
1.  Introduction
The absorption Ångström exponent (AAE) describes the spectral dependence of light absorption by aero-
sols. AAE can be used for aerosol characterization (Bond et al., 2013), and it can be applied for the source 
apportionment of black carbon (BC) and carbonaceous matter (CM) (Forello et al., 2019; Herich et al., 2011; 
Sandradewi, Prévôt, Szidat, et al., 2008; Zotter et al., 2017). The wavelength (λ) dependence of the light 
absorption coefficient (babs[λ]) can be approximated to follow a power-law relationship: babs(λ) ∝  λ−AAE 
(Kirchstetter & Thatcher, 2012; Moosmüller et al., 2009). For pure BC particles, the AAE is approximately 
1, indicating “weak” spectral dependence of light absorption (Andreae & Gelencsér, 2006; Bond & Berg-
strom, 2006; Bond et al., 2013; Moosmüller et al., 2009). When the AAE>>1, it is often considered to be an 
indication of the presence of other light-absorbing components, such as organic aerosols and/or mineral 
dust (Andreae & Gelencsér, 2006; Laskin et al., 2015; Moosmüller et al., 2009). The light-absorbing part of 
organic aerosols is commonly referred to as brown carbon (BrC); a heterogeneous group of compounds 
from both primary and secondary sources (Andreae & Gelencsér,  2006; Kirchstetter et  al.,  2004; Laskin 
et  al.,  2015). Both BrC and mineral dust particles absorb light relatively stronger at the near-ultraviolet 
(UV) wavelengths than at the near-infrared (IR) wavelengths (Bond et al., 2013; Moosmüller et al., 2009), 
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resulting in high AAE values, e.g., ranging from ∼2 to ∼10 (Caponi et al., 2017; Laskin et al., 2015; Pokhrel 
et al., 2016). Consequently, AAE can be used as a proxy to characterize the aerosol composition, namely to 
indicate the presence BC, BrC, and dust. AAE has gained ground in becoming one of the most used optical 
parameters solely applied to discriminate between these types of aerosol species (Goetz et al., 2018; Olson 
et al., 2015).

Since the early 2000s it has been a common standard in the literature, in studies addressing aerosol opti-
cal characteristics, to use approximately AAE = 1 as an indication of BC and AAE>1 as an indication of 
BrC. In general, these simplified AAE threshold values are supported to some extent by both experimental 
(laboratory and ambient measurements) and theoretical modeling studies (Kirchstetter et al., 2004; Lack 
& Langridge, 2013; Moosmüller et al., 2009). However, multiple different factors affect the AAE. Even for 
pure BC particles, the AAE can vary depending on, for example, particle morphology and size (Gyawali 
et al., 2009; Li et al., 2016; Liu et al., 2018; Liu et al., 2015). In principle, following simple Mie theory core-
shell modeling, the threshold AAE = 1 for BC is valid for externally mixed pure BC particles with core diam-
eters of approximately <100 nm (Gyawali et al., 2009; Lack & Cappa, 2010; Virkkula, 2020). The situation 
becomes more complicated when, for example, the BC particles are larger, coated with either non-absorbing 
or absorbing coating, and the relative core/shell coating thickness varies (Gyawali et al., 2009; Lack & Cap-
pa, 2010; Virkkula, 2020; Wu et al., 2018). Under these conditions, the AAE values may range for example, 
from −0.2 to 1.7 for BC internally mixed with organic carbon (Gyawali et al., 2009; Virkkula, 2020). Further-
more, if the pure BC particles are significantly larger than ∼200–300 nm, the AAE may approach negative 
values (Gyawali et al., 2009; Lack & Cappa, 2010; Virkkula, 2020). In addition, the method and wavelength 
ranges used for AAE calculation affect the output AAE values (discussed later on). Consequently, differen-
tiation of BC, BrC, and dust solely based on AAE may not be quantitatively accurate. Auxiliary measure-
ments to support the aerosol characterization would require information about the BC particle size, coating 
thickness, chemical composition of coating and particle morphology, etc. In practice, this is not feasible for 
a single instrument and some assumptions need to be made beforehand. These uncertainties, however, do 
not undermine the importance of knowing the AAE of different aerosol types as derived from filter-based 
instruments such as the one used in this study.

As mentioned at the beginning, AAE can be also used for the source apportionment of BC and CM. Now-
adays, perhaps the most commonly applied source apportionment method is known as the Aethalometer 
model (Briggs & Long, 2016; Herich et al., 2011; Sandradewi, Prévôt, Weingartner, et al., 2008; Sandradewi, 
Prévôt, Szidat, et al., 2008). This source apportionment model has been central in a number of studies in re-
cent years (Becerril-Valle et al., 2017; Crilley et al., 2015; Diapouli et al., 2017; Jereb et al., 2018; Martinsson 
et al., 2017; Rajesh & Ramachandran, 2017; Resquin et al., 2018; Titos et al., 2017; Zhu et al., 2017). Brief-
ly, the Aethalometer model quantifies BC/CM from fossil fuel and biomass burning sources based on the 
spectral dependence of light absorption [Herich et al., 2011; Sandradewi, Prévôt, Szidat, et al., 2008; Zotter 
et al., 2017). In the Aethalometer model, it is assumed that the measured total light absorption is solely due 
to aerosols derived from fossil fuel and biomass burning sources (Sandradewi, Prévôt, Szidat, et al., 2008).

The Aethalometer model utilizes user-selected a priori AAE values to apportion BC/CM from the two sourc-
es by implementing specified AAE values for both sources. For example, typically AAE for BC from fossil 
fuel sources (AAEFF) is fixed to ∼1, and AAE for BC from biomass burning sources (AAEBB) is fixed to ∼2. 
Even though the Aethalometer model is somewhat simplified and not necessarily adequate for all places 
and seasons (Garg et al., 2015; Harrison et al., 2012, 2013), it has been widely accepted and used to quantify 
BC/CM sources at different sites. The main concern and source of uncertainty related to the usage of the 
Aethalometer model is the selection of the fixed AAEFF and AAEBB values to which the model is highly sen-
sitive. For some sampling sites and environments, the selection of suitable AAE values may be challenging 
if the BC and/or CM emission sources are substantially mixed (Garg et al., 2015; Harrison et al., 2012, 2013; 
Martinsson et al., 2017).

This work aimed to study the variation of AAE in aerosols from different emission sources and to provide a 
concise compendium of AAE values. In all of the measurements, the state-of-the-art dual-spot aethalome-
ter (model AE33) was used for obtaining babs(λ) at seven wavelengths ranging from the near-UV to near-IR 
wavelengths (370–950  nm) (Drinovec et  al.,  2015,  2017). This instrument is widely used for measuring 
BC concentrations and is well suited for unattended long-term monitoring. Furthermore, it is also used 
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in aerosol characterization and source apportionment studies (AE33 has a build in algorithm to estimate 
biomass burning contribution of BC via the absorption derived from wavelengths 470  and 950 nm) (Becer-
ril-Valle et al., 2017; Dumka et al., 2018; Healy et al., 2017; Jereb et al., 2018; Martinsson et al., 2017). Thus, 
it serves as an acceptable instrument reference for measuring the AAE variations.

In this study, the studied emission sources were marine shipping (different marine fuels and engine loads), 
buses (diesel, hybrid, ethanol, and compressed natural gas-fueled), coal-fired power plant (coal and coal 
mixed with wood pellets), and wood-burning (masonry heater, pellet boiler, and sauna stove) emissions. 
Even though the optical properties of aerosols from some of these emission sources have been studied pre-
viously, there is a limited amount of information specifically on AAE values. In addition, the information is 
spread and not harmonious regarding the instrumentation and wavelength pairs used to retrieve the AAE 
values. In this study, the babs(λ) were derived consistently by using the same measurement technique and 
instrumentation, and the data analysis was harmonized. Most of the measurements were performed from 
fresh emissions during emission tests, thus the AAE values correspond to mainly freshly emitted aerosols 
and are representative of a given source from a given emission testing protocol.

2.  Experimental
2.1.  Data Sets

The emission sources studied and data sets utilized in this work are summarized in Table 1. All the data sets 
used in this study are from measurement campaigns that have already published results. Detailed descrip-
tions of the measurement schemes can be found in the respective publications (Table 1). The terminology 
used in this study aims to follow the original publications’ styles in order to help the reader track the ad-
ditional information (see Supplementary Information Text S1 for abbreviations and terminology). In the 
sections below, the experimental measurement schemes are briefly explained for convenience. The reader 
is encouraged to turn in the references outlined in Table 1 for more details.

2.1.1.  Ship Emissions

The exhaust emissions of a marine ship engine loaded with different fuel types and fuel loads were studied 
under laboratory conditions (Aakko-Saksa et al., 2018, 2016). The measurements were carried out with a 
1.6 MW Wärtsilä Vasa 4R32 LN medium-speed engine with a modified configuration at VTT’s (Technical 
Research Centre of Finland) engine laboratory. Four different fuels were tested. Distillate fuel specified as 
DMB in the international standard ISO 8217, commonly known as marine diesel oil (MDO), had a sulfur 
content of 0.078% (m/m). Two fuels contained residual type fractions: intermediate fuel oil (IFO) with a sul-
fur content of 0.38% (m/m) and heavy fuel oil (HFO) with a sulfur content of 2.2% (m/m). A biofuel blend 
(Bio30) contained 30% of fatty-acid type unesterified biocomponent and 70% of diesel fuel, and its sulfur 
content was 0.0004% (m/m). Two engine loads were used, 75% and 25%, corresponding to the open sea and 
near-harbor engine loading conditions, respectively. The exhaust emissions were measured on each marine 
fuel and engine load for ∼60 min. The effect of exhaust pretreatment before the measuring instruments was 
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Emission source Fuel Application type Reference/information

Shipping Four different marine oil fuels Ship engine operated at high and low 
loads

Aakko-Saksa et al. (2016, 2018)

Buses Diesel, hybrid and alternative fuels Controlled driving conditions at depot 
area

Pirjola et al. (2015), Saarikoski et al. (2017)

Buses Diesel In-traffic conditions Järvinen et al. (2019)

Coal-fired power plant Coal and coal mixed with wood pellets Stack gas measurements with and 
without cleaning

Mylläri (2018), Mylläri et al. (2017, 2019)

Wood burning Three logwood species and softwood 
pellets

Modern masonry heater, pellet boiler Czech et al. (2018), Kanashova et al. (2018), 
Kortelainen et al. (2018), Reda et al. (2015)

Wood burning Birch logwood Sauna stove Tissari et al. (2019)

Table 1 
Different Emission Sources and Overview of Measurement Campaigns Under Investigation
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studied by using either a thermodenuder (TD) heated to 265 °C or a catalytic stripper (CS) heated to 350°C 
(Aakko-Saksa et al., 2016; Amanatidis et al., 2018). In addition, a potential aerosol mass (PAM) chamber 
was used to simulate aerosol aging and secondary aerosol formation (Kang et al., 2007; Lambe et al., 2011). 
The conditions used in the PAM chamber represented at least two days of aging in the atmosphere (Aak-
ko-Saksa et al., 2016). Comprehensive details of the experimental set up, sampling procedure, physicochem-
ical properties of fuels used, auxiliary instrumentation, and other information are given in Aakko-Saksa 
et al. (2016, 2018).

2.1.2.  Buses

2.1.2.1.  Bus Emissions at Depot

The bus exhaust emissions were measured by chasing different types of city buses with a mobile laboratory 
van “Sniffer” at around 5 m distance at a bus depot area in Helsinki under controlled driving conditions 
(Pirjola et al., 2015; Saarikoski et al., 2017). The buses were driving a 0.6 km circle, which consisted of two 
accelerations (from 0 to 25 km/h), two decelerations (back to 0 km/h), and a constant speed (25 km/h) driv-
ing periods (cycle repeated 10 times per each bus). In this present study, the average results are presented for 
acceleration, deceleration, and constant driving conditions (background concentrations were not subtract-
ed). Emissions from 19 individual buses were measured including EURO III, EURO IV, and EEV emission 
standard class buses with different after-treatment systems (ATS), fuels, and engines. Three of the buses 
were EURO III diesel buses (no ATS), three EURO IV diesel buses equipped with exhaust gas recirculation 
(EGR) system along with diesel particle filter (DPF), and 13 were EEV buses. The EEV buses represented 
different technology choices: two of them were diesel buses equipped with selective catalytic reduction 
(SCR), four were diesel buses with EGR + DPF, two were diesel-electric hybrid buses with SCR, two were 
ethanol-fueled (RED95) and equipped with three-way catalysts (TWC), and three buses were fueled with 
compressed natural gas (CNG) and equipped with TWC. Details of the measurement design and additional 
information can be found in Pirjola et al. (2015) and Saarikoski et al. (2017).

2.1.2.2.  Bus Emissions In-Traffic

Bus exhaust emissions were also measured by chasing different diesel-fueled city buses in-traffic conditions 
with a mobile laboratory van. The measurements were conducted in an approximately 2.9 km long route 
(10 min of driving), which was a short part of the local Helsinki region bus line number 550. The buses 
stopped in seven stops along the route and the route included a 1.7 km long part, which was excluded from 
other than public transportation. In total, 20 individual buses were tested and these are categorized as fol-
lows: EEV (equipped with EGR), EEV retrofits (equipped with either DPF + SCR or EGR + DPF + SCR), 
and EURO VI (equipped with either DPF + SCR or EGR + DPF + SCR). Detailed descriptions of the meas-
urement scheme and additional information can be found in Järvinen et al. (2019).

2.1.3.  Coal-fired Power Plant Emissions

Emissions from a coal-fired power plant were measured from a stack gas under two different cleaning con-
ditions and two different fuel qualities (Mylläri, 2018; Mylläri et al., 2017, 2019). The power plant consists 
of two coal-fired natural circulation cylinder boilers (363 MW of thermal power). The power plant is located 
in Helsinki, Finland. The fuel tests were carried out in one of the boilers and the corresponding flue gas 
ducts, which were boiler specific from the boiler until being released to the atmosphere. The combustion 
releases flue gases that are cleaned in an electrostatic precipitator, semi-dry flue-gas desulfurization plant 
(FGD), and fabric filters (FF) before the stack. The measured flue sample was taken from the flue gas duct. 
The measurement location in the stack was 35 m above sea level. The effect of flue gas cleaning was studied 
in two different operation conditions: with and without the FGD and FF operating, abbreviated hereafter as 
“FGD + FF on” or “FGD + FF off”, respectively. In addition to using solely coal as fuel (100% coal), industri-
al wood pellets mixed with coal were tested (89.5% coal + 10.5% industrial pellet) during the measurement 
campaign. The emission measurements lasted between 70 and 297 min. Detailed additional information 
about the measurements, fuel properties, and characterization of the emissions can be found elsewhere 
(Mylläri, 2018; Mylläri et al., 2017, 2019).
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2.1.4.  Wood Burning Emissions

2.1.4.1.  Masonry Heater and Pellet Boiler

The emissions from wood combustion appliances were studied under laboratory conditions at the ILMARI 
Laboratory (www.uef.fi/ilmari), Department of Environmental and Biological Sciences, University of East-
ern Finland, Kuopio, Finland (Czech et al., 2018; Reda et al., 2015). Two modern wood combustion appli-
ances were studied with different fuels tested. A masonry heater (model HIISI, Tulikivi Ltd, Finland) was 
applied to produce batch combustion conditions by using three different logwood species (beech [Fagus 
sylvatica], birch [Betula pubescens], and spruce [Picea abies]) in the experiments. A pellet boiler (model PZ-
RL, Biotech Energietechnik GmbH, Austria) was applied to produce continuous combustion conditions by 
using softwood pellets as fuel. The pellet boiler was operated under factory settings representing efficient 
modern pellet boiler operation and under unoptimized combustion conditions by reducing the flow of the 
secondary combustion air to simulate less efficient pellet-fired appliances. With both combustion appli-
ances the combustion experiments lasted for 240 min. During this total combustion period, six batches of 
wood were burned in the masonry heater. The combustion of each batch lasted for approximately 30 min. 
After the final batch combustion, the remaining ember was stoked, the secondary air channels were closed 
and the emissions from the residual char combustion were measured. The total amount of wood burned 
was approximately 15 kg in each experiment. A few repetitions (n = 3–8) were done with each fuel and 
application tested. More detailed information about the experimental setup, including the properties of 
the logwoods and instrumentation utilized, and characterization of the emissions can be found elsewhere 
(Czech et al., 2018; Kanashova et al., 2018; Kortelainen et al., 2018; Reda et al., 2015).

2.1.4.2.  Sauna Stove

The emissions from wood burning in sauna stoves (SS) were studied in the small-scale combustion simula-
tor (SIMO) at the University of Eastern Finland (http://www.uef.fi/en/web/fine/simo) (Tissari et al., 2019). 
Two different commercially available sauna stoves were selected for this study (stove 1 and stove 2 here 
correspond to S1_11 and S6_11 in Tissari et al. (2019), respectively), of which stove 1 was known to emit 
moderately low PM emissions, whereas the stove 2 was a high PM emitter stove. The combustion period 
lasted for approximately 90 min during which three batches of wood (total amount 7 kg) were combusted. 
Three repetitions were done with each stove. Details of the experimental setup and additional information 
can be found in Tissari et al. (2019).

2.2.  Instrumentation

2.2.1.  Aethalometer

In all of the measurement campaigns, the dual-spot aethalometer model AE33 (Aerosol d.o.o., Ljubljana, 
Slovenia) was employed (Drinovec et al., 2015). The aethalometer provides light absorption measurements 
by the sample aerosol by continuously collecting aerosols in the sampling air stream onto a filter tape. As 
light-absorbing aerosols are deposited onto the filter, the filter gradually gets laden with aerosols and the 
spots on the filter where the aerosols are deposited get darker; the attenuation (ATN) of light through the 
filter increases. The amount of light absorbing aerosols is calculated from the rate of change of the attenu-
ation (∆ATN) of the light transmitted through the filter. Two sample spots, with different flow rates of aer-
osol accumulation, and a reference spot are used for the calculation of aerosol light absorption coefficients 
(babs[λ]) (equation (17) in Drinovec et al. (2015)). In model AE33, the filter-loading effect compensation pa-
rameter (k) is used to correct the babs(λ) results automatically in real-time (Drinovec et al., 2015, 2017). The 
measurements are done at seven different wavelengths (370 nm, 470 nm, 520 nm, 590 nm, 660 nm, 880  and 
950 nm). The instrument reports the measurements in units of equivalent BC (eBC) mass concentrations 
as data output values by using specific mass absorption cross-section (MAC) and filter multiple scattering 
parameter (C) values in the calculations. The AE33 sampling parameters and settings (including C values) 
used in the different measurement campaigns are summarized in Table S1, and the employed default mass 
absorption cross-section values are shown in Table S2. In this study, the AE33’s measured loading compen-
sated eBC (λ) concentrations were simply converted to babs(λ) as shown in Equation 1.

        absb eBC MAC� (1)
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In the majority of the studies presented in Table 1, the aethalometer was used to only report the eBC mass 
concentration at 880 nm wavelength. The variation of AAE has been covered previously only in sauna stove 
emissions (Tissari et al., 2019).

2.3.  Data Handling and Central Points

The AAE values were calculated by using either two wavelengths (Equation 2, AAE470/950) or from the slope 
of least-square fit of the logarithm of babs(λ) versus the logarithm of seven wavelengths (AAE370-950). It has 
been previously shown, that the method used to calculate the AAE values may impact the results and even 
affect the interpretation (Lack & Cappa, 2010). Also, as mentioned in the introduction, the wavelengths 
used in calculations may affect the derived absolute value of AAE.

    
 

 470/950

ln 470 / 950
ΑΑΕ

ln 470 / 950
abs absb nm b nm

� (2)

We investigated the AAE values by using both the two wavelength and seven wavelength fitting methods, 
which are abbreviated herein as AAE470/950 and AAE370–950, respectively. The main emphasis in the inter-
pretation of results is given for the two wavelengths calculation method. The wavelengths used here were 
470   and 950 nm. These were selected by following the suggestion of Zotter et al.  (2017) and since this 
wavelength pair is implemented in the online source apportionment of the AE33. It is likely, that these 
wavelength pairs will be the most common ones used in future source apportionment studies (i.e., in the 
Aethalometer model). Thus, the seven wavelength fitting AAE370-950 results are given here mainly as sup-
plementary data.

The presented AAE values were retrieved from the whole measurement period averaged babs(λ) coefficients. 
However, the standard deviations (SD) assigned to these average AAE values were obtained by calculating 
the AAE values by using the high time resolution of measurement and by taking the standard deviation 
from these (prior to this, most 1 s babs[λ] measurements were first averaged to 60 s, Table S1). When applica-
ble, these average AAE values were further averaged according to the number of repetitions (e.g., in wood 
combustion experiments, n = 3–8) or a number of individual experiments (e.g., bus route driven, n = 6–22), 
and in those cases, the AAE average and standard deviations were reported based on these. This was the 
calculation process used in the majority of the campaigns and the overall results are presented based on 
this procedure. The only exception was the AAE values retrieved from the bus emission measurements per-
formed at the depot area. There, the data handling was based on the way it was done in the work by Pirjola 
et al. (2015), where it was necessary to keep the 1 s babs(λ) time resolution to capture the different driving 
cycle phases. There, the AAE values were retrieved based on the averaged babs(λ) from the 10 repetitions 
performed for individual buses. These AAE values were then further averaged according to the number of 
buses within each emission class.

Since AAE is an invariant unitless parameter (Equation 2), the various emission processing setups/settings 
utilized in the emission measurements do not affect the AAE values in the same way as they affect quan-
titative mass concentration measurements as the potential losses are likely similar for all babs(λ). However, 
even though AAE is not per se affected by for example, the losses and uncertainties in the dilution ratios 
(which are discussed in the referenced publications, Table 1) in the same way as the absolute babs(λ), the 
experimental conditions might still affect directly to the derived AAE values. Particulate and gaseous emis-
sions and thus the AAE results are subject to the combustion and experimental conditions used in the 
different appliances. As practical emission measurements are notoriously challenging to be performed, the 
combustion efficiency and dilutions used in the experiments likely have an effect on the AAE results due 
to, e.g., condensation or volatilization of organics and possibly variable EC/OC ratios, which may affect the 
absorption in short wavelengths (Garg et al., 2015; Martinsson et al., 2015; Pokhrel et al., 2016; Robinson 
et al., 2007). Thus, the reader should be aware that the AAE results are representative to some extent of the 
set instrumentation and sampling systems used in the emission measurements and are not necessarily sole-
ly representative of the given emission sources, i.e., the AAE values are also affected by the experimental 
settings used in the given emission tests.
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2.4.  Estimation of the AAE Uncertainty

In general, the babs(λ) measurement uncertainty of the aethalometer has been estimated to be in the range 
of ±10% to ±35% (Di Biagio et al., 2017; Healy et al., 2017; Zanatta et al., 2016), however, there is not much 
information about the uncertainty of the AAE. Here, the uncertainty of the AAE470/950 (AAE) was estimat-
ed by using Equation 3. The detailed derivation of this formula can be traced in the supplement Text S2. In 
Equation 3 δ∆ATN is the uncertainty in the measured rate of change in attenuation and δk is the uncertain-
ty in the wavelength-dependent compensation parameter.
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Some fundamental conclusions can be drawn from this formula. The term ((δ∆ATN/∆ATN470)2 + (δ∆AT-
N/∆ATN950)2) shows that the smaller ∆ATN is, the higher is the AAE uncertainty. This means for instance 
that at constant babs(λ) values the shorter the time step ∆t is, the larger is the AAE uncertainty. It also means 
that at a constant ∆t the larger the ∆ATN is, the lower is the AAE uncertainty which means that the higher 
the babs(λ) is the lower is the uncertainty of its AAE. In the rest of the terms in the square root of Equation 3 
there are the wavelength-dependent divisions by 1 – kATN. Typically, the compensation parameter k > 0 
and 1 – kATN decreases with increasing ATN for both wavelengths, and consequently the AAE uncertainty 
increases. This suggests that for heavily loaded filters AAE is more uncertain than for fresh filters. The last 
two terms in Equation 3 strengthen this effect further by the multiplication of ATN with the uncertainties 
of the compensation parameters. Furthermore, it should be noted that at high ATN, ∆ATN itself becomes 
smaller and hence the uncertainty at high filter loadings is related to the instrument detection (see Text S3).

To get quantitative estimates of δAAE, the uncertainties δ∆ATN, δk470, and δk950 are needed. We did not 
directly measure δ∆ATN so we used the average of the values presented in Table 2 of Backman et al. (2017). 
Those noises were for 5-min time steps. To estimate δ∆ATN at shorter or longer time steps we used Equa-
tion 4. For future studies, campaign-specific particle-free zero air measurements would be beneficial.
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The compensation parameter uncertainties were calculated as the standard deviations of k470 and k950 in our 
data sets. The relative standard deviation of the compensation parameter in the campaigns was on average 
k470 = 22% and k950 = 37%. The averages of k470 and k950 were used in Equation 3, ∆ATN470 was set to vary 
from “noisy” 0.01 to “optimal” 1.0 and the corresponding ∆ATN950 was calculated by using Equation 5. 
In Equation 5, AAE = 1.0 was used in all cases for simplicity. The ATN470 was let to vary in the range of 
0%–100% and ATN950 in the range of 0%–50%. The resulting δAAE were plotted for time steps from 1 s to 
120 min.
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ΔΔ

950 / 470 AAE
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The overview of the estimated uncertainty of AAE in the measurements conducted in this study can be seen 
in Figure 1. As mentioned above, the smaller the ∆ATN is, the higher the δAAE is. In the “optimal” case 
the |δAAE/AAE| varies approximately in the range of 1%–45% depending on the averaging time (Figure 1a), 
whereas in the “noisy” case the |δAAE/AAE| varies in the range of 53%–4,366% (Figure 1c). The averaging 
time plays a central role in the magnitude of δAAE. In Figure 1d the effect of the uncertainty in compensa-
tion parameter is demonstrated by using relative uncertainties of 5%, 25%, and 50% in both k470 and k950. The 
larger the ∂k is, the larger is the δAAE for the heavily loaded filter (more apparent for low ∆ATN).
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As mentioned in the previous sections, in this work the babs(λ) were averaged at as high time resolution 
as possible prior to deriving the AAE values. Typically, this meant from few minutes to tens or hundreds 
of minutes, thus the δAAE was improved even if the original raw data had periods with low ∆ATN. The 
campaign-specific estimates of δAAE and |δAAE/AAE| are presented in Figure S1 and Table 2. These esti-
mates are presented for the high time resolution and for the used averaging times. The very high maximum 
uncertainty in the case of the sauna stove emissions was due to the reason that the tape advance threshold 
was disallowed during the burn cycle (Tissari et al., 2019), which caused the attenuation rise to high values 
(on average to ATN470≈280).

3.  Results and Discussion
3.1.  General Characteristics of AAE Variation from Different Emission Sources

Substantial variation was observed in the AAE values derived from the different emission sources under 
investigation in this study. An overview of results is shown in Figures 2, 3, S2, and Table S3. On average, 
the AAE470/950 values ranged from −0.2 ± 0.7 to 3.0 ± 0.8 (AAE370-950 from 0.1 ± 0.6 to 2.7 ± 0.7) within 
the studied fresh emission sources (Figure 2 and Table S3). Both of these extremes were observed for etha-
nol-fueled bus emissions, which, to the best of our knowledge, have not been previously addressed in terms 
of AAE variation. Even when excluding these results from the investigation of AAE470/950 variation, the ob-
served deviation is substantial; from −0.1 ± 2.1 to 2.0 ± 0.1 (for AAE370-950 from 0.4 ± 1.1 to 2.1 ± 0.0). The 
second-lowest AAE was observed for coal-fired power plant emissions (with FGD + FF on) and the second 
highest for HFO fueled ship engine emissions (Figure 2).

The high correlation (R2 = 0.95) between the AAE370-950 and AAE470/950 results indicated fairly good agree-
ment between the two different AAE calculation methods (see Section 2.3) (Figure 3). Although different 
wavelength ranges were used in these calculations (namely the lowest wavelengths selected, either 370 nm 
or 470 nm), the overall trend in the AAE results was similar (Figure 3). For example, similar to the AAE470/950 
results, the lowest AAE370-950 values were observed for the alternative-fueled buses and for the coal-fired 
power plant emissions (e.g., Figure S2). Also, the highest AAE370-950 values were observed in ship engine 
emissions and in wood combustion emissions, if excluding the alternative-fueled buses from results (Fig-
ure S2 and Table S3). In the data sets studied in this work, the main differences in the absolute AAE470/950 
and AAE370-950 values were typically observed when the babs(λ) values were low (illustrated in Figure 3 as 
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Source ∆ATN470 = 1.0 ∆ATN470 = 0.1 ∆ATN470 = 0.01

Shipping 1 min 8 min 62 min 1 min 8 min 62 min 1 min 8 min 62 min

6–36 2–36 1–36 56–67 20–41 7–36 ∼565 199–202 72–80

Buses at depot 1 s 9 s 70 s 1 s 9 s 70 s 1 s 9 s 70 s

44–46 15–21 5–16 ∼437 ∼146 52–54 ∼4366 ∼1456 ∼522

Buses in traffic 1 min 10 min 1 min 10 min 1 min 10 min

6–12 2–10 56–57 18–20 ∼564 ∼179

Power plant 1 min 70 min 297 min 1 min 70 min 297 min 1 min 70 min 297 min

6–28 1–28 0–27 56–63 7–28 3–28 ∼564 67–73 33–43

Masonry heater 1 min 30 min 240 min 1 min 30 min 240 min 1 min 30 min 240 min

6–41 1–40 0–40 56–69 10–42 4–40 ∼565 103–110 36–54

Sauna stove 1 min 90 min 1 min 90 min 1 min 90 min

6–10,289 1–10,289 56–10,289 6–10,289 564–10,304 59–10,289

Note. The |δAAE/AAE| in percentages are presented for three different ∆ATN470 values and for different campaign 
specific averaging times. The presented relative uncertainty range corresponds to minimum–maximum in the ATN 
range, except few cases, are rounded to a single value. The same information is presented as plots in Figure S1.

Table 2 
The Range of Estimated AAE470/950 Relative Uncertainties in the Different Emission measurements
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babs(880 nm) colored markers). As can be seen in Figure 3, the greatest differences between the AAE470/950 
and AAE370-950 results were accompanied by the high deviation in AAE values and low babs(880 nm) lev-
els in emissions. Statistically, the mean bias error was 0.03, the root mean square error was 0.14 and the 
normalized root mean square error was 12% when calculated by using all the data presented in Table S3. 
Consequently, the difference between the AAE370-950 and AAE470/950 results can be considered to being quite 
small.

Results from different campaigns are next covered in detail. In the following sections, first, a general over-
view of aerosol emission results is given based on the information provided in the previous publications 
(Table 1), and then the focus is shifted toward the AAE results. As mentioned in Section 2.3, the main em-
phasis on the interpretation of the results is now set on the AAE470/950. The AAE370-950 results are presented 
only when deemed necessary.

3.2.  AAE Results from the Ship Engine Exhaust Emissions

The exhaust emissions measured from the ship engine operated with different marine fuels and engine loads 
showed some particularly interesting features. As shown previously in Aakko-Saksa et al. (2016, 2018), par-
ticulate matter (PM), organic carbon (OC) and BC emissions were generally higher at engine load 25% than 
at load 75% for the different fuels tested. The observed trend in BC emissions was consistent with previous 
observations (Lack & Corbett, 2012), that is, increasing emissions with decreasing engine load (Aakko-Sak-
sa et al., 2016). The BC emissions were the highest at high and low loads when HFO and IFO were used as 
fuels, respectively (Aakko-Saksa et al., 2016). The corresponding babs(λ) levels are presented in Figure S3. 
Overall, the emissions from high sulfur content fuels (HFO and IFO) also contained the highest amounts 
of metals (including e.g., V, Fe, Ca, and Ni), polyaromatic hydrocarbons (PAHs), and low volatility organic 
compounds (Aakko-Saksa et al., 2016, 2018).

Considering the variation of AAE470/950 values, the highest AAE470/950 values were observed for the HFO fuel 
and the lowest for the MDO fuel at both high and low engine loads (Figures 2 and S4). For the HFO fuel, 
the AAE470/950 values were 2.0 ± 0.1 and 1.6 ± 0.0 under high and low loads, respectively. With the other 
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Figure 1.  The estimated uncertainty of AAE470/950 as a function of attenuation. In (a), (b), and (c) different ∆ATN 
values (0.01, 0.1, and 1.0) were tested as well as different averaging times (from 1 s to 120 min). In (d) the effect of 
relative uncertainty in k values was tested for two different ∆ATN values (for 1 min averaging time). The relative 
uncertainties of AAE are marked in the plots. AAE, Absorption Ångström exponent; ATN, attenuation.
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fuels tested, the AAE470/950 values were in the range of 0.9–1.1, except with IFO, which had an AAE470/950 
of 1.3 ± 0.4 when the engine was operated at high load. A similar difference between the “pure” distillate 
fuels and HFO has been observed also previously (Figure 2) (Corbin et al., 2018; Mueller et al., 2015; Streibel 
et al., 2017), for example, Streibel et al. (2017) observed AAE values to vary from 1.2 to 2.5 in emissions from 
HFO 180 (1.6% S content) fueled engine, whereas in emissions from an engine operated with distillate fuel 
(DIN EN 590) the AAE value was ∼1. It is plausible, that the relatively high PAH and metal content of the 
HFO and IFO emissions (see above) are explaining the observed relatively high AAE values (Aakko-Saksa 
et al., 2016). Both components may enhance the light absorption at the low visible wavelengths, therefore 
explaining the observed AAE>1. It should be noted that only HFO is clearly distinguishable from pure BC 
under both high and low engine loads.

The effect of exhaust emissions treatment by using a thermodenuder or a catalytic stripper did not change 
the observed AAE470/950 values dramatically (Figure 4). This was especially the case when the engine was op-
erated at low load (Figure 4b). At high engine load, the AAE470/950 values decreased slightly after treatment. 
However, the difference between no-treatment and pretreatment was almost within the standard deviations 
(Figure 4a). This shows that the AAE values are more sensitive to fuel type than what is removed by ther-
modenuding or catalytic stripping. Consequently, this indicates that even if the BC particles were coated 
by volatile organics, the effect of coating was not dramatic in terms of the spectral dependence of light 
absorption. These pretreatment results also point toward the conclusion that the observed high AAE470/950 
values in the case of HFO emissions were likely due to the metal content and/or non-volatile light-absorbing 
organics since the pretreatment processes utilized here only remove the volatile and some sulfur-containing 
species (Aakko-Saksa et al., 2016; Amanatidis et al., 2018). Nevertheless, these pretreatment experiments 
were unfortunately short in duration (13–30 min), and could warrant further investigation.
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Figure 2.  The variation of AAE470/950 values (average ± standard deviation) from different emissions sources: I) shipping II) buses III) power plant and IV) 
wood burning emissions (different emission sources are differentiated based on the colored background boxes). The bar colors are identified in the right-side 
legends. The abbreviations and experiments have been described in Section 2.1. The common threshold value AAE = 1 for BC is shown in the plot as a dashed 
line for reference. Previously reported literature AAE values, shown as different marker symbols, are presented in the plot and identified in the legends. AAE, 
Absorption Ångström exponent; DF, distillate fuel; HFO, heavy fuel oil; MGO, margin gas oil; MH, masonry heater; RS, residential stove.
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The effect of atmospheric aging was simulated via PAM chamber experiments by applying conditions rep-
resentative of at least two days of aging (Aakko-Saksa et al.,  2016). The results from these experiments 
should be considered tentative due to the short measurement periods utilized in some of the experiments 
(8–56 min). In general, no distinct trend was observed on the effect of simulated atmospheric aging (Fig-
ure 4). When the engine was operated at low load, the AAE470/950 values were similar in fresh and aged 
emissions for all fuels except for HFO (Figure 4d). With HFO, the AAE470/950 was 1.3 ± 0.0 and 1.8 ± 0.1 
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Figure 3.  Relationship between the average (±standard deviation) AAE370-950 and AAE470/950 results. The markers are 
colored based on the logarithm of babs(880 nm) measured in emissions. Few of the markers in the extreme ranges are 
identified in the plot for illustrative purposes (for abbreviations see e.g., Section 2.1). The solid black line shows the 
linear regression analysis fit. The dashed black line represents a 1:1 relation.

Figure 4.  The effect of pretreatment and aging on the AAE470/950 values for different fuels and engine loads tested 
in the ship engine emissions. The upper panel plots (a) and (b) represent the pretreatment results. The lower panel 
plots (c) and (d) represent the PAM chamber results, fresh being the situation when the voltages were off and aged the 
situation with voltages on. Note. the difference in y-axis scales between the upper and lower panels. AAE, Absorption 
Ångström exponent; CS, catalytic stripper; TD, thermodenuder.
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in fresh and aged emissions, respectively. Similarly, with HFO at high load, the AAE470/950 increased from 
1.8 ± 0.0 to 3.6 ± 0.3 between the fresh and aged aerosols. For the other fuels tested at high load, no equally 
clear trend was found in AAE470/950 (Figure 4c). Upon aging, the BC particles likely become coated with the 
co-emitted pollutants and grow in size due to oxidation and subsequent condensation by initially gas-phase 
pollutants. Based on these experiments it seems that at high engine load, the effect of aging on AAE values 
depends greatly on the fuel used.

3.3.  AAE Results from the Bus Chasing Experiments

3.3.1.  Depot Area

The bus chasing experiments conducted at the bus depot allowed for the investigation of the effect of 
different driving conditions on the AAE values derived from bus exhaust emissions. As shown in Pirjola 
et al. (2015) and Saarikoski et al. (2017), the highest BC and organics emissions were observed during the 
acceleration phase for nearly all bus types and fuels tested, whereas the lowest emissions were mainly ob-
served during steady driving conditions. In general, the emissions were the highest for older bus types (e.g., 
EURO III and EURO IV) and decreased toward the newer bus types (e.g., EEVs and hybrid) and alternative 
fuels (Pirjola et al., 2015). In addition, the total particle number (PN) concentration showed a similar trend: 
the highest PN concentrations were observed during the acceleration phase and more so with older type 
buses, whereas the lowest PN concentrations were observed during steady driving and with alternative fuel 
buses (Pirjola et al., 2015). The corresponding babs(λ) levels for different bus types and driving conditions 
are presented in Figure S5.

Interestingly, AAE was also observed to vary almost systematically during different driving conditions (Ta-
ble S3). The lowest AAE470/950 values were observed during acceleration and the highest during steady driv-
ing (Figure 2). For diesel-fueled and hybrid buses, the AAE470/950 values were on average 0.8 ± 0.1, 1.1 ± 0.1, 
and 1.2 ± 0.1 during acceleration, deceleration, and steady driving conditions, respectively. Considering the 
overall results, the AAE470/950 was in the range of 1.0 ± 0.3 for the diesel and hybrid buses. This is in agree-
ment with the literature values of AAE measured from traffic and diesel engine emissions (Blanco-Alegre 
et al., 2020; Guo et al., 2014; Kirchstetter et al., 2004; Olson et al., 2015). However, the observed trend of 
AAE variation for the different driving conditions is particularly interesting and, to our knowledge, has not 
been addressed previously.

As shown in Pirjola et al. (2015), the bimodal shape of the particle number size distributions was observed 
for all diesel-fueled and hybrid buses. The smaller nucleation mode peaked at around 10 nm and the “soot 
mode” at 60–80 nm (mobility diameter) (Pirjola et al., 2015). During the acceleration phase, the soot mode 
dominated the particle number concentrations from most of the diesel-fueled and hybrid buses, whereas 
during deceleration and steady driving conditions the nucleation mode was the dominant size. In other 
words, the particle size distribution was leaning toward larger particle sizes during the acceleration phase 
and toward smaller sizes during deceleration and steady driving. Assuming that the light-absorbing par-
ticles were primarily externally mixed or internally mixed with only thin coating in these fresh exhaust 
emissions, the behavior of the observed AAE trend could be explained by different size distributions and/or 
particle morphology. However, as shown in Pirjola et al. (2015), the organic species dominated PM1 compo-
sition during acceleration, whereas during steady driving the BC dominated the PM1 composition. In view 
of this, it would be more plausible that during the acceleration phase the BC particles become more coated 
than during steady driving. Therefore, the fact that the AAE is varying between different driving phases 
might be induced by both the differentiating BC particles sizes and morphology, and/or co-emitted organics 
resulting in coated BC particles preferably during acceleration. It should be noted that the difference in 
AAE values between the driving phases might be affected also by the difference in non-exhaust-derived 
particles (e.g., particles originating from brake pads/disk, tires, and asphalt).

It is difficult to address which of these phenomena are exactly causing the observed AAE variation. As-
suming that the size distributions presented in Pirjola et al. (2015) are indicative of BC core sizes, then the 
observations could be explained by following the Mie core-shell modeling studies (Gyawali et al., 2009; Lack 
& Cappa, 2010; Virkkula, 2020). As mentioned in the introduction, in general, the AAE decreases when 
the BC core size increases (>∼100 nm). Therefore, the predominance of the larger particle sizes during the 
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acceleration phase in comparison to other driving conditions might be the reason for the observed AAE 
trend during different motorcycle phases. When comparing to previous studies, Guo et al. (2014) measured 
emissions from a diesel-fueled light-duty truck running on a chassis dynamometer and observed AAE405/532 
to be on average 1.84 ± 0.32 under high-speed driving period (70 km/h) and AAE405/532 = 1.16 ± 0.27 under 
other driving periods in the applied transient cycle. Even though it is not explicitly addressed in their study, 
one can see in their plotted AAE values and vehicle speeds that the AAE values are generally rising when 
accelerating and AAE values dropping during deceleration. Accordingly, during the short “constant speed” 
driving periods in the Guo et al. (2014) study run transient cycle, the AAE would be presumably higher than 
during the acceleration/deceleration phases, which is similar to what was observed in our results.

For the alternative fuel buses (ethanol and CNG), the variation of AAE deviated from the observations of 
conventional diesel and hybrid buses (Figure 2). In general, the measured BC emissions were significantly 
lower for the alternative fuel buses when compared to the diesel-fueled buses (Pirjola et al., 2015). The 
BC concentrations were mostly close to the background levels. Only during the acceleration phase, the 
BC emissions were similar between the ethanol-fueled buses and some of the diesel buses (see also Fig-
ure S5) (Pirjola et al., 2015). Nevertheless, during the acceleration phase the observed AAE470/950 was on 
average −0.2 ± 0.7 for ethanol buses (AAE370-950 = 0.1 ± 0.6). The chemical composition analysis results 
revealed, that during the acceleration phase BC and organics accounted for 75% and 25% of the PM1 emis-
sions, respectively (Pirjola et al., 2015; Saarikoski et al., 2017). In contrast to the soot mode observed in 
the particle number size distributions for diesel-fueled buses, the second mode observed for ethanol buses 
peaked at much smaller sizes (at 20–30 nm) (Pirjola et al., 2015). The particle number size distribution for 
ethanol-fueled buses was dominated by the 10 nm sized particles during the acceleration phase (Pirjola 
et al., 2015). Considering these differences in chemical composition and size distribution between the diesel 
buses and ethanol buses, it is not surprising that also the AAE values were different (Figure 2).

However, the reasons for why negative AAE470/950 (or very low AAE370-950) values were observed for etha-
nol-fueled buses is cumbersome to assess. It should be mentioned that the ethanol-fueled buses also used 
different lubrication oil and after-treatment system (Pirjola et al., 2015), so the AAE differences are not 
necessarily related solely due to the difference in fuels and how they combust. Other than during the ac-
celeration phase, the babs(λ) levels were low (close to background levels) and the derived AAE values have 
high uncertainty. If taking into account only babs(λ) data during which the babs(880 nm) values were equal 
or greater than the 40th percentile of the entire chasing period babs(880 nm) values, then the derived average 
AAE470/950 mostly decreased. In ethanol bus emissions the AAE470/950 dropped from 2.4 ± 1.2 to 1.5 ± 0.4 
upon deceleration and from 3.0 ± 0.8 to 1.3 ± 0.1 upon steady driving but stayed similar during the accelera-
tion phase (change from −0.2 ± 0.70 to −0.1 ± 0.6, or for AAE370-950 from 0.1 ± 0.6 to 0.1 ± 0.5). In CNG bus 
emissions, the changes were as follows: from 0.4 ± 0.4 to 0.2 ± 0.5 (acceleration), from 1.4 ± 0.5 to 0.7 ± 0.5 
(deceleration), and from 1.0 ± 0.1 to 0.7 ± 0.2 (steady driving), when taking into account only the ≥40th 
percentile data. Further research eliminating ambient influence would have to be conducted in laboratory 
conditions to study the effect of alternative fuels in greater detail.

3.3.2.  In-traffic Bus Route

The results obtained from the in-traffic bus chasing experiments were similar to the results obtained at 
the bus depot (considering that all buses were diesel-fueled, Figure  2). The corresponding babs(λ) levels 
for EURO VI, EEV retrofit, and EEV buses are shown in Figure S6. The derived AAE470/950 values in these 
in-traffic chasing experiments were 1.1 ± 0.1. In general, the AAE470/950 values were similar between the 
different bus classes (Figure 2). These observed AAE values are in line with the above-mentioned obser-
vations (Section 3.3.1) considering that the bus route consisted of both steady driving and start-and-stop 
driving phases. However, the effect of background and emissions from other vehicles may impact the results 
obtained from these in-traffic chasing experiments to a greater extent than during the bus depot measure-
ments. Especially with EURO VI and EEV retrofit buses, the measured PM and BC concentrations were 
low and close to background concentrations (Järvinen et al., 2019). Nevertheless, it appears that regard-
less of the after-exhaust treatment system or bus emission class, the AAE is generally close to ∼1 for all 
diesel-fueled buses. For example, considering all the diesel-fueled buses from the two campaigns (depot 
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and in-traffic), the average AAE470/950 was 1.0 ± 0.2, which is in the range of typical AAE values observed 
in traffic dominated environments (Blanco-Alegre et al., 2020; Herich et al., 2011; Kirchstetter et al., 2004; 
Resquin et al., 2018).

3.4.  AAE Results from the Flue-gas of Coal-fired Power Plant

In general, as shown in Mylläri (2018), the emissions of PM, PN, and BC were significantly higher when 
the desulfurization plant cleaning was bypassed (“FGD + FF off”) when compared to the normal operating 
conditions (“FGD + FF on”) of the coal-fired power plant. For example, the BC emissions were roughly 
240–800 fold higher during the “FGD + FF off” than during the “FGD + FF on” situation (Mylläri, 2018; 
Mylläri et al., 2019). During the “FGD + FF off” operation, the BC emissions were 3-fold higher when the 
coal and wood pellet mixture was used in comparison to using simply coal as fuel (Mylläri, 2018). In con-
trast, during the “FGD + FF on” operation, the BC emissions were similar for both coal and the mixture of 
coal and wood pellet (Mylläri, 2018).

The AAE470/950 values showed substantial variation during the “FGD + FF on” operation (Figure 2). The 
measured babs(λ) levels were rather low and noisy at all wavelengths during the “FGD + FF on”, whereas 
during the “FGD + FF off” operation the babs(λ) levels were more consistent and higher (Figures S7 and S8). 
Consequently, the variation in AAE470/950 values was higher during the “FGD + FF on” operation than dur-
ing the “FGD + FF off” operation. No common trend in average AAE470/950 could be identified between the 
different fuels and operation conditions. When coal was used as fuel, the AAE470/950 value increased from 
−0.1 ± 2.1 to 0.6 ± 0.0 when the cleaning was bypassed (for AAE370-950 from 0.4 ± 1.1 to 0.7 ± 0.1), whereas 
in coal + wood pellet experiments the AAE470/950 value decreased from 0.9 ± 1.6 to 0.6 ± 0.0 when the clean-
ing was bypassed (for AAE370-950 from 1.3 ± 0.7 to 0.6 ± 0.0).

Most likely, the reason for these AAE470/950 observations is related to the differentiating PM composition 
and particle sizes between the different desulfurization plant operational situations and to different fuel 
properties. As shown in previous studies from the same measurements, the particles were generally larger 
during the “FGD + FF on” situation when compared to the “FGD + FF off” situation (Mylläri, 2018). 
Detailed characterization of the particles revealed, for example, that during the “FGD + FF off” situation 
soot particles could be identified, whereas during the “FGD + FF on” situation soot particles were not dis-
tinctly identified from transmission electron microscope (TEM) images of particle samples (Mylläri, 2018; 
Mylläri et al., 2019). Hence, the AAE<1 values might be due to both the efficient removal of soot particles 
and generally larger particle sizes. As mentioned before, when the BC particle core size increases, the 
AAE decreases toward negative values (Gyawali et al., 2009; Lack & Cappa, 2010; Virkkula, 2020). Based 
on the TEM images and energy dispersive X-ray spectrometer (EDS) analysis results from the emissions 
(Mylläri, 2018), it seems likely that the observed low AAE values and babs(λ) levels are mainly indicative 
of the chemical composition of the emitted particles. As reviewed in Mylläri  (2018), the particles after 
the “FGD + FF on” have been observed to contain largely chemical components used in reagents in the 
desulfurization plant (e.g., inorganic salts such as CaSO4 and NaCl). Therefore, it is not surprising that the 
measured babs(λ) levels were low and noisy, and that the retrieved AAE values were highly variable during 
“FGD + FF on”.

In summary, when the coal-fired power plant is operating normally (“FGD + FF on”), the babs(λ) levels are 
relatively low and the variation of AAE is large. It would be only under malfunction circumstances in the 
desulphurization plant when the babs(λ) levels would be high and the AAE in emissions roughly 0.7 ± 0.1 
(Table S3). Unfortunately, we did not find any recent literature on AAE values from fresh coal-fired power 
plant exhaust to compare our results to. However, if considering the AAE results reported for coal combus-
tion originating aerosols from the residential sector (Bond et al., 2002; Goetz et al., 2018; Liu et al., 2018; 
Olson et al., 2015; Sun et al., 2017; Yan et al., 2017; Yang et al., 2009), the AAE values observed here were 
much lower than those. Although a wide range of AAE values (e.g., from 1.0 to 3.2) have been reported 
for residential coal combustion (Bond et al., 2002; Sun et al., 2017), the AAE values tend to resemble more 
those typically associated with biomass burning (AAE>1) than those with fossil fuel/traffic (AAE≈1) emis-
sions. Presumably, the difference in AAE between coal combustion in residential stoves (poor combustion) 
and power plants (highly optimized combustion) originates from the effectiveness of combustion, emission 
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treatment and likely from the properties of the coal being combusted, al-
though it is not particularly meaningful to compare these two sectors due 
to the evident difference in scale.

3.5.  AAE Results From the Wood Combustion Emissions

3.5.1.  Masonry Heater and Pellet Boiler Results

Higher emissions of many of the studied aerosol components (e.g., OC, 
elemental carbon (EC), PAHs, and some inorganics) were observed in 
the masonry heater combustion experiments when compared to the 
pellet boiler combustion experiments (Czech et  al.,  2018; Kanashova 
et al., 2018). For example, both EC and OC emissions were more than 
one order of magnitude higher in the masonry heater experiments when 
compared to the optimized pellet boiler combustion experiments (Czech 
et al., 2018). The average babs(λ) levels from the different combustion ap-
pliances and logwood species tested are presented in Figure S9. As shown 
in Czech et al. (2018), significant differences were observed, e.g., in the 
emissions of EC and OC, between the different logwood species tested 
in the masonry heater combustion experiments. The OC/EC ratios were 
0.71 ± 0.14, 0.13 ± 0.02, and 0.48 ± 0.13 for beech, birch, and spruce, 
respectively. In addition, during the masonry heater batch combustion 
conditions, temporal variation of emissions and the relative chemical 
composition variation of aerosol species were observed to be significant 
(Kortelainen et al., 2018).

As can be seen in Figure  2 and Table  S4, the variation of AAE values 
between the different combustion appliances and logwood species test-
ed was quite modest. In the emissions from the masonry heater, the 
AAE470/950 was on average 1.2  ±  0.1. In the emissions from the pellet 
boiler, the AAE470/950 was higher during normal operation (1.4  ±  0.1) 
than during unoptimized combustion (1.2 ± 0.0) conditions. These aver-
age AAE values representing the whole burn cycle were quite similar to 
those observed in previous wood combustion studies for fresh emissions 

(Grieshop et al., 2017; Kumar et al., 2018; Martinsson et al., 2015; Pokhrel et al., 2016; Roden et al., 2006; 
Saleh et al., 2013; Tasoglou et al., 2017). Of the wood burning studies conducted by using small-scale wood 
combustion appliances, the study by Martinsson et al. (2015), who used a traditional Scandinavian wood 
stove and birch logwoods as fuel, bared the closest resemblance to our experimental setup. They also ob-
served relatively low AAE values in fresh emissions (burn cycle average AAE370/950 = 0.9–1.3), ranging from 
1.0 to 1.2 during the flaming phase combustion to 2.5–2.7 during the ignition phase of one batch combus-
tion (Martinsson et al., 2015).

Also in our experiments, the variation of AAE470/950 and babs(880  nm) was notable within the com-
bustion period (Figures S10–S14), especially during the masonry heater batch combustion conditions. 
Figure 5 shows the average AAE470/950 values during the different phases of the burn cycle from the 
masonry heater experiments. Of the different logwood species tested, only beech showed some sort of 
consistency between the different burn phases and batch additions. The AAE470/950 values were gen-
erally higher during the ignition phase, whereas during the intermediate phases between the batch 
additions and during the final char-burning phase, the AAE470/950 values were slightly lower (Figures 5 
and S10). With the other two logwood species tested, no distinct trend could be identified between the 
different burn phases.

One common feature in all of the masonry heater experiments was the low babs(λ) levels and the highly var-
iable AAE values during the final char-burning phase (Figures S10–S12). The char-burning phase produces 
almost only ash particles and the BC emissions are the lowest during this burn-out period (Kortelainen 
et al., 2018), which likely explains the observed noisy/variable AAE levels.
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Figure 5.  Average AAE470/950 values presented for each batch and final 
char-burning phase according to each logwood combustion experiment 
(masonry heater). The ignition phase AAE values are calculated by taking 
into account the first few minutes at the beginning of each batch addition. 
The intermediate phase demonstrates the combustion period between 
the batch additions excluding the ignition phase. The char-burning phase 
demonstrates the final 45 min of the burn-cycle.
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3.5.2.  Sauna Stove Results

Two sauna stoves were tested and the emissions from the two stoves were quite different (see Section 2.1.4.2 
and Tissari et al. (2019)). Sauna stove 2 produced substantially higher PM, EC and OC concentrations when 
compared to stove 1 (Tissari et al., 2019). The measured EC and OC concentrations were 3- and 24-fold 
higher with stove 2 than with stove 1, respectively. Similarly, the measured average babs(λ) levels were much 
higher in the emissions of stove 2 than stove 1 (Figures S15). Typically, sauna stoves emit higher concen-
trations of PM and BC as compared to almost any other residential combustion appliance used (Savolahti 
et al., 2016; Tissari et al., 2007).

In Figure S16 are shown the burn cycle time series of babs(880 nm) and AAE470950 from both sauna stoves 
and from all of the repetitions. Even though the temporal variation of babs(880 nm) and AAE470950 were 
notable in the emissions, the AAE470/950 values were similar on average in the emissions from both stoves 
(Figure 2). Overall, the sauna stove AAE values were similar to the AAE values observed above in the mod-
ern masonry heater and pellet boiler emissions.

As can be seen in the burn cycle time series (Figure S16), the AAE470/950 values were highly variable at the 
end of each batch combustion, during which the babs(880 nm) levels were also the lowest. If taking into ac-
count only the babs(880 nm) < 40th percentile data, the corresponding burn period average AAE470/950 were 
1.3 ± 0.1 and 1.8 ± 0.3 for stove 1 and stove 2, respectively (Table S4). In contrast, for the babs(880 nm) ≥40th 
percentile data the AAE470/950 values were lower, down to 1.2–1.3 for both stoves (Table S4). This demon-
strates that at times when the babs(880 nm) levels are high, the AAE values are relatively low during the 
burn cycle. Accordingly, when the babs(880 nm) levels are the lowest and noisy, the AAE variation is large, 
but subsequently the AAE shifts on average toward higher AAE values (particularly in the stove 2 case). 
The char-burning phases with the lowest levels of babs(880 nm) generate mostly ash particles consisting of 
alkali metal salts, and the BC emissions are the lowest during this burn-out period (Kortelainen et al., 2018).

3.6.  Relevance and Implications of the Observations

To give some perspective to the results presented in this study, Figure 6 shows the average AAE470/950 and 
babs(880 nm) values from selected primary emission sources covered in this study. The error bars represent 
the estimated relative uncertainties based on Table 2/Figure S1 applied at ∆ATN = 0.1 and at the highest 
time resolution, so here an overestimate was used timewise (for sauna stove the intermediate ATN range 
uncertainty was used, Figure S1f). The size of the marker in Figure 6 is related to the dilution ratio used in 
the measurements (the larger the size of the marker, the higher the dilution ratio). In general, there seems 
to be little relationship between the babs(880 nm) and AAE if excluding the few outlier cases (ethanol bus 
and power plant with FGD + FF on). As can be seen in Figure 6, most of the average AAE470/950 values were 
within 1.0 ± 0.4. If taking into account the δAAE, the differences between the emission sources could be 
considered negligible. Despite the high uncertainty, previous literature measurements complement these 
presented average AAE values. For example, as discussed in the previous sections, similar AAE values have 
been observed in shipping and wood combustion emissions (see Figure 2).

Considering the results shown in Figure 6 in view of the source apportionment of BC/CM, in particular 
when using the Aethalometer model (see Introduction section), it seems that the selection of AAE values 
(AAEFF/AAEBB) to be used for the apportionment of carbonaceous matter can be cumbersome based on 
these results from fresh emissions. Our results demonstrate AAE values in fresh aerosols close to unity 
even from wood combustion sources (although the burn cycle phase plays a central role in this) and on 
the contrary AAE values close to two from ship emissions. Similar observations have been reported as well 
in previous wood combustion and ship emission studies (see e.g., Figure 2) (Corbin et al., 2018; Kumar 
et al., 2018; Martinsson et al., 2015; Roden et al., 2006; Streibel et al., 2017). These presented examples are 
relevant, considering that the PM and BC emissions from these sources can be relatively high even on a 
global scale (Klimont et al., 2017). In principle, in this case for fresh emissions, the source apportionment 
would fail in accounting for fossil fuel and wood combustion sources. However, obviously, the ambient 
aerosols are a mixture (internal and external) of primary and secondary aerosols and not solely consisting 
of freshly emitted aerosols. Therefore, the AAE values in aged emissions can be significantly different than 
those presented here for the freshly emitted aerosols. However, predicting the effect of aging on AAE values 
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is challenging since multiple factors affect it (e.g., the chemical and optical properties of the co-emitted 
pollutants and other pre-existing aerosols forming the potential coating of light-absorbing aerosols and the 
effect of aging on morphology) (Gyawali et al., 2009; Lack & Cappa, 2010; Li et al., 2016; Liu et al., 2018; Wu 
et al., 2018). Further studies are warranted in modeling the effect of aging on the AAE values.

The presented results in this study could be applied to some extent to help the speciation of primary emis-
sions. As reported in Pirjola et al. (2015), newer emission class buses (e.g., EEV and EURO VI) have sig-
nificantly lower BC emissions as compared to the older emission class buses (EURO III and EURO IV). 
Our results indicated that the emission class does not affect the AAE dramatically as long as the buses are 
diesel-fueled (AAE is essentially close to unity, Figure 2). Alternative fuel buses had variable AAE values, 
but the overall BC emissions were significantly lower when compared to their diesel-fueled counterparts 
(see Pirjola et al., 2015). Typically, the number of ethanol and GNG buses is very low in the traffic fleet and 
their contribution to BC emissions from traffic can be considered to be extremely low. Most likely, currently, 
the effect of alternative fuel vehicles will not be significant on the AAE values in traffic-dominated environ-
ments (i.e., AAE values will be close to unity even though there are some alternative fuel buses in traffic).

In terms of residential wood combustion, our results demonstrate that at certain phases of the wood-burn-
ing cycle, either in the masonry heater or sauna stoves, when the babs(880  nm) levels were the highest, 
the AAE470/950 values tended to be on average closer to unity than that typical for AAEBB. Relatively high 
AAE470/950 values in wood combustion-derived aerosols were mainly observed at times of the burn cycle 
when the babs(880 nm) levels were low. These observations are similar as in the literature, that is, flaming 
phase combustion produces more soot containing aerosols with lower AAE values than the smoldering 
phase combustion, which in turn contains relatively more brown carbon or other closer to UV wavelengths 
absorbing components in the emissions (Kirchstetter et al., 2004; Martinsson et al., 2015; Roden et al., 2006). 
Consequently, the source apportionment of BC/CM might not work adequately since the modern wood 
combustion appliances tend to emit aerosols with fairly low AAE values on average (Figure 2). However, 
once emitted these wood combustion derived aerosols go through atmospheric aging processes, and based 
on some literature studies (Kumar et al., 2018; Saleh et al., 2013; Tasoglou et al., 2017), aged emissions may 
have higher AAE values than fresh emissions (e.g., due to the coating of BC particles and secondary organic 
aerosol formation). Also, the wood combustion in stoves might not be as optimal in reality as in our labora-
tory experiments (e.g., not dry wood or sweep-cared chimneys) which may produce wood burning-derived 
aerosols with higher AAE values (Tissari et  al.,  2019). Furthermore, the variation in wood combustion 
appliance types is very large (e.g., old masonry heaters, masonry ovens, open fireplaces, wood stoves) and 
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Figure 6.  The variation of AAE470/950 and babs(880 nm) on average in emissions from different sources. The error bars of AAE correspond to the estimated 
relative uncertainty in Table 2 for ∆ATN = 0.1 and for the highest time resolution there. The size of the marker is related to the applied dilution ratio. The 
dilution ratios ranged from 0 to 778 (the larger the size of the marker, the greater the dilution ratio). The abbreviations and experiments have been described in 
Sections 2.1 and 3.5.
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their impacts of AAE values have not been studied. Nonetheless, considering fresh emissions, the results 
presented here raise awareness of the possible shortcomings when using the Aethalometer model for source 
apportionment. The source apportionment method may misinterpret the wood combustion derived BC/CM 
as fossil fuel origin due to the low AAE values in fresh emissions versus the AAEBB≈2.0 ± 0.4 typically used 
for the apportionment of biomass burning.

In practice, the relevance and utilization of these results are ultimately case-specific. The ambient air sam-
pling location and proximity of point sources play a central role in the applicability of these AAE results for 
source apportionment and aerosol characterization. As mentioned earlier, the presented results are mainly 
representative of fresh emissions, thus the results benefit directly mainly users who collect their samples 
near the sources so that the emissions have not aged considerably. For example, sampling sites that are 
located in the curbside near city traffic, in the harbor/coastal area near shipping activity, in the islands 
influenced by shipping lanes and shipping plumes, and in residential-detached house areas affected by 
emissions from modern wood combustion appliances, etc. In such sites, these AAE results may benefit the 
source apportionment of carbonaceous matter. However, collectively these AAE results for fresh emissions 
indicate that the chemical evolution after the emissions and the atmospheric processes likely play a major 
role in the changes in aerosol absorptive properties.

4.  Conclusions
The absorption Ångström exponent (AAE) was observed to vary in freshly emitted aerosols originat-
ing from different emission sources. The studied emission sources included shipping, coal-fired power 
plant, different buses, and wood combustion appliances. The highest AAE values were observed in ship 
exhaust, alternative fuel buses, and wood burning in sauna stove emissions. The lowest AAE values 
(along with low BC emissions) were observed in coal-fired power plant emissions with desulfurization 
plant on and in the emissions from ethanol buses upon acceleration. Overall, the AAE values in diesel 
bus emitted aerosols were close to unity, although the AAE was observed to depend on the driving 
conditions (lower AAE values during acceleration than during constant driving). Perhaps surprisingly, 
the wood-burning derived aerosols had fairly low AAE values on average, but the AAE variation was 
observed to depend on the combustion appliance, wood species being combusted, and especially on the 
phase of the burn cycle.

The results presented in this study highlight the precautions needed when performing aerosol character-
ization and source apportionment based on AAE values. Based on these results from fresh emissions, the 
source apportionment of light-absorbing carbonaceous matter into fossil fuel and wood burning fractions 
may be biased when considering, for example, the following findings: i) high AAE values in ship emis-
sions when high sulfur content heavy fuel oil was used as fuel (i.e., high AAE values in fresh fossil fuel 
emissions) ii) relatively low, yet highly variable, AAE values in wood combustion emissions (i.e., low AAE 
values in fresh biomass burning emissions) and iii) large variation of AAE values from power-plant and 
alternative fuel buses emissions. These observations, considered with others, highlight the importance of 
acknowledging the possible shortcomings in some of the currently used carbonaceous matter source ap-
portionment methods. The effect of variable combustion conditions in different appliances and the effect 
of chemical evolution after emissions needs to be studied further to better understand the robustness and 
reliability of ambient source apportionment results. Considering the observed high variability of AAE 
in fresh emissions versus the relatively minor variability observed in ambient air, this compendium of 
AAE values could be used in further studies to understand the discrepancy among models and ambient 
observations.

Data Availability Statement
The data set of processed absorption coefficients is available at https://zenodo.org/record/4563671. Data 
is further available through Aakko-Saksa et al. (2016), Pirjola et al. (2015), Järvinen et al. (2019), Mylläri 
et al. (2019), Reda et al. (2015) and Tissari et al. (2019).
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