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SUPPLEMENT TO
Trends, composition and sources of carbonaceous aerosol in the last 18 years at the Birkenes

Observatory, Northern Europe, by K. E. Yttri et al.

S1. Quality assurance

The OC/EC data are not field blank corrected, in accordance with the standard operating procedure
provided by EMEP (Yttri et al., 2007a; EMEP, 2014). The positive sampling artefact of OC for weekly
samples collected at Birkenes has been quantified on a campaign basis using the QBQ (Quartz fibre
filter Behind Quartz fibre filter) approach (McDow and Huntzicker, 1990; Turpin et al., 1994) in summer
(18+4%; Yttri et al., 2011), fall (19+7%; Yttri et al., 2019), and winter/spring (24+13%; Yttri et al.,
2019) but only for PMio. For OC in PM, s, which at Birkenes is obtained from an identical and co-
located sampler, operating at the same filter face velocity as the PM o sampler, the positive sampling
artefact is considered equally large, whereas its relative importance is slightly higher. The negative
sampling artefact has not been addressed.

OC/EC analysis was performed within 2 months after the filter samples were collected and
according to the Quartz (2001-2008) and the EUSAAR-2 (from 2008) temperature programs.
EUSAAR-2 is designed to reduce the inherited uncertainties associated with splitting of OC and EC,
e.g. by preventing premature burn-off of EC (Cavalli et al., 2010). The uncertainty associated with
repeated OC/EC analyzes of a filter sample is typically <10%, which includes both analytical uncertainty
and heterogenic distribution of the deposited aerosol particles on the filter sample.

The laser’s ability to detect changes in the transmittance of a filter sample high in initial EC is
crucial to obtain a correct value for EC (and OC). 15 pg EC ¢cm™ has been suggested as an upper limit
(Subramanian et al., 2006; Wallén et al., 2010) but this value is likely to vary. The nine filter samples
(out of nearly 1800) with an EC content exceeding 15 ug C cm™ in the current dataset were considered
valid. Further, a non-biased separation between OC and EC requires that either pyrolytic carbon (PC)
evolves before EC during analysis or that PC and EC have the same light absorption coefficient. It is
well known that this is not always the case (Yang and Yu, 2002) and there is a lack of information on
the magnitude of this imperfection.

Deviation from the protocol-defined temperature steps will affect the analysis results of the TOA
instrument (Chow et al., 2005; Panteliadis et al., 2015) and temperature offsets ranging from -93 °C to
+100 °C per temperature step have been reported (Panteliadis et al., 2015). Thus, calibration by the
temperature calibration kit available from the instrument manufacturer (Sunset laboratory Inc) since
2012 is strongly recommended. Temperature calibration was implemented as part of the regular QA/QC
procedures for thermal-optical analysis in 2013.

A comparison of the two temperature programmes used for the Birkenes time series was
performed for PM, 5 filter samples collected at Birkenes in 2014, using temperature calibrated versions

of both Quartz and EUSAAR-2. There was a good agreement between the two temperature programs
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for TC and OC, i.e. close to the expected uncertainty associated with analysis and sampling, whereas
for EC the difference was pronounced (Table S 17), although in close correspondence with that
previously reported by Panteliadis et al. (2015). Note that OC and EC data for the period 2001-2007
discussed in the main is text not corrected according to Eq. (S 18-20) (Table S 17), except for the
purpose of trend calculations.

Field blanks did not contain monosaccharide anhydrides, sugars, sugar-alcohols or 2-
methyltetrols in noticeable amounts. Filter samples for which the content was below the LOD but > 0,
were considered valid and included when calculating the annual and seasonal means. Organic tracers
were analyzed within 1 year after collection of the aerosol filter samples. The uncertainty (analytical
and sampling uncertainty) associated with measurements of monosaccharide anhydrides is within 10 —
15 % (Yttri et al., 2015). A similar range of uncertainty is expected for the other organic tracers.

Mass concentrations of PM;o and PM>s were field blank corrected. The overall uncertainty
associated with determination of the PM;o and PM, s mass concentration is < 5%. The monitoring of
major ions and trace elements follows the guidelines by EMEP (EMEP, 2014) and are within the data
quality objective of the network: 15-25% uncertainty for the combined sampling and analysis of major

ions and 30% for heavy metals.

S2. Calculation of trends - Statistical approach

The Mann-Kendall test (Mann, 1945; Kendall, 1975; Gilbert, 1987) was used for calculating the
significance of the trend and if a significant trend was found, the Theil-Sen slope (Theil, 1958; Sen,
1968; Gilbert, 1987) was calculated. This procedure has been widely used in atmospheric science, like
in the recent TOAR project analysing global surface ozone trends (e.g. Fleming et al., 2018; Lefohn et
al., 2018), in the review of the EMEP observations (Terseth et al., 2012) and in
numerous other observation based papers (Aas et al. 2019; Ciarelli et al., 2019; Theobald et al., 2019;
Masiol et al., 2019; Collaud Coen et al., 2020).

The Mann-Kendall test is a non-parametric test that does not rely on any assumptions of
distribution and is therefore well suited for atmospheric data that often deviates from normality and
contain outliers that would hamper a standard linear regression. The basics of the Mann-Kendall test is
to count the signs of all forward concentration differences in time, and if there is a sufficient overweight
of positive or negative differences, the 0-hypothesis (Ho) of no trend could be rejected. The S statistic

given below contains the sum of all the signs based on the observed values y; at time i:

n-1 n
S = z z sign (yj - yl-) Eq.S1

1=1 j=i+1
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This statistic together with the number of samples and the number of ties in the data were used to
calculate the p value as given by Gilbert (1987). In our work, we assumed significant trends when p <
0.05.

With p <0.05 Hy was rejected and the value of the trend was estimated by the Theil-Sen slope estimator:

[;:median<3;’::ii>, j>i Eq.S2
j i

where t; denotes the time i of the observed value yi.

The Theil-Sen slope is simply the median of all the forward concentration gradients. In addition
to the slope, the 2o confidence intervals were calculated according to Gilbert (1987), providing the 95
% confidence range of the slopes.

The Mann-Kendall test and Theil-Sen slope estimation was applied to all species and ratios
discussed in this work. These calculations were based on the seasonal and annual mean values,
separately, as presented below. For the ratios, r = x/y (e.g. the fraction of NO3™ in PM), we based the

calculations on the ratios of the seasonal means and not on the seasonal means of the ratios, i.e.:

r= g,where x = % Y(x)andy = % X0 Eq.53

For all cases where the 0-hypothesis (Ho) could be rejected, the Theil-Sen slopes were calculated, and
this slope was further transferred into the relative trend by dividing the trend (B) by the mean of the

observed values:

Brei = FZ%J] ,where y; = observed concentration or ratio at time i Eq.54
n

S3. Absorption coefficent measurements and source apportionment
The absorption coefficient (Baps) was measured using the multi wavelength (A=370; 470; 520; 590; 660;
880; 950 nm) aethalometer (AE33, Magee Scientific), operating behind a PMo inlet. We calculate

absorption coefficients (Bys) according to Drinovec et al. (2015):

" (ATNtZ(A)—ATNtl(A))
100

Baps(1) = Eq.S5

Q-C-(1=0( 1=k (W) (ATN 2 (W) =ATN o (D)) )} (t2=t1)
where ATN = attenuation at time ¢ =1 and t =2, and of the reference spot ref, Q is the instrument flow
rate on spot 1, A is the filter spot area, k is the loading compensation parameter from the 2 spot

compensation algorithm. Here we neglect lateral air flow losses (¢) and the scattering compensation C
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since these are not wavelength dependent in Eq. (S5) and hence do not affect source apportionment
based on wavelength dependence, while conversion to eBC via co-located filter measurements of EC

also results in compensation of these parameters using:

eBC(A) = Baps(A) /teffective (V) Eq.S6
where Oefreciive 1S an effective mass absorption cross section (o) incorporating scattering and lateral flow
losses:
aeffectiveo\) =a) Xecx(1-0 Eq.S7

Hence efrective 18 @ conversion factor between Byps and eBC and has no physical meaning beyond
this.

The AE33 of this study automatically generates By,s(A) at 1-minute resolution. However, as
discussed by of Springston et al. (2007) and Backmann et al. (2017), the time interval (t, — t;) Eq.(S5)
can be adjusted to any integer multiple of the base resolution in post-processing. Here we adapt the
approach of Backmann et al. (2017), fixing the time interval to 1 hour and calculating B,ps(A) according
to Eq. (S5). In case one or more filter advances occurred within the one-hour interval, data from each
individual filter spot falling within the interval were treated separately and a time-weighted average
recorded for that hour. The advantage of this technique is enhanced noise reduction, i.e. using the one-
hour interval approach the noise reduction is proportional to as much as //n (where n are the
measurement points), rather than //sqrt(n), attainable via signal averaging.

Here we performed source apportionment of aethalometer data using the aethalometer model
(Sandradewi et al., 2008). Assuming two sources contribute to total Babs (Bsps1o¢), 1.€. fossil fuel

combustion (Byps,rr) and biomass burning (Baps pp):

Baps ot = Babs,ff + Babs,pb Eq. S8

Then, using a wavelength pair, here ;=470 nm and 1,=880 nm,

2 -
Baps(A1)—=Baps(42) (ﬁ) 1

Bapspp(A2) = A\"bb AN f Eq. 89 and
&) -G
Bans()-Bans(i2) (32) "
Bups sr(42) = Eq. S10

G -Gy

A2
where af¢ and ap,, are the absorption Angstrem exponents (AAE) for fossil fuel and biomass burning,
respectively. Note that when using this approach, the AAEs must be assumed a priori, while the data
are not fitted or error weighted, which can lead to negative values in the resulting time series of the
factors due to uncertainty in the AAEs e.g. Grange et al. (2020).

Here we also used positive matrix factorisation (PMF) to distinguish between the two sources
in Eq. (S8). The theory of PMF is detailed elsewhere (Paatero et al., 1994) Briefly, a matrix of

measurement data X is represented by a bilinear model comprising factor profiles F (rows), factor time
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series G (columns) and a residual matrix E:
X=G-F+E Eq. S11

In PMF factors are found using a least-squares fitting routine in which the object function Q, i.e. the

square of residuals e weighted to uncertainty o, is mimimised across all cells (rows i-m, columns j-n)

A\2
Qm = {’;lz?ﬂ(ﬁ) Eq. S12

g j
Here, we use the source finder (SoFi, (Canonaco et al., 2013)) toolkit ref, to call PMF (To model the
error matrix g;; we use the clean air test function of the AE33 to determine the standard deviation of the

attenuation of the blank 8,7y, , calculating o;;, using:

Sarnar WD\" | [ Sarnar WD\ | ( Sarve A\
— 2 2 air \7J air N air \7
i = +f5+2|——=—) t|-———=<| t|=——==) "BansilAj) Eq.S13
% JfA fo ( ATN; (A;) ATN_1 (1)) " \ATN,o; (2)) avsi () Eq

where f, and f;, are the fractional uncertainties in the spot area and the flow rate, respectively (both
0.015 according to Backman et al., 2017). Clean air tests were performed only periodically. Therefore,
to generate an error estimate for all time points, we interpolated (bilinear interpolation) between the

clean air tests to generate the full error matrix, accounting for drift in 847y ,, . Points before and after
the last clean air test were calculated using the first and last values of &47y,,,, , respectively.

According to Eq. (S11), X could be represented by any combination of G and F, i.e. the PMF
model has rotational ambiguity. In practice, many rotations produce negative values and are thus
forbidden. Nevertheless, many rotations and local minima in Eq. (S11) are likely to exist. To assess this,
we generated multiple (#=2000) bootstrap replacement matrices (block size 24 to conserve diurnal
variation if present), running PMF on each matrix 5 times for a total of 10000 runs. PMF settings are
shown in Table S 2.

We import all 2000 files generated using SoFi for each factor solution. To map the factors, we

calculated an effective AAE from the factor profiles af, using

ap

Fi_
log ( " F'—6)
_ = Eq.S14

10g(470/880)

sorting factors and time series from each run from low to high with respect to ar. Binning the effective

AAEs from each factor also provides a convenient means to investigate the solution space for rotational
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ambiguity.

S4. Positive matrix factorisation applied to filter data

We performed PMF with the following as input data: OC (in PM, s and PMio.25), EC (in PMyj),
levoglucosan, mannosan, galactosan, arabitol, mannitol, trehalose, glucose, V, Mn, Ti, Fe, Co, Ni, Cu,
Zn, As, Cd, and Pb (all in PM,), SO4%, NO5", NH4*, Ca?*, Mg*", K*, Na*, CI" (open filter face). Table S
3 shows miscellaneous settings of the PMF analysis of these data. The input data and error estimates
were prepared using the procedure suggested by Polissar et al. (1998) and Norris et al. (2014), see also
Table S 3 for miscellaneous settings including missing data treatment and assessment of the PMF

performance.

If the concentration was greater than the LOD, the calculation was based on a user provided

fraction of the concentration and LOD:

1
Unc = \/(Error Fraction x Concentration)? + (E X LOD)? Eq.S15

The analytical uncertainties (20%) as error fraction of OC, EC, organic tracers, ions, and elements
were used to determine the corresponding error estimates. Based on given understanding of OC sources,
2-10 factors with random seeds were examined, and 7 factors were determined based on: 1) The
decrease in Q/Qexp was larger than the relative change in number of factors up to 7; 2) All factors could
be interpreted; 3) All factors were distinct.

To assess the statistical uncertainty in the model we performed repeated analyses on bootstrap-
resampled matrices. A base profile was generated from a manually mapped average of 50 runs. From
each bootstrap run, we fitted all 7 bootstrap factors vs all 7 factors from the base run profile (representing
a 7x7 matrix of r* values). We then mapped the bootstrap factors in order of the r? value: The highest
value was assumed to be a match, then then the next highest value excluding both previously mapped
factors to any other factor (representing a 6x6 matrix of r? values) , and so on. This was to avoid any
factors being mapped twice.

The minimal robust and true Q values of the base run were 5507.9 and 5580.8, respectively. All the
(error) scaled residuals were within £5 and > 97.8% within + 3, normally distributed and centred around
zero. The average Q/Qexp was 1.2. We also observe no structure in the residuals, which were evenly
distributed between measurements from different instruments (i.e. we did not observe factors

representing groups of compounds by instrument type, Figure S 3).

Ss. Emission ratios used to calculate OC and EC from biomass burning
Emission ratios derived from ambient data are a good alternative to direct emission measurements,

accounting for the aggregate effects of fuel type and combustion conditions, but results will nevertheless
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vary from region to region (e.g. Zotter et al., 2014). Here, we used ratios from our PMF analysis
(Table 1) to calculate carbonaceous aerosol from biomass burning for 2008-2018. The levoglucosan to
mannosan ratio is rather consistent between seasons, with the values for summer (5.1+0.9) and fall
(5.240.7) being slightly lower than for winter (5.4+0.8) and spring (6.0+0.7). This might indicate that
emissions from one source of biomass burning (wood burning for residential heating) dominate for all
seasons, supporting the use of one levoglucosan to OC (and EC) ratio for calculations. The lower
levoglucosan to mannosan ratio observed in summer and fall might indicate increased influence of wild
and agricultural fires, but the magnitude of these sources remains speculative, except during severe

episodes, e.g. in August 2002, May and September 2006, and June 2008.

Sé. Levels of PBAP and BSOA organic tracers

The annual mean concentration of the PBAP tracers ranged from 2.8-3.4 ng m (trehalose) to 4.8-5.8
ng m? (arabitol) (2016-2018) (Figure 6, Table S 15). Levels were elevated in the vegetative season,
particularly in summer and fall. Mannitol and arabitol were highly correlated (R?>=0.85), underlining
their common origin, and the mannitol to arabitol ratio (0.9+0.2) corresponds well with previously
reported results for these fungal spore tracers (e.g. Bauer et al., 2008a; Yttri et al., 2007b; Yttri et al.
2011 a, b).

The annual mean concentration of 2-methylerythritol (0.365-0.441 ng m™) (2016-2018) was
higher than that of 2-methylthreitol (0.105-162 ng m™~), and the two isomers were highly correlated
(R?*=0.915), which is consistent with other studies (e.g., Ion et al., 2005; Kourtchev et al., 2005; Edney
et al., 2005; El Haddad et al., 2011; Alier et al., 2013). 2-methyltetrols were elevated in the period when

deciduous trees have leaves (transition May/June to early October).
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Figure S 2: Age spectra for June 2008 for the CO tracer originating from wildfires calculated for the Birkenes
Observatory. We ran a 20 days FLEXPART simulation backwards in time, releasing 40 000 particles for the Birkenes
Observatory on a 3-hourly basis, using ECMWF meteorology. With daily MODIS information of burned area we
constructed a CO emission inventory, which we combined with the model simulation. With this approach we achieved
a time series of CO from wildfires with a 3-hourly time resolution. Additionally, we split the modeled CO concentrations
by age. The spectrum goes from 1 to 20 days after release according to the color bar (Figure S 2). This approach is
described in more detail in Stohl et al. (2007). For most of June 2008, concentrations of a few ppb were calculated for
the Birkenes Observatory, except for 11-12 of June (100 ppb). The age of the airmasses were only 1 day, which means
that the CO was released on a location less than 24 hours before it reached the site.
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Figure S 3: Average error scaled residuals for each of the variables in the PMF solution presented in this paper
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402  Supplementary Tables
403 Table S 1: Species quantification ion, molecular weight and formula, and internal/recovery and quantification
404  standards used for their identification and quantification.
Species Quantitation Molecular Molecular Internal/ Quantification
P ion M-H(+)  weight formula Recovery standard standard
Monosaccharide
anhydrides
13C¢-Galactosan (CIL; 98%; Galactosan (Sigma; purity not
Galactosan 161.046 162.141 CeHioOs Andover, MA) given; Product of England)
13y _ 1 : .
Mannosan 161.046 162.141  CeHioOs Cs-Levoglucosan %g;)‘folff:dﬂggaé Igll’gd";‘
13C¢-Galactosan'
BC¢-Levoglucosan (CIL;  Levoglucosan (Aldrich; 99%;
Levoglucosan 161.046 162.141 CeHioOs 98%; city not given) Product of Switzerland)
Sugar-alcohols
3Ce-Mannitol (Omnicron ~ Mannitol (ICN Biochemicals;
Mannitol 181.072 182.172 CeH 1406 Biochemicals Inc; 99.70%; ACS reagent grade; Aurora,
South Bend, Indiana) Ohio)
13Cs-Arabitol (Omnicron  Arabitol (ICN Biochemicals;
Arabitol 151.061 152.15 CsH1206 Biochemicals Inc; 99.60%; purity not given; Aurora,
South Bend, Indiana) Ohio)
2-methyltetrols
13 _ . 0/ . _ 1
2Methylerythritol 135066 136.147  CsHp0; (¢ Cyiostn (L OB 2rbethylien B, Produced
13C, . . :
2-Methylthreitol 135066 136,147  CsH,0s O G;iifgsgf’tﬁ rand; - 2-Methylthreto, Produced at
Dimeric sugars
13Cy,-Trehaose (Omnicron ) o
Trehalose 341.109 342296 CpHpOn  Biochemicals Inc; 99.70%; Trlf:izzeh(féﬁ?;;fﬁif”
South Bend, Indiana)
Monomeric sugars
13C-Glucose (CIL; 99%; Glucose (Sigma; purity not
Glucose 179.0561 180.16 CsH 1206 Andover, MA) given; city not given)
1.C-labelled mannosan is not commersially available, hence we used the average of '*Cs-Levoglucosan '*Cy-Galactosan to calculate the recovery of
mannosan.
2.Standard produced by University of North Carolina (UNC)
405

406
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409
410

Table S 2: Settings used for absorption coefficient PMF analysis.

Parameter

Setting 408

Data matrix dimensions iX;j
Missing data treatment
Number of factors

Factor constraints

Robust mode setting

Seed

Bootstrap replacement runs
Block size

Repeat runs (per bootstrap)

5240%x7
Rows removed
2

None

Random
2000
24
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412

Table S 3: Miscellaneous settings of PMF analysis.

Parameter

Setting

Data matrix dimensions iX;j

Missing data and below detection limit data
Missing data error estimate

Missing data error estimate

Number of factors

Factor contsraints

Robust mode setting

Seed

Bootstrap replacement runs

Block size

Repeat runs (per bootstrap)

151%34

Replaced with geometric mean concentration

Replaced with 4 X geometric mean concentration

5/6 x limit of detection
7

None

4

Random

5000

1 row

5




413

Table S 4: Contribution weighted relative profiles for PMF-derived factors (%).

Mineral Traffic/Industry Biogenic Secondary  Primary Biological Sea salt Biomass Ammonium
Dust (TRA/IND) Organic Aerosol Aerosol Particle aerosol burning Nitrate
(MIN) (BSOASsRT) (PBAP) (SS) (BB) (NH4NO3)

PM:50C 313 9.7 9.1 15.6 0.9 16.7 16.6
PMo EC 12.8 50.0 0.0 2.6 0.0 21.2 13.4
PMi-250C 12.6 3.5 12.5 53.0 0.1 6.3 12.0
Levoglucosan 0.2 0.0 1.5 0.5 0.0 97.8 0.0
Mannosan 0.0 0.5 1.5 1.5 0.0 95.6 0.9
Galactosan 0.0 3.5 0.0 0.0 1.1 95.5 0.0
2-methylerythritol 0.5 0.7 95.9 1.8 0.0 0.4 0.7
2-methylthreitol 0.6 1.3 91.5 32 0.7 1.5 1.2
Glucose 1.0 0.6 6.5 81.6 2.0 52 3.1
Mannitol 0.1 0.3 6.1 91.3 1.7 0.0 0.5
Arabitol 0.0 0.0 8.6 89.5 1.3 0.5 0.0
Trehalose 0.5 0.0 33 93.5 1.1 0.7 0.9

Ammonium 2.1 13.9 4.8 0.0 1.5 1.0 76.7
Calcium 39.0 6.0 7.7 3.9 349 1.0 7.6
Chloride 0.0 0.0 0.0 0.0 96.2 0.2 35
Magnesium 5.8 2.7 3.9 1.8 79.0 0.6 6.2
Nitrate 0.8 3.6 5.7 34 17.1 1.7 67.8
Potassium 3.6 12.7 4.6 8.3 28.4 10.4 32.0
Sodium 22 5.1 2.7 0.0 86.8 0.3 3.0
Sulfate 3.9 19.6 17.2 33 17.4 34 352
NO» 7.2 15.0 4.6 4.6 20.0 19.0 297
\% 14.1 70.1 10.1 0.0 0.0 0.0 58
Mn 51.9 38.6 0.6 5.7 24 0.8 0.0
Ti 93.4 0.5 0.6 0.0 37 1.8 0.0
Fe 74.5 18.4 0.0 32 0.7 1.0 2.1
Co 42.6 42.1 1.3 33 5.0 24 34
Ni 17.1 68.6 3.0 4.5 1.7 2.1 2.9



Mineral Traffic/Industry Biogenic Secondary  Primary Biological Sea salt Biomass Ammonium

Dust (TRA/IND) Organic Aerosol Aerosol Particle aerosol burning Nitrate

(MIN) (BSOASsRT) (PBAP) (SS) (BB) (NH4NO3)
Cu 19.9 61.9 33 3.7 5.7 1.3 42
Zn 4.3 81.5 1.4 0.6 0.0 5.8 6.4
As 32 78.4 1.7 6.2 0.0 4.8 5.7
Cd 5.4 80.5 0.1 2.3 1.6 6.4 3.8
Pb 4.5 83.9 0.8 0.0 1.5 2.8 6.4

414



415 Table S 5: Annual and seasonal mean concentrations of EC and OC in PM 19, PM25and PMjo-25 at Birkenes for 2001—
416 2018 (Unit: ug C m™).

PMio PMio-25 PMazs
OC  Capture EC Capture ocC Capture ocC Capture EC Capture
2001 0.96 56 0.14 56 0.08 45 0.93 56 0.15 56
DIJF 0.60 59 0.12 59 NA 34 0.64 59 0.12 59
MAM 098 92 0.16 92 0.03 73 1.00 92 0.18 92
JJA 2.34 26 0.16 26 0.24 26 2.1 26 0.20 26
SON 0.58 48 0.10 48 0.09 48 0.49 48 0.11 48
2002  1.01 85 0.14 85 0.190 80 0.89 91 0.12 91
DIJF 0.53 95 0.12 95 0.05 88 0.49 95 0.12 95
MAM  1.30 92 0.17 92 0.12 92 1.19 92 0.14 92
JJA 1.77 68 0.20 68 0.48 68 1.4 91 0.14 91
SON 0.59 86 0.10 86 0.16 73 0.49 85 0.09 85
2003 1.01 82 0.10 82 0.23 77 0.81 81 0.11 81
DIJF 0.83 85 0.11 85 0.06 76 0.84 85 0.12 85
MAM  1.13 86 0.13 86 0.21 76 1.02 86 0.15 86
JJA 1.26 85 0.08 85 0.44 85 0.82 85 0.09 85
SON 0.75 70 0.09 70 0.22 70 0.53 70 0.09 70
2004 0.82 85 0.10 85 0.27 81 0.57 84 0.09 84
DIJF 0.57 86 0.08 86 0.09 86 0.48 86 0.08 86
MAM 1.13 86 0.12 86 0.28 73 0.79 86 0.12 86
JJA 0.99 79 0.10 79 0.38 79 0.61 79 0.08 79
SON 0.71 86 0.08 86 0.32 86 0.39 86 0.08 80
2005 0.85 79 0.14 79 0.29 75 0.60 80 0.12 80
DIJF 0.46 64 0.10 64 0.06 51 0.53 71 0.11 71
MAM  0.78 85 0.13 86 0.15 85 0.63 85 0.12 85
JJA 0.92 86 0.09 85 0.33 86 0.59 86 0.08 86
SON 1.16 79 0.25 79 0.53 79 0.62 79 0.16 79
2006  1.07 78 0.13 78 0.33 75 0.77 78 0.13 78
DJF 0.79 86 0.12 86 0.08 79 0.71 86 0.17 86
MAM  0.95 85 0.08 85 0.16 78 0.82 85 0.14 85
JJA 1.43 57 0.12 57 0.48 57 0.96 57 0.10 57
SON 1.24 86 0.19 86 0.60 86 0.64 86 0.11 86
2007  0.82 79 0.15 77 0.21 77 0.61 77 0.13 77
DIJF 0.58 58 0.17 58 0.08 58 0.50 58 0.17 58
MAM  0.99 86 0.18 85 0.17 86 0.82 86 0.15 86
JJA 1.03 86 0.13 86 0.39 79 0.66 79 0.10 79
SON 0.60 86 0.13 79 0.18 86 0.41 86 0.10 86
2008 0.75 87 0.09 84 0.24 75 0.53 88 0.08 88
DJF 0.44 90 0.08 83 0.07 82 0.38 90 0.09 84
MAM  0.79 86 0.11 92 0.20 79 0.61 86 0.10 86
JJA 1.27 86 0.08 86 0.46 86 0.81 86 0.06 86
SON 0.51 90 0.09 82 0.23 82 0.32 90 0.08 97
2009 0.79 98 0.10 98 0.23 77 0.58 96 0.09 96
DJF 0.56 100 0.12 100 0.06 69 0.47 92 0.11 92
MAM  0.81 92 0.11 85 0.11 85 0.74 92 0.10 92
JJA 1.1 100 0.09 100 0.40 100 0.71 100 0.07 100
SON 0.68 100 0.09 100 0.28 100 0.40 100 0.07 100
2010 0.90 94 0.11 94 0.24 79 0.67 96 0.10 96
DIJF 0.95 92 0.14 92 0.09 40 0.86 92 0.16 92
MAM  0.82 85 0.09 85 0.18 82 0.61 100 0.08 100
JJA 1.02 100 0.09 100 0.34 100 0.68 100 0.07 100
SON 0.79 100 0.11 100 0.24 100 0.51 92 0.09 92
2011 0.92 98 0.11 92 0.26 94 0.68 98 0.11 96
DIJF 0.60 100 0.11 100 0.09 92 0.51 92 0.11 100
MAM 099 93 0.10 70 0.27 93 0.73 100 0.10 85
JJA 1.07 100 0.07 100 0.37 100 0.69 100 0.07 100
SON 1.04 100 0.17 100 0.30 92 0.77 100 0.16 100
2012 0.56 89 0.08 86 0.10 79 0.50 90 0.08 90



417
418

419

PMaio PMio-25 PM:;s
oC Capture EC Capture 0oC Capture oC Capture EC Capture
DJF 0.52 100 0.09 100 0.04 84 0.49 100 0.09 100
MAM  0.58 85 0.09 85 0.03 70 0.63 70 0.11 70
JJA 0.78 70 0.07 70 0.18 70 0.59 100 0.07 100
SON 0.56 100 0.07 92 0.14 92 0.30 92 0.07 92
2013 0.76 92 0.09 96 0.21 90 0.57 98 0.08 96
DJF 0.49 92 0.10 92 0.05 68 0.47 91 0.09 91
MAM  0.79 100 0.10 100 0.15 100 0.63 100 0.09 100
JJA 1.16 100 0.07 92 0.37 100 0.79 100 0.07 92
SON 0.58 100 0.07 100 0.22 92 0.39 100 0.07 100
2014 0.91 98 0.09 100 0.29 94 0.65 96 0.08 96
DJF 0.61 100 0.10 100 0.08 76 0.59 84 0.11 84
MAM 091 100 0.10 100 0.23 100 0.69 100 0.09 100
JJA 1.10 100 0.05 100 0.35 100 0.75 100 0.05 100
SON 1.20 100 0.10 100 0.47 100 0.55 100 0.09 100
2015 0.72 98 0.09 98 0.19 85 0.52 88 0.08 88
DJF 0.44 100 0.06 100 0.11 100 0.34 100 0.06 100
MAM  0.59 92 0.10 92 0.11 79 0.50 92 0.08 92
JJA 1.01 100 0.09 100 0.35 63 0.66 63 0.08 63
SON 0.83 100 0.10 100 0.22 99 0.62 99 0.10 99
2016 0.73 100 0.06 100 0.21 95 0.54 100 0.06 100
DJF 0.44 100 0.07 100 0.07 86 0.37 100 0.06 100
MAM  0.83 100 0.07 100 0.21 92 0.64 100 0.07 100
JJA 0.98 100 0.04 100 0.33 100 0.65 100 0.05 100
SON 0.68 100 0.07 100 0.20 100 0.48 100 0.07 100
2017  0.72 94 0.05 94 0.25 79 0.52 94 0.05 94
DJF 0.57 100 0.07 100 0.11 63 0.53 100 0.07 100
MAM  0.65 92 0.05 92 0.14 84 0.52 92 0.05 92
JJA 0.92 86 0.03 86 0.34 86 0.58 86 0.04 86
SON 0.77 100 0.06 100 0.38 83 0.47 100 0.05 100
2018 0.96 100 0.08 100 0.26 90 0.73 100 0.07 100
DJF 0.49 100 0.07 100 0.08 77 0.45 100 0.07 100
MAM 132 100 0.11 100 0.28 92 1.06 100 0.10 100
JJA 1.20 100 0.05 100 0.32 100 0.90 100 0.05 100
SON 0.81 100 0.08 100 0.31 100 0.50 100 0.07 100

Notation: Red numbers indicate annual or seasonal means based on < 50% data capture.



420 Table S 6: R%-values for OC versus EC as a function of size fraction and season.

Winter Spring Summer Fall
PMio 0.66 0.58 0.51 0.64
PM; s 0.75 0.69 0.58 0.76

421



422 Table S 7: Annual mean (+SD) relative chemical composition for the period 2001-2018. Unit (%)'

OM/PMiy EC/PMic SO4/PMiy NO3;/PMic NHs/PMiv SS/PMiy OM/PMzs EC/PMas OM /PM10423

2001 31+4 2.7+0.4 21 11 6 11 38+5 3.6£0.5 8.9+1.8424
2002 26+4 2.1+0.3 20 14 8 10 30+4 2.3+0.3 1643
2003 29+4 1.6+0.2 23 12 6 11 3245 2.5+0.4 18+4
2004 27+4 1.9+0.3 19 15 7 14 3245 2.9+0.4 21+4
2005 25+4 2.4+0.3 20 16 8 13 2944 3.34£0.5 2144
2006 26+4 1.8+£0.3 20 17 5 12 31+4 3.0+0.4 18+4
2007 27+4 2.9+0.4 15 10 4 14 35+5 4.3+£0.6 16+3
2008 25+4 1.7+0.2 14 12 3 18 36£5 3.1+0.4 1743
2009 26+4 3.7£1.9 15 13 4 13 314 2.8+0.4 19+4
2010 3445 2.4+0.3 17 13 5 11 37£5 3.240.5 21+4
2011 25+4 1.7+0.2 14 17 6 16 32+4 3.0£0.4 1543
2012 2243 1.8+£0.3 17 28 7 17 33£5 3.0+0.4 10+2
2013 29+4 2.0+0.3 15 19 6 23 37£5 3.0+0.4 18+4
2014 28+4 1.6+0.2 18 21 7 20 36+5 2.6+0.4 20+4
2015 26+4 1.9+0.3 16 22 6 28 36£5 3.3+0.5 2043
2016 3245 1.5+0.2 14 23 7 23 41+6 2.6+£0.4 21+4
2017 38+5 1.5+0.2 19 14 5 27 4947 2.8+0.4 28+6
2018 3445 1.6+0.2 14 15 6 19 46+7 2.6+0.4 20+4

' 1) Data capture below 50%.
2) Notation: Conversion factors applied OM =0C x 1.9; EC=ECx 1.1



425

426

Table S 8: Mean (+SD) relative chemical composition of the 3 weekly samples with the highest PM mass concentration (PMwmax) per year for the period 2001-2018.”

PM 1o max oM EC 5042' NOs NH;* SS PM,.5 max oM EC
pg m3 Season? % % % % % % pgm3  Season? % %

2001 12.4+1.6 234 43+16 3+1 14+10 4+3 4+3 343 12.242.4 234 50£10 542

2002 23.84£3.6 223 26+11 1.8+0.7 14+9 13+14 8+4 242 18.8+2.9 223 29+12 1.7+£0.5
2003 17.9+£2.7 222 1643 1.3+0.4 1743 18+8 11£2 8+3 12.0£1.9 222 1943 1.6+£0.3
2004 17.0+£6.8 222 2349 1.5£0.4 2143 11£10 8+4 14+18 11.6+6.5 222 27+9 2.44+0.8
2005 16.9+£2.8 244 26+6 3.4+1.6 1543 20+3 240 5+3 12.4+3.1 224 27+10 2.9+0.4
2006 26.5+£3.0 144 23+8 4.1+1.6 19+7 17+4 8+2 T£5 15.5+£0.9 124 30+10 2.3£0.7
2007 13.84£3.5 223 4042 4.2+1.5 12+0 642 4+1 1+0 10.7£3 .4 223 4842 4.1+1.5
2008 12.5+£3.0 222 12+5 1.5+£0.5 1243 20+7 5+3 15+15 7.0£2.7 223 16+3 1.9+0.6
2009 14.8+£5.7 222 21+1 1.8+0.0 12+5 1319 5+3 3+2 10.6+4.1 122 28+3 2.5+£0.5
2010 12.0£2.4 344 2146 1.9+0.6 14+3 1342 3+1 23+11 10.7£3.7 144 4249 5.0+0.6
2011 16.7+1.2 224 23+13 2.0+1.3 23+2 17+4 12+0 2+1 12.1+1.5 224 27+13 3.0+1.9
2012 11.9+1.7 122 29+21 39+34 10+9 24425 342 1+0 7.2+1.4 123 30+£26 3.0+£2.7
2013 9.4+0.6 222 12+4 1.4+0.5 9+2 T2 8+0 13+5 5.7£0.6 223 30+9 2.6£1.0
2014 17.7£3.3 224 18+8 1.5+0.2 1545 25+6 10+1 1448 8.1+0.9 122 21+6 2.5+0.5
2015 12.0+4.0 122 21+10 22+1.3 12+7 23+10 11+£2 12+12 6.9+1.7 122 31+£20 3.3+£2.0
2016 9.2.£0.2 223 30+22 1.3+£0.3 6+5 18+17 T+7 6+1 6.7£1.5 223 37+25 1.9+0.3
2017 9.8.+£2.7 114 33+8 2.3+1.1 1943 14+7 7+1 13+13 6.3£2.0 112 29+8 2.7+0.3
2018 12.8.£3.1 124 32+24 1.3+£0.5 11+£3 20+15 8+5 5+1 9.0+£1.0 144 21+11 1.7£1.2

21=DJF;2=MAM; 3 =1JJA; 4=SON



427 Table S 9: Annual and seasonal mean concentrations of TC in PM1o, PM2.sand PMio-2.5 at Birkenes for 2001-2018 (Unit:
428  ug Cmd).

PMaio PMio-25 PM:s
TC Capture TC Capture TC Capture
2001 1.09 63 0.07 48 1.08 63
DJF 0.72 59 0 34 0.75 59
MAM 1.14 92 0.02 65 1.19 92
JJA 2.50 26 0.20 26 2.30 26
SON 0.68 48 0.08 48 0.60 48
2002 115 85 0.21 80 1.01 91
DIJF 0.65 95 0.05 88 0.60 95
MAM 147 92 0.14 92 1.33 92
JJA 1.96 68 0.53 68 1.50 91
SON 0.68 86 0.18 73 0.59 86
2003 1,12 82 0,23 78 0,93 82
DIJF 0.94 85 0.05 82 0.95 85
MAM  1.26 86 0.20 76 1.16 86
JJA 1.34 85 0.43 85 0.91 85
SON 0.84 70 0.22 70 0.62 70
2004 0.91 84 0.28 79 0.65 84
DJF 0.65 86 0.09 86 0.56 86
MAM 1.13 86 0.32 66 0.91 86
JJA 1.09 79 0.41 79 0.68 79
SON 0.79 86 0.33 86 0.47 86
2005 0.99 79 0.32 75 0.71 80
DIJF 0.56 64 0.06 51 0.64 71
MAM 091 85 0.16 85 0.75 85
JJA 1.01 86 0.34 86 0.67 86
SON 1.41 79 0.62 79 0.79 79
2006 1.20 78 0.35 70 0.90 78
DJF 0.91 86 0.08 66 0.88 86
MAM  1.03 85 0.10 72 0.96 85
JJA 1.55 57 0.49 57 1.06 57
SON 1.43 86 0.68 86 0.75 86
2007  0.99 77 0.24 76 0.74 77
DIJF 0.76 58 0.09 58 0.67 58
MAM 1.17 86 0.20 86 0.97 86
JJA 1.16 86 0.41 79 0.77 79
SON 0.76 79 0.21 79 0.52 86
2008 0.85 84 0.25 81 0.60 86
DJF 0.47 84 0.05 76 0.43 84
MAM  0.90 86 0.21 79 0.71 86
JJA 1.35 86 0.47 86 0.87 86
SON 0.65 82 0.24 82 0.39 90
2009 0.89 98 0.23 92 0.67 96
DJF 0.68 100 0.05 84 0.58 92
MAM 092 92 0.12 85 0.85 92
JJA 1.19 100 0.41 100 0.78 100
SON 0.76 100 0.29 100 0.47 100
2010 1.00 94 0.21 87 0.77 96
DJF 1.09 92 0.06 69 1.03 92
MAM 091 85 0.17 85 0.69 100
JJA 1.11 100 0.36 100 0.75 100
SON 0.90 100 0.26 92 0.61 92
2011 0.99 98 0.25 92 0.80 100
DJF 0.71 100 0.09 92 0.64 100
MAM  0.88 92 0.20 85 0.84 100
JJA 1.13 100 0.37 100 0.76 100
SON 1.21 100 0.32 92 0.93 100

2012 0.64 89 0.10 79 0.58 92
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430

PMio PMio-25 PMaz;s
TC Capture TC Capture TC Capture
DJF 0.61 100 0.03 92 0.58 100
MAM  0.67 85 0 68 0.73 77
JJA 0.85 70 0.25 56 0.66 100
SON 0.51 100 0.14 92 0.37 92
2013 0.84 98 0.21 92 0.65 98
DJF 0.59 92 0.04 76 0.56 91
MAM  0.89 100 0.17 100 0.72 100
JJA 1.22 100 0.37 100 0.86 100
SON 0.66 100 0.23 92 0.46 100
2014 1.00 100 0.30 94 0.73 96
DJF 0.71 100 0.07 76 0.70 84
MAM  1.02 100 0.24 100 0.78 100
JJA 1.16 100 0.35 100 0.80 100
SON 1.12 100 0.48 100 0.64 100
2015 0.81 98 0.19 88 0.60 88
DJF 0.50 100 0.11 100 0.39 100
MAM  0.70 92 0.10 92 0.60 92
JJA 1.10 100 0.36 63 0.74 63
SON 0.94 100 0.23 96 0.71 96
2016 0.80 100 0.21 94 0.6 100
DJF 0.51 100 0.08 82 0.43 100
MAM  0.90 100 0.22 92 0.71 100
JJA 1.02 100 0.32 100 0.70 100
SON 0.76 100 0.21 100 0.55 100
2017  0.78 94 0.26 78 0.58 94
DJF 0.63 100 0.11 59 0.60 100
MAM  0.70 92 0.14 84 0.58 92
JJA 0.95 86 0.34 86 0.61 86
SON 0.84 100 0.40 83 0.51 100
2018 1.03 100 0.26 90 0.8 100
DJF 0.56 100 0.08 77 0.52 100
MAM 143 100 0.30 92 1.06 100
JJA 1.25 100 0.32 92 0.95 100
SON 0.88 100 0.32 100 0.56 100

Notation: Red numbers indicate annual or seasonal means based on < 50% data capture.



431 Table S 10: Annual and seasonal mean mass concentrations of PM1o, PMz.sand PMio-2.5 at Birkenes for 2001-2018 (Unit:
432 ugm’).

PMio Capture PMas Capture  pppy.,s Capture

2001 5.8 56 4.6 58 1.7 54
DJF 4.5 59 32 59 1.3 59
MAM 6.6 92 55 100 1.8 92
JIA 79 26 73 26 1.3 19
SON 4.9 48 2.9 48 1.9 48
2002 75 83 5.7 91 2.2 80
DJF 56 88 38 95 1.8 88
MAM 11.0 92 8.5 92 2.4 92
JIA 10.0 68 7.3 95 2.9 68
SON 3.9 86 28 86 1.5 73
2003 6.7 78 4.8 82 2.4 74
DIJF 59 76 4.4 85 ) 76
MAM 93 82 6.7 86 3.4 76
JJA 59 85 4.4 81 1.7 79
SON 54 70 35 70 23 64
2004 5.7 84 3.4 84 2.4 83
DJF 4.5 86 2.8 86 1.7 86
MAM 8.2 86 5.4 85 3.1 7
JA 5.7 7 3.3 7 2.4 7
SON 43 86 2.0 86 2.3 86
2005 6.5 79 4.0 80 2.6 75
DJF 5.2 64 3.1 71 2.8 Sl
MAM 6.9 85 4.9 85 1.9 85
JA 5.5 86 3.4 86 2.1 86
SON 8.0 7 4.4 7 3.6 7
2006 78 78 4.7 77 3.4 73
DJF 7.4 86 4.5 7 3.0 7
MAM 6.2 85 4.6 86 2.1 72
JA 8.3 57 5.4 57 3.0 57
SON 9.5 86 4.5 86 5.0 86
2007 5.8 72 3.3 74 2.5 72
DJF 4.2 38 2.0 38 22 38
MAM 7.5 86 4.4 86 3.1 86
JIA 6.1 79 35 86 2.5 79
SON 4.4 86 2.4 86 2.0 86
2008 5.7 77 2.8 86 2.7 75
DJF 5.1 84 2.5 90 2.8 84
MAM 7.1 79 4.1 73 2.7 73
JIA 6.1 86 3.1 86 2.9 86
SON 4.0 58 1.9 97 71 58
2009 5.8 85 3.6 94 23 76
DIJF 4.4 96 3 92 1.4 88
MAM 9.4 74 53 100 34 74
JIA 6.1 71 3.8 92 22 63

SON 43 99 22 92 23 83
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434

PMio Capture PMas Capture  pppy.,s Capture
2010 5.1 88 3.4 94 2.2 77
DIJF 3.8 100 3.4 87 0.55 64
MAM 5.4 71 3 98 23 68
JJA 6.7 90 37 100 31 91
SON 4.8 92 35 92 25 85
2011 7.0 98 4.1 100 3.2 96
DIJF 5.6 100 3.1 100 25 100
MAM 8.2 93 55 100 3.9 85
JIA 52 100 35 100 1.7 100
SON 9.0 100 4.4 100 4.6 100
2012 4.9 89 2.9 92 2.0 85
DIJF 4.4 100 2.7 100 1.7 99
MAM 6.7 85 32 100 33 70
JIA 4.6 70 3.8 70 1.4 70
SON 4.0 100 2.0 100 2.0 100
2013 4.9 92 2.9 86 2.2 84
DIJF 3.8 69 2.6 44 1.7 44
MAM 6.4 100 37 100 28 100
JJA 5.4 100 34 100 2.0 100
SON 3.6 100 1.8 100 2.0 92
2014 6.1 98 3.4 96 2.7 94
DJF 57 100 35 84 2.4 84
MAM 792 92 37 100 33 92
JJA 52 100 32 100 2.0 100
SON 6.3 100 33 100 3.0 100
2015 5.3 98 2.7 88 2.5 88
DJF 55 100 25 100 31 100
MAM 52 100 28 100 25 100
JA 5.5 92 2.9 63 1.9 63
SON 50 100 28 99 2.4 99
2016 43 100 25 100 1.9 100
DJF 4.1 100 2.1 100 2.0 100
MAM 4.8 100 31 100 1.7 100
JJA 4.3 100 26 100 1.7 100
SON 4.1 100 2.1 100 2.1 100
2017 3.8 90 2.0 94 1.7 90
DIJF 3.7 100 22 100 1.4 100
MAM 3.8 92 2.3 92 1.5 92
JA 3.9 86 2.1 86 1.8 86
SON 3.8 85 1.4 100 2.4 85
2018 54 100 3.0 98 2.5 98
DIJF 3.8 100 2.4 92 1.4 92
MAM 6.5 100 4.0 100 23 100
JJA 5.4 100 31 100 23 100
SON 6.2 100 22 100 3.9 100

Red numbers indicate annual or seasonal means based on < 50% data capture.



435 Table S 11: Sen slope of annual means and corresponding confidence intervals for significant slopes (p=0.05), as well as
436 change in annual mean presented as percentage change per year and as percentage change for the period 2001-2018.
437  Non-significant values in red.

Slope (% yr™) CI-1 CI-2 Change 2001-2018 (%)

PM; 2.2 -3.7 -0.7 -38
PM: 5 -4.0 -5.7 2.2 -69
PMig-25 -0.1 2.2 1.4 2.4
OC in PM;, 0 -1.4 0.9 0

OC in PM3s -0.8 -2.8 0.7 -13
OC in PMy¢25 0.8 -1.7 3.4 13

EC in PMy -3.9 -5.8 -1.9 -66
EC in PM3s -4.2 -6.2 -2.6 -71
TC in PM;o -1.1 -2.0 0.0 -19
TC in PMys -1.5 -3.5 0.0 -26
TC in PM]o-z_s 00 -24 19 0

SO4* -3.8 -6.1 -1.8 -65
NOy 0.8 2.5 4.3 14
NH4" 2.7 -5.8 0.5 -47
SS 2.2 0.6 4.5 38
Levoglucosan” 2.8 -8.8 -0.2 -28

438 Notation: Trends for levoglucosan are calculated for the period 2008-2018.
439
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442

Table S 12: Sen slope of seasonal means in % yr-! and corresponding confidence intervals for significant slopes (p=0.05) for 2001-2018.

Non-significant values in red.

DJF MAM JJA SON

Slope (% yr) CI-1 CI-2 Slope (% yr!) CI-1 CI-2 Slope (% yr') CI-1 CI-2 Slope (% yr) CI-1 CI-2
PM; -1.6 3.3 -0.1 -3.3 -5.6 -0.9 2.4 5.1 -09 -0.5 -3.3 2.2
PM;5 2.4 -4.6 -0.8 -4.4 -7.0 -3.0 -3.0 7.1 -14 -2.9 -6.5 0.6
PMio-25 0.0 2.6 3.0 -04 -4.2 2.3 2.3 -4.5 0.6 0.8 -1.2 4.3
OC in PM;, -0.2 2.8 1.4 -1.0 3.1 1.2 -0.7 -3.2 1.4 1.7 -1.3 4.0
OC in PM;;5 -0.8 -3.7 1.4 -1.9 -3.7 0.5 -0.6 -2.8 2.1 1.5 -1.2 4.3
OC in PMyg25 3.2 0.0 6.7 3.7 -1.7 7.2 -1.4 2.5 0.1 1.2 2.4 5.4
EC in PMy 2.8 -4.9 -0.7 -4.0 -6.0 -1.6 -5.9 -9.8 -3.3 2.3 -9.2 0.0
EC in PM,5 -3.1 54 -0.7 -4.6 -6.7 -3.0 -4.1 -6.7 2.2 -2.0 -5.5 0.0
TC in PMy, -1.0 -3.5 0.7 2.0 34 -0.1 -1.2 -3.6 0.9 0.9 -2.8 3.5
TC in PM; 5 -1.4 -3.5 0.7 -2.6 -4.2 -09 -1.0 -3.6 1.3 0.5 -2.5 2.7
TC in PMjo25 34 -0.3 6.7 3.1 -2.6 7.9 -1.7 32 -07 1.1 -3.3 4.9
S04+ -3.0 -6.1 -0.2 -6.4 9.0 -3.8 -4.2 -5.9 -2.9 2.4 -5.3 0.7
SS 2.9 -14 7.4 1.0 -1.6 39 3.7 2.3 5.6 3.1 0.0 4.8
Levoglucosan? -3.3 -159 6.7 1.9 -6.7 5.3 -5.7 -18.1 1.4 -1.4 -123 7.2

Notation: Trends for levoglucosan are calculated for the period 2008-2018



443 Table S 13: Sen slope of annual mean ratios and corresponding confidence intervals for significant slopes (p=0.05), as
444 well as change in annual mean presented as percentage change per year and as percentage change for the period 2001—
445 2018 (2008-2018 for levoglucosan). Non-significant values in red.

Slope (% yr!)  CI-1 CI-2 Change 2001-2018 (%)

OCpmio to PMyo 2.4 0.7 34 41
OCpmz2s to PMy 5 32 1.7 4.4 55
OCpmi0-25 to PMio2s 1.1 -1.3 2.5 17
ECpmio to PMjy -4.5 -7.1 -2.8 =77
ECpm2s to PM2 5 -3.9 -5.8 -1.9 -66
TCpmio to PMjg 1.8 0.3 2.6 30
TCpm25 to PM: s 2.6 1.4 3.7 44
TCpmi0-25 to PMio.25 0.4 -1.8 1.8 7.1
SO4* to PMjy 2.1 -3.4 -0.4 -35
NO; to PM;y 3.8 0.8 6.3 64
NH4" to PMyo -0.7 -3.1 2.4 -12
SS to PM;y 4.4 3.0 6.7 75
Levoglucosan to OCpmio -1.8 -10.6 1.8 -18
Levoglucosan to OCpm2.5 -3.6 -9.8 1.3 -36
Levoglucosan to ECpmio 2.8 -3.5 6.5 28
Levoglucosan to ECpm2.5 2.3 2.2 5.0 24
Levoglucosan to TCpmio -1.1 -9.0 2.7 -11
Levoglucosan to TCpmz.s -3.1 -8.1 2.0 -31

446 Notation: Trends for levoglucosan are calculated for the period 2008-2018.
447
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Table S 14:Sen slope of seasonal mean ratios and corresponding confidence intervals for significant slopes (p=0.05), as well as change in annual mean presented as percentage change
per year and as percentage change for the period 2001 — 2018 (2008 — 2018 for levoglucosan). Non-significant values in red.

DJF MAM JJA SON

Slope (% yr)  CI-1 CI-2  Slope (% yr!) CI-1 CI-2  Slope (% yr') CI-1 CI-2  Slope (% yr') CI-1 CI-2
OCpmio to PMy 1.8 -0.6 3.7 1.7 0.4 3.7 2.3 1.0 3.6 1.7 04 3.7
OCpmzs to PMz 5 1.8 -0.4 3.9 3.1 0.9 5.8 3.9 2.4 5.1 3.1 09 538
OCpmio-25 to PMip-25 2.8 -0.9 5.8 -0.3 -2.5 2.6 1.6 -1.2 3.1 -0.3 2.5 2.6
ECpmi0 to PMjyy -4.6 -7.2 -2.7 -4.7 -7.9 2.5 -7.1 -10.7  -3.4 -4.7 79 2.5
ECpm25 to PM.s -3.9 -5.4 2.5 -3.6 -5.3 -1.2 4.3 -71.5 -1.7 -3.6 53 -1.2
TCpmio to PMio 0.9 -1.2 32 1.1 -0.2 2.7 1.7 0.6 2.8 1.1 -02 2.7
TCpm2.5 to PMas 1.2 -0.6 3.3 -0.7 -3.6 1.6 0.7 -1.4 1.9 -0.7 3.6 1.6
TCpmi0-25 to PMyo.25 2.2 -1.6 4.4 2.4 0.5 4.6 3.2 2.1 4.1 2.4 0.5 4.6
SO4* to PMy, 2.2 -4.0 0.1 -1.3 -34 -0.4 -1.3 -3.1 0.0 -1.3 34 04
NO;™ to PM;y 7.3 32 11.1 1.2 2.4 4.1 4.4 -0.4 7.1 1.2 24 4.1
NH4" to PMy 2.6 -1.7 5.4 -1.4 -6.5 3.0 -0.6 -4.8 3.6 -1.4 -6.5 3.0
SS to PM;y 4.1 -0.3 7.4 4.8 1.8 7.6 6.2 4.3 8.0 4.8 1.8 7.6
Levoglucosan to OCpmio -5.9 -7.9 2.5 -4.9 -9.2 0.0 0.0 -13.6 0.0 -4.9 9.2 0.0
Levoglucosan to OCpmz.s -2.7 -6.5 1.8 4.2 -10.8 0.0 0.0 -8.7 3.7 4.2 -10.8 0.0
Levoglucosan to ECpmio 3.1 -6.9 8.6 1.1 -6.5 5.1 8.2 2.6 13.6 1.1 -6.5 5.1
Levoglucosan to ECpmas 2.5 -3.7 6.4 -0.4 -8.7 5.6 3.5 -5.1 10.7 -0.4 -8.7 5.6
Levoglucosan to TCemio -3.5 -7.4 3.5 -5.6 -8.7 0.0 0.0 -13.6 0.0 -5.6 -8.7 0.0
Levoglucosan to TCpm2.5 -3.2 -6.4 2.1 2.1 -6.6 1.8 0.0 -11.9 7.4 -2.1 -6.6 1.8

Notation: Trends for levoglucosan are calculated for the period 2008-2018



452 Table S 15: Annual and seasonal mean mass concentrations of levoglucosan, mannosan and galactosan (2008—-2018), arabitol, mannitol, trehalose, glucose, 2-methylerythritol and 2-
453 methyltreitol (2016-2018) in PM o at Birkenes. (Unit: ng m).

Levo- Cap  Man- Cap Galact- Cap Levo/ Cap Ara- Cap Man- Cap 2-methyl- Cap 2-methyl- Cap Tre- Cap Glu- Cap
glucosan nosan osan Mann bitol nitol erythritol threitol halose cose
2008 10.90 90 2.68 90 0.91 90 4.7 75
DJF 10.24 90 232 90 0.69 90 4.7 69
MAM  8.00 86 1.37 86 0.40 86 5.5 82
JJA 13.40 86 4.48 86 2.00 90 34 58
SON 11.34 97 2.63 100 0.53 97 4.5 89
2009 10.62 98 1.73 98 0.57 98 59 920
DJF 20.53 92 3.40 92 1.05 92 5.6 83
MAM 11.84 100 1.84 100 0.69 100 6.6 100
JJA 1.91 100 0.35 100 0.09 100 5.4 94
SON 9.08 100 1.49 100 0.50 100 54 85
2010 17.33 100 3.89 100 1.11 100 5.2 85
DJF 43.04 100 9.39 100 2.85 100 4.9 92
MAM 10.22 100 2.69 100 0.79 100 4.6 71
JJA 2.96 100 1.06 100 0.11 100 5.2 84
SON 13.71 100 2.52 100 0.73 100 5.7 92
2011 11.64 100 2.33 100 0.83 100 4.7 90
DJF 14.74 100 3.25 100 1.13 100 44 84
MAM 1L1.79 100 2.16 100 0.94 100 53 92
JJA 4.00 100 0.81 100 0.16 100 4.8 100
SON 16.23 100 3.11 100 1.12 100 45 85
2012 10.54 100 2.34 100 0.73 100 44 90
DJF 21.75 100 495 100 1.43 100 4.8 100
MAM  10.67 100 1.96 100 0.61 100 5.5 100
JJA 1.75 100 0.65 100 0.20 100 32 70
SON 8.07 100 1.82 100 0.69 100 3.8 92
2013 9.62 100 1.57 100 0.50 100 5.6 92
DJF 18.21 100 2.88 100 0.85 100 53 92
MAM 10.88 100 1.81 100 0.62 100 6.7 100
JJA 2.74 100 0.49 100 0.15 100 5.8 92
SON 6.66 100 1.13 100 0.36 100 5.5 85
2014 12.78 100 2.99 100 0.60 100 5 96
DJF 20.14 100 4.72 100 0.92 100 4.2 92
MAM 1244 100 242 100 0.62 100 5.8 92
JJA 3.15 100 0.56 100 0.14 100 5.8 100
SON 16.10 100 4.47 100 0.89 100 4.1 100
2015 9.36 88 1.36 98 0.43 98 6.4 80
DJF 9.84 100 1.53 98 0.45 98 6.9 80
MAM 1231 92 1.45 92 0.63 92 6.6 61
JJA 2.26 100 0.44 100 0.07 100 5.6 84

SON 14.04 100 2.16 100 0.61 100 6.1 97



454

Levo- Cap Man- Cap Galact- Cap Levo/ Cap Ara- Cap Man- Cap 2-methyl- Cap  2-methyl- Cap Tre- Cap Glu- Cap

glucosan nosan osan Mann bitol nitol erythritol threitol halose cose
2016 7.52 97 1.21 97 0.30 94 5.7 92 478 99 3.89 99 0.38 929 0.13 929 317 929 507 99
DJF 12.54 94 1.87 94 0.47 94 6.4 93 1.70 94 1.09 94 0.02 94 0.01 94 0.76 94 147 94
MAM  7.62 100 1.25 100 0.31 100 59 100 4.67 100 3.40 100 0.21 100 0.11 100 5.82 100 4.60 100
JJA 237 100 0.47 100 0.09 77 5.3 100 8.29 100 6.69 100 1.01 100 0.29 100 3.73 100 9.93 100
SON 7.92 92 1.30 92 0.28 100 5.5 76 426 100 4.17 100 0.24 100 0.09 100 2.19 100 4.04 100
2017 8.24 94 1.35 95 0.32 94 5.6 92 552 94 5.70 94 0.37 94 0.10 94 3.37 94 517 %4
DJF 15.77 100 2.49 100 0.65 100 5.6 100 1.16 100 1.40 100 0.01 100 0.01 100 1.03 100 2.03 100
MAM  6.22 92 0.98 92 0.23 92 6.6 84 390 92 3.65 92 0.05 92 0.02 92 1.58 92 4.11 92
JJA 227 86 0.48 86 0.06 86 4,8 86 9.15 86 8.45 86 1.32 86 0.35 86 4.21 86 7.09 86
SON 7.84 100 1.31 100 0.29 100 5.5 100 8.18 100 9.49 100 0.17 100 0.06 100 6.61 100 7.58 100
2018 9.77 100 1.62 100 0.39 100 6.1 98 5.76 100 5.65 100 0.45 98 0.16 98 2.83 100 416 100
DJF 13.50 100 221 100 0.60 100 5.9 100 0.72 100 0.94 100 0.01 92 0.01 92 0.60 100 2.74 100
MAM 13.64 100 2.04 100 0.54 100 6.8 100 4.18 100 421 100 0.24 100 0.08 100 1.91 100 3.59 100
JJA 1.38 100 0.25 100 0.04 100 5.8 100 8.66 100 7.94 100 1.24 100 0.42 100 2.90 100 4.52 100
SON 10.64 100 2.01 100 0.41 100 5.5 92 9.38 100 9.47 100 0.25 100 0.12 100 591 100 5.79 100




455 Table S 16: Seasonal mean (xSD) concentrations of TCpb, OCbb and ECpb in PM10 and PM2s at Birkenes 2008-2018.

456  (Unit: pg C m3).

TCpbb PMio OCpb PMio ECpb PMio TCob PM2.5 OCpb PM25 ECpb PM2s
TCobb PMio OCpb PM1o ECob PMio TCob PM25 OCpb PM25 ECpb PM2s
2008 0.160+0.042 0.138+0.042 0.021+0.005 0.141 +0.034 0.121 +0.034 0.020 = 0.004
DIJF 0.150+0.039 0.130+0.039 0.020+0.004 0.133+0.032 0.114+0.032 0.019+0.004
MAM 0.117+0.031 0.102+0.030 0.016+0.003 0.104+0.025 0.089+0.025 0.015+0.003
IJA 0.196+0.05 0.170+0.051 0.026+0.006 0.174+0.042 0.149+0.042 0.02540.006
SON 0.166+0.043 0.144+0.043 0.022+0.005 0.147+0.036 0.126+0.036 0.02140.005
2009 0.156+0.041 0.135+0.040 0.021+0.005 0.138+0.034 0.118+0.034 0.020+0.004
DIJF 0.301+0.078 0.261+0.078 0.040+0.009 0.266+0.065 0.228+0.065 0.038+0.008
MAM 0.174+0.045 0.150+0.045 0.023+0.005 0.154+0.037 0.131+0.037 0.022+0.005
IJA 0.028+0.007 0.024+0.007 0.004+0.001 0.025+0.006 0.021£0.006 0.004+0.001
SON 0.1334+0.035 0.115+0.035 0.018+0.004 0.118+0.029 0.101£0.029 0.017+0.004
2010 0.254+0.066 0.220+0.066 0.034+0.008 0.225+0.055 0.192+0.055 0.032+0.007
DJF 0.631+0.164 0.547+0.164 0.084+0.019 0.558+0.136 0.478+0.136 0.080+0.018
MAM 0.150+0.039 0.130+0.039 0.020+0.004 0.132+0.032 0.113£0.032 0.019+0.004
IJA 0.043+0.011 0.038+0.011 0.006+0.001 0.038+0.009 0.033+0.009 0.006+0.001
SON 0.201+0.052 0.174+0.052 0.027+0.006 0.178+0.043 0.152+0.043 0.026+0.006
2011 0.171+0.044 0.148+0.044 0.023+0.005 0.151+0.037 0.129+0.037 0.022+0.005
DIJF 0.216+0.056 0.187+0.056 0.029+0.006 0.191+0.047 0.164+0.047 0.027+0.006
MAM 0.1734£0.045 0.150+0.045 0.023+0.005 0.153+0.037 0.131+0.037 0.022+0.005
IJA 0.059+0.015 0.051+0.015 0.008+0.002 0.052+0.013 0.044+0.013 0.007+0.002
SON 0.238+0.062 0.206+0.062 0.032+0.007 0.210+0.051 0.180+0.051 0.030+0.007
2012 0.155+0.040 0.134+0.040 0.021+0.005 0.137+0.033 0.117+0.033 0.020+0.004
DJF 0.3194+0.083 0.276+0.083 0.043+0.009 0.282+0.069 0.24140.069 0.040+0.009
MAM 0.156+0.041 0.136+0.041 0.021+0.005 0.138+0.034 0.118+0.034 0.020+0.004
IJA 0.026+0.007 0.022+0.007 0.003+0.001 0.023+0.006 0.019+0.006 0.003+0.001
SON 0.118+0.031 0.102+0.031 0.016+0.004 0.105+0.026 0.090+0.025 0.015+0.003
2013 0.141+0.037 0.122+0.037 0.019+0.004 0.125+0.030 0.107+0.030 0.018+0.004
DJF 0.267+0.069 0.23140.069 0.036+0.008 0.236+0.058 0.202+0.058 0.034+0.008
MAM 0.159+0.041 0.138+0.041 0.021+0.005 0.141+0.034 0.12140.034 0.020+0.004
IJA 0.040+0.010 0.035+0.010 0.005+0.001 0.035+0.009 0.030+0.009 0.005+0.001
SON 0.098+0.025 0.085+0.025 0.013+0.003 0.086+0.021 0.074+0.021 0.012+0.003
2014 0.187+0.049 0.162+0.049 0.025+0.006 0.166+0.040 0.142+0.040 0.024+0.005
DJF 0.295+0.077 0.256+0.077 0.040+0.009 0.261+0.064 0.2244+0.064 0.037+0.008
MAM 0.182+0.047 0.158+0.047 0.024+0.005 0.161+0.039 0.138+0.039 0.02340.005
JJA 0.046+0.012 0.040+0.012 0.006+0.001 0.041+0.010 0.0354+0.010 0.006+0.001
SON 0.236+0.061 0.204+0.061 0.032+0.007 0.209+0.051 0.179+0.051 0.030+0.007
2015 0.137+0.036 0.119+0.036 0.018+0.004 0.121+0.030 0.104+0.030 0.017+0.004
DJF 0.144+0.038 0.12540.038 0.019+0.004 0.128+0.031 0.109+0.031 0.018+0.004
MAM 0.180+0.047 0.156+0.047 0.024+0.005 0.160+0.039 0.1374+0.039 0.02340.005
JJA 0.033+0.009 0.029+0.009 0.004+0.001 0.029+0.007 0.025+0.007 0.004+0.001
SON 0.206+0.054 0.178+0.054 0.028+0.006 0.182+0.044 0.156+0.044 0.026+0.006
2016 0.110+0.029 0.096+0.029 0.015+0.003 0.098+0.024 0.084+0.024 0.014+0.003
DIJF 0.184+0.048 0.159+0.048 0.025+0.005 0.162+0.040 0.139+0.040 0.02340.005
MAM 0.112+0.029 0.097+0.029 0.015+0.003 0.099+0.024 0.085+0.024 0.014+0.003
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TCvb PMio OCyvy PMio ECuwy PMi1o TCovb PM2s OCuvb PM2.s5 ECsb PM2s

JJA 0.035+0.009 0.030+0.009 0.005+0.001 0.031+0.007 0.026+0.007 0.004+0.001
SON 0.116+0.030 0.101+0.030 0.016+0.003 0.103+0.025 0.088+0.025 0.015+0.003
2017 0.121+0.031 0.105+0.031 0.016+0.004 0.107+0.026 0.092+0.026 0.015+0.003
DIJF 0.231+0.060 0.200+0.060 0.031+0.007 0.204+0.050 0.175+0.050 0.029+0.007
MAM 0.091+0.024 0.079+0.024 0.012+0.003 0.081+0.020 0.069+0.020 0.012+0.003
JJA 0.033+0.009 0.029+0.009 0.004+0.001 0.029+0.007 0.025+0.007 0.004+0.001
SON 0.115+0.030 0.100+0.030 0.015+0.003 0.102+0.025 0.087+0.025 0.015+0.003
2018 0.143+0.037 0.124+0.037 0.019+0.004 0.127+0.031 0.108+0.031 0.018+0.004
DIJF 0.198+0.052 0.171+0.051 0.026:+0.006 0.175+0.043 0.150+0.043 0.025+0.006
MAM 0.200+0.052 0.17340.052 0.027+0.006 0.177+0.043 0.1514+0.043 0.025+0.006
JJA 0.020+0.005 0.018+0.005 0.003+0.001 0.018+0.004 0.015+0.004 0.003+0.001
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458 Table S 17: Equations showing the relationship between EC, OC and TC for ambient PM2s aerosol filter samples
459 collected at Birkenes in 2014, obtained by temperature calibrated Quartz and EUSAAR-2 temperature programs.

EC ECEUSAAR-Z, TOT = ECQUARTZ, TOT X 1.6118 R2 =0.876 n=150 Eq. S16
oC OCEUSAAR-Z, TOT = OCQUARTZ, TOT X 0.8687 R2 =0.977 n=150 Eq. S17
TC TCEUSAAR-Z, TOT = TCQUARTZ, TOT X 0.9151 R2 =0.976 n=150 Eq. S18
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