kgfuel , and have
a slight variance depending on the season as well as time of the day. The highest levels
of emission factors were observed during summer time, which might be related to somehow different traffic behaviour, and clear peaks in emission factors were observed during
morning rush hours for the whole year and for working days in particular. There was not
enough data points to accurately estimate the trends and behaviour for weekends, so no
definite conclusion has been reached. These findings correspond not only to those in
similar works, but also with hypothesis made based on observations of the variations in
concentrations of black carbon and CO2 .
This work has laid the foundation for a comprehensive analysis of the emissions of black
carbon in urban environment and street canyon. To complete this work it would be necessary to also investigate the effects of the climactic data, such as wind direction and speed,
ambient temperature and pressure. It is argued that the climactic data does not have significant effect on the emission factors themselves, however for the proper modeling of the
particles in street canyons such analysis could be valuable (Vardoulakis et al. 2003). In
addition to that, it would also be important to quantify the particles by size and present
the size distribution data, which is important not only while considering the black carbon,
but the air quality in the street canyons in general. Additional information about traffic
flow and distribution between diesel- and petrol- powered vehicles during the course of
measurements might also uncover new reasons to why the emission factors variations
are looking as they are and help the understanding the problem of traffic emissions.
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