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Abstract 
 

Atmospheric aerosols affect human health and Earth’s climate in many ways. In terms of 
health, aerosols are associated with millions of premature deaths yearly. In terms of climate, 
aerosols affect the radiation balance by absorbing and scattering radiation and forming 
clouds. The total effect of aerosols on the radiation balance is negative when compared to 
the pre-industrial situation; that is, aerosols have cooled the climate. However, there is a 
large uncertainty associated with this cooling effect, although that has been decreasing over 
the last several years thanks to the improved representation of aerosols and their atmospheric 
processes in climate models. 

In this work, statistical modeling was employed to study the aerosol particle number con-
centration trends and emissions from anthropogenic combustion processes. The long-term 
evolution of observed particle number-size distributions in Europe was investigated, and 
those results were compared to the results from climate models. Two case studies are pre-
sented concerning the development of statistical models for estimating the emissions from 
passenger vehicles and the evolution of emissions from residential wood combustion. 

It was found that the particle number concentrations of submicron-sized aerosol particles 
had mostly decreased in Europe over the last two decades, especially for particles larger 
than 10 nm (i.e., particles in the Aitken and accumulation mode size ranges). Similarly, 
decreasing trends in particle number concentrations are seen with climate models. The re-
sults also showed seasonal differences between the models and measurements. For the mod-
eling of anthropogenic emissions, new statistical methods for evaluating particle number 
concentrations in emissions from passenger vehicles and the evolution of residential wood 
combustion in an atmospheric chamber were shown to work and have potential. 

The results suggest further research directions related to the representation of aerosols in 
climate models and to emissions modeling, in which two types of models––for estimating 
emission factors and the evolution of emissions. 

 

Keywords: statistical modeling, trend analysis, particle number-size distributions, anthro-
pogenic emissions, wood combustion, traffic, atmospheric aerosols  
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1 Introduction 

Atmospheric aerosols are defined as a suspension of solid or liquid particles in a gas. At-
mospheric aerosol particles are generally defined as measuring from a few nanometers to 
tens of micrometers in diameter (Seinfeld and Pandis, 2016). Aerosols, and their number 
and mass concentrations in the atmosphere, vary greatly with the time of year (seasonal 
variation), between geographical locations (latitude and longitude), and with altitude (Aalto 
et al., 2005; Asmi et al., 2011; Guibert et al., 2005; Ma and Yu, 2014; Rose et al., 2021). 

Aerosols are formed directly by natural and anthropogenic sources. Natural emissions of 
dust and sea salt, for example, constitute most of the atmospheric aerosol mass globally 
(Seinfeld and Pandis, 2016). Examples of anthropogenic sources of aerosols include com-
bustion aerosols from the burning of biomass (for heating and power plants) and fossil fuels 
(for power plants and transportation). Although the contribution of anthropogenic aerosols 
to the global aerosol mass is small, both the anthropogenic fraction of mass and especially 
number can be important in populated urban areas (e.g., Rivas et al., 2020; Rönkkö et al., 
2017). The lifetime of an aerosol particle in the tropospheric atmosphere is seconds to sev-
eral days, depending on the size of the particle and the prevailing depositional mechanism 
(Emerson et al., 2020; Textor et al., 2006; Williams et al., 2002). 

In addition to direct emissions of aerosol particles from natural and anthropogenic sources, 
gaseous compounds in the atmosphere can take part in the formation of aerosol particles. 
These compounds are referred to hereafter as precursor gases. New particles and masses in 
existing particles that are formed via the gas-to-particle conversion processes of organic 
precursor gases are known as secondary organic aerosols (SOAs). It has been determined 
that a significant proportion of the (especially anthropogenic) aerosol mass in the atmos-
phere originates as SOAs (Hallquist et al., 2009). 

Aerosols have both climatic and health effects. The climatic effects are those that alter the 
radiation balance of the atmosphere, and they can be negative (cooling) or positive (heating). 
The health effects involve human exposure to inhaled particles (Shiraiwa et al., 2017). The 
exposure to particulate matter (PM) of less than 2.5 µm (i.e., PM2.5) has been estimated as 
causing 4.2 million deaths per year (Cohen et al., 2017). 

Among the properties that affect the radiation balance in climate models, the effects of aer-
osols cause the largest uncertainty (Forster et al., 2021). The effects of aerosols on radiation 
are usually divided into two categories––aerosol–radiation interactions that refer to the sin-
gle aerosol particle effect on the radiation balance through the scattering and absorbing of 
solar energy (Kuniyal and Guleria, 2019), and aerosol–cloud interactions that refer to an 
aerosol’s ability to form clouds and affect the radiation balance (Fan et al., 2016; Tao et al., 
2012). Despite the very complex nature of these phenomena, the uncertainty related to the 
effect of aerosols on the radiative balance of Earth has been decreasing (Intergovernmental 
Panel on Climate Change [IPCC], 2021). However, the uncertainty is still high compared to 
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the uncertainties attached to individual greenhouse gases, such as carbon dioxide (CO2) and 
methane (CH4). 

Both the climatic and health effects can depend on several properties of the aerosol, such as 
the particle number concentration, the size distribution of the particles, or/and their compo-
sition (Cassee et al., 2013; Seinfeld and Pandis, 2016). The climatic effects of the particles 
may depend on the altitude of the particles (e.g., Ban-Weiss et al. (2009), for black carbon). 
The factors causing health effects are uncertain, but the toxic effects of different aerosol 
components and the lung and cellular responses are important questions for research 
(Shiraiwa et al., 2017). Cohen et al. (2017) showed that higher PM2.5 concentrations were 
linked to a higher relative risk of certain diseases. Hence, in terms of their health effects, 
particles that are close to the ground and occur in urban regions are most important because 
both the concentrations of the aerosol particles and the number of exposed persons are high. 
The variety of effective particle properties and locations highlights the importance of un-
derstanding the sources, aging, and transportation of aerosols. 

The anthropogenic aerosol emissions used in climate models are obtained from emission 
inventories, such as ECLIPSE (Stohl et al., 2015) and EDGAR (Janssens-Maenhout et al., 
2019) which provide estimates of the total emissions of particulate and gaseous substances 
for a certain area (grid box). These estimates are based on the reported emissions from cer-
tain important emissions sources (Janssens-Maenhout et al., 2019), observations made using 
different measurement methods, including in-situ measurements (measurement sites and 
mobile measurements) and satellite remote sensing. In recent studies on aerosol emissions, 
both physical and chemical properties of aerosols have usually been measured and reported, 
such as by Tiitta et al. (2016) for wood combustion emissions and Karjalainen et al. (2016) 
for vehicle emissions. It is important that the emission factors (EFs) of aerosol sources (e.g., 
for the above-mentioned sources) can be accurately estimated, and hence the methods to 
estimate emissions should be developed and verified. When the emission sources are evolv-
ing (e.g., all modern vehicles are not producing CO2, which have been used in EF calcula-
tions), new methods for EF calculations need to be developed. 

Secondary aerosols, and the interaction of gas and particle phase of emissions have raised 
their role in aerosol research lately. The atmospheric aging of emissions (i.e., the evolution 
of the emissions in the atmosphere via physical [e.g., condensation or coagulation] and 
chemical [e.g., oxidation, polymerization] reactions) has also been studied and measured 
(e.g., Al-Abadleh, 2021; Hartikainen et al., 2023; Tiitta et al., 2016). Such studies have in-
cluded both field and laboratory measurements. The field measurements are based on track-
ing air masses through space, such as by mobile laboratory (Simonen et al., 2019). The 
laboratory and mobile laboratory measurement of aging involves the use of oxidation flow 
reactors (OFRs) and atmospheric chambers (Lambe et al., 2015; Platt et al., 2013). Together 
with comprehensive measurements of from the chamber, the evolution of both gas- and 
particle-phase emissions and their interactions can be interpreted and modeled. 

Aerosol representations in climate models have been developed based on the knowledge 
base provided by laboratory and field measurements. As the known reaction pathways of 
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compounds contain hundreds or tons of different chemical compounds (e.g., in the Master 
Chemical Mechanism [MCM], 2023), some processes such as nucleation may require more 
complex models to be modeled more accurately (Semeniuk and Dastoor, 2018), and the 
physical size distribution of aerosol particles has been measured quite well in detail, (and 
hence could be modeled in detail, such as by using the general dynamic equation of particles 
(Seinfeld and Pandis, 2016)), the exact replication of real-world processes is not possible to 
execute in climate models using current computational resources. Hence, simplifications 
must be made for the systems represented in the models. One option would be to build a 
model to represent a phenomenon (e.g., aging) by simplifying the observations into a smaller 
number of important parameters (variables) that could represent the phenomenon well 
enough. Then, the evolution of those important parameters could be explained with a statis-
tical or physical model. The model should describe the evolution process as accurately as 
possible, but with small computational effort. 

Ultimately, when a climate model has reached a certain stage of development, it is usually 
tested against observations measured from the atmosphere. These observation data sets 
come from measurement sites, satellites, and field campaigns that provide important infor-
mation about a certain phenomenon. The models are validated and compared against these 
datasets to test: 1) how well the historical evolution described in the models matches the 
observed trends of e.g. aerosol optical properties (e.g., Mortier et al., 2020); and 2) how well 
the models can capture short-term observations, usually related to some studied phenome-
non (e.g., Brown et al., 2021; Gliß et al., 2021). Models are also compared against each 
other to test (1) and (2) above, and for the prediction of future climate. These tests help 
researchers capture the differences in sensitivities of the models to certain changes in the 
atmosphere, and this can make the models better for predicting future climate. These models 
are used to estimate future climates for various scenarios that represent possible trends in 
anthropogenic emissions of greenhouse gases and aerosols, as explained in the IPCC reports 
(e.g., IPCC, 2021). The particle number-size distribution is a property that has not been 
compared much in previous studies. Even though the particle number concentration is not 
directly causing to the optical properties of aerosols, understanding long-term evolution of 
particle number size-distribution and the differences in measured and modeled size distri-
butions of it might help to improve the aerosol description in the models. Current measure-
ments of particle number size-distribution from measurement sites allow the investigation 
of long-term evolution of particle numbers in Europe, and hence also allows the climate 
model comparisons. 

In this thesis, the aim was to gain information about the evolution of particle number-size 
distribution in Europe and compare the evolution to the results produced by climate model. 
The other aim was to study and improve the models related to the estimation and evolution 
of anthropogenic emissions.  To achieve those aims, statistical modeling was applied to four 
datasets focusing mainly on particle number size distributions. More specifically the re-
search objectives addressed by this thesis were: 

1) To understand the trends in the particle number concentrations and size distributions 
of aerosol particles in Europe during the last 20 years (Papers I and II); 
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2) To determine whether the observed evolution of the particle number–size distribu-
tions was being captured in the climate models (Paper I); 

3) To understand the differences in calculation methods of EFs for vehicle emissions, 
and to develop new methods for EF calculation (Paper III); and 

4) To model the evolution of aerosols in an atmospheric chamber and to study the de-
pendencies of the variables measured from the small-scale residential wood com-
bustion emission (Paper IV). 
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2 Materials and methods 

This chapter briefly presents the aerosol size distribution, aerosol datasets (measurements, 
climate models), and statistical methods used in Papers I–IV. The focus was on the statis-
tical modeling of the datasets. Therefore, other aspects of measurements, such as the types 
of measurements (laboratory, field) used in Papers I–IV, with the importance of those 
measurements to research, and the measuring instruments themselves are briefly reviewed. 
Detailed discussions regarding, for example, the sampling of measurement and dilution can 
be found in the corresponding papers and references therein. Here, climate models are only 
briefly reviewed in terms of previous studies and comparing the measurement and model 
datasets. 

2.1 Aerosol particles and emissions 

2.1.1 Aerosol size distribution and aerosol modes 

The diameters of aerosol particles are measured on the scale of nanometers to micrometers. 
It has been shown that, in many cases, the size distribution function, 𝑓, for aerosol number, 
surface area, and mass concentration as a function of particle diameter (𝑑𝑝) is lognormal. 

The aerosol size distribution function (Seinfeld and Pandis, 2016) as a function of log⁡(𝑑𝑝) 

is usually presented as a sum of several lognormal distributions, which each have particle 
number concentration (𝑁𝑖) of mode 𝑖 𝑓(log 𝑑𝑝) = ∑ 𝑁𝑖√2𝜋∗𝑙𝑜𝑔(𝜎𝑖) exp (− (log 𝑑𝑝−log 𝐷𝑝,𝑖)22 log2 𝜎𝑖 )⁡𝑛𝑖=1 ,    (1) 

where 𝐷𝑝,𝑖 is a geometric mean diameter, and 𝜎𝑖 is a geometric standard deviation of mode 𝑖, 𝑖 = 1, … , 𝑛, where 𝑛 is the number of modes. The distribution function refers here to the 
atmospheric aerosol size distribution function defined as in Seinfeld and Pandis, (2016), 
formula (8.54). This means that the integral of  𝑓 from formula (1) is equal to the number 

concentration, ∫ 𝑓(log 𝑑𝑝)∞−∞ 𝑑 log 𝑑𝑝 = ⁡ ∑ 𝑁𝑖𝑛𝑖=1 . Aerosol size distribution function is not 

the same than the probability distribution or probability density function 𝑔 used in statistical 

literature, for which ∫ 𝑔(log 𝑑𝑝)∞−∞ 𝑑 log 𝑑𝑝 = 1. 

The particle number-size distribution usually consists of two to four modes. Figure 1 pro-
vides an example of a typical particle size distribution (number) consisting of four modes. 
The modes are characterized based on the geometric mean diameter. The mode with a di-
ameter of less than 25 nm is called the nucleation mode, the mode with a diameter of be-
tween 25 and 100 nm is the Aitken mode, between 100 and 1,000 nm is the accumulation 
mode, and more than 1 µm is the coarse mode. 
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Figure 1. Illustration of the modes (nucleation, Aitken, accumulation, coarse) in an aerosol 
particle number-size distribution. 

 

For describing the particle number-size distribution, algorithms have been developed that 
fit a mixture of log-normal size distribution functions (see illustration of log-normal modes 
in Figure 1, Hussein et al., 2005; Mäkelä et al., 2000; Whitby, 1978). Mode parameters 
(geometric mean diameter 𝐷𝑝, geometric standard deviation 𝜎, and number concentration 𝑁) can help to compare number–size distribution data from measurements made either at 
the same location (e.g., to compare the seasonal characteristics of the modes) or between 
different locations (e.g., to compare the measurement sites). Hussein et al.’s (2005) algo-
rithm was used in Paper I to compress a large set of particle number–size distribution data 
from long-term measurements from multiple measurement sites. The algorithm fits the mix-
ture function of several lognormal distribution functions (see formula (1)) to the size distri-
bution data by the least squares method. The algorithm iteratively searches the optimal mode 
parameters, and tests if the number of modes could be minimized without losing too much 
fit quality based on the procedure described in detail in Hussein et al. (2005). The algorithm 
was used to fit a maximum of three modes for each particle size–distribution measurement. 
After the modes were fitted, the mode parameters were used in the analysis. 

2.1.2 Aerosol emissions, and their size distributions 

As mentioned in the introduction, aerosol emissions consist of natural and anthropogenic 
emissions. On the global scale, the most common natural aerosol emissions by mass are 
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from oceans (sea salt) and deserts (dust). However, aerosols originating from continental 
areas also contain large amounts of organic compounds that come from plants and combus-
tion processes that are both natural and anthropogenic (Jimenez et al., 2009). 

In addition to direct emissions of particles, precursor gases of secondary aerosols, such as 
volatile organic compounds (VOCs) are important in the total aerosol mass (Guenther et al., 
1995). It has been shown that these emissions increase with increasing temperature and also 
have a negative (cooling) effect on the radiative balance via increasing the number of cloud 
condensation nuclei that increase the brightness of clouds (Yli-Juuti et al., 2021). For bio-
genic VOC (BVOC) emissions coming from plants, seasonality is a significant factor, with 
most of the BVOC emissions, especially those farther from the Equator, such as in the boreal 
region, being produced during the growing season. Such emissions have been shown to be 
often exponentially correlated with temperature (Guenther et al., 1995; Hellén et al., 2018). 

Anthropogenic combustion processes, including residential and vehicular, can also produce 
significant amounts of particulate emissions locally. Traffic emissions can have a significant 
effect on the air quality close to roads that have heavy traffic, such as highways, and depend 
on meteorological conditions, which can extend the effective area (Enroth et al., 2016; 
Pirjola et al., 2017). Many previous studies have focused on the aerosol mass of particles 
with diameter under 2.5 𝜇𝑚, PM2.5. Compared to the number-size distribution, the mass-
size distribution is more focused on the larger particles, as when the diameter of a spherical 
particle doubles, the volume is eight time the volume of the original particle. 

In terms of residential combustion, the recorded fraction of PM2.5 close to the surface of the 
Earth can be up to 15% to 40% in Asia, Eastern Europe, and East Africa (Butt et al., 2016). 
Similarly, emissions from wood combustion can contribute significantly (> 10%) to the total 
PM2.5 in many parts of Europe during winter, when wood is combusted for residential heat-
ing. Note that Fountoukis et al. (2014) estimated a decrease in PM2.5 when residential wood 
combustion was replaced by pellets for stoves. Both sources are therefore important for local 
(especially urban) air quality and human health. 

Particles from primary wood combustion are mostly in the Aitken and accumulation modes 
for both masonry heaters and stoves (Hartikainen et al., 2020; Leskinen et al., 2014; Tiitta 
et al., 2016; Tissari et al., 2008), with a geometric mean diameter between 53 and 96 nm 
from primary emissions given in Hartikainen et al. (2020). Emissions for masonry heaters 
contain mostly organic species and elemental carbon, with a smaller fraction of salts, such 
as sodium, potassium, zinc, and iron (Kortelainen et al., 2018). 

The primary emissions from passenger vehicles contain two modes, one with a 𝐷𝑝 of around 

10–30 nm and a larger mode with a diameter of around 70 nm for gasoline cars and 100 nm 
for diesel cars (Karjalainen et al., 2014; Wihersaari et al., 2020). In addition, a nanocluster 
aerosol mode (Rönkkö et al., 2017) is represented by delayed primary emissions (i.e., those 
that occur in the high-temperature gas-phase exhaust that immediately forms aerosol parti-
cles in the atmosphere). 
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2.2 Aerosol measurements and data processing 

2.2.1 Atmospheric measurement sites 

Atmospheric measuring sites have been established for taking long-term measurements, 
usually of many different gases and aerosol particle properties. “Long-term” here refers to 
a minimum of six years of measurements. Particle size distribution measurements have a 
relatively short history compared to greenhouse gas measurements (e.g., the CO2 levels at 
Mauna Loa have been observed since 1958) (Keeling et al., 1976), with the longest particle 
number-size distribution time series used in Paper I having started in 1996. Hence, the 
number of long-term measurements of particle size distributions is still limited, even in Eu-
rope. 

In addition to recording long-term trends, measuring sites can be used to observe local air 
quality or provide representative measurements for phenomena that occur over a wider area. 
A well-equipped measuring site often offers the opportunity to study observed phenomena 
under natural conditions, which can be supplemented by more precise laboratory measure-
ments. 

In the last few years, European measurement sites have formulated standards for measuring 
both greenhouse gases (ICOS - Integrated Carbon Observation System, 2023) and short-
lived atmospheric constituents, including aerosol particles (ACTRIS - Aerosols, Clouds and 
Trace gases Research InfraStructure Network, 2023). These standards help in making sure 
measuring sites are appropriately equipped to record the necessary variables. In addition to 
actual observations, the measuring site network can include data management aspects for 
unifying the data produced by the individual measuring sites and ensuring its quality. This 
makes the job of the downstream user easier, both in terms of reading the material and trust-
ing the data quality. 

The measurement sites and data used in Paper I were mostly from the ACTRIS Data Centre 
(ACTRIS data center - an atmospheric data portal, 2023). For some of the sites that were 
not part of ACTRIS, the data were provided directly by the researchers managing the data 
from the site, while the rest came from Nieminen et al. (2018). The sites used in Papers I 

and II are listed in Table 1. The environmental classification is based on the classification 
used in Nieminen et al., (2018) and the classifications provided in sites’ metadata. 
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Table 1. List of sites used in Papers I and II and their environmental classification (see 
subsection 2.2.2 of Paper I for more detail). The table has been reproduced from Paper I, 
but with the addition of the Budapest site and the removal of the columns giving the loca-
tions and altitudes of the sites. The trends from the Budapest site were included in Paper 

II; all other sites were included in Paper I. 

Sites included in both trend analysis and model comparison (Paper I) 

Site name Environment Time period 
Size range 
(nm) 

Reference 

Helsinki, Finland Urban 2005–2018 3–1,000 Hussein et al. (2008) 

Hohenpeissenberg, Ger-
many 

Rural 2008–2018 13–800 Birmili et al. (2003) 

Hyytiälä, Finland Rural 1996–2018 3–500 
Hari and Kulmala 
(2005) 

K-Puszta, Hungary Rural 2008–2018 7–710 Salma et al. (2016b) 

Puijo, Finland Urban 2005–2015 10–500 Leskinen et al. (2012) 

Mace Head, Ireland Remote 2005–2012 21–500 O’Connor et al. (2008) 

Melpitz, Germany Rural 2008–2018 5–800 Hamed et al. (2010) 

Pallas, Finland Remote 2008–2017 7–430 Lohila et al. (2015) 

San Pietro Capofiume, Italy Rural 2002–2015 3–630 Hamed et al. (2007) 

Schauinsland, Germany High-altitude 2006–2018 10–600 Birmili et al. (2016) 

Vavihill, Sweden Rural 2001–2017 3–860 Schmale et al. (2018) 

Värriö, Finland Remote 1998–2018 8–400 Kyrö et al. (2014) 

Zeppelin, Norway Polar 2008–2018 10–800 Tunved et al. (2013) 
     

Sites included in trend analysis only (Papers I and II) 

Site name Environment Time period 
Size range 
(nm) 

Reference 

Annaberg-Buchholz, Ger-
many 

Urban 2012–2018 10–800 Birmili et al. (2016) 

Birkenes II, Norway Rural 2010–2018 10–550 Yttri et al. (2021) 

Budapest, Hungary Urban 
2008–2009, 
2013–2018 

6–1,000 Salma et al. (2016a)  

Finokalia, Greece Remote 2011–2018 9–760 
Mihalopoulos et al. 
(1997) 

Järvselja, Estonia Rural 2012–2017 3–10,000 Noe et al. (2015) 

Leipzig, Germany Urban 2010–2018 10–800 Birmili et al. (2016) 

Neuglobsow, Germany Rural 2012–2018 10–800 Birmili et al. (2016)  

Waldhof, Germany Rural 2009–2018 10–800 Birmili et al. (2016)  

Villum, Greenland Polar 2010–2018 9–905 Nguyen et al. (2016) 

2.2.2 Laboratory measurements 

The purpose of laboratory measurements is often to study something in a more controlled 
way than outdoor measurements provide. In the laboratory, one can examine, for example, 
the primary emissions of the emissions source, a specific property of the aerosol (chemical, 
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physical), or aerosol aging. In many laboratories where aerosols are measured, chambers 
are used to monitor the transformation of the aerosol, as far as possible, under atmospheric-
type conditions for several hours (e.g., Bruns et al., 2015; Robinson et al., 2007). To measure 
aerosols that have atmospherically relevant aging times of up to weeks or to determine the 
potential of aerosol samples to form SOAs, oxidation flow reactors (OFRs) can also be used 
(Ihalainen et al., 2019; Simonen et al., 2017). OFRs and chambers have several differences: 
aerosols have much shorter residence times in OFRs (minutes) than in chambers (usually at 
least hours), the OFRs have significantly higher oxidant concentrations (Lambe et al., 2011). 
OFRs are used as flow-through systems, whereas in chambers the batch of emissions is aged 
for several hours (Pieber et al., 2018). Information on the evolutionary process of aerosol 
aging is not directly obtainable from an OFR whereas in chambers, the aging of emission 
can be measured. 

The laboratory measurements used in Paper IV were conducted in an ILMARI environ-
mental chamber (Leskinen et al., 2015). The atmospheric aging chamber in the ILMARI 
environment has a 29-m3 volume, is made of Teflon, and is used to study the aging of com-
bustion aerosols. The chamber allows the study of both dark and ultraviolet (UV)-induced 
aging that corresponds to the typical midsummer UV irradiance in Central Finland. 

Four experiments on the aging of residential wood combustion have been studied in Paper 

IV. Descriptions of the studied experiments were presented in two papers, one concentrating 
on the evolution of the particle emissions and SOA (Tiitta et al., 2016) and one on gas emis-
sions, especially VOCs (Hartikainen et al., 2018). Both nighttime (Experiments 2B and 3B 
in Tiitta et al. (2016), and Paper IV) and daytime (Experiments 4B and 5B in Tiitta et al. 
(2016), and Paper IV) aging was measured in those experiments. To represent the atmos-
pheric oxidation of the emissions, oxidants, such as ozone (O3) in all experiments and hy-
droxide (OH) via nitrous acid (HONO) addition in experiments on UV-induced daytime 
aging, were added to the chamber before the experiment started. In the chamber experi-
ments, the atmospherically equivalent aging time of the aerosols during the entirety of the 
experiments was between 7 and 18.5 h (Tiitta et al., 2016). An atmospherically relevant 
aging time––how long it would take an aerosol to have similar oxidant exposure in the at-
mosphere––was calculated from OH exposure based on Barmet et al. (2012) at typical 
boundary-layer OH concentrations of 106⁡cm−3 (Tiitta et al., 2016). 

2.2.3 Mobile measurements and emission factor based on CO2 

Mobile measurements consist of measurements of aerosols that are made using a mobile 
laboratory setup, either by chasing an emissions source (e.g., Bukowiecki et al., 2002; 
Hussein et al., 2017; Pirjola et al., 2004) or situating the mobile laboratory so that an emis-
sions source can be measured in one place. The advantages of mobile measurements include 
location flexibility, which enables in situ measurements of sources that are difficult or not 
possible to measure under laboratory conditions (e.g., ships, buses, and wildfires). A mobile 
laboratory is able to measure emissions from, for example, passenger vehicles as they move 
(chase measurements, e.g., Olin et al. (2023)). The aim is to measure the emissions of the 
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desired source under real-life conditions, without too much interference from other emis-
sions sources in the measurement environment. 

For Paper III, chase measurements of passenger vehicles were conducted under Finnish 
winter conditions (temperatures between -9°C and -28°C) using the Aerosol and Trace Gas 
Mobile Laboratory (ATMo-Lab) of Tampere University, Finland (Simonen et al., 2019). 

The challenge described in Paper III involved determining the emission factor (EF) of aer-
osol particle number (𝑁) from chase measurements. The EF describes the quantity of some-
thing (here, the number of particles) emitted by a vehicle, usually given per some unit de-
scribing the distance covered (per kilometer) or energy consumed (per liter of fuel). The 
usual method used to calculate the EF, which is based on CO2 dilution, assumes that the 
entire emission of the measurement source is diluted equal to CO2. For example, in 
Wihersaari et al. (2020), the EF was calculated as a dilution ratio (DR) of the emissions. 
The DR calculation used in their study assumed equal dilution by CO2 𝐷𝑅𝑁𝑟𝑎𝑤,𝑡 = 𝐶𝑂2,𝑡𝑟𝑎𝑤−𝐶𝑂2𝑏𝑔𝐶𝑂2,𝑡𝑚𝑒𝑎𝑠−𝐶𝑂2𝑏𝑔     (2) 

where 𝐶𝑂2,𝑡𝑟𝑎𝑤 is the raw concentration from the tailpipe of the vehicle at time 𝑡, 𝐶𝑂2𝑏𝑔 is the 

background CO2 concentration (measured in Paper III as a median from the background 
concentration, and 𝐶𝑂2,𝑡𝑚𝑒𝑎𝑠 is the CO2 concentration measured by the mobile laboratory at 

time 𝑡. The EF per kilometer, in the case of Paper III for particle number emissions, was 
then calculated based on the DR as an integral over time 𝐸𝐹𝑁𝑟𝑎𝑤 = ∫ [(𝑁𝑡𝑚𝑒𝑎𝑠−𝑁𝑏𝑔)∗𝐷𝑅𝑁𝑟𝑎𝑤,𝑡∗𝑄𝑡]𝑑𝑡𝑡 𝜌𝑄∗∫ 𝑣𝑡𝑡 𝑑𝑡 .    (3) 

Here, 𝑁𝑡𝑚𝑒𝑎𝑠 is the particle number concentration measured in the mobile laboratory at time 𝑡, 𝑁𝑏𝑔 is the background particle number concentration (measured as background CO2), 𝑄𝑡 
is the exhaust flow ratio (i.e., the volumetric exhaust flow of the vehicle), 𝜌𝑄 is the density 

of the exhaust, and 𝑣𝑡 is the speed of the chased vehicle. 

The method described above, and the other commonly used method, the N/CO2 ratio 
(Hansen and Rosen, 1990; Zavala et al., 2006), is valid in most cases if the assumption of a 
constant EF in the N/CO2 ratio is also valid. However, in all cases, the chased vehicle is not 
always producing CO2. This could occur, for example, when the vehicle is going downhill, 
and the gas pedal is not being pressed. The modern vehicle, hybrid or electric, does not 
produce CO2 when the vehicle is using electric motor only. Hence the way of determining 
emissions based on CO2 is thus not always valid. For engine emissions, CO2 can probably 
be used as an indicator of the emissions (i.e., when the engine is emitting, CO2 is also being 
emitted), but for non-exhaust emissions (tires and brakes), the lack of CO2 does not neces-
sarily indicate a lack of non-exhaust emissions. With CO2 being produced by the engine 
while it is working, the estimation of emissions during downhills is problematic because 
CO2 is not being produced. Such emissions include particulate emissions from the brakes. 
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The DR of emissions from a chased vehicle observed by mobile laboratory is a function of 
the chasing speed, distance from the source, exhaust flow rate, and other factors, such as 
wind direction and wind speed. So, if the DR could be explained by a model based on those 
factors affecting it, then that model could be used instead of using CO2 as a tracer for the 
dilution. In Paper III, the distance from the source (i.e., the distance between chased vehicle 
and mobile laboratory) was assumed to be constant. This was due to lack of distance meas-
urements. The distance was attempted to keep as constant as possible by using same driver 
in the chased vehicle and mobile laboratory during the whole campaign, and also driving 
with relatively similar speeds in each section of the driving route. 

In Paper III, we presented three new models for estimating the DR used to calculate the EF 
in one of the previous methods (𝑁𝑟𝑎𝑤, formula (3)). The models were based on measured 
variables other than CO2. 

The models in Paper III, (multivariate adaptive regression spline, MARS and Near-Wake 
dilution, NWD) were trained using the CO2-based DR determined for the cases where ob-
served exhaust flow rate and modeled DR were positive. The CO2-based DR was calculated 
based on equation (2). See the details of the models from section 2.3 in Paper III. The 
models were then applied to the whole measurement data, including cases where the exhaust 
flow ratio was zero. The first model fitted was the NWD model, based on the observed 
dependence of DR on the ratio of exhaust flow rate and speed. The second model, MARS–
–which was more relevant to this work––involved using regression splines (see subsection 
2.3.4 for details about splines) to estimate the DR based on observed dependences of the 
DR on the variables measured, such as exhaust flow rate, wind speed, vehicle speed, accel-
eration, and change in altitude between measurement points. Two MARS-models, one with 
data only from ATMo-Lab (MARS-chase) and one with variable(s) also from vehicle on-
board diagnostics (OBD, variable exhaust flow rate) were formed. 

2.2.4 Instruments for measuring particle number-size distribution 

In this thesis, the measurements mostly concerned particle number concentrations and num-
ber-size distributions. The particle number concentrations in mobile laboratory were meas-
ured using condensation particle counters (CPCs), whereas the particle size distribution was 
determined using a differential mobility particle sizer (DMPS) to study the long-term trends 
and a scanning mobility particle sizer (SMPS) to study the long-term trends and in ILMARI 
chamber studying wood combustion emission. 

A CPC (McMurry, 2000) measures particles based on an optical counter. For the particles 
to be large enough to be measured optically, they are grown using a suitable condensing 
liquid (e.g., butanol) under supersaturated conditions. The liquid effectively condenses on 
the surfaces of the existing particles in the sample air that act as condensation nuclei. De-
pending on the characteristics of the instrument used, a traditional CPC can measure the 
concentration of particles with a diameter greater than, for example, 3, 10, or 23 nm. With 
the addition of a particle size magnifier (Vanhanen et al., 2011), particles larger than 1 nm 
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can also be counted. The instrument’s lower cut-off size is usually determined as the diam-
eter at which 50% of the particles of that size can be detected. 

A DMPS (Hoppel, 1978) is a combination of a differential mobility analyzer (DMA) 
(Knutson and Whitby, 1975) and a CPC. In the DMA, the particles are charged and certain-
sized particles (hereafter referred to as a size class) are selected. The selection of particles 
is based on their electrical mobility (𝐵𝑒). Electrical mobility, together with strength of an 
electric field (𝐸) defines the electrical migration velocity of a charged particle 𝑣𝑒 = 𝐵𝑒𝐸 
(Seinfeld and Pandis, 2016). Particles of a certain electrical migration velocity are separated, 
and the concentration of these selected particles is then measured using a CPC. The DMA 
can be subsequently used to scan multiple different size classes (by altering the voltage and 
hence also the electric field in the DMA), and the size distribution can be measured based 
on those scans. The size range of DMPS instruments used is mostly dependent on the DMA 
used. To achieve a broader size distribution (e.g., 3–900 nm), two DMPS systems, one with 
a short DMA and one with a long DMA, are used. The DMPS data were used in Papers I 

and II. 

The SMPS (Wang and Flagan, 1990) has a similar setup (DMA + CPC) to the DMPS. The 
main difference between an SMPS and a DMPS is that the voltage used in the DMA is 
altered stepwise in the latter, whereas, in the SMPS, the voltage is changed continuously. 
The SMPS enables faster size-distribution measurements than the DMPS. The SMPS data 
was used in Papers I and IV. 

2.3 Climate models and the representation of size distribution 

The models that represent the state of the Earth system in general, and include the interac-
tions of the atmosphere, cryosphere, and biosphere, are called Earth system models 
(Heavens et al., 2013). This is the most complex model group used in the Sixth Assessment 
Report (AR6) of the IPCC (IPCC, 2021). 

A climate model is a model that represents Earth’s climate and the various components that 
affect it. These include the atmosphere with clouds, greenhouse gases and aerosols, the sea, 
land surface, and the interaction of these in terms of radiative transfer (Chen et al., 2021). 

Both Earth System models and climate models involve large systems of differential equa-
tions covering the atmosphere from the surface upward. Climate models consist of smaller 
models that each calculate a specific component of the whole system. Such models include 
general circulation models and aerosol schemes, which represent the evolution of aerosols 
in the models. 

In Paper I, five climate models were used––EC-Earth3 (van Noije et al., 2021), ECHAM-
M7 (Tegen et al., 2019), ECHAM-SALSA (Kokkola et al., 2018), NorESM1.2 (Kirkevåg 
et al., 2018), and UKESM (Sellar et al., 2019). These models used two different ways to 
process aerosol size distributions. The first was to represent the aerosol size distribution 
using lognormal modes (the EC-Earth, ECHAM-M7, NorESM, and UKESM models used 
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modal representation). The modal representation in models varies in terms of the number of 
modes and the division of the modes into water soluble and insoluble components used. 
Table 2 gives the number of modes used in the different models compared. 

The second way was to represent the size distribution as the number of particles in pre-
determined size ranges (the ECHAM-SALSA). To represent a size distribution of 3 nm to 
10 µm, ECHAM-SALSA used a total of 17 size bins (10 soluble and seven insoluble with 
different size ranges), as described in Table 2. 

 

Table 2. Summary of the description of size distribution in the models compared in Paper 

I. Modified from Table 3 in Paper I. 

Model name Description of size distribution 

ECHAM-M7 
Seven lognormal modes––nucleation soluble, Aitken soluble, Aitken insoluble, accu-
mulation soluble, accumulation insoluble, coarse soluble, coarse insoluble 

ECHAM-
SALSA 

17 size sections––10 soluble bins (3 nm–10 um in diameter), seven insoluble bins (50 
nm–10 um in diameter) 

EC-Earth3 
Seven lognormal modes––nucleation soluble, Aitken soluble, Aitken insoluble, accu-
mulation soluble, accumulation insoluble, coarse soluble, coarse insoluble 

NorESM.2 
12 modes, based on mixed particles in nucleation, Aitken, accumulation, and coarse 
size ranges with black carbon, organic matter, sulfate, dust, and sea salt as core sub-
strates 

UKESM1 
Seven lognormal modes––nucleation soluble, Aitken soluble, Aitken insoluble, accu-
mulation soluble, accumulation insoluble, coarse soluble, coarse insoluble 

2.3.1 Climate model comparisons 

Climate model comparisons help the model developers to detect differences between the 
models and model responses to certain changes in the setup, such as aerosol radiation inter-
actions, and to validate the model responses. Modeled experiments on future scenarios pro-
vide important knowledge on future climate and its uncertainty. Model comparisons are 
executed in order to assess model performance and validate the processes implemented in 
the models. 

One of the large model comparison projects is the Coupled Model Intercomparison Project 
(CMIP). CMIP is part of the World Climate Research Programme (WCRP). Its aim is to 
“better understand past, present and future climate changes arising from natural, unforced 

variability or in response to changes in radiative forcing in a multi-model context” (WCRP 
Coupled Model Intercomparison Project (CMIP), 2023). The current phase of the project is 
CMIP6 (Eyring et al., 2016), which is focusing on: 1) Earth’s response to different forcings 
(projections, geoengineering); 2) systematic model biases; and 3) the assessment of future 
climate changes given “internal climate variability, predictability, and uncertainties in sce-
narios” (Eyring et al., 2016, subsection 4.1). 
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Another large project involved in model comparison is AeroCom, which is mainly focused 
on aerosols and their impact (AeroCom website, 2023) and has been running for almost 20 
years (Kinne et al., 2006; Penner et al., 2006). In addition to the model performance assess-
ments provided by the CMIP projects, there are more detailed measurement comparisons 
related to the specific topic of measurements (e.g., aerosols in a certain area, transportation, 
or specific aerosol properties) in AeroCom. Control experiments for comparing climate 
models have also been specifically interested in some of the aerosol sources (e.g., dust or 
black carbon) and/or some physical properties related to aerosols (e.g., absorption, aerosol–
cloud interactions, transportation, and location). Specific experiments related to changing 
some properties (e.g., height of biomass burning emissions and land-use change) have been 
conducted and planned. 

2.3.2 Comparison of models with observations and the colocation of data 

In Paper I, we compared the long-term (> 6 years, between 2000 and 2014) particle number-
size distribution trends and seasonal representation of size distribution at 13 measurement 
sites located in Europe. Paper I was the first comparison of aerosol particle number-size 
distribution trends. Closely related studies concerning the trends and observed levels (see 
section 2.4.1) of aerosol optical properties (i.e., Angstrom exponent, aerosol optical depth, 
and aerosol light scattering and absorption) comparing climate model results to direct meas-
urements and satellite results have been published under the umbrella of the AeroCom pro-
ject (Gliß et al., 2021; Mortier et al., 2020). These studies showed that models can capture 
the observed, mostly decreasing, trends in aerosol optical properties relatively well in Eu-
rope and North America, where there is more observation data available (Mortier et al., 
2020). The levels of aerosol optical properties  have often been underestimated in the models 
(Gliß et al., 2021). Other model comparisons conducted that are relevant to this work in-
clude, for example, the effect of aerosol emissions harmonization to global model results 
(Textor et al., 2007), the global modeling of organic aerosols vs. SOAs (Tsigaridis et al., 
2014), and biomass-burning aerosol absorption in measurements and climate models 
(Brown et al., 2021). 

When comparing data from measurements and climate models, some data colocation was 
needed. In Paper I, there were three main aspects that were different between the model 
and the measurement data: 1) the modes (nucleation, Aitken, accumulation) were not de-
fined similarly in all the models (see also the beginning of Subsection 2.3 and Table 2); 2) 
measured modes represent certain locations whereas modelled values modelling grid; and 
3) time resolution was needed to be harmonized. Additionally, measurement data gaps 
needed to be considered. 

As described above in subsection 2.3, the models in Paper I used two main ways to describe 
size distributions, modal and sectional representation. To compare the models against ob-
servations based on the same mode diameter limits, modes corresponding to both the modal 
and sectional model representation were calculated from the measurement datasets (see 
modal and sectional representation in the subsection 3.2). All the measurement bins with a 
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mean diameter falling into the size range of a model-based mode were summed in order to 
obtain the 𝑁 of that mode. To calculate the representation of a mode from the measurements, 
at least three measurement bins were required to have a mean diameter that fell within the 
size range. Otherwise, the mode representation for that mode was not calculated. This was 
the case for the nucleation mode for some sites, which had a minimum-sized bin that meas-
ured close to the upper limits of the nucleation modal and sectional models. 

For the location, the model grid box was selected to be the place containing the coordinates 
(latitude, longitude) of the measurement site. The height of the selected grid box was se-
lected based on the altitude of the site. Some studies have also used the grid box with the 
lowest altitude, not the height of the site. For time resolution harmonization, both the meas-
urement and model data were averaged to a monthly resolution. For the measurement data, 
enough data (i.e., five daily means, for which at least 12 h of data needed to be available) 
were required to be measured to calculate monthly mean. 

2.4 Statistical methods 

2.4.1 Time series data 

Time series comprise a set of data points measured through time. Time series can thus de-
scribe the evolution of measured variables (e.g., a number concentration of certain-sized 
particles, as in Papers I–IV) and describe the evolution of the phenomenon in time. Meas-
urements of such a phenomenon have usually been taken within a certain time interval (e.g., 
per second in Paper III). Measurements can also be aggregated to coarser time resolution 
(e.g., per month in the aggregated time series in Paper I). 

A time series is usually denoted as 𝑦𝑡, where 𝑡 is the index of time, which usually goes from 
1 (first measurement of the time series) to 𝑇 (total number of measurements). 

When modeling a time series, it can consist of several components. In Papers I–III, time 
series or, in some cases (e.g., for particle number concentrations), the log-transformation of 
a time series, can be written in the form of  𝑦𝑡 = 𝜇𝑡 + 𝛾𝑡 + 𝜂𝑡 + ⁡𝜀𝑡 , 𝑡 = 1, … , 𝑇    (4) 

where the measured time series, 𝑦𝑡, is described as the sum of the level, 𝜇𝑡, the seasonal 
component, 𝛾𝑡, the autoregressive (AR) component, 𝜂𝑡, and a random, normally distrib-
uted residual component, 𝜀𝑡. When time series 𝑦𝑡 is a log-transformation of the original 
time series, 𝑦𝑡̃, then the original time series is a product of those components, 𝑦𝑡̃ = ⁡ 𝜇𝑡 ∗𝛾𝑡 ∗ 𝜂𝑡 ∗ 𝜀𝑡. 

The level component, 𝜇𝑡, describes the long-term changes in the time series that are not 
cyclic. The seasonal component 𝛾𝑡 describes the cyclic component of a time series. Cyclic 
components can describe, for example, seasonal variations during the year (Papers I and 

II). The AR component 𝜂𝑡 can take into account the dependency of a subsequent 
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observation (autocorrelation) in a time series. AR component  has been used before in at-
mospheric time-series analysis (Mikkonen et al., 2015). The random component, 𝜀𝑡, is a 
residual component that is usually assumed to be normally distributed with a zero mean. 

Time-series analysis methods include those described in the papers forming this thesis and 
contain filtering and smoothing methods to handle the random variability in time series (Pa-

pers III and IV) and trend estimation methods (Papers I and II). Trend estimation is de-
scribed in more detail in the following subsections. 

2.4.2 Sen–Theil and regression methods 

The Sen–Theil estimator is a non-parametric method for estimating linear trends in time-
series data (Sen, 1968; Theil, 1950). It can estimate the trend in a time series, 𝑦𝑡 (e.g., change 
per year in Paper I), by approximating by calculating slopes for all pairs of observations, 𝑦𝑡𝑗  and 𝑦𝑡𝑖  𝑦𝑡𝑖−𝑦𝑡𝑗𝑡𝑖−𝑡𝑗     (5) 

where time points 𝑡𝑖, 𝑡𝑗 ∈ 1, … , 𝑇, 𝑡𝑖 ≥ 𝑡𝑗. The trend estimate then becomes the median of 

those slopes. The method is robust to outliers (i.e., single extreme-values in time series have 
only a minor effect on the trend estimate). 

The Sen–Theil method has become popular in atmospheric sciences (e.g., Collaud Coen et 
al., 2020; Mortier et al., 2020). In Paper I, seasonality was taken into account using the 
TheilSen function in the openair package (Carslaw and Ropkins, 2012) by decomposing the 
time series using loess (locally estimated scatterplot smoothing, Cleveland et al. (1990)) 
decomposition, and then by removing the seasonal component, 𝛾𝑡, before applying the Sen–
Theil estimator to the time series, 𝑦𝑡 − 𝛾𝑡 . The calculation of confidence intervals for the 
trends was based on the bootstrap method (Kunsch, 1989), implemented in the TheilSen 
function. 

The Sen–Theil method is simple and more robust than the ordinary linear regression that 
has also been used in atmospheric trend studies. Ordinary regression, without any seasonal 
parameters, does not consider seasonality in the dataset, which can affect the trend estimate. 
In some studies (e.g., in Paper II; Asmi et al. (2013)), multivariate linear regression has 
been used (in Paper II with the generalized linear mixed model, see next paragraph for 
description), with the predictors representing seasonal variation. Seasonality could be taken 
into account by having trigonometric seasonal components, based on sine and cosine func-
tions, scaled to the seasonal cycle observed in the time series (see, e.g., Asmi et al. (2013)), 
using a trigonometric seasonal component with a yearly seasonal cycle, or by using dummy 
variables (i.e., 𝑛 indicator variables for each 𝑛 parts of the seasonal cycle, such as 12 months 
per year), or in a mixed model, as a random effect for each month that has been applied (e.g. 
in Mikkonen et al. (2011); Paper II). 
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A generalized linear mixed model (GLMM, McCulloch et al., 2008) was used in Paper II, 
to consider some of the factors affecting the number concentration and consider the vari-
ance-covariance structure of the variables used in the model. The model has the form 𝑦 = 𝑋𝛽 + 𝑍𝑢 + 𝜀,    (6) 

where 𝑦 is the variable of interest, 𝑋 is the matrix of fixed covariates, 𝛽 is a vector of esti-
mated fixed coefficients, 𝑍 is the design matrix of random covariates 𝑢, and 𝜀 is residual 
term. 

In Paper II, variables used in the model for number concentration 𝑁𝐷,𝑡  of size class 𝐷 at 

time 𝑡 were the concentrations of 𝑆𝑂2,𝑡, 𝑁𝑂2,𝑡 , 𝑂3,𝑡, global solar radiation 𝐺𝑅𝑎𝑑𝑡, relative 

humidity 𝑅𝐻𝑡, and macro-circulation pattern class 𝑀𝐶𝑃𝑡, each measured at time 𝑡. 

The model in Paper II was in the form 𝑁𝐷,𝑡 = (𝛽0 + 𝛽𝑠𝑒𝑡𝑢𝑝 + 𝑢𝑚) + 𝛼𝑑 + (𝛽𝑊𝐷 ∗ 𝛽𝑁𝑃𝐹) ∗ 𝑋𝑡 + (𝛽1 + 𝑣1𝑚) ∗ 𝑆𝑂2,𝑡 + (𝛽2,𝑚 + 𝑣2𝑚) ∗ 𝑁𝑂2,𝑡 + (𝛽3 + 𝑣3𝑚) ∗ 𝑂3,𝑡 + 𝛽4 ∗ 𝐺𝑅𝑎𝑑𝑡 + 𝛽5 ∗ 𝑅𝐻𝑡 + ⁡𝛽6 ∗ 𝑀𝐶𝑃𝑡 + 𝜀𝑡,    (7) 

where 𝛽0 is the intercept, 𝛽𝑠𝑒𝑡𝑢𝑝  is the estimate for two changes in the measurement setup, 𝑢𝑚 is the random intercept for each month 𝑚, 𝛼𝑑 is the average trend (change/day), 𝛽𝑊𝐷  is 
coefficient for work days, 𝛽𝑁𝑃𝐹  is a coefficient for new particle formation (NPF) event days, 𝑋𝑡 is the indicator vector (2*1) for both the work day and event day at time 𝑡, 𝛽1, … , 𝛽5 are 
the fixed coefficients for 𝑆𝑂2, 𝑁𝑂2, 𝑂3, 𝐺𝑅𝑎𝑑, and 𝑅𝐻. Variables 𝑣1𝑚 , 𝑣2𝑚 , and 𝑣3𝑚 are 
random coefficients for 𝑆𝑂2, 𝑁𝑂2, 𝑂3 that are estimated separately for each month. Coeffi-
cient 𝛽6 is a vector (1*13) for the estimates of the 13 different MCP classes (13*1). Variable 𝜀𝑡 is a residual term of the model. 

2.4.3 Dynamic linear model 

The dynamic linear model (DLM) belongs to a class of state-space models (Durbin and 
Koopman, 2012). State-space models represent measured time series as a group of observed 
and latent variables that are evolving with time according to certain assumptions about that 
evolution. The state of the variables is estimated based on assumptions about the variables’ 
evolution and measurements from observed variables. 

The DLM describes the evolution of at least one latent variable, 𝜇, that is changing with 
time. The measurements (observations of 𝑦𝑡) provide information about the evolution of the 
latent variable(s), with some measurement error, 𝜀𝑡, which is usually assumed to be nor-
mally distributed. 

A simple model that has only a latent variable could be written in the form 

         𝑦𝑡 = ⁡ 𝜇𝑡 + 𝜀𝑜𝑏𝑠,𝑡 , 𝜀𝑜𝑏𝑠,𝑡 ⁡~⁡𝑁(0, 𝜎𝑜𝑏𝑠)  (8) 𝜇𝑡 = ⁡ 𝜇𝑡−1 + 𝜀𝑙𝑒𝑣𝑒𝑙,𝑡, 𝜀𝑙𝑒𝑣𝑒𝑙,𝑡 ⁡~𝑁(0, 𝜎𝑙𝑒𝑣𝑒𝑙 ) 
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where time 𝑡 = 1, … , 𝑇, 𝜇𝑡 is a level, 𝜀𝑜𝑏𝑠,𝑡 is a residual for the observations, and 𝜀𝑙𝑒𝑣𝑒𝑙,𝑡 is 

a residual for the level component. The DLM has already been applied in atmospheric sci-
ences to determine trends in temperature and ozone and ion concentrations (Laine et al., 
2014; Mikkonen et al., 2015; Sulo et al., 2022). 

The DLM model used in Papers I and II contained a level with a changing trend (some-
times called a slope), a seasonal component, and an AR component 

          𝑦𝑡 = ⁡ 𝜇𝑡 + ⁡ 𝛾𝑡 + 𝜂𝑡 + ⁡𝜀𝑜𝑏𝑠,𝑡, 𝜀𝑜𝑏𝑠,𝑡~𝑁(0, 𝜎𝑜𝑏𝑠)     (9) 𝜇𝑡 = 𝜇𝑡−1 + 𝛼𝑡 + 𝜀𝑙𝑒𝑣𝑒𝑙,𝑡, 𝜀𝑙𝑒𝑣𝑒𝑙,𝑡~𝑁(0, 𝜎𝑙𝑒𝑣𝑒𝑙)    𝛼𝑡 = 𝛼𝑡−1 + 𝜀𝑡𝑟𝑒𝑛𝑑,𝑡 𝜀𝑡𝑟𝑒𝑛𝑑,𝑡~𝑁(0, 𝜎𝑡𝑟𝑒𝑛𝑑) ∑ 𝛾𝑡−𝑖11𝑖=0 = 𝜀𝑠𝑒𝑎𝑠,𝑡 𝜀𝑠𝑒𝑎𝑠,𝑡~𝑁(0, 𝜎𝑠𝑒𝑎𝑠) 𝜂𝑡 = 𝜌𝜂𝑡−1 + 𝜀𝐴𝑅,𝑡 𝜀𝐴𝑅,𝑡~𝑁(0, 𝜎𝐴𝑅) 

where 𝑡 = 1, … , 𝑇 is time, 𝜇𝑡 is a level, 𝛼𝑡 is a trend, 𝛾𝑡 is a seasonal component, 𝜂𝑡 is an 
AR component, and 𝜀𝑜𝑏𝑠,𝑡, 𝜀𝑙𝑒𝑣𝑒𝑙,𝑡, 𝜀𝑡𝑟𝑒𝑛𝑑,𝑡, 𝜀𝑠𝑒𝑎𝑠,𝑡, and 𝜀𝐴𝑅,𝑡 are normally distributed resid-

uals for the observations, level, trend, seasonal component, and AR-component, respec-
tively. In Papers I and II, the coefficient 𝜌 for the AR(1) component was not estimated but 
set to a constant value (0.4 in Paper I, 0.6 in Paper II). Otherwise, the components were 
estimated using the DLM MATLAB toolbox (Laine, 2020). 

2.4.4 Regression splines 

Regression splines (Friedman, 1991) describe a response variable as a piecewise-defined 
function of the predictors used in a regression model. In the case of linear splines, those 
functions are piecewise linear regression functions between intervals determined by the end-
points that, in the case of splines, are called knots. 

In the case of linear splines, the model can be written in the form 𝑦𝑡 = ∑ 𝑐𝑖𝐵𝑖(𝑥𝑡)𝑛𝑖=1 + 𝜀𝑡    (10) 

where 𝑦𝑡 is described as the sum of the simple basis functions, 𝐵𝑖(𝑥𝑡), of 𝑝 predictor varia-
bles, 𝑥𝑡 (p × 1), each multiplied by an estimated coefficient, 𝑐𝑖. The basis functions, 𝐵𝑖(𝑥𝑡), 
are either constant functions giving a value of 1 for each 𝑥𝑡, hinge functions having the form max(0, 𝑘𝑖,𝑗 − 𝑥𝑡,𝑗) for some variable of 𝑥𝑗, 𝑗 ∈ {1, … , 𝑝}, or a product of several hinge func-

tions that could be dependent on different variables in 𝑥 (i.e. 𝑥𝑗 and 𝑥𝑙, 𝑗, 𝑙 ∈ {1, … , 𝑝}, 𝑗 ≠𝑙). Parameters 𝑘𝑖,𝑗 are the knots (i.e., the points where the slope of the piecewise linear 

regression changes). 

In Paper III, piecewise linear regression splines were used for time-series data, but without 
explicit information about the time-series nature of the dataset being used (i.e., all the vari-
ables used to model 𝑦𝑡 were observed at the same time point 𝑡). Both the coefficients of the 
splines and the locations of the knots were estimated in the fitting process. 
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The modeling was performed using the earth package in R environment (Milborrow, 2023; 
R Core Team, 2022) with five-fold cross validation used as a pruning method. 

2.4.5 Causal discovery and application for the evolution of the multivari-

ate system 

Causal discovery can be thought of as a problem where the researcher “wants to know some-
thing about the structure of the graph that represents causal influences and we may also want 
to know about the distribution of values of variables in the graph for a given population” 
(Spirtes et al., 2000, p. 73). For Paper IV, we wanted to know the (not visible) structure of 
measured variables that could explain the evolution of the emissions. That is, the goal was 
to find the structure of the variables and the causal effects of the variables on each other. 
The structure and effects, with knowledge of the current state (see 𝜇𝑡 in Subsection 2.4.1) 
of the environmental chamber, would explain what would happen next in the chamber (i.e., 
changes in the state of the chamber). 

A causal structure is a structure that contains all the information about the causal connec-
tions (edges) of the variables describing a phenomenon (see Figure 2 as an example of a 
simple causal structure). How the variables are causally connected can be indicated based 
on this structure (i.e., if variable X changes, does it change the expected outcome of variable 
Y?). For Paper IV, the causal structure described the connections between different emis-
sions components measured in a laboratory chamber. If there were changes in the current 
state of the chamber (e.g., if the amount of a gaseous compound in the chamber was to be 
increased), the structure would indicate all the variables that might have been affected by 
that increase. 

 

Figure 2. Example of a causal graph for three (observed) variables––𝑋, 𝑌, and 𝑍. The var-
iables are represented by yellow squares. The arrows represent the directional edges be-
tween the variables. Here, Variables X and Y are causally connected, as described by a 
directed edge from X to Y (X → Y). The arrow also describes the direction of causation 
(i.e., a change in X could also change the outcome of Y, but not vice versa). 

 

There are several causal discovery algorithms that could be applied to search for causal 
structures based on the dependencies of the variables in the measured data. The PC 
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algorithm (Spirtes et al., 2000) was applied in Paper IV, based on the conditional independ-
ency tests of measured variables. In brief, the causal structure is formed by starting from a 
graph where, between every pair of variables, there is an undirected edge. The edges are 
removed from the graph based on conditional independences until this is no longer possible. 
After that, the edges are ordered based on predetermined rules for the ordering. The model 
version implemented in the R package rcausal (Wongchokprasitti, 2019) includes some 
tuning parameters (alpha and depth) that were used in the modeling in Paper IV. Alpha 
represents the significance limit used for the dependency, and depth is the upper limit for 
the nodes conditioned in the search (see subsection 2.2.1 in Paper IV for details). 

Causal discovery algorithms have been previously applied in atmospheric sciences, such as 
in exploring causal networks in biosphere–atmosphere interactions in simulated datasets and 
two measured datasets (Krich et al., 2020), discovering spatial and temporal causal relation-
ships in ocean surface pressures (Runge et al., 2015, 2019), and determining causal relation-
ships at different spatial scales (planetary, synoptic) of atmospheric disturbances in geopo-
tential height data (Samarasinghe et al., 2020). 

In Paper IV, we applied PC algorithm from the R package rcausal (Wongchokprasitti, 
2019) to search the structure between the initial state of the chamber (i.e., measured con-
centrations of different particle properties of the gases, such as number and masses of factors 
from mass spectrometers) and the observed change in the next time step, Δ(𝑥) = 𝑥𝑡 − 𝑥𝑡−1, 
where 𝑥𝑡 is the variable the evolution of which we were interested in. It and the obtained 
causal structure were used to estimate the dependencies between the observed change Δ(𝑥) 
and the direct causes of the change in the structure using linear regression Δ(𝑥𝑗,𝑡) = 𝛽0 + 𝛽1𝑥1,𝑡 + ⁡𝛽2𝑥2,𝑡 + ⋯ + 𝛽𝑖𝑘𝑥𝑖,𝑡𝑥𝑘,𝑡 + ⋯ + 𝜀𝑗,𝑡    (11) 

where Δ(𝑥𝑗) is the observed change in variable 𝑗, 𝑡 is time, 𝛽𝑖 represents the regression 

coefficients, 𝑥𝑖 represents the measured variables, and 𝑥𝑖𝑥𝑘 are the interaction variables 
(i.e., product of two measured variables––see subsection 2.2 in Paper IV). The regression 
coefficients 𝛽0, 𝛽1, … are estimated separately for each variable Δ(𝑥𝑗). 

After estimating the dependencies, the evolution of the system was calculated using the 
deSolve package (Soetaert et al., 2010). The best model (among different tuning parameter 
pairs) was selected based on the calculated root-mean-square error from the evolution. 
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3 Results and discussion 

3.1 Long-term trends of particle number-size distributions from 

European measurement sites 

Papers I and II presented the long-term trends in particle number-size distributions from 
European measurement sites. In Paper I, trends in all the modal parameters (mean geomet-
ric diameter 𝐷𝑝, geometric standard deviation 𝜎, and particle number concentration 𝑁) were 

studied from 21 measurement sites. In addition to the total number concentrations, the idea 
was to determine if the other mode parameters had changed during the long-term measure-
ments. 

It was found that the 𝑁 were, on average of all sites, decreasing in all the modes. Figure 3 
shows the trends calculated for the different mode parameters for the fitted nucleation, Ait-
ken, and accumulation mode particles. For the Aitken and accumulation mode, the particle 
number concentrations had been decreasing at most of the measurement sites. For some of 
the sites, there was some decrease in diameter as well, but the absolute value of the trend 
(percent per year) was usually smaller than for the particle number concentration. The stand-
ard deviation had the smallest absolute values for the trends at almost all sites for all modes. 
For the nucleation mode particle number concentration, there were both decreasing (mostly 
southern sites) and increasing (mostly northern sites) trends observed. However, for most 
of the increasing trends, the confidence interval of the trend also included zero. Some of the 
particle number concentration trends in the nucleation mode were also paired with an oppo-
site trend in diameter (i.e., the particle volume of the mode was not affected as much as the 
particle number concentration). Based on the results from the DLM, the trends were not 
monotonic, and the magnitude of the decrease or increase could change (see Figures 3, S7, 
and S8 in Paper I). Usually, the particle number concentrations and the mean diameters had 
short time periods when the decrease or increase was steeper. Common time periods of steep 
decreases or increases occurring at sites located in the same large area (e.g., a country) or at 
sites of the same class were not found. In Paper I, the reasons for the non-monotonic trends 
were not speculated. Some possible reasons for the non-monotonic trends are year-to-year 
variation in other meteorological parameters that affect the transportation of emissions to 
the sites and/or local emissions and momentary changes in transported and/or local emis-
sions. However, as the changes in trends were not common in large areas such as country, 
the changes in meteorological parameters over a larger area or the momentary changes in 
transported emissions from afar are not as likely as other reasons. 

In Paper II, the particle number concentration trends from the Budapest measurement site 
for different size classes were studied. The particle number concentrations of the particle 
size classes 6–1,000 nm (𝑁6−1,000), 6–100 nm (𝑁6−100), 25–100 (𝑁25−100), and 100–1,000 

nm 𝑁100−1,000 were analyzed. Figure 4 shows the estimated level, 𝜇𝑡 (see subsection 2.4.3 

for the DLM), for particle number concentrations in different size classes in Budapest 
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between 2008 and 2018. The mean changes (in percentage per year), estimated by the DLM, 
were between -3 (for 𝑁100−1,000) and -6 (for 𝑁25−100) and by generalized linear mixed 

model (GLMM), the changes were between -5 (for 𝑁6−100, 𝑁25−100 , and 𝑁6−1,000) and -8 

(for 𝑁100−1,000). 

 

Figure 3. Long-term trend estimates for particle number concentration 𝑁 and mean geo-
metric diameter 𝐷𝑝, in the nucleation (NuclM), Aitken (AitM), and accumulation (AccM) 

modes. Confidence intervals for the trends are shown with whiskers (95% confidence level). 
The Sen–Theil estimator was used to calculate the trends and the trend estimates are com-
plemented with bootstrap confidence intervals (see subsection 2.4.2 above). Figure adopted 
from Paper I. 

 

The results of Papers I and II concerning the decreasing trends are in agreement with each 
other, even though the studied size classes were not the same. The results in Paper II are 
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somewhat comparable to those in Paper I, with the 𝑁25−100 size class being close to the 
Aitken mode in Paper I and 𝑁100−1,000 being close to the accumulation mode in Paper I. 

For the urban sites in Central Europe (Leipzig and Annaberg-Buchholz) in Paper I, the 
trends for the Aitken mode were -2.1 and -4.6%⁡year−1, respectively, whereas for Budapest, 
the 𝑁25−100 trends were -6 (DLM) and -5 (GLMM) %⁡year−1. The accumulation mode 
trends for Leipzig and Annaberg-Buchholz were -4.9 and -8.7%⁡𝑦𝑒𝑎𝑟−1, respectively, and 
for Budapest, 𝑁100−1,000 was -3 (DLM) and -8 (GLMM) %⁡year−1. 

 

Figure 4. Trends in particle number concentration bins in the diameter ranges 6–100 nm 
(𝑁6−100), 25–100 nm (𝑁25−100), 100–1,000 nm (𝑁100−1,000), and 6–1,000 nm (𝑁6−1,000) for 

the Budapest measurement site. The trends were derived by DLM. Figure adopted from 
Paper II. 

 

The origins of the decreasing trends in particle number concentrations in both papers were 
not identified. For the trends observed in Paper II, it was concluded that the likely reason 
for the observed decrease was decreased anthropogenic emissions in Budapest. The de-
crease was likely caused by decreasing traffic emissions, but also residential and household 
heating might have contributed. For Paper I, the reasons for the decreasing trends were not 
largely speculated on because the composition of the particles was not studied. It was also 
speculated in Paper I that the decreases in urban sites could be caused by decreasing an-
thropogenic emissions. Decrease in anthropogenic emissions in urban areas is caused by 
tightened air quality control. Rural and remote sites were not as dominated by anthropogenic 
emissions as urban sites. It was supposed that the central European rural and remote sites 
would on average have a larger contribution of anthropogenic emissions via transportation 
of emissions from the urban areas than the northern sites, due to denser incidence of large 
urban areas. For rural and remote sites, biogenic emissions also have significant contribution 
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to the total particle number concentrations. Hence the variation in factors affecting the emis-
sion factors of biogenic emissions, such as the meteorological parameters, can influence the 
trends. The environments of the sites, as well as the origins of the particles at the different 
measurement sites varied; hence, searching for the exact reasons for the decreases was out-
side of the scope of this model comparison study. 

3.2 Climate models for estimating particle number concentra-

tion trends and seasonality 

In Paper I, the observed trends and seasonality of the particle number concentrations were 
compared with climate model results. In Figure 5, the trend results are shown for the Aitken 
mode particles. In line with the observations, the models also showed mainly decreasing 
trends for the Aitken mode. The modeled trends also showed decreases for the other modes 
for most of the sites. The mode representations (see figures in the supplement of Paper I) 
showed that the fitted modes, modal representation calculated for the modal models, and 
sectional representation calculated for the sectional model produced relatively similar re-
sults to the trends. All observational trends for Aitken model in all three representations 
were statistically significant, except for Zeppelin, Pallas, Mace Head, and Melpitz. For mod-
eled trends, most of the decreasing trends for rural and urban sites were also statistically 
significant, whereas for remote, high-altitude, and polar sites, the modeled trends were not 
significant. 

 

Figure 5. Long-term trend estimates for Aitken mode particle number concentrations from 
measurement sites and climate models. (a) Bar plot illustrating trends at different sites. The 
sites (y-axis) are arranged by site class (color–see legend on the right-hand side of the figure) 
and within one site class mostly from north to south. (b) Map showing estimated trends. The 
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trends in both figures were calculated using the Sen–Theil estimator. Figure adopted from 
Paper I. 

 

Most of the time, the models correctly represented the sign of the particle number concen-
tration trends. However, it was found that, on average, the absolute value of the (often de-
creasing) trend was underestimated in the models. 

For the seasonal representation of particle size distribution, the models had more differ-
ences. Figure 6 shows the seasonal cycle for the Aitken mode represented by all models and 
mode representations. The Aitken mode summarizes the model representation also seen for 
the accumulation mode relatively well. The seasonal representation of the climate models 
was divided into two. For EC-Earth3 and NorESM1.2, the shape was relatively consistent 
for all measurement sites, although the concentration levels could vary between sites. For 
the other models––ECHAM-M7, ECHAM-SALSA, and UKESM1––the shape of the sea-
sonal cycles varied between measurement sites. For the northern sites, the shape of season-
ality in the Aitken mode was such that, largest modeled particle 𝑁 were during spring or 
summer, whereas smallest 𝑁 were observed than in summer, autumn, or winter. The shape 
of seasonal cycle was not as clear for the southern measurement sites. The shape of the 
measured seasonal cycles also varied between the northern and southern sites. 

Other than the variability in the shape of the seasonal cycles between the northern and south-
ern measurement sites, there were some differences observed in the shape of the single 
measurement sites (see Figure 6) between measurements and modes. Differences were ob-
served in the magnitude of the seasonal cycles and the levels of particle number concentra-
tions from single measurement sites. 

In summary, the modeled trends for number concentrations of modes were close to meas-
ured in most cases. Some differences remain between measurements and climate models in 
terms of particle number concentrations and size distributions represented at the ground 
level. The exact reasons for the differences were not defined in Paper I. However, it was 
thought most likely that the differences were caused by multiple different processes in the 
models, and it was suggested that the differences between the individual aerosol processes 
(e.g., aerosol deposition, microphysics [e.g., nucleation parametrization], and transporta-
tion) in the models should be characterized in more detail in the future. 
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Figure 6. Aitken mode seasonal representations from measurements and climate models. 
The subplots represent the seasonal cycle of one model or measurement representation. The 
colored lines represent the medians of the monthly means for the Aitken-mode particle num-
ber concentrations for different measurement sites. The sites are arranged from most nor-
therly to most southerly. Figure adopted from Paper I. 

3.3 New methods for estimating the emission factors of passen-

ger vehicles 

In Paper III, the EFs (i.e., the total emissions per kilometer) of passenger vehicles were 
studied using chase measurements (see subsection 2.2.3 above for an explanation). Current 
methods used to estimate the EF of a vehicle from chase measurements assume that the 
whole emission (particles, gases) is diluted equally by CO2. 
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In Paper III, we wanted to check whether the DR could be modeled based on other variables 
than CO2 from the chase measurements. In this thesis, the results relating to the method 
based on multivariate adaptive regression splines (MARS) are introduced in more detail. 
Discussions related to other methods can be found in Paper III. 

In Paper III, we modeled the DR based on CO2 by predicting it using several other varia-
bles. Two MARS models for DR were created, one––MARS-OBD––with all the variables 
from chase measurements, i.e., on-board diagnostics (OBDs) of the measured passenger 
vehicle and variables measured in the ATMo-Lab (for ATMo-Lab, see Subsection 2.2.3 
above). The other model––MARS–chase––excluded the OBD variables and used only var-
iables measured in the ATMo-Lab. The variables used in the final model were selected 
based on the fit of the model. The splines for the data from all the measurement drives and 
vehicles are shown in Figure 7. The results show that, in the MARS–OBD model, two var-
iables were needed to explain the DR, and in the MARS–chase model, the number of vari-
ables was three. From all the possible variables to explain the DR, exhaust flow rate (𝑄) was 
the most important in the MARS–OBD model, while lateral (with respect to the direction 
of travel) wind had a small effect. In the MARS–chase model, 𝑄 was replaced with speed 
change (i.e., acceleration), speed of the car, and altitude change, indicating whether the car 
was going uphill or downhill. 

 

Figure 7. MARS fits for the logarithm (natural) of the DR. Variable in y-axis shows the 
logarithmic values. The figures show the relationships between the variables used in the 
model and the DR from the observed data. Upper row: variables used in the MARS–OBD 
model, lower row: variables used in the MARS–chase model. The colors of the measure-
ment points and modeled dependency (lines) are based on the vehicles. Note that some of 
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the lines (Ford and Skoda1, Skoda2 and Audi, and Seat and VW) overlap with each other 
in some of the plots. Figure modified from Paper III. 

 
The methods for calculating the EF were compared for the whole drive (see Paper III) and 
for the downhill section only. The downhill section was interesting because it was assumed 
that CO2-based methods would work insufficiently in these sections due to smaller CO2 
emissions produced in engine braking compared to other sections. Particles could still be 
produced, however, from the brakes during downhill travel. 

Figure 8 shows the results for the downhill section for two passenger vehicles (Seat and 
Skoda 2) and two drives per vehicle. For the Seat, the different methods gave relatively 
similar EFs. For the Skoda 2, there were more differences observed between the methods. 
As a conclusion, it could be said that the new methods (MARS, plus NWD, which is intro-
duced in more detail in Paper III) performed relatively well in both cases, when compared 
to methods already in use. However, the correct EFs remain unknown, so the best method 
cannot be identified based on this analysis. 

To summarize the results of Paper III, the new methods calculating EF for number of par-
ticles worked relatively similarly to other methods, such as 𝑁𝑟𝑎𝑤. The N/CO2 RRPA (robust 
regression plume analysis, see the supplement of Paper III for details) and N/CO2 linear 
most likely give lower EF values due to uneven emissions, which then lead to uncertain 
linear fits of N and CO2. 

The 𝑁𝑟𝑎𝑤 method has its problems with downhill travel, with high DRs sometimes being 
estimated, and this resulted in high EFs for some time points. The EFs from the N/CO2 
integral and new methods (MARS–chase, MARS–OBD, and NWD) were between those of 
previously mentioned models. This was not a surprise because the DR used as a response 
variable in both MARS methods was based on the CO2 type of DR that was used in the 𝑁𝑟𝑎𝑤 
model (Wihersaari et al., 2020). The results for the newest vehicle (i.e., the model based on 
data from other cars used to model a vehicle) showed that more vehicle data about the dilu-
tion would be beneficial, especially for the MARS–chase model, before it can be used to 
estimate the EF of a random car from chase measurements, such as those measured by Olin 
et al. (2023). 
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Figure 8. EFs for the > 23-nm particles from the Seat, hot-engine drives and Skoda 2, hot-
engine drives except Seat –11 C that is with the subfreezing–cold start, and Skoda –26 C 
that is with the preheated–cold start. EFs are for downhill sections only, for 100 bootstrap 
samples. Note the logarithmic y-axis. MARS–OBD and MARS–chase are distinguished by 
the light blue and green colors, respectively. Other methods shown in the figure were pre-
viously used to estimate EFs, in addition to the NWD, which is described in Paper III. See 
subsections 2.3.1–2.3.7 in Paper III for a detailed description of the other methods. Figure 
adopted from Paper III. 

3.4 Evolution of wood combustion emissions in the atmospheric 

chamber 

The evolution of combustion emissions has previously been modeled using, for example, 
the statistical oxidation model (SOM) and MCM. The SOM (Cappa and Wilson, 2012) mod-
els the evolution of average volatility and the oxygen (O)/carbon (C) emissions ratio, and 
the aerosol yield. The MCM (Saunders et al., 2003) describes the evolution (they called it 
degradation) of the VOCs, with near-explicit presentation. In Paper IV, we attempted to 
formulate a model that would be relatively simple but would be able to describe this evolu-
tion in a laboratory chamber. Optimally model would also tell something about the depend-
ency structure of the measured variables from the chamber, such as what measured variables 
would explain the evolution seen in the chamber, without using explicit information about 
the phenomenon. The evolution of the particle number concentrations and the chemistry 
parameters of the particles and gases were modeled based on data from the observed evolu-
tion of wood combustion emissions under atmospheric-like conditions and given certain 
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general information about the potential dependencies (see Table 1 in Paper IV). The infor-
mation level concerned mostly classes of variables (e.g., particle size classes, particle chem-
ical composition, and gaseous variables), such that, for the particle size class variables (nu-
cleation, Aitken, accumulation, and coarse modes) representing the particle number concen-
tration, the only predictors allowed were the other size class variables, although the exact 
predictors for each size class variable were not defined. 

A relatively simple model for describing the evolution in the chamber was formulated in 
Paper IV by first searching the relevant predictors for the evolution of the change in each 
variable using a causal discovery algorithm (Wongchokprasitti, 2019) and information 
about the potential dependencies, and then modeling the effect of each predictor on the 
change in each variable (method described in subsection 2.4.5 above). Separate models were 
created for the dark and photochemical evolutions of the emissions because the oxidation 
chemistry differed between those. For dark aging, the oxidation is dominated by O3 and 
nitrate (NO3), whereas photochemical aging is dominated by OH radicals (Hallquist et al., 
2009; Tiitta et al., 2016). 

This method (see subsection 2.4.5 above) was applied to wood combustion evolution data. 
Figure 9 shows the modeled relations for the particle size-class number concentrations (nu-
cleation mode [NuclM] < 25 nm, Aitken mode [AitM] 25–100 nm, accumulation mode 
[AccM] 100–300 nm, and coarse mode [CoarM] > 300 nm) in the case of photochemical 
evolution. Particle size-classes were selected as an example here because the relationships 
of particle size classes were known in detail beforehand. Hence it is easy to compare the 
modeled structure for the known dependencies. For the particle size–related variables, most 
of the relationships were as expected, with both the variables explaining the change in par-
ticle number concentrations in specific size classes and the sign of the effect (positive or 
negative). Examples of the presumably correct positive edges are those relationships where 
the interaction between two particle size classes is increasing the concentration of the larger 
particle size class (e.g., NuclM*AitM -> AccM, AitM*AccM -> AccM). As one particle 
from a smaller and one particle from a larger size class collide to form one particle, the 
resulting particle belongs to the size class of the initially larger particle, or to a size class 
containing even larger particles. Hence, if the number of smaller and/or larger particles in-
creases, this results in more coagulation, and that increases the number of particles in the 
larger size class (at least when interactions with particles from other size classes are not 
considered). Similarly for negative dependencies, the relationships that decrease the number 
of smaller particles (e.g., AccM*CoarM -> AccM) are likely due to a decrease in the particle 
number concentration of smaller particles in the coagulation. However, reactions such as 
CoarM -> AccM (i.e., the number of coarse mode particles in the chamber should increase 
the change in number of accumulation-mode particles) are not obvious in a physical sense 
because a higher number of larger particles might cause more coagulation. 
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Figure 9. Particle size related part of the modeled causal graph for photochemical aging 
experiments. The particle size related variables (nucleation mode [NuclM], Aitken mode 
[AitM], accumulation mode [AccM], and coarse mode [CoarseM]), which also represent 
the changes in those variables (caused by the predictors), are highlighted in green. Yellow 
squares represent the interaction variables, which are only used as predictors for changes in 
variables. All variables shown in this figure were measured by SMPS. The colors of the 
arrows represent the sign of the effect (i.e., black arrows––positive coefficient [i.e., a larger 
number of predictors indicate that the change is more positive] and red arrows––negative 
coefficient). Figure adopted from Paper IV. 

 

The model describes the evolution of different variables relatively well (also, see Figure 10 
for the coarse and accumulation mode particle number concentrations from the photochem-
ical aging experiments). However, it should be mentioned that the strengths of the depend-
encies were estimated from the same data (i.e., a division of data into learning and validation 
data was not done because the number of data points per aging type was relatively low for 
so many variables). Hence, validation of the performance of the model was partly done 
based on the simulated datasets. 

The structure provided by the causal discovery algorithm was based on the dependencies 
obtained from the dataset. Based on the measurement data alone, and because the depend-
ency structure of the measured variables from the wood combustion dataset was not com-
pletely known (some prior information was used, as described in subsection 2.2.1 in Paper 

IV), we could not confirm whether some dependency was causal or not. Using artificial 
simulated data, where all the dependencies were known, we tested whether the causal 
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discovery algorithm could find the correct edges. Most of the edges found by the algorithm 
were either correct or the predictor variable was at least highly correlated (with the mean 
correlations between correct and incorrect predictors being above 0.8 in most cases for the 
simulated data). 

 

Figure 10. Evolution of the particle number concentrations of coarse (CoarseM, >300 nm, 
top row) and accumulation (AccM, 100–300 nm, second row) mode particles in two photo-
chemical aging experiments (4B––left column with fast ignition, 5B––right column with 
slow ignition; a more detailed description of the differences in ignition type was beyond the 
scope of this thesis). Black points represent the filtered time series (see Subsection 2.1.2 in 
Paper IV) of the variable, and the blue line shows the modeled evolution of the same vari-
able. Figure adopted from Paper IV. 
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To conclude, more data would be beneficial for verifying the modeled structure and the 
strength of the dependencies. Based on the simulation results (in the supplementary material 
in Paper IV), it was decided that some of the dependencies found by the algorithm were 
not the real causes of the changes in the measured variables. In this kind of case, where the 
dependency structure of the variables is not known beforehand, the data is also the main 
source of information about the dependencies. 

This study works as a proof-of-concept for the application of method in this kind of dataset. 
Even though the exact dependencies for the studied data are not known, the results from the 
models can be used as a starting point for more detailed analysis of certain unknown de-
pendencies amongst variables used in the model. 
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4 Review of papers and the author’s contributions 

Paper I reported an investigation of the long-term evolution of aerosol particle number 
concentrations from ground level measurement sites and the representation of the evolution 
in climate models. We found that the number of particles was decreasing, especially in the 
Aitken and accumulation modes, and that the models showed decreasing trends that were 
lower in terms of absolute values than the observed. I performed most of the data analysis 
and, with the co-authors, interpreted the results and had the leading role in writing the initial 
draft. 

 

Paper II presented a study on the trends in particles and gaseous compounds, and the sea-
sonal and diurnal cycles of the particles, in a long-term measurement dataset from Budapest. 
We found that the particle number concentration was decreasing, and that a statistical model 
was able to explain most of the variability in the particle number concentrations by using 
predictor variables, such as gas concentration macrocirculation patterns. I performed the 
trend analysis using a dynamic linear model and participated in writing up the results and 
commenting on the manuscript. 

 

Paper III was a comparison of the emission factor calculation of passenger vehicles using 
methods from previous literature and two new methods developed and introduced in this 
study. We found that, in some sense, it was possible to predict the dilution ratio of the emis-
sions without using CO2 measurements. I participated in the measurements, performed a 
major part in the data analysis, including taking a leading role in developing the MARS 
methods, participated in interpreting the results, and had a leading role in writing the initial 
draft. 

 

Paper IV studied the potential of the causal discovery algorithm and statistical modeling to 
model the evolution of wood combustion emissions in an atmospheric chamber. We found 
that the model was able to represent evolution. Based on the simulations, the dependency 
structure contained both correct causal dependencies and dependencies where the predictor 
was correlated with the correct cause. I did most of the data analysis and had a lead role in 
writing the initial draft. I also interpreted the results together with the co-authors. 
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5 Conclusions 

The aim of this thesis was to apply statistical models to long-term trends of particle number 
concentrations and investigate how the estimation of emissions from wood combustion and 
passenger vehicles could be improved using statistical models. It was shown how the aerosol 
concentrations at the measurement sites evolved (Papers I and II), how the climate models 
were able to reproduce the long-term evolution of aerosol concentrations (Paper I), and 
how the EFs of the passenger vehicles (Paper III) and the evolution of residential wood 
combustion emissions (Paper IV) could be modeled. The studies were mostly focused on 
the aerosol size distribution; however, in Papers II and IV, other variables related to size 
distribution and emissions evolution were also considered in the models (mixed model in 
Paper II). 

In this chapter, the research objectives, and how these were fulfilled, are summarized point 
by point, followed by a short summary of the potential future improvements that could be 
made in terms of the research topics addressed. 

1) To understand the trends in the particle number concentrations and size distribu-

tions of aerosol particles in Europe during the last 20 years (Papers I and II) (Pa-

pers I and II) 

The particle number concentrations were found to be decreasing at most of the studied sites 
and in most of the modes (i.e., nucleation, Aitken, and accumulation). The relative decrease 
was stronger for sites and site classes that had initially higher concentrations (i.e., sites clas-
sified to urban and rural categories). Some of the changes in mode number concentrations 
were connected to changes in opposite sign in mode geometric diameter. Hence, the particle 
volume did not always change as much as may have been indicated by the change in particle 
number concentration alone. The geometric standard deviation of the mode did not change 
much. The decreasing particle number concentration trends observed were in line with the 
findings of an earlier study (Asmi et al., 2013). The nucleation mode showed the greatest 
variation between sites in terms of the relative change in particle numbers. Based on the 
results from the DLM model (see Figures 3, S7, and S8 in Paper I), there were no clear 
time periods when the particle number concentrations decreased simultaneously across wide 
areas. Instead, these decreases were observed to happen both relatively evenly during the 
measurement period and more often during shorter periods than in the whole measurement 
period. In Paper I, both the Sen–Theil method and DLM suggested that some changes in 
the particle number concentrations were related to opposite changes in the mode geometric 
mean diameter (i.e., the decrease in particle number concentrations could have been com-
pensated for by an increase in their geometric mean diameter, and vice versa). 

2) To determine whether the observed evolution of the particle number concentrations–
size distributions was being captured in the climate models (Paper I) 

The models were mostly able to capture the sign of the change in particle number concen-
trations, although the absolute values of the trends––especially seasonal trends––were 
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sometimes underestimated. This might be related to the levels of the number concentrations, 
that were also underestimated some of in the models (see Figure 6). The seasonal shapes of 
the particle number concentrations in the models differed from the measured ones. The mod-
els also showed differences in seasonal representation. The reasons for the differences were 
not analyzed further in Paper I. As the anthropogenic emissions were the same in all the 
models, the differences are likely to be related to biogenic emissions, the transportation of 
aerosols, or the distribution of emissions in different size classes. Also, variations in the grid 
boxes in the models might explain part of the differences in the model results. 

For objectives 1) and 2), the studies were mostly limited to descriptions of the evolutions, 
without characterizing the causes behind the evolutions. In Paper II, presenting the trends 
from Budapest, it was suggested that a decrease in vehicle emissions might have affected 
the concentrations in Budapest. However, this was not supported by studying the chemical 
compositions of the particles over time. In the comparison study in Paper I, detailed causes 
related to the measured trends were not identified. For the measurement–model differences, 
it was suggested that microphysical and depositional processes affecting the long-range 
transport should be considered in more detail. Differences in the single measurement–site 
trends, in terms of measurements and models, were not studied further. For those differ-
ences, apart from the reasons mentioned above, site-specific characteristics, such as local 
sources for the emissions and changes in air-mass trajectories, could have affected the re-
sults. Hence, it is suggested that, for those comparisons, a smaller number of measurement 
sites (e.g., from a single country or measurement network, such as the German measurement 
network GUAN, Birmili et al. (2016)) should be considered, and specific knowledge about 
the site characteristics should be collected, to be able to focus on the differences. 

3) To understand the differences in calculation methods of EFs for vehicle emissions, 

and to develop new methods for EF calculation (Paper III) 

Three new methods (MARS–chase, MARS–OBD, and NWD) were constructed to model 
the DR, and then provide an estimate of the EF. All new methods need training data to 
formulate a model. The DR is dependent on the variables, such as exhaust flow rate and 
speed, but also the shape of the rear. 

The new methods worked relatively similarly to the methods used in the previous literature. 
During most of the drives, the vehicles produced CO2. During those times, the new methods 
were fitted to the DR of the Nraw method (one of the old methods), and so the EFs for those 
times were close to those from the Nraw method. The main difference in the EF calculations 
came from the times when the vehicles were not producing CO2, or the times when the 
modeled DR was far from the DR calculated based on CO2. 

As mentioned in Paper III, by increasing the number of drives and vehicles measured, the 
DR models could provide more accurate information for the vehicles that were not used in 
the model training dataset. This would enable the models to be used online (i.e., for calcu-
lating the EF quickly after the data has been collected) and, in the case of the MARS–chase 
model, this would not require OBD data, where there is no connection to the chased vehicle. 
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These methods have the potential to be extended to non-exhaust emissions. However, for 
these, several aspects still need to be evaluated before the method can be applied. For ex-
ample, the dilution of non-exhaust emissions, such as particulate emissions from brakes and 
tires, has a different dilution pattern than the emissions from the tailpipe because the location 
of the emissions source is different (i.e., location of the tailpipe vs. the brakes or tires). 

4) To model the evolution of aerosols in an atmospheric chamber and to study the de-

pendencies of the variables measured from the small-scale residential wood com-

bustion emission (Paper IV) 

The evolution of the aging of residential wood combustion emissions was modeled using 
laboratory chamber measurements. The model was presented in detail in Paper IV. A causal 
discovery algorithm was used to select potential dependencies between variables, and the 
structure used in the model was based on those. Then, the strength of each dependence was 
estimated, before estimating the evolution of the whole measured system (i.e., the evolution 
of all the variables). 

The time evolution of the variables measured using the atmospheric chamber was mostly 
captured by the model. Based on the simulation results, assumptions we had related to the 
variable relationships in the chamber dataset, some of the edges in the modeled structure 
were not causal. Instead, some of the predictors of the changes in the variables of interest 
were correlated with the correct causes. This is probably due to the nature of the predictor 
selection process (causal discovery algorithm + LASSO), where the potential of some vari-
able to explain a change in the variable of interest is related to the correlation of the potential 
predictor to the change in the variable of interest (i.e., the causal discovery algorithm) and 
the dependence of the potential predictor on other potential predictors (i.e., via the limitation 
of the absolute sum of coefficients in LASSO). 

For both emissions models (passenger vehicles, residential wood combustion) in objectives 
3) and 4), increasing the number of datasets (i.e., drives with different vehicles and number 
of experiments in case of wood combustion) would enable better validation of the model, 
and would most probably increase the accuracy of the structure in residential wood com-
bustion and in terms of the concentration/EF in both models.  
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      

       
     



         
             

          



           

                  
               
                
             
                  

               
              

            
               
                
                 
            
                
               
                
              
              

                 

           
      

 

        
        
       
     
      
       
          
        
        
        
      
          
       
          
          
        
        
     
         
        
        
        

           
         
       
       
      
        
       
        
      
          
         
      

         
       
        
       

       
      
            
         
         
       
         

      



           

           
 

        
        
       
        
       
        
         
       
        
           
        
          
       
         
       
         
       
       
      
        

        
   

        
       
        
       
        
           
             
         
        

            
         
         

         
          
         
         
         
        
          
 

         
        
        
      
        

        

          
   

   

       
       
      
       
       
       
      

     
     
      
      
       
       
         
      
        
         
          
         


        
       
          
       
        
        
         

          

  
       

         
         
        
         
      
        
       
       
        
    

    

  

             
         

      



           

         
     
      

         
          
       
      
         
          
         

        
        

         
          
         
        
         
          
          
          

            

        
          
   

         
      

          
          

          
          

         
        
    

        
          
           
         
          

          

           
       
         
        

     

        
        
         
          
         

           
           
          
        
         
       
          

         
          

        

       

       
          
            
         

           

       

 

         

        

          

           
          

      
         
       

       
          
        
          
        
          

      



           

                    
                     

       

         
 

               
               
               
               
               
                
               
               

           
               
               
               
               

   

         
 

               
                
               
                
               
               
               
               

       
  

       

         
         
           
          
       
        
         
    

           
       

        
          
         
         
         
        

           
        
       
        
   

         

       
         

           

        
         

          
         
           
         
          
         
        

      



           

            
         
         
       

       

          
   

            
            

         

        
        
        
         
         
         

          
        
             

          
         
          
       
          
        
        
        
         
        

        
            
        

         
           
        

         
          

        
       
         
       

      
        
         
        

        
         

         
         

         
         
       
         
     

     

   

          

          
      
       

      
         
       
        
        
         
           
         
          
          
        
           
        
        
          
            
          
       
          
          
          
         
        
        
         
         
        
       
       
        
      

    

       
        
         

      



           

 

         

    

        

         
          
         
         
         
         
         
         
         
          
         
         
         
         

     
         
         
         
         
         
         

        
        
    
      
    
         
          

         
     
        
       
        
        

    
          
        

        
   

        
        
       
       
      

            
    

 

       
        

       
      
        
       
        
        
           
        
          
         
         
         


          
        
       
         
         

      



           

 

 

          

           
       
  
 
   

              
         
  
    

           
           
         
         
         

  
 

           
        
    
     
    

          
       
  
  



      

          
            

       
       

  

          

          
            
       

   
   

           
      
        

           
       
     

   
 
   

      



           

  





              
        
       
       
       

          

             
             
            
             
           
           

          
           

           
          
        
       
       

           
           
        

          
       

         
           
          

       
    

 

     

      
     

  
  
 
  
 

     
   

        
  
 

        
   

      
    
      
      
     
  

  

      



           

       
      
      
        

         
     
           
         
       
       
         
          

 

   
     
      
         
         
           
       
        
       
         
        
          
           
        
        
         
       
        
         
         

       
       
      
       
         
       
         
           
       
       
       
      

 

         
       
          

         
        
           
       

          
    

       
          
          
        
        
         
       
       
        
           
        
         
      
        
          
         
  

 

        
            

      
         
      
     
         
      
       
         
       

       
        
         
    
         
       
         
        
       
          
        
       
     

      
       
        

      



           

        
         
       
      
   

   

     

 

        
        
         
        
         
         
      
          
         
   

        
            

    
          
        
         

        
         

        
            
          
       

                

        

      




    

      

       
 

 
   

  
   


    

        
       
  

       
        
        

          
       
       
   

          
         
       
            
  

     

        
        
       
          
       
          
           
         
           
   

       
        
         

       
       

        
      
        
       

     
       
         
          
         
      

           
        

     

     

       
      
       
            
       

      



           

       
        
         
          
         
        
  

      
       
       
         
      
       
         
        
          
      


   

  
         
       
         
          
         
         
        
         
        
         
        
       
         
          
          


         
        

        
          
          
           
      

        
        
        
         
        
       
        
        
          
    

       
      
       

        
        
     

 

    

      

  

      
         
       
        
       
      

     
      
     
       
         
          
           
         
       
         

        
        
        
         
        
        
        
        
        
        
          

          
          

          
      
       
       
          
       
 

       
        
         
         
           
          
         

      



           

                   
                      

        
    
         
         
         

        
         
         

           
           
          
         
         

        
         
   

        
 

       
        
        
        
        
      
         
      

      



           

       
           

       
         
          
           

        
           
        
         
       
      
       
          
         
          
        
       
           
          
          
        
          
            
           
          
           

          

  
 

         
       
          
          
         

        
          
         
         
         
      
    

       
         
         

   

 

         
          

   

           
           
         
        
          
            
             
        
           
         
        
          
         
        
          
            
         
          
         
           
          
           

           
       
       
           
          
         

              
        
              

      



           

            

 
         

        
       
          
           
         
        
           
         


      

         
        
        

        
        
   

      
        
        
        
         
        
         

        
        
         
            
         
          
         
         
          
       
         

       
        
         
         
       

         

        
         
         
            
       
         

        
         
        
         
           
       
      
         
      

      
          
        
          
          
        
           
    

     
      

      
        
          
   

        
            
       
          
       
         
       
          
       
       

         
          
         
          
        
          
         
        
         
        
         
        
      
        
       
        

        
          
      
       
      

      



           

                      

                             
        

        
        
          
       
          
        
 

     

    

         
          
         
         
           
        
         

      



           

                  
     

          
         

         
          
          

         
       

         
      

      



           

                  
                
                  

            

    
         
        
         
         

        
       

        
         
        

             
          

      



           

    

           
          
      
        
       

        
        
      

       

       
         

         
        

       
        
            
          
       
        
         
       
          
         
     
        
        
      
        
        
          
        
        
   

           
          
       
        
         
        

     
         
        
       
         

         
       
        

          
         

         

     

           
          

         
       
      
        
     

         
          
       

       
       

        

         

         

   
       
          
        
       
        
       

         
       
         
           
       
        
       

         
  

       
             

      



           

                   
                       

   

    

           
        
        
          
         
      

         
        
         
         
      
        
        
        
          
       
       
         


       
         

      
       

         

          

         

        
        
         
         
       
        
       
        

       
        
       
         

        

      



           

                    
                        

      
         


      

         
        
       
           
    

        
      
         
        
         
      
       
       
        
        
        
         
       
    

      
          
      
         
        
        
      
       
         
         
       
      
        
          
        
        
         
      
           
     
       
       
          
         
        

      



           

                   
                         

         
         
        
        
       
        
     
        
         
 

         
       

          
       
        

         
        
        
       
      
          
       
        

        
         
        
       
        
      
         
        
        
        
       
       
      
      
        
    

   

            
      
            

       
          

      



           

                 
                   
                     

   

      



           

                
                   
                      

      



           

                  
                    
          

        
          
        
        

          
        
         
         
       
         

     
         
        


         
         

          
        
        

          
           
         
        
            
         

       
      
       
       

      



           

                 
                    
            

       
           

      
        
         
         


         
       
         
          
          
         
       
       
        
          

        
        
        

    
       

      
         
        
       
        
         
       
      
        
         
       
        

      



           

         
          
        
        
        
        
       
       
         
          
         
         
      
          
      
         
        
        
       
           
        
       
   

          
        
       
      
         
         
  

          

        
  

         
            
            
           
            
          
          
 

          
         
         
         

     
         

      

          
        
        
  

        
       
        
       
         

          
          
       
       
      
       
         
         
        
        
     

       
       
        
      

       
        
         
       
      
        



         
     



           

   
 

      



           

          
      
   

         

            
           
           
          
     
         
  

          
         
         
         
  

         
       
         
         
        
          
         
          
        
        
  

          
       
          
         
          
          
          
       
    
 

         
         
         
         
         
 

        
            
         
        
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          
         
         
  

        
       
      
      

      
 

          
        
           
         
           
       
         

   
             

           
       
  

             
           
         
         
        
         
  

            
       
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          
         
      
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        
          
        
        
           
         
         
         
  

          
         
          
         
          
         

          
           
          
        
        
 

          
          
          
          
          
        
  

      



           

          
       
 

          
          
          
       
   

          
          
          
       
       
         
        
           
           

         
        
 

         
        
      
        
 

         
         
        
     
 

         
         
          
           
          
           
         
         
        
         
 

         
        
  

        
        
  

          
          
        
          
       
 

        
          
         
          

     
 

        
       
         
        
         
        
 

        
       
 

           
         
     
   

         
          
      
       
         
 

          
          
          
           
        
         
        
  

           
           

     
        

           
         
     
 

           
          
         
      
    
 

        
         
        
       
       
       
 

         
         
         
       
    
 

      



           

         
        
        
       
 

         
          
        
          
         
      
    
  

          
          
          
        
       
        
 

         
      
 

       
          
        
           
         
        
 

         
        
           
   

        
        
       
 

          
           
           

        
 

         
       
          
        
        
 

          
          
      
 

            
           
        
       

     
 

           
         
         
         
          
      
       

         
        
     
    
 

           

       
        
      
 

      
   

         

    
        

         
        

        
 

       
       
       
 

         
         
        
         
  

        
  

  
           

          
          
          
        
         
       
 

          
           
           
       
    
 

             
          

      



           

          
          
          
         
          
         
       
       
  

          
        
     
 

     

          
          
          
         
              
        
      
         


          
       
         
       
         
       
 

         
          
          
          
         
        
        
        
          
        
      
 

             
          
       
       
  

        
      
  

         
         
          
         
      
     
 

         

       
 

           
            
          
         
         
        
       
    


            
         
      
        
       
 

       
     
 

         
     

          
      


         
          
         
          
          
        
          
          
        
         
           
           
       
        
  

           
         
        
          
         
         
          
          
        
        
        

         
         
          
           

      



           

          
          
       
        
      
 

         
         
        
  

          
          
       
        
  

         
         
        
          
         
        
        
          
          
          
       
       
       
      
 

         
         
         
         
       
       
 

         
        
        
          
         
     
  

         
        
       
 

           
         
       
 

            
         
         
           
          
         

           
         
          
         
        
         
 

        
 

         
          
        
       
       
    
 

         
          
         
          
  

           
   

            
         
  

         
         
          
        
         
     

           
         
       
 

          
          
          
          
         
         
           
     
 

          
        
         
       
 

        
        
         
         
      
       
 

      



           

         
        
      
 

           
        
        
      
 

             
         
          
             
       

      
 

          
        
        
        
        
       
        
  

      
      
      
 

     
       
 

            
      
       
     
 

        
       
  

           
      
       
    
 

         
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          
           
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       
             

   
          
          
        
      
        
       
        
         
          
       
      
          
       
            
       

         

       
     
        

         
        
        
          
        
        

         
        
       
       
          
     

 

       
       
          
       
        
       
          

          



              

         
        
         
        
          
          
         
       
          
       


         
        
        
           
       
       
         
        

       
        
         
      
         
        
       

  
         
      
         
        
        
         
        
        
        
         
        
        
         
       
          
        
         
           

         
         
         
      
         
       
          
           

         
       
        
       
        
         
         
 

        
       
        
          
         
      
        
        
     
     
        
        
        
          
          
        
            
           
        
          
          

         
        
       

      
         
         
      
       
     
        
        
          
       
       
          
          
     

        
        
           

        
      
         

      



              

         

       
          
         
         
          
     


 

 

        
          
       
           
       
         
       
          

      
       
       
        
         
         
          
           
          
         
         
        
          

      
   

     
        
           
          
         
         
        
         
        
       
        
        
         
        

          
        
        

        
       
       
        
        
         
         
         
           
            
         
           
      
     

        
        
        
       
            
      
      
        
         
         
           
         
           
        
        
         
         
         
         
         
         

     
       
       
  

         
              
          
          
          


  

      
             

      



              

             
         
         
          
       
        
           
        
        

        
        
         
        
        
  

          
           
      
         
        
         
       
          


         
            
        
          
        
        
  

        

       

        
        

          
        

        
       
          
        
       
         
          
          

         

         
         

           
          
         
         
        

         

  

       
        
          
          
          
         
       
        
    

   

       
         
          
         
      
         
          
      
       
       
        
       
       
        
        
        

          
            

         
         
        
         
         
        
       
         
          
      

      



              

                  
    

     

    

         
  

    

      
 

    

        
   

    

        
   

    

     
 

    

        
   

    

      
  

    

     
 

    

     
 

    

     
 

    

           

      
  

    

      
  

    

        

         
           
        
   

          
  

         
 

       
 

         
  

            
              
           
  

      

      
        
        
           
         
          
         
  

    

        
         
         

        
       
           

      



              

         
       
        
        
        
         
             
         
               
   
          
           
         
           
        
          
             
       
        
      

       
        

         
         
         
        
             
         
        
         
       

           

              

            
    

        
            
          
         
           
   
        
           
        
          

      
         
   
    
         

         

   

        
          
         
             
       

   
          
          
          
       
        

       
          
          
         
         
      
       
        
             
         
        
         
          
        

          
        
         
          
          
          

  

       
          

   
        
     
         
         
        
 

       
    

      

      



              

                         
                          
                     
                    
                        
                    
 

       

          
          
          
          
         
         
         
         
         
         
       
       
         
       
           
       
          
         
       
       
       

             

          
        
      
       
          
         
           
          
        
         
          
       
       
         
         
        
          
       
     

       
        
   

        
             
              
          

         
         
         
        

      



              

         
         

          
       
         
       
          
        

         
         
       
       

         
        
         
         
     

       
         
         
          
        
          

       
          
        
         
          
          
      

         
       
          
      
          

         
        
           
         
         
          
           
       
        
      

        
        
          
         
       
         

          
         
         
       
         
       
        
        
            
          
          
         
        
         
        
        

         
         
         
           
       
      

  

       
        
       
         
         
       
         
          
        
        
          

      



              

                          
                       

      

             
            

    
    
    
    

                       
                          
             

         

         
           

         

           
        
        
        

       

   

      
         

         
          
       
       

         
      
          
         
           
    

         
          
         
        
          
         

      



              

       
          
       
          
         

         
          
        
         
       
          
         
        
        
          
        
          

       
           
         
         
      
            
          
       
          
        
         
           
    

         
          
         
           
        
         
       
       
          
          
       
       
         
         
            
            
            
        
  

        
         
         

        
          
         
         
         
        
          
          
      
      
   

   

     
         
       
      

      
         

         
       
           

       
             
        
       
         
         
          
       
      

     
          
        
          
        

         
   

            
         
       
          
         
         

 
         

 
         
       
          
        

      



              

        
                          
       

 

       
       
           
               
   

         

        
       

         
        
           
           
        
       
       

 

        
            
               
   

        
         
          
        

    
         

    
        
         
 

       
        

      



              

                     
     

         
         

    
         

         
       
        
       
        
         
           
       
       
          
         

        
         
        
       
        
          

         
      
        

       
        

           
        
       
          
        
       
         
           
         
         
         
        
         
        
         
          
 

          
        
         

      



              

 

          

       

   

  
  
  
  

 

   



    

          
       
            
       

           
         

        
        

         

         

        

   

 

        
       
       
          
       
        
        
        
          
       

         

           
         
        
         

       

      
       

         
         
        

      
         
        

     
         
        
  

         
        
        
          
      
        
           
        
         
         

        
        
        
        
       
        
       
    

         
        


         
  

        
          
          
           
        

 

 

      



              

         

        
         
       
     
          
         

         
  

         
    



           
         
        
        


         
        
           
          

       
          
        
 

          
       
          
         
          
          
          
       
    
 

          

   
        

       
        
   

            
      

 
         

       
          

     
 

          
         
        
    

            
          
           
        
 

           
          
          
        
         
          
        
     
       
 

           
        
        
         
 

          
            
        
        
 

         
          

    
 

   
         

          
        
        
          
        
          
         
           
          
        
           
           
       
    

           
     

        
          
        
     

      



              

         
        
          
         
          
          
          
         
        
          
            
          
          
          
          
           
         
       
         
   

             
          
          
     
 

        
          
           
        
   

          
        
     
 

         
           
           
       
   


     
      
       
      

        
         
         
        
        
         
  

         
        

 
        

          
          

        
     

        
          
         
        
       
 

        
         
          
         
         
           
         
            
         
      

          
        
        
      
        


           
      
       
 

         
        
          

       
        

      
 

         
         
         
       
       
      
   

            
        
         
     

          
         

           
          
          
          
           
       
        
 

      



              

           
         
    
 

          
         

  
         

           
         
        
         
        
        
 

        
         
            
         
        
    
 

         
          
        
  

           

       
  

         
         
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          
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           

        
        
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           
         
        
       

         
          
          
          
         
        
        
        
          
        
      
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       

      
          

        
  

          
         

        
   

        
          
      
    
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       
        
      

          
          
          
     
 

         
   

           
  

            
        
        
           
          
       

 
         

        
        
     
 

            
           
       

          
         

       
     

            

         
       

         
        

      



              

      
 

           

       
         

       
        
     
 

         
         
        
  

         
         
  

          
       
     
 

          
         
     

          
          
        
        
   
 

         
       
          
       
 

         
         
        
        
 

          
          
          
          
         
         
           
     
 

        
      
       
    
 

        
         
         
       
  

        
          
           
           
        
        
         
         
          
          
        
        
       
        
 

        
    
     
 

           
          
       
     
       
 

         
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Abstract. Vehicle chase measurements used for studying real-world emissions apply various methods for calculating emission10

factors. Currently available methods are typically based on the dilution of emitted carbon dioxide (CO2) and the assumption

that other emitted pollutants dilute similarly. A problem with the current methods arises when the studied vehicle is not

producing CO2, e.g., during engine motoring events, such as on downhills. This problem is also encountered when studying

non-exhaust emissions, e.g., from electric vehicles. In this study, we compare multiple methods previously applied for

determining the dilution ratios. Additionally, we present a method applying Multivariate Adaptive Regression Splines and a15

new method called Near-Wake Dilution. We show that emission factors calculated with both methods are in line with the

current methods with vehicles producing CO2. In downhill sections, the new methods were more robust to low CO2

concentrations than some of the current methods. The methods introduced in this study can hence be applied in chase

measurements with changing driving conditions and be possibly extended to estimate non-exhaust emissions in the future.

1 Introduction20

Anthropogenically emitted gaseous compounds and particulate matter have effects on both climate and human health (Forster

et al., 2021; Lelieveld et al., 2015). Vehicle emissions contribute to a significant proportion of those emissions, especially in

urban environments. Vehicle emissions are regulated in legislation but the regulation even for new vehicles is still under

development and the new regulations do not completely cover the existing fleet. Fulfilling the regulation requirements is

controlled in periodical technical inspection (PTI) of vehicles but the inspection protocol is limited to a few parameters, and,25

for example, the particle number (PN) is accounted only in some forerunner countries. Additionally, regarding particle

emission regulations, only a fraction of the total emission is regulated. The limits for PN only consider nonvolatile particles,

and the particle mass (PM) formed from the precursor gases via nucleation and condensation as the exhaust gas dilutes and

cools upon exiting the tailpipe is mostly neglected. The amount of particle matter (both in terms of PN and PM) formed this

way can be considerable (Karjalainen et al., 2014b; Keskinen and Rönkkö, 2010; Kittelson, 1998; Giechaskiel et al., 2007).30
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A variety of measurement methodologies exist for studying emissions: official type-approval tests (that depend on the local

legislation) are typically conducted by driving a predetermined driving cycle on a chassis dynamometer. In Europe, Portable

Emission Measurement System (PEMS) protocol is also included for in-use compliance testing since 2016 (European

Commission, 2016) including NOx, PN, and CO emissions in real drive. NOx emissions must be measured on all Euro 6

vehicles passenger cars and light-commercial vehicles. On-road PN emissions are to be measured on all Euro 6 vehicles35

which have a PN limit set (diesel and GDI). CO emissions also must be measured and recorded on all Euro 6 vehicles.  RDE

emission limits (Emission Standards: Europe: Cars and Light Trucks: RDE Testing, 2023) are defined by multiplying the

respective emission limit by a conformity factor (CF) for a given emission.

Remote sensing methods, such as snapshot measurements in fixed locations, or chasing vehicles with a mobile measurement

unit sampling the diluted exhaust aerosol, are used for academic purposes (Karjalainen et al., 2014a; Simonen et al., 2019;40

al., 2015b; Herndon et al., 2005; Shorter et al., 2005; Wang et al., 2017; Park et al., 2011; Pirjola

et al., 2004). These methods have potential for elaborate use and could also be applied in monitoring vehicles fulfilling the

regulation requirements.

The chase method has the considerable advantage of subjecting the exhaust aerosol to a real atmospheric dilution. The

advantage of chase method is that the measured aerosol corresponds to the actual emission of the vehicle and not only a fraction45

(e.g., primary emissions only); however, the prevailing ambient conditions can strongly affect the particle formation, which is

simultaneously an asset but also a drawback. On one side, this is the real particle population that is formed at a given time

causing the immediate air quality effects, but on the other side, the method is hence not very repeatable between different

testing conditions with respect to semi-volatile particle number and size. Additionally, the chase method is fast, and the

individual measurement could be carried out in a minute time scales (Olin et al., 2023).50

There exist several methods for calculating an emission factor (EF) from chase measurements (Hansen and Rosen, 1990;

. These methods are based on the CO2 produced by the engine

and on the assumption that all emitted components dilute similarly to CO2. Downhill is problematic since engines do not

generally inject fuel there because of no need for providing mechanical power (called engine motoring), and hence do not emit

CO2. However, previous studies (Rönkkö et al., 2014; Karjalainen et al., 2014a, 2016) suggest that engine motoring events can55

emit nanoparticles, originating from the lubricating oil. The chase vehicle observes these elevated concentrations in the plume,

but it is difficult to assess the EF of the vehicle under measurement since the dilution ratio (DR) calculated with CO2 is not

available. In addition, most of the current methods have been used for a longer time interval, whereas short time interval EFs

of accelerating and braking might be more interesting for studying. Also, a specific need to calculate EFs without CO2emissions

is when studying non-exhaust emissions (e.g., particulate emissions from tires and brakes). In the future, when the fraction of60
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electric passenger vehicles is increasing, the research interest might shift towards non-exhaust emission. The new methods

introduced in this study could be useful for estimating non-exhaust emission factors as well.

In this study, we will compare different calculation methods for EFs of vehicles based on chase measurements: particle number

concentration (N) to CO2 concentration ratio -based methods (Hansen and Rosen, 1990; Zavala et al., 2006; Olin et al., 2023),

a method that calculates the raw particle number concentration, Nraw, based on DR (Wihersaari et al., 2020), and two new65

methods to be introduced in this paper, based on Near-Wake Dilution and Multivariate Adaptive Regression Splines for DR

in a remote-sensing-type chase measurement setting. Most of the methods used in this study can also be applied for snapshot-

type measurements where DR needs to be defined.  Our aim is to improve EF calculation, especially for short time intervals

with variable DR, by achieving better understanding about the variables that affect DR. The new methods are both based on

the DR-modelling approach: using the DR calculation of the CO2-based methods for the time periods when they work properly.70

We then extend the models to the whole measurement period by either using physical method (Near-Wake Dilution) or

statistical method (Multivariate Adaptive Regression Splines) to estimate the DR for all measurement time points. We then

compare the results from the new methods to the current methods for longer time intervals and separately for downhill sections.

We also calculate DR and EF using only data from remote sensing measurements, without additional information on the

measured vehicle, such as on-board diagnostics (OBD) data (i.e., from the chase measurements). Development of this kind of75

methods are crucial if remote sensing measurements are applied on on-road monitoring of vehicle emissions, as suggested by,

e.g., the European H2020-project CARES (https://cares-project.eu/).

2 Methods

2.1 Experiments

Particle number concentrations and CO2 concentrations in exhaust plumes of six passenger vehicles (three diesel and three80

gasoline) were measured with the chase method during wintertime, in February in Siilinjärvi, Finland (Figure 1). The time and

the location were selected because the main purpose of the measurement campaign was in studying wintertime real-world

vehicle emissions, which is in the scope of future studies, applying methods introduced in this publication. The measurement

instruments were installed inside the mobile laboratory of Tampere University (Aerosol and Trace gas Mobile Laboratory,

ATMo-Lab, Simonen et al. (2019); Rönkkö et al, (2017)). Data from the OBD and GPS from the test vehicles were saved at a85

1 second time resolution (Figure 2). The chase route 1) was 13.8 km long including uphill and downhill driving, stops,

accelerations and steady drive, also artificial short stops to simulate traffic lights. The route selection was based on bearing

two major principles in mind. On one hand, there was a fuel station as a starting point with enough space for parking the test

vehicles overnight, connection to electric grid to be used with electrical preheaters, and spaces were regularly cleared of snow.

On the other hand, the station was located close to roads ideal for tests: they were in good condition and were maintained well90
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during winter, and the traffic rates were very low implying that the background exhaust plumes are negligible. The route was

also well suited for this study, because it included steep and long downhill sections.

The test protocol included a short period of engine idling at the beginning, driving the route, two predetermined stops and

finishing the route at the start location. The time stamps of passing vehicles and other possible external emission sources were

recorded during the drives.95

Information about the vehicles, individual drives and outside temperatures are shown in Table 1. During the test period of four

days, the outside temperature varied between -9 and -28 C. The fleet included three (Euro 5-6) diesel vehicles (two passenger

cars and one van) and three (Euro 6) gasoline vehicles (passenger cars). The number of measured drives totaled 33; in addition,

there was a drive for every measurement day for measuring ambient background concentrations along the route. 11 drives

were dedicated to subfreezing cold start (cold start in subfreezing temperatures) measurements, 12 to preheated cold start100

measurements (using electric preheaters or fuel-combusting auxiliary heaters), and 10 to hot start measurements (the engine

had been heated to its normal operating temperature by driving).

Figure 1. Driving route consisting of low-traffic small roads in Siilinjärvi, Finland. The colored line indicates an example drive with105
the speed profile (color). Start and stop locations were the same position on a parking lot of a local fuel station. Two artificial short
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stops were introduced along the test route to simulate traffic lights. Downhills that are used in the results section are indicated by

white lines on the side of the route marking. Source: Earthstar Geographics.

2.2 Measurement setup

110

Figure 2. Schematic view of the measurement setup used in this study and example photos from the chasing route for illustration of

the chasing measurements. In addition, other devices were installed but their data were not used in this study.

The measurement setup, including only the devices of which data are involved in this study, is presented in Figure 2. The

number concentration of particles larger than 23 nanometers in diameter (N) was measured with an Airmodus model A23

condensation particle counter (CPC) and the CO2 concentration with a LI-COR LI-840A analyzer. The exhaust sample was115

drawn to the instruments through a sampling inlet installed on the front bumper of the vehicle. Before the CPC, the sample

was diluted with a set of bifurcated flow diluters (DR=158±14). The drives were also recorded with a video camera installed

on the windshield and the location of the ATMo-Lab was recorded using GPS. OBD data from the chased vehicle were

collected using OBDLink LX Bluetooth device (OBDLink® LX - Top-Notch Scan Tool Compatible With Motoscan, 2023).

All the devices were recording data with one second time resolution, which was averaged to the time resolution five second.120

Averaging makes the data more robust to small (1-2 sec) time differences between measurements from the vehicle (OBD) and

variables measured with ATMo-Lab.

Table 1: Information on the studied vehicles.

Vehicle Fuel
Registration

year

Engine

displacement ( )

Emission

class

Odometer

reading ( )

Number

of drives


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Audi A6 Diesel 2008 3.0 Euro 5 236,000 6

Seat Alhambra Diesel 2012 2.0 Euro 5 169,000 6

VW Transporter Diesel 2019 2.0 Euro 6 36,000 4

Ford Focus Gasoline 2018 1.0 Euro 6 78,000 5

Skoda Octavia 1.0

Gasoline

(MHEV) 2020 1.0 Euro 6 1,000 6

Skoda Octavia 2.0 Gasoline 2019 2.0 Euro 6 21,000 6

2.3 Methods for calculating EF125

The methods we use are mostly modeling DR and observed differences between measured and background concentrations and

based on those calculating the EF of a vehicle. Used methods (introduced more in detail in the following subsections) for

calculating EF can be divided into four categories based on whether the OBD data is used in the method and whether the

method needs some additional (hereafter learning) data from other vehicles to evaluate the effect of some variables (e.g., speed

change) to the emissions. Table 2 shows all the methods used in this study. All methods are introduced in the following130

subsections 2.3.1-2.3.7. Table 3 summarizes the main differences of the methods described in subsections 2.3.1-2.3.7 and

shows the formulas used to calculate the EF in each of the methods.

The dataset used in this study was limited to considering only times when the chased vehicle was moving, i.e., its speed was

positive. Also, the effect of chase distance, i.e., the distance between the chased vehicle and ATMo-Lab, was assumed to be

constant, not affecting the dilution ratio of emission.135

Table 2: Division of the methods for calculating EF of a vehicle. OBD data means the data collected from the chased vehicle (see also

Figure 2) and learning data means the data collected from other drives of the same vehicle and from other vehicles (including data

from ATMo-Lab and, also from OBD if its data is used). Methods are introduced in more detail in subsections 2.3.1-2.3.7.

Uses learning data

yes no

Uses

OBD

data

yes
MARS-OBD,

NWD

N/CO2 integral,

N/CO2 linear,

N/CO2 RRPA,

Nraw
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no MARS-chase N/CO2 Traficom

Methods that require data to be fitted before applying into DR estimation or EF calculation were fitted using DR calculated140

from Nraw method as a response variable. Only the data from the times with exhaust mass flow rates (Q) exceeding

and fuel flow rates exceeding  were used in forming models, which were then used for the whole data also including

the times with the flow rates below those limits.

Other methods of modeling DR (NWD and MARS-methods, described below) are based on the observed linear or non-linear

dependencies between DR and explanatory variable(s). These methods assume that the factors affecting DR measured in the145

situations where the measured vehicle is not in the engine motoring mode can be extrapolated also to situations with the

motoring mode. Hence, for the downhill sections, the following methods do not calculate the DR based on the measured CO2;

instead, they use other parameters not based on CO2 (some examples include vehicle speed , exhaust flow rate  and the

vehicle rear shape) to estimate the DR.

For calculating EF and its uncertainty, bootstrap sampling (Efron, 1979) has been used to estimate the uncertainty in EF150

calculations. A bootstrap sample is a random sample of observations (observation = time point) with replacement, i.e., one

observation can occur multiple times in a bootstrap sample. The analysis, e.g., fitting the model and calculating the EF is

performed for this bootstrap sample. Multiple bootstrap samples are usually taken, here 100 is the number of samples.

Bootstrap helps to estimate the whole uncertainty, in this case the uncertainty related to e.g., differences in vehicle driving

profile, possible uncertainties in time allocation, and uncertainty in model fitting. Bootstrap is useful when estimating complex155

estimators or their uncertainty, without (here) explicitly estimating uncertainties of single sources of uncertainty and covariance

structure of uncertainties.

Table 3: Summary of the methods used in this study. Formulas to calculate EF, main differences to other methods, and references

to the literature describing the method. Methods are introduced in more detail in subsections 2.3.1-2.3.7.

160
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Method
Formula to calculate EF Differences to other methods Reference

Methods using fraction

of N and CO2

N/CO2 integral

(subsection 2.3.1)

 is taken from OBD

measurements of the vehicle. For

other terms of the formula, see

subsection 2.3.1.

Hansen and Rosen

(1990)

N/CO2 Traficom (2.3.2)

 is taken from Finnish national

database for vehicles (Traficom),

otherwise as N/CO2 integral.

This study

N/CO2 linear (2.3.3)

Ratio of  and  (  is

estimated using the linear model to

the background corrected values of

 and . Otherwise as N/CO2

integral.

Zavala et al.

(2006)

N/CO2 RRPA (2.3.4)

Ratio of  and  ( ) is

estimated using the robust linear

model to the measured values of

and  without background

correction. Otherwise as N/CO2

integral.

Olin et al. (2023)

Methods using dilution

ratio

 (2.3.5)

Dilution ratio (  is

calculated based on measured

dilution of CO2. For other terms of

the formula and details, see

subsection 2.3.5.

Wihersaari et al.

(2020)
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2.3.1 N/CO2 integral

The simplest method to calculate EF is based on N/CO2 measured from the diluted exhaust. The method was introduced by

Hansen and Rosen (1990) and has been widely used thereafter. It is based on the relation of the excess CO2 (

) and particle concentration ( ). Here the superscripts meas and bg denote measured and background165

concentrations, respectively. Here t denotes that the measured concentrations have been measured specifically at time t,

whereas the background concentrations have been defined as a median of the background measurement measured at the same

route on the same day. However, the method by Hansen and Rosen, (1990) uses the following integral form (over a longer

measurement period than, e.g., one second) to diminish possible uncertainties caused by imperfect time synchronizations of

the devices measuring CO2 and the studied pollutant:170

Near-Wake Dilution

(NWD, 2.3.6)

Dilution ratio  is calculated

based on a linear function of the

ratio of the vehicle speed  and the

mass exhaust flow rate . See

subsection 2.3.6 and Supplement for

more details. Otherwise as .

This study

MARS-OBD (2.3.7)

Dilution ratio  is

calculated based on Multivariate

Adaptive Regression Spline

(MARS) model for DR. See

subsections 2.3.7 and 3.2 for more

details. Otherwise as .

This study

MARS-chase (2.3.7)

Dilution ratio  is

calculated based on Multivariate

Adaptive Regression Spline

(MARS) model for DR. Variables

available from ATMo-Lab (i.e., no

OBD data) are used. Also, the

exhaust flow rate ( ) is

estimated using splines. See

subsections 2.3.7 and 3.2 for more

details. Otherwise as .

This study
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where CO2 concentrations are in ppm and particle concentrations in 1 cm-3. is the conversion factor for CO2 from ppm

to g cm-3 (106/0.0018 = 5.55*108, where 106 is a number of molecules and 0.0018 is the approximate density of CO2 [g cm-3]

at 20 °C), is the conversion factor for  to  (2392/750 = 3.189 for gasoline and 2640/835 = 3.162 for diesel,

where the 2392 and 2640 are the approximate masses of CO2 produced [g] per liter of fuel for gasoline and diesel respectively175

(Conversion Guidelines-Greenhouse gas emissions, 2023) and 750 and 835 are the approximate densities [g] of a  fuel [ )

for gasoline and diesel, respectively. Those densities are within the ranges of densities provided by one major fuel supplier in

Finland (Neste Futura 95E10 Technical Data Sheet, 2023; Neste Futura Diesel -29/-38 Technical Data Sheet, 2023)). Variable

 is the mass of the used fuel (in g, from OBD data) and  is the length of the drive (in km). In this study, EF is

calculated over the whole measurement period and EF is expressed in 1 km-1. This method (and all other N/CO2 method180

versions) is based on the assumptions that CO2 and the pollutant dilute equally in an exhaust plume and that the amount of

emitted CO2 is directly related to the fuel consumption. Whereas the N/CO2 integral method is robust to imperfect time

synchronizations and to the engine motoring events (because the integral in the denominator never becomes very small, unlike

in cases with, e.g., one-second resolution), the method, however, assumes also that EF is constant during the integration time

period in chase measurements (Olin et al., 2023).185

2.3.2 N/CO2 Traficom

The N/CO2 Traficom method is calculated similarly to N/CO2 integral method, over the whole measurement period, but the

fuel consumption  is estimated from the national vehicle database (Traficom) instead of using actual consumption from

OBD. Using the fuel consumption estimation from the register plates makes the method independent from OBD-data, i.e., the

method can be calculated directly based on the measurement data from ATMo-Lab. This kind of a method, that is not using190

OBD-data, is suitable, e.g., for real-world emission monitoring approaches for private vehicles driving on public roads. We

have used constant fuel consumptions reported for combined driving (combining urban and extra-urban driving) that are

between 4.6 (Ford) and 7.6 (VW) liters of fuel per 100 km.

2.3.3 N/CO2 linear

The N/CO2 linear method used, e.g., by Zavala et al. (2006) was also tested in this study. The method estimates N/CO2 by195

fitting a line for  and . The slope of that line is used to replace the first fraction term in Eq. (1) when calculating EF.

The used linear model has an assumption that the line passes the origin, i.e., with no emitted CO2, no particles are emitted.

Therefore, non-exhaust particles are not counted. This method also assumes that EF is constant during the time period used
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for fitting. However, as the drives cannot be assumed to have constant EF due to multiple different sections of driving, the

linear model is fitted separately to one-minute time periods, in which the vehicle can be assumed to have more constant EF200

throughout the period. For the periods when the slope is estimated to be negative, the EF is set to zero.

2.3.4 N/CO2 RRPA

The RRPA (Robust Regression Plume Analysis) method presented in (Olin et al., 2023) is based on the N/CO2 linear method

but without no need to determinethe background concentrations of N and CO2 Similarly to N/CO2 linear method, the slope is

used to replace the first fraction term in Eq. (1) when calculating EF.205

Contrary to the N/CO2 linear method, this method uses robust linear model (in this study using rlm-function in R environment

(R Core Team, 2022)) for fitting the line. We used robust linear regression instead of ordinary least squares approach because

the data contains varying number of datapoints which can be considered as outliers, in statistical point of view, and those could

bias the fit for the slope in ordinary least squares estimation (Mikkonen et al., 2019). The robust regression automatically

downweighs the possible outliers by giving less weight to the data points that are not close to the estimated line. Hence,210

momentary disturbances (such as from other pollutant sources near the measurement location) should not disturb the estimation

of the slope. As for the N/CO2 linear method, the N/CO2 RRPA method assumes constant EF for the fitted period and is also

fitted to a one-minute time periods. For the periods when the slope is estimated to be negative, the EF is set to zero.

2.3.5

A bit more advanced method (based on the method by Wihersaari et al. (2020)) to calculate DR and EF is using the measured215

and raw concentrations of CO2 and using the exhaust mass flow rate (Q):

 (3)

where is the measured particle number concentration,  is the estimated background particle number concentration,

 is the concentration of CO2 in the raw exhaust (calculated from the OBD data),  is the exhaust density (air density220

at the standard temperature of 20 °C used here), and  is the vehicle speed. We denote the method as Nraw method from here

onwards. This method can be thought of as the best performing model in a real-world chasing situation with varying EF and

DR. However, this method requires well-synchronized data. Five second time resolution was used, as it is not so prone to

errors caused, e.g., by engine motoring events.
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2.3.6 Near-Wake Dilution (NWD)225

In the NWD method, we are building a robust linear model for DR as a linear function of the ratio of the vehicle speed  and

the mass exhaust flow rate , taking also into account the shape of the vehicle  The method is based

iving dilutes the exhaust plume and that the dilution

is proportional to the ratio of the mass flows passing the rear and exhausted from the tailpipe (Chang et al., 2012) . The method

minimizes the weighted linear model (iterated reweighted least squares robust regression):230

 (4)

where dilution ratio at time t ( ) used to fit the model is calculated from the OBD chase measurement data as in the

method (Eq. (2)). Parameters  and  are coefficients fitted for every vehicle measured in this study. More detailed derivation

of the formula and detailed discussion about the possible variables that are related to the parameters  and  are presented in

the Supplement. The NWD model is fitted separately for each vehicle, except when the data from the studied vehicle is not235

used to fit a model (Fig. 6). In that case, the rear shape has been used as a categorical variable for the five-vehicle data to fit

the NWD model. Categorical variables  and  estimate the effect of different rear types on DR:

.

As the model is only dependent on the speed and exhaust flow, the model assumes that the distance from the vehicle remains

constant and is independent of the speed (the effect of the distance is incorporated into the kappa and gamma parameters).240

Constant driving distances were tried to maintain during these chase measurements. DR is calculated for all datapoints using

the modeled dependency (presented later in Fig. 3).

EFs with the NWD method were then calculated similarly to the  method in formula (3), with different method to calculate

the dilution ratio being the only difference between methods. The NWD method is robust to engine motoring events because

the CO2 concentration is not involved in the equation used to calculate EF (after fitting the kappa and gamma parameters). In245

addition, the method can possibly be used to determine non-exhaust emissions as well.

2.3.7 Multivariate Adaptive Regression Splines (MARS) 

We used Multivariate Adaptive Regression Splines (MARS: Friedman, 1991; Hastie et al., 2009) to model the dependency of

DR on certain variables that could affect the dilution of exhaust, I.e. vehicle exhaust flow rate, speed, speed change

(acceleration), altitude change, and direction of wind.. Besides variables that are fitted with splines, two categorial variables250

describing the rear shape and fuel type used in the vehicle were used. Those categorical variables affect only the level, not the

shape of the spline (see Fig. 4).
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To avoid overfitting, i.e., that the model fits well to the learning data but is not generalizable to any new dataset, we used 5-

fold cross-validation (Hastie et al., 2009). In 5-fold cross validation, the dataset is divided into five distinct subsets of the same

size. Then four of those subsets are used to train the model (training dataset) and one is used to test the fit of the model to new255

dataset (testing dataset). This is repeated five times, so that each subset is once used as a testing dataset.

We built two methods based on MARS: one is based on all variables (OBD-data and the data from chase measurement; a

method called MARS-OBD), and the other one is based on the measured data consisting only variables that are available with

remote sensing methods (a method called MARS-chase).

EFs from the MARS methods were calculated similarly to the  method (formula (3)), with the only difference to  in260

how the DR is calculated. As for NWD, DR is calculated for all datapoints using the modeled dependency (presented later in

Fig. 4). MARS models are also robust for engine motoring events or even for non-exhaust emissions, like the NWD model,

because the CO2 concentration is not used (after the model construction). In addition, the MARS-chase model can be used in

real-world emission monitoring approaches.

3 Results and discussion265

3.1 Fitting the NWD model parameters

Our results indicate that DR can be approximated with linear function of the ratio of  and Q; hence, it was used as one

method to estimate DR. Figure 3 shows the robust linear regression fits between DR and .

According to the results, in addition to , we suppose that modelled DR is mostly affected by the rear shape of the vehicle

(included in the parameter ). Generally, the values of  are higher for the gasoline vehicles compared to the diesel vehicles,270

due to lean burn combustion used in diesel engines. This results also in higher values of DR (determined with Eq.  (2)) for the

gasoline vehicles.
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Figure 3. Robust linear regression fits for DR for each vehicle used in NWD method. The color represents the weight of the

observation in the final robust linear fit. The equations of the linear fits are shown in the titles of each subplot. Volumetric exhaust275

flow rate  has been used in this figure instead of the mass flow rate used elsewhere, because the NWD model is based

on the volumetric flows.

3.2 Constructing the MARS models

Figure 4 shows the behaviour of the splines in the measured data between DR and the predictor variables used in the MARS

models. The shape of the splines is the same for all vehicles, as it is defined from the full dataset, but the level varies due to280

different properties of the vehicles, such as fuel and presumably the rear shapes.

The variables used in the models shown in Fig. 4 are organized so that the variables in the upper row are for the method using

also the OBD-data from the chased vehicle (MARS-OBD) and the variables in the lower row are for the method using only

variables from ATMo-Lab (MARS-chase). With the MARS-OBD method, changes in Q explain most of the changes observed

in DR, and the dependency of Q on DR is as expected from the concept behind the NWD model. In addition to Q, wind285

component calculated abeam of the vehicle was seen to affect the DR, but the effect is very minor. Unlike in the MARS-chase

method, variables such as speed change and altitude change were not needed (based on their effect on the model fit, measured
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with R² values) in the MARS-OBD method, which indicates that the changes in Q (and slightly in the lateral wind speed)

sufficiently explain most of the changes in DR.

For the MARS-chase method, the effect of Q was replaced by using several variables that could explain the power generated290

by an engine  and thus Q. The result seems to be in line with theory, the most evident changes to DR being caused by changes

in driving speed (e.g., when accelerating) and altitude (e.g., when driving uphill), and the absolute speed of a vehicle (due to

air drag). Observed dependencies of those variables with DR were described with piecewise linear splines with one or two

threshold values (knots). The effect of changes in speed and altitude were close to linear. The effect of  was not linear, as

the DR had its minimum after threshold speed slightly higher than 10 m/s.295

Figure 4. Multiple adaptive regression spline fits for logarithm (natural) of DR shown for each variable used in MARS-OBD (upper

row) and in MARS-chase (lower row). Measurement points are colored based on the vehicle used. Different colored lines show the

regression splines for each vehicle (see also categorical variables in the method description section 2.3.7), with some splines

overlapping with each other.300
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3.3 Comparison of the EF calculation methods for the whole drive

When the calculated DR estimates were applied on the EF calculation for the whole drive, it was seen that the results are

mostly similar with all methods. Figure 5 illustrates how the calculated EF varies with different methods when applied on two

different vehicles, one with gasoline and one with diesel engine, on two different drives with varying outside temperature.

The results in Figure 5 give confidence on EF calculation with varying information in use, as the methods with different305

background information end up mostly to within an order of magnitude. This is specifically good news for monitoring-type

measurements, to be performed on-road, having limited information on the monitored vehicle. However, there can still be

some notable differences between the methods, for example the difference of a factor of 2-3 between the Nraw and other

methods for Skoda2 24 °C. The clearest anomalies from the consensus of EF are N/CO2 RRPA for the Skoda2 26 °C drive

being 25 to 45 % of the EFs given by other methods than Nraw and N/CO2 linear, and Nraw method for both Skoda2 drives310

showing 2 to 4.2 times higher EFs than most of the methods (other than N/CO2 linear and N/CO2 RRPA). For RRPA some of

the one-minute interval EFs were estimated to be zero, which probably explains the lower EFs calculated for that method. For

Nraw method, the difference comes from the time points where dilution ratio is estimated to be larger, e.g., in NWD and MARS-

models, i.e., points clearly above modeled lines in Figs 3 and 4. If measured concentration of particles above background

 is high enough for those points, it results also high EF for that point.315
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Figure 5. Emission factor examples of > 23 nm particles for Seat and Skoda 2, hot starts, except Seat 11 C that is with the

subfreezing cold start, and Skoda 26 C that is with the preheated cold start. Results are calculated from 100 bootstrap samples

(see Sect. 2.3 for the description of bootstrap sampling).320

The methods that use learning data (the MARS methods and the NWD method, see Table 2) were validated with leave-one-

out type cross-validation by omitting one of the vehicles from the model fitting and then by applying the fitted coefficients to

predict the EFs for the omitted vehicle. The results are shown in Fig. 6, which confirms the findings in Fig. 5, that the

constructed methods can calculate the EFs also for the vehicle omitted from the model construction. For the methods

use learning data (all N/CO2 methods and the Nraw method), i.e., data from the other drives to form a model, the results are325

almost the same (bootstrap sampling can change the calculated EFs slightly) as in Fig. 5. For Skoda2, the MARS-chase method

shows higher EF values than the other methods in Fig. 6. This is probably because the data measured with Audi (being the

only vehicle having a similar rear shape to Skoda2) has been used in the MARS-chase model to estimate the effect of the rear

shape on the DR (see Sect. 2.3.7 for categorical variables and Fig. 3 for the fits). However, using the data from a diesel vehicle
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in modelling DR for a gasoline vehicle may not work properly due to different dilution mechanics (as is also observed from330

the different fitting parameters obtained with using the NWD model)) even though the fuel type parameter for Skoda2 is

different than for Audi. In addition, Audi is the only vehicle in this study having two exhaust pipes on both sides of the vehicle

rear; therefore, the dilution mechanics may differ notably from the other vehicles. Thus, the rear shape parameter (constant

categorial variable used to estimate the effect of the rear shape on DR) might have increased the estimated DR for Skoda2, and

hence also the estimated EF. One solution for this issue would be to increase the sample size of the vehicles, probably leading335

to a better estimate for the rear shape of Skoda2 in the MARS-chase method. For Seat, the MARS-chase method gives similar

results to the other methods; however, the NWD method gives slightly higher EFs than the other methods. This is due to

imperfect modeling of dilution ratio of Seat based on the model from other five vehicles. This indicates that EFs could be

calculated in-situ based on the measurements from ATMo-Lab and OBD, if the OBD data is required in the method. The

increase in the number of vehicles in the learning data would probably increase the accuracy of the methods that require340

learning data, including the MARS-chase method as well.
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Figure 6. Emission factors for the drives of which data are omitted (details in Sect. 3.3) from the model construction (MARS-chase,

NWD, MARS-OBD) for Seat and Skoda2, hot starts, except Seat 11 C that is with the subfreezing cold start, and Skoda 26 C that

is with the preheated cold start. Results are calculated from 100 bootstrap samples (see Sect. 2.3 for the description of bootstrap345
sampling).

3.4 Comparison of the EF calculation methods for the downhill section

When examining how the different methods perform in different driving conditions, such as the change in the altitude, Fig. 7

shows that, overall, the methods agree quite well for Seat, but there are a lot of discrepancies for Skoda2. It is obvious why the

N/CO2 Traficom method overestimates the EFs during the downhill section: because the used fuel consumption refers to the350

combined driving fuel consumption data, i.e., to a much higher consumption than really occurs in downhills. In addition, the

Nraw method gives relatively high estimates for EFs, especially for Skoda2. This is due to relatively low CO2 values observed

at the times with high particle emissions, resulting in higher DRs with the Nraw method compared to the other methods. N/CO2

linear shows clearly lower EF values for Skoda2, similarly to, but less pronounced, in Figs. 5 and 6. For RRPA method, many

of the EF estimates for bootstrap samples (89 out of 100 for Skoda2, -24 °C and 39 for Skoda2, -26 °C) are zero, i.e. for every355

minute interval (2 or 3 intervals in each bootstrap sample), the estimated linear dependency between N and CO2 concentrations
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is negative, and hence the EF is estimated to be zero. The assumption of constant EF is not valid in downhill sections, and the

concentrations of N and CO2, and exhaust flow rate are mostly lower than average of the whole round, whereas the DR, that

is used in many other methods, is mostly higher than average of the whole round. We believe that those are the reasons why

RRPA is giving EFs so different than other methods for downhill sections.360

Other methods (MARS-chase, N/CO2 integral, NWD, and MARS-OBD) give similar values for EF. This is kind of expected

as the methods are fitted using data from the full drives (as in the case in Figs. 5 and 7). Therefore, the N/CO2 is estimated

mostly from the data with above-zero fuel consumption; hence, the number of particles emitted per extra CO2 emitted should

be estimated well. The other methods are also based on data with above-zero fuel consumption; thus, the dilution ratio for the

downhills can also be estimated.365

Figure 7. Emission factors of > 23 nm particles for downhill sections and for Seat and Skoda 2, hot starts, except Seat 11 C that is

with the subfreezing cold start, and Skoda 26 C that is with the preheated cold start. Results are calculated from 100 bootstrap

samples (see Sect. 2.3 for the description of bootstrap sampling). For Skoda2, some EFs (89 for Skoda2, -24 °C and 39 for Skoda2, -

26 °C) are zero. Only EFs above zero are shown in this figure.370
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4 Conclusions

There are methods to define DRs and EFs that do require OBD data from the vehicle under tests and methods that do not

require. We conclude that most of the N/CO2-methods are not suitable for transient driving, where EF is constantly changing

during the drive, which is indicated by results that differ from the ones obtained with the other methods.

For those time points where the measured CO2 is close to its background value, the new methods (the NWD and the MARS375

methods) work better than the old ones. Among these, the NWD method is physically more realistic and hence easier to

interpret. We believe both the NWD, and the MARS methods introduced are extendable also to non-exhaust emissions. Both

methods would require some prescribed database to characterize the effect of vehicle on DR. The number of required

vehicles for the database can be from one (if the interest is only emissions of a specific vehicle) to some hundreds of vehicles

(monitoring of emissions from random vehicles from the fleet).380

The MARS methods are based on the dependencies of the measured variables on DR from the Nraw method. It fixes the

problems of the Nraw method at the time points where DR is estimated to be very high with the Nraw method. On the other hand,

the MARS methods do not have as clear physical interpretation as the NWD method. The MARS methods are; however, very

adaptive methods and DR could be modeled using variables other than the ones used in this paper, which might increase the

physical interpretability of the methods.385

If the MARS-methods were used with other variables, for their generalizability, it would be beneficial to use such variables

that are generally measured in the chase measurements. Positive sides of the MARS methods also include that in the MARS-

chase method, no variables measured directly from the vehicle diagnostics are not needed. This enables the observation in the

middle of traffic, also in driving situations where EF and DR cannot be assumed constant.

The weakness of these methods is that the time points with the vehicle speed of zero, have been omitted in this study. This390

limits the usability of the method in e.g., urban conditions where the vehicle is stationary a significant part of the time. In this

study we wanted to focus especially on times when the vehicle is moving, including downhills, and the fuel flow rate is zero

or close to zero. The times when the vehicle is stationary could be added to the methods (MARS and NWD) by separately

considering the speeds of zero. In the first place, it could be implemented by using e.g., the Nraw-method for those times.

Vehicle chase studies in the future are not only limited to determination of the exhaust originated species, since the NWD395

method could be used to define the non-exhaust particle emission originating, e.g., from the brakes and tires of the vehicle

under the test. In addition to being an important tool in emission research especially in real-world emission factor determination

including the semi-volatile particles, the chase method has potential to be a monitoring tool for vehicle fleets in official

purposes: high emitting vehicles could be identified while driving with simultaneous particle and CO2 sensor signals and
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processed for further detailed measurements according to e.g., the new PTI protocol where particle number concentrations are400

measured on low idle.

Code and data availability

Data will be opened at the time of final publication. Until the publication of the article, data can be requested from the
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     
   
    

           

 
      

            

           

              

               

             

               

              

           

              

             

              

              

               

         

  

                       

                 

                      

                         

                       

        

 

        

         

        

     

      

        

     

       

      

        

     

       

       

       

      

         

        

           

         

         

 

         

 

           

 

    

         

       



           

 

        

     

      


   
   

 



                  

 











































































































































 



        

        

         

      

       

       

       



       

        

        

       

          

        

      

       

       

       

       

    

        

          

        

         

         

      

         

      

          

       

       

         

        

  

        

          

          

           

        

         

     

         

          

       

        

        

       

          

        

   

         

          

        

      

       

        

         

        

        

        

         

        

      

        

         

            

         

       



     

       

         

         

          

       

        

        

        

       

        

        

       

       

         

        

         



        

        

         

          

        

        

            

          

       

     

     

       

        

       

       

            

         

      

          

       

        

         

        

          

          

       

                  

   
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           

   

   

      

      

       

         

        

          

   

        

        

        

         

      

          

          

         

       

         

        

           

         

           

        

       

  

        

         

         

         

         

       

         

          

        

       

          

            

        

       

       

      

       

         

        

         

         

         

     

      

         

     

        

         

      

         

       

        

        

       

          

         

        

       

         

       

        

        

         

          

          

        

        

          

       

     

       

      

      

      

       

       

         

           

          

    

  

         

        

       

         

         

         

          

         

      

        

           

        

        

     

           

     

       

          

         

        

          

         

                  

   
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         

            

        

          

          

          

            

         

         

        

          

  

      

       

         

          

      

         

        

        

          

         

       

        

          

       

        

         

           

         

          

        

       

          

     

       

          

         

        

       

        

       

         

       

         

      

       

          



        

       

            

       

           

        

         

       

        

           

        

          

       

      

      

           

         

        

         

          

         

          

          

         

          

          

        

         

        

 

       
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         

    
    

        

            

          

         

          

          

      

   

        

          

       

     

        

      

       

     

       

         

        

        

        

  

        

      

        

       

     

       

       

         

          

           

         



      

     

          

             

             

         

        

         

         

     

       

        

         

        

          

           

         



       

       

      

       

        

         

             
         
     

                  

   











































































































































            

           

          

         

          

         

     

       

           

        

         

          

         

          

         

      

           

           

          

          

            

       

        

       

       

          

         

        

     

         

             

         

          

          

        

         

         

      

        

        

         

        

        

      

    

          
           
         
          
             
       
             
              
             
            
        
              
               
             
            
          

             

 

    

 

           

        

          

           

 

           

         

           

             

                  

   











































































































































      

      

       

        

            

           

            

        

       

          

         

        

        

            

           

          

           

 

        

          

        

         

          

         



       

         

       

      

       

          

          

          

  

       

           

       

         

         

           

     








 
        

        

       

        

         

           

        

        

      

      

          

        

        

      

       

       

           

           

      

       

        

       

            

        

         

            

          

       

           

          

            

        

        

          

         

        

          

          

           

           

          

        

      

        

           

         

         

         

         

        

         

        

         

            

            

           

       

        

         

        

  

            

       

       

          

         

        

        

       

                  

   
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























         

         

          

        

         

 

       

           

         

          

       

        

         

        

         

       

       

 

             

       

         

         

 

        

          

          

            

         

        

          

          

        

        

        

          

          

           

         

           

         

  

        

         

           

         

          

          

              

         

          

             

          

            

    

        

       

         

         

          

         

           

                    
              

    

           



       

 

         



     

      

      

         
         
            
    
       
         
      
         
          
            
       

                  

   











































































































































          

           

          

     

           

        

          

        

        

         

        

            

         

        

          

            

         

          

        

          

         

         

           
      
         
        
           
 

            
      
         
         
         
          
             
         

         
         
         
          
        
          
        
         

                  

   











































































































































          

        

        

         

        

        

         

         

         

         

       

        

          

         

            

        

       

           

          

            

         

            

    

         

        

          

         

      

          

        

         

          

          

      

           

       

       

        

      

          

        

          

         

         

  

        

          

         

         
        
           
         
    
         
        
        
         
        
         
            
           
    

          
       
     
         
        
        
         
        
          


                  

   











































































































































           

          

        

 

          

       

       

        

           

         

        

         

   

          

         

      

         

      

            

       

         

            

           

         

         

         

       

        

       

         

            

          

     

      

       

         

            

          

         

        

          

        

     

       

        

       

         

        

          

          

         

       

         

        

      

          
      
        
         
        
         
             
          
 

         
         
       
           

                  

   











































































































































        

        

           

        

      

      

       

        

        

           

          

        

        

      

        

          

         

        

         

        

         

         

       

 

       

        

         

       

         

          

          

           

        

         

       

       

     

        

        

        

         

         

        

          

         

      

            

          

        

         

         

      

      

       

       

         

          

        

         

        



   

         

   

 

             

        

          

         

     

   

          



          

       

        

        

          

         

         

         

     

        

         





           

       

            

          

        

       

           

        

        

         

       

      

   

          

       

      

       

      

                  

   











































































































































           

        

         

      

  

          

         

          

       

      

        

        

       

      

    

     

     

    

           

        

         

  

           

         

         

        

      

        

       

         

       

        

      

        

      

         

           

      

    

      

         

        

         

         

      

          

           

      

       

  

     

       

    

          

       

     

           

         

       

       

       

       

    

          

        

        

     

        

      

   

         

       

       

        

      

       

          

       

          

       

          

            

       

         

         

      

    

          

         

         

      

     

           

       

         

        

      

      

   

           

          

      

        

     

      

         

        

         

      

        



          

       

       

                  

   











































































































































           

        

         

        

        

       

       

            

           

          

        

     

        



          

      

        

 

        

    

            

          

        

      

   

         

           

        

           

       

        

       

        

       

         

      

       

        

           

          

           

           

       

       

  

        

     

        

      

     

       

     

        

       

       

       

     

      

      

            

         

           

       

       

     

       



          

       

       

 

          

        

    

   

           

         

      

      

         

      

             

         

       

        

         

           

         

     

  

            

          

      

       

     

 

             

        

      

        

        

       

             

      

        

      

   

            

         

         

      

       

       

                  

   
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          

         

         

        

      

      

       



           

         

         

        

        



             

       

       

     

   

           

     

      

  

         

      

      

        

  

             

          

         

         

           

     

     

       

      

     

         

      

       

  

             

           

           

            

      

      

     

 

       

   

           

        

    

      

 

         

     

       

    

           

        

       

      



           

   

         

       

     

          

        

         

       



           

      

        

     

      

       

     

          

         

       

     

      

          

      

           

        

       

     

    

         

            

       

      

      

          

       

       

      

       

     

          

   

          

 

           

      

     

                  

   
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



            

           

         

           

     

      

       



         

      

    

   

            

            

     

       

     

      

           

      

     

   

        

        

           

       

      

       

            

        

          

          

         

       

        

        

      

        

          

           

           



         

     

             

         

          

        

         

           

        

         

        

          

         

           

          

        

            

           

         

        

        

           

        

         

           

         

         

       

        

        

        

         

        

           

         

        

       

           

           

           

         

           

          

           

        

        

         

         

         

       

        

         

          

       

         

          

         

       

         

          

          

        

       

         

          

        

           

           

       

           

    

     

                  

   
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      

 

          

  

        

   

 

           

   

        

       

     

       

      

      

           

          

         

    

    

     

   

          

          

    

         

       


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o
lu

ti
o

n
. 

T
h

is

ra
n

d
o

m
 n

o
is

e 
w

as
 r

ep
re

se
n

ti
n

g
 t

h
e

p
o

ss
ib

le
 m

ea
su

re
m

en
t 

u
n

ce
rt

ai
n

ty
.

P
u

rp
o

se
 w

as
 t

o
 s

ee
 i

f 
th

e 
m

ea
su

re
-

m
en

t 
u

n
ce

rt
ai

n
ty

 r
ed

u
ce

s 
b

o
th

 s
tr

u
c-

tu
ra

l 
ac

cu
ra

cy
 a

n
d

 f
it

 a
cc

u
ra

cy
.

F
il

te
ri

n
g

 a
n

d
 s

m
o

o
th

-

in
g

 (
F

ig
u

re
 S

1
)

A
p

p
li

ed
 f

il
te

ri
n

g
 a

n
d

 s
m

o
o

th
in

g
 t

o
 o

ri
g

i-

n
al

 v
ar

ia
b

le
s 

o
f 

si
m

u
la

te
d

 d
at

as
et

.

H
o

w
 f

il
te

ri
n

g
 o

r 
sm

o
o

th
in

g
 w

o
u

ld

im
p

ro
v

e 
th

e 
fi

t 
an

d
 s

tr
u

ct
u

re
 o

f 
th

e

m
o

d
el

? 
Is

 i
t 

re
as

o
n

ab
le

 t
o

 u
se

 f
il

te
ri

n
g

o
r 

sm
o

o
th

in
g

 o
f 

d
at

as
et

 b
ef

o
re

 m
ak

-

in
g

 a
 m

o
d

el
?

P
ri

o
r 

In
fo

rm
at

io
n

(T
ab

le
 S

6
 a

n
d
 S

7
)

U
si

n
g

 p
ri

o
r 

in
fo

rm
at

io
n

 a
b

o
u

t 
th

e 
ed

g
es

p
o

ss
ib

le
 i

n
 t

h
e 

m
o

d
el

. 
U

si
n

g
 b

o
th

 c
o

rr
ec

t

an
d
 i

n
co

rr
ec

t 
p
ri

o
r 

in
fo

rm
at

io
n
. 
F

ra
ct

io
n

o
f 

in
fo

rm
at

io
n

 f
ro

m
 a

ll
 c

o
rr

ec
t 

p
ri

o
r 

in
-

fo
rm

at
io

n
 w

as
 u

se
d

 a
s 

a 
m

ea
su

re
 o

f 
in

-

fo
rm

at
io

n
.

D
o

es
 a

d
d

it
io

n
 o

f 
p

ri
o

r 
in

fo
rm

at
io

n

h
el

p
 m

o
d

el
 t

o
 g

et
 c

o
rr

ec
t 

st
ru

ct
u

re

an
d

 g
o

o
d

 f
it

?

A
cc

u
ra

cy
 t

es
ts

 f
o

r 
ca

u
sa

l 
d

is
co

v
er

y
 a

lg
o

ri
th

m
s 

h
av

e 
b

ee
n

 p
er

fo
rm

ed
 e

ar
li

er
 (

S
ch

ei
n

es
an

d

R
am

se
y

, 
2

0
1

6
; 

S
in

g
h

 e
t 

al
.,

 2
0

1
7

).
 H

o
w

ev
er

, 
th

o
se

 t
es

ts
 a

re
 d

ep
en

d
en

t 
o

n
 t

h
e 

u
se

d
 d

at
a

se
t.

 I
n

o
u

r 
ca

se
, 

v
ar

ia
b

le
s 

th
at

 e
x

p
la

in
 t

h
e 

ev
o

lu
ti

o
n

 o
f 

so
m

e 
v

ar
ia

b
le

 d
o

 n
o

t 
o

ri
g

in
at

e 
d

ir
ec

tl
y

 f
ro

m

th
e 

d
is

co
v
er

y
 a

lg
o
ri

th
m

. 
O

u
r 

si
tu

at
io

n
 d

if
fe

rs
 f

ro
m

 t
h
e 

te
st

s 
p
er

fo
rm

ed
 e

ar
li

er
 a

s 
th

e 
v
ar

ia
b
le

s

fr
o

m
 t

h
e 

al
g

o
ri

th
m

 a
re

 u
se

d
 t

o
 f

o
rm

 p
o

ss
ib

le
 i

n
te

ra
ct

io
n

 v
ar

ia
b

le
s,

 n
o

t 
d

ir
ec

tl
y

 t
o

 e
x

p
la

in
 t

h
e

ev
o

lu
ti

o
n

.
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W
e 

m
ea

su
re

d
 t

h
e 

p
er

fo
rm

an
ce

 o
f 

th
e 

m
o

d
el

 i
n

 s
im

u
la

te
d

 d
at

a 
se

t 
b

y
 t

w
o

 w
ay

s.
 F

ir
st

 i
s 

th
e

ac
cu

ra
cy

 o
f 

th
e 

m
o

d
el

 f
it

 t
o

 t
h

e 
si

m
u

la
te

d
 d

at
a 

se
t:

 h
o

w
 w

el
l 

th
e 

m
o

d
el

 c
an

 c
ap

tu
re

 s
im

u
la

te
d

ev
o

lu
ti

o
n

 a
n

d
 h

o
w

 w
el

l 
th

e 
m

o
d

el
 c

an
 p

re
d

ic
t 

th
e 

si
m

u
la

te
d

 e
v

o
lu

ti
o

n
 a

ft
er

 f
it

te
d

 d
at

a
 s

et
.

S
ec

o
n

d
 c

an
 b

e 
ca

ll
ed

 a
s 

st
ru

ct
u

ra
l 

ac
cu

ra
cy

: 
h

o
w

 w
el

l 
th

e 
u

n
d

er
ly

in
g

 
ca

u
sa

l 
st

ru
ct

u
re

 o
f

v
ar

ia
b

le
s 

ca
n

 b
e 

re
tu

rn
ed

 b
y

 t
h

e 
m

o
d

el
.

F
o

r 
m

ea
su

ri
n

g
 a

cc
u

ra
cy

 o
f 

th
e 

m
o

d
el

 f
it

, 
w

e 
co

m
p

ar
ed

 t
h

e 
ev

o
lu

ti
o

n
 o

b
ta

in
ed

 f
ro

m
 t

h
e 

m
o

d
el

to
 m

ea
su

re
m

en
ts

. 
E

v
o

lu
ti

o
n

 w
as

 t
h

en
 c

o
m

p
ar

ed
 t

o
 t

ru
e 

ev
o

lu
ti

o
n

, 
n

o
t 

in
cl

u
d

in
g

 t
h

e 
er

ro
r 

ad
d

ed

to
 t

h
e 

si
m

u
la

ti
o

n
s,

 u
si

n
g

 R
o

o
t 

M
ea

n
 S

q
u

ar
ed

 E
rr

o
r 

(R
M

S
E

) 
fo

r 
ea

ch
 t

im
e 

se
ri

es
. 

T
o

 e
q

u
al

ly

w
ei

g
h

t 
ea

ch
 t
im

e 
se

ri
es

 w
h

en
 c

al
cu

la
ti

n
g

 R
M

S
E

, 
ea

ch
 t
im

e 
se

ri
es

 w
er

e 
sc

al
ed

 b
y

 d
iv

id
in

g
 t
h

o
se

w
it

h
 i

ts
 s

ta
n

d
ar

d
 d

ev
ia

ti
o

n
 b

ef
o

re
 c

al
cu

la
ti

n
g

 R
M

S
E

. 
In

 f
u

rt
h

er
 t

ex
t,

 w
e 

re
fe

r 
to

 t
h

is
 s

ca
le

d

v
er

si
o

n
 a

s 
R

M
S

E
.

In
 a

d
d
it

io
n
 t
o
 t
h
e 

ac
cu

ra
cy

 o
f 

th
e 

m
o
d
el

, 
w

e 
al

so
 e

v
al

u
at

ed
 t
h
e 

p
re

d
ic

ti
v
e 

ac
cu

ra
cy

 o
f 

th
e 

m
o
d
el

.

W
e 

u
se

d
 t

h
e 

o
b
ta

in
ed

 c
o

ef
fi

ci
en

ts
 f

ro
m

 t
h
e 

m
o

d
el

 t
o
 p

re
d
ic

t 
fu

rt
h

er
 t

im
e 

st
ep

s 
o
f 

th
e 

ev
o
lu

ti
o
n

o
f 

th
e 

sy
st

em
. 

T
h

en
 w

e 
co

m
p

ar
ed

 t
h

e 
p

re
d

ic
ti

o
n

 t
o

 t
h

e 
sa

m
e 

ti
m

e 
st

ep
s 

fr
o

m
 t

h
e 

re
al

 s
y

st
em

an
d

 e
v

al
u

at
e 

th
e 

ac
cu

ra
cy

 o
f 

m
o

d
el

 p
re

d
ic

ti
o

n
 u

si
n

g
 R

M
S

E
. 

P
re

d
ic

ti
o

n
 l

en
g

th
 w

as
 3

0
%

 o
f 

th
e

si
m

u
la

te
d

 d
at

a 
se

t 
u

se
d

 t
o

 f
it

 a
 m

o
d

el
.

F
o

r 
m

ea
su

ri
n

g
 s

tr
u

ct
u

ra
l 

ac
cu

ra
cy

, 
w

e 
u

se
d

 a
d

ja
ce

n
cy

 p
re

ci
si

o
n

 (
A

P
),

 a
d

ja
ce

n
cy

 r
ec

al
l 

(A
R

)

(S
ch

ei
n

es
 a

n
d

 R
am

se
y

, 
2

0
1

6
) 

an
d

 F
-s

co
re

 (
S

in
g

h
 e

t 
al

.,
 2

0
1

7
).

 A
P

 w
as

 d
ef

in
ed

 a
s 

a 
fr

ac
ti

o
n

 o
f

co
rr

ec
t 

ed
g
es

 i
n
 t

h
e 

m
o
d
el

 o
f 

al
l 

p
ro

p
o
se

d
 e

d
g
es

. 
A

R
 w

as
 d

ef
in

ed
 a

s 
a 

fr
ac

ti
o
n
 o

f 
co

rr
ec

t 
ed

g
es

in
 t

h
e 

m
o

d
el

 o
f 

al
l 

co
rr

ec
t 

ed
g

es
. 

F
-s

co
re

 w
as

 d
ef

in
ed

 b
as

ed
 o

n
 A

P
 a

n
d

 A
R

 a
s

.

In
 a

d
d
it

io
n
 t

o
 F

-s
co

re
, 
w

e 
w

an
te

d
 t
o
 s

tu
d
y
 w

h
et

h
er

 i
n
co

rr
ec

t 
p
re

d
ic

to
rs

 f
o
r 

v
ar

ia
b
le

s 
w

er
e 

cl
o
se

to
 c

o
rr

ec
t 

ca
u

se
s 

an
d

 w
h

et
h

er
 t

h
e 

m
o

d
el

 
co

u
ld

 f
in

d
 a

 g
o

o
d

 r
ep

la
ce

m
en

t 
fo

r 
ea

ch
 c

o
rr

ec
t

p
re

d
ic

to
r 

th
at

 w
as

 n
o

t 
ch

o
se

n
 f

o
r 

m
o

d
el

ed
 s

tr
u

ct
u

re
. 
C

o
rr

el
at

io
n

 w
as

 u
se

d
 t

o
 m

ea
su

re
 c

lo
se

n
es

s

h
er

e.
 F

o
r 

ea
ch

 c
o

rr
ec

t 
p

re
d

ic
to

r 
w

e 
ca

lc
u

la
te

d
 c

o
rr

el
at

io
n

 b
et

w
ee

n
 i

t 
an

d
 e

ac
h

 p
re

d
ic

to
r 

in
 t

h
e

m
o

d
el

 (
fo

r 
sa

m
e

).
 T

h
e 

m
ax

im
u
m

 o
f 

th
es

e 
co

rr
el

at
io

n
s 

w
as

 t
ak

en
 a

s 
th

e 
v
al

u
e 

fo
r 

th
at
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p
re

d
ic

to
r.

 T
h

is
 r

es
u

lt
s 

th
at

 i
f 

th
e 

co
rr

ec
t 

p
re

d
ic

to
r 

w
as

 i
n

 t
h

e 
m

o
d

el
, 

co
rr

el
at

io
n

 w
as

 1
.

In
 t

h
e

re
su

lt
s 

se
ct

io
n

 w
e 

h
av

e 
ca

lc
u

la
te

d
 t

h
e 

m
ea

n
 v

al
u

e 
o

f 
co

rr
el

at
io

n
s 

fo
r 

al
l 

th
e 

p
re

d
ic

to
rs

.

S
3

 R
es

u
lt

s 
o

f 
si

m
u

la
ti

o
n

 s
tu

d
ie

s

A
s 

ex
p

ec
te

d
, 

th
e 

m
o

d
el

 f
it

 t
o

 t
h

e 
d

at
a 

w
as

 b
et

te
r 

w
h

en
 t

h
e 

er
ro

r 
as

si
g

n
ed

 o
n

 i
t 

w
as

 l
o

w
er

. 
T

h
e

ef
fe

ct
 o

f 
m

ea
su

re
m

en
t 

er
ro

r 
is

 r
ep

o
rt

ed
 f

o
r 

si
m

u
la

te
d

 d
at

a
 s

et
s 

(T
ab

le
s 

S
4

 a
n

d
 S

5
).

 T
h

e 
ef

fe
ct

o
f 

u
n

ce
rt

ai
n

ty
 w

as
 s

m
al

l 
fo

r 
F

-s
co

re
 a

n
d

 c
o

rr
el

at
io

n
 b

et
w

ee
n

 t
h

e 
co

rr
ec

t 
ed

g
es

 a
n

d
 e

d
g

es
 i

n
 t

h
e

m
o
d
el

. 
T

h
is

 
w

as
 

ex
p
ec

te
d
, 

as
 

th
e 

er
ro

r 
m

ak
es

 
th

e 
d
at

a
 

se
t 

n
o
is

ie
r.

 
F

u
rt

h
er

m
o
re

, 
as

 
th

e

si
m

u
la

ti
o

n
s 

al
so

 s
tu

d
ie

d
 t

h
e 

ef
fe

ct
 o

f 
ti

m
e 

re
so

lu
ti

o
n

 i
n

 m
ea

su
re

m
en

ts
, 

in
 b

o
th

 d
at

a
 s

et
s 

th
e

o
p
ti

m
al

 n
u
m

b
er

 o
f 

m
ea

su
re

m
en

ts
 d

u
ri

n
g
 o

n
e 

ex
p
er

im
en

t 
w

as
 r

el
at

ed
 t

o
 t

h
e 

am
o
u
n
t 

o
f 

er
ro

r

ap
p

li
ed

 (
T

ab
le

s 
S

4
 a

n
d

 S
5

).
 F

o
r 

lo
w

er
 e

rr
o

r,
 h

ig
h

er
 t

im
e 

re
so

lu
ti

o
n

 l
ea

d
s 

to
 b

et
te

r 
re

su
lt

s 
w

h
en

th
e 

re
al

 c
h

an
g

e 
b

et
w

ee
n

 s
u

b
se

q
u

en
t 

ti
m

e 
p

o
in

ts
 w

as
 d

o
m

in
at

in
g

 t
h

e 
ch

an
g

e 
o

b
se

rv
ed

 a
n

d
 i

f

m
an

y
 o

b
se

rv
at

io
n

s 
ab

o
u

t 
th

e 
ev

o
lu

ti
o

n
 p

ro
ce

ss
 w

er
e 

av
ai

la
b

le
. 

In
 c

as
e 

o
f 

h
ig

h
 e

rr
o

r,
 f

ew
er

o
b

se
rv

at
io

n
s 

fr
o

m
 t

h
e 

p
h

en
o

m
en

o
n

 w
er

e 
p

re
fe

rr
ed

, 
as

 t
h

e 
si

g
n

al
 t

o
 n

o
is

e 
ra

ti
o

 w
as

 l
o

w
 a

n
d

in
cr

ea
si

n
g
 t

h
e 

n
u
m

b
er

 o
f 

o
b
se

rv
at

io
n
s 

w
o
u
ld

 m
ak

e 
it

 e
v
en

 l
o
w

er
. 

H
o
w

ev
er

, 
th

e 
d
ep

en
d
en

ce

b
et

w
ee

n
 s

am
p

le
 s

iz
e 

an
d

 f
ra

ct
io

n
 o

f 
er

ro
r 

w
as

 w
ea

k
. 

T
h

is
 i

s 
st

il
l 

o
p

p
o

si
te

 o
f 

w
h

at
 i

s 
ex

p
ec

te
d

an
d

 c
o

u
ld

 b
e 

d
u

e 
to

 a
 s

m
al

l 
sa

m
p

le
 s

iz
e.

W
e 

fo
u
n
d
 t

h
at

 i
n
 s

o
m

e 
ca

se
s,

 t
h
er

e 
w

er
e 

u
n
st

ab
il

it
ie

s 
in

 c
o
m

p
u
ta

ti
o
n
s.

 T
h
es

e 
ca

n
 b

e 
se

en
 a

s

la
rg

e 
n
u
m

b
er

s 
o
f 

R
M

S
E

 i
n
 t

h
e 

ta
b
le

s 
S

4
 a

n
d
 S

5
. 

T
h
es

e 
ar

e 
re

su
lt

ed
 b

y
 s

o
m

e 
v
ar

ia
b
le

 t
h

at
 g

et
s

la
rg

e 
v

al
u

es
 i
n

 t
h

e 
d

if
fe

re
n

ti
al

 e
q

u
at

io
n

 s
y

st
em

, 
re

su
lt

in
g

 t
h

e 
sy

st
em

 t
o

 b
e 

u
n

st
ab

le
.

b
ee

n
 s

tu
d
ie

d
 t

h
e 

ex
ac

t 
re

as
o
n
 f

o
r 

th
e 

u
n
st

ab
il

it
y
. 
T

h
is

 c
o
u
ld

 b
e 

d
u
e 

to
 t

h
e 

in
ac

cu
ra

te
 e

st
im

a
ti

o
n

co
ef

fi
ci

en
t,

 a
n

d
 t

h
at

 d
if

fe
re

n
ti

al
 e

q
u

at
io

n
 w

o
u

ld
 r

es
u

lt
 s

y
st

em
 t

o
 b

e 
u

n
st

ab
le

. 
O

th
er

 o
p

ti
o

n
 i

s

th
at

 t
h

e 
es

ti
m

at
e 

it
se

lf
 i

s 
o

v
er

es
ti

m
at

ed
, 

i.
e.

, 
d

u
e 

to
 l

o
w

 n
u

m
b

er
 o

f 
p

o
in

ts
 o

r 
in

ac
cu

ra
ci

es
 i

n
 t

h
e

m
ea

su
re

d
 d

if
fe

re
n
ce

s 
th

at
 a

re
 m

o
d
e
le

d
.
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