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Rapid transformation of wildfire emissions to harmful
background aerosol
Christina N. Vasilakopoulou 1,2, Angeliki Matrali1,2, Ksakousti Skyllakou 2, Maria Georgopoulou1,2, Andreas Aktypis 1,2,
Kalliopi Florou 2, Christos Kaltsonoudis2, Evangelia Siouti1,2, Evangelia Kostenidou3, Agata Błaziak 4, Athanasios Nenes2,5,
Stefanos Papagiannis 6, Konstantinos Eleftheriadis 6, David Patoulias 2, Ioannis Kioutsioukis 7 and Spyros N. Pandis 1,2✉

Wildfires are a significant source of organic aerosol during summer, with major impacts on air quality and climate. However, studies
in Europe suggest a surprisingly low (less than 10%) contribution of biomass burning organic aerosol to average summertime fine
particulate matter levels. In this study we combine field measurements and atmospheric chemical transport modeling, to
demonstrate that the contribution of wildfires to fine particle levels in Europe during summer is seriously underestimated. Our work
suggests that the corresponding contribution has been underestimated by a factor of 4–7 and that wildfires were responsible for
approximately half of the total OA in Europe during July 2022. This discrepancy with previous work is due to the rapid
physicochemical transformation of these emissions to secondary oxidized organic aerosol with an accompanying loss of its organic
chemical fingerprints. These atmospheric reactions lead to a regionally distributed background organic aerosol that is responsible
for a significant fraction of the health-related impacts caused by fine particles in Europe and probably in other continents. These
adverse health effects can occur hundreds or even thousands of kilometers away from the fires. We estimate that wildfire emissions
are responsible for 15–22% of the deaths in Europe due to exposure to fine particulate matter during summer.
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INTRODUCTION
Biomass burning organic aerosol (OA) is one of the major
pollutants emitted by wildfires1. Every year millions of significant
wildfires occur all around the globe. Bottom-up estimates of
wildfire emissions suggest that they are responsible for more than
85% of the fine particulate matter emissions in Europe during
summer2 and therefore they are a major contributor to air quality
deterioration and the corresponding health effects on humans. On
the other hand, top-down estimates based on measurements3 of
the composition of the PM1 suggest that they are responsible for
less than 10% of the OA. This major discrepancy results in
significant uncertainty about the current role of wildfires as an air
pollution source especially far from the corresponding fire areas.
Measurements were conducted in a remote continental eastern

Mediterranean site (Pertouli, Greece) in the summer of 2022, in
order to quantify the impact of wildfires on the air quality in this
region (SPRUCE-22 campaign). Several wildfires occurred across
Europe during the study period3, producing on average 38,000 tn
d–1 of PM2.5. Fires in the Iberian Peninsula were responsible for
30% of these emissions (Supplementary Fig. 1). Major fires also
occurred in Ukraine. The wildfire emissions during July 2022 in
Europe were relatively high in the Iberian Peninsula and the rest of
Western Europe, but normal for a summer month in the rest of the
continent. There were no fires within 100 km of the site and
relatively few fires in Greece in general. The anthropogenic
organic PM2.5 emissions during the study period were estimated
at 4700 tn d–1, less than one quarter of the biomass burning
emissions4.
Source apportionment of the measured OA in Pertouli was

conducted using Positive Matrix Factorization of the Aerosol Mass

Spectrometer measurements5,6. Despite the occurrence of all
these fires in Europe, the source apportionment analysis was
unable to identify biomass burning (bbOA) as a significant OA
source. On the contrary, three secondary factors were identified:
biogenic-oxidized OA (bOOA) (23% of the total OA), less-oxidized
OA (LO-OOA) (37% of OA) and more-oxidized OA (MO-OOA) (40%
of OA) (Fig. 1) raising the question of what happened to the bbOA.
The ME-2 algorithm was used to estimate a potential upper bound
of the concentration of fresh bbOA7 forcing the solution to include
a fresh bbOA factor8. Even in this case, the average bbOA was only
3% of the total OA (0.2 μgm–3) for the examined period
(Supplementary Fig. 2). The OA in the site was highly oxidized
(O:C= 0.85).
Our hypothesis is that the biomass burning emissions react

rapidly in the atmosphere and are transformed to oxidized OA.
The transformations include evaporation of the semi-volatile
bbOA components, reactions in the gas phase and then re-
condensation of the products of the oxidation, heterogeneous
reactions of the primary biomass burning with OH and reactions in
the aqueous phase (both in clouds and during periods of high
RH)9,10. This chemical aging of bbOA leads to rapid loss of its
organic chemical fingerprints (e.g., levoglucosan), thus resulting in
a serious underestimation of its contribution to the OA levels. The
high summertime temperature, sunlight intensity and high
oxidant levels accelerate the corresponding processes. If this
hypothesis is valid, the importance of biomass burning during
summer is currently seriously underestimated and is a lot more
than 8% of the OA. It may contribute to a large extent to the
European background OA during summer to which all Europeans
are exposed.
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RESULTS
Evidence for the influence of fires
A series of biomass-burning tracers and techniques were used to
identify the influence of wildfires in this remote site. Potassium is
used as an inert non-volatile tracer11,12 of biomass-burning OA. On
average the PM2.5 potassium concentration in Pertouli was
0.2 μgm–3, and there were specific days that it reached up to
0.4 μgm–3 (Supplementary Fig. 3). The Aerosol Mass Spectrometer
(AMS) measures only a fraction of the potassium13 and reported
an average concentration of 0.08 μgm–3.
Dust and sea-salt contributions to the K+ concentrations were

quantified, and biomass burning was found to be the dominant
(more than 75%) source of potassium. The average PM2.5 biomass
burning K+ was estimated to be 0.15 μgm-3. The K+ was
associated with the MO-OOA, as the R2 between the two was
equal to 0.61 (daily resolution) (Supplementary Fig. 3). The source
apportionment analysis was repeated including potassium in the
input matrix. PMF associated 76% of the potassium with the MO-
OOA (Supplementary Fig. 4). The remaining 24% was associated
with the biogenic factor. This is an indication that biomass-
burning secondary OA (bbSOA) is a major part of the MO-OOA at
least in this study.
There are no available direct measurements of the levels of

levoglucosan during SPUCE-22. However, the AMS m/z 60 and 73
have been strongly linked to levoglucosan in previous studies14.
During our campaign, the levels of both m/z 60 and m/z 73 were
quite low. For example, the f60 was just 0.4% on average, more

than order of magnitude lower than the levels expected in an area
dominated by fresh biomass burning OA which are up to 6%15.
Values of f60 at least 1% are expected to support the presence of
fresh biomass-burning OA. This is shown in the f44 vs f60 triangle
plot (Supplementary Fig. 5) in which all our measurement points
fall outside the area in which fresh biomass burning OA is usually
encountered. Most of the measurements were at the background
f60 level (0.3%), suggesting strongly that the levoglucosan levels
during the campaign were quite low or even negligible. This
finding does support our hypothesis that the characteristic
chemical fingerprints of biomass-burning OA (including levoglu-
cosan) were rapidly lost during atmospheric aging. Levoglucosan
is semivolatile, especially during the summer, a fraction of it is
present in the gas phase where it can get rapidly oxidized, leading
to evaporation of the remaining levoglucosan from the particulate
phase and further oxidation until little levoglucosan can be found
in the particles. Part of the products of these reactions are
transformed to oxidized OA, which is probably part of the MO-
OOA detected in this study.
Black carbon (BC) was on average 0.42 μgm–3 based on the

Aethalometer measurements. Wood burning was estimated16 to
contribute approximately 40% of the BC. The wood burning
contribution to BC was even higher at the high-potassium days,
exceeding 50% (Supplementary Fig. 6). During those days
potassium also had high concentration (R2= 0.58 between K+

and biomass burning BC) (Supplementary Fig. 6). The significant
contribution of wood burning to black carbon supports the
importance of this fine PM source in this area. The water-soluble

Fig. 1 Aerosol measurements during SPRUCE-22. Time series of: a OA components estimated by PMF; b organic aerosol oxygen-to-carbon
ratio; c chloride and f60 (biomass burning related fragment fraction); d black carbon, biomass burning black carbon and AMS potassium.
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brown carbon levels measured were insignificant, suggesting
considerable processing of the corresponding air masses and
photo-bleaching of the water-soluble brown carbon17.
The contribution of biomass burning to OA in the site was

also estimated using the PMCAMx-SR chemical transport model18

(Fig. 2). It was predicted that secondary biomass burning OA was
responsible for around 40% and primary biomass burning for 4%
of the total OA (Supplementary Fig. 7). This estimated biomass
burning contribution is high considering that it is for a site far
away from wildfires.

Fire case studies
Nearby fires. The measured K+ and BC levels both peaked on July
25 and July 31 (Fig. 3). Higher levels of chloride were also
measured. The f60, which is a biomass-burning tracer, also
increased in these days (Supplementary Fig. 8). Analysis of the
air mass trajectories (Supplementary Fig. 9) suggested that during
the first period, the site was influenced by a major fire in Dadia
(northeast Greece, approximately 400 km from the site). During
the second period, another fire in Albania (approximately 150 km
from the site) was affecting the site. We estimated using HYSPLIT19

that the fire emissions travelled 2 days before reaching the site
during the first fire event and 1 day during the second fire event.
The MO-OOA, which was the most aged factor among the three,

increased during these two periods reaching approximately
10 μgm–3 (Fig. 3). During the first period the MO-OOA concentra-
tion increased by 4 μgm–3, the bOOA by 0.4 μgm–3 and the LO-
OOA remained constant. During the second period the MO-OOA

concentration increased by 3.1 μgm–3, the LO-OOA by 0.5 μgm-3

and the bOOA concentration remained constant and at low levels.
In both cases the MO-OOA was responsible for most of the OA
increase in these periods during which the site was clearly
affected by wildfire emissions.
Using the ME-2 algorithm, the additional OA during the two

periods was attributed to both bbPOA and MO-OOA. The MO-OOA
concentration was approximately 10 times more than that of the
bbPOA during the first and 6 times during the second period. This
strongly suggests that more than 80% of the biomass burning OA
had been transformed to MO-OOA during the 1–2 days of
transport of the fire emissions to the measurement site.
The MO-OOA correlated well (R2= 0.74 for hourly values) with

the AMS potassium during these events. This is additional
evidence that biomass burning emissions had been transformed
to MO-OOA during these periods in which the fire impact on the
site was quite clear. A good agreement between MO-OOA and K+

has also been reported before20 in the southwestern United States
during winter and was attributed to aged biomass burning
emissions.
Both the m/z 60 and nitrate followed the same trend with MO-

OOA during the fire case study periods. A stronger link between
m/z 60 and MO-OOA is expected when some fresh biomass-
burning OA remains in the aerosol. This link is expected to weaken
and eventually disappear as the OA ages. Our results support this
view. The R2 between the MO-OOA and the m/z 60 for the whole
month was 0.33. The correlation was better for the two brief fire
periods, as the R2 increased to 0.9 (Supplementary Fig. 10). Nitrate

Fig. 2 Wildfire emissions and PMCAMX-SR results of the bbOA in Europe and Pertouli. a PM2.5 wildfire emissions for July 2022 (50–500 m),
b predicted bbPOA in Europe for July 2022, c predicted bbSOA in Europe for July 2022, d time series of predicted bbSOA in Pertouli and the
areas of the corresponding fires shown with different colors.
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(which was mostly organic) had a similar behavior. MO-OOA had
an R2 equal to 0.17 with nitrate (1-h resolution) for the study and
0.84 for the two fire periods (24–25/7 and 30–31/7) (Supplemen-
tary Fig. 11). The MO-OOA factor had little average diurnal
variation which is a typical behavior for a highly oxidized OA
component that has been transported over relatively long
distances (Supplementary Fig. 12).
The difference of these two fires compared to the rest is that

they occurred relatively close to the sampling site (1–2 days of
transport time and 150–400 km away) so their effect could be
captured by the auxiliary measurements.

Fires in Portugal. The PMCAMx-SR results showed that the bbSOA
in Pertouli originated from wildfires which occurred in various
areas of Europe (Fig. 2). Major fires in Portugal started on July 7
and lasted until the end of the month (Supplementary Fig. 13).
Their emissions traveled through many European countries such
as the United Kingdom, France, Germany, Norway, etc. and
reached this remote site in Greece two weeks later (July 21). The
Iberian Peninsula fires, which originated thousands of kilometers
away from Greece, were responsible for a significant fraction of
the bbSOA in the site for the period July 21 to July 31 according to
PMCAMx-SR. Except from the fires in Spain and Portugal, the
bbSOA in Pertouli was also affected by fires in Ukraine, Italy, and
the Balkans according to PMCAMx-SR.

Biomass burning organic aerosol levels
The quantification of the bbOA concentration is challenging due
to its aging. For that reason, we rely on the combination of
different indirect methods. First, the measured potassium
concentrations can be used for the calculation. The fresh bbOA:K+

concentration ratio in the literature varies from 5 to 100 with an
average value of 2021–24. The ratio could be higher if bbOA levels
increase during aging. Using these three ratios (5 and 100 for the
extremes and 20 for the expected value) the bbOA in the site
should be on average 3 μgm–3 (range 0.75–15 μgm–3) or 40% of
the total OA (range 10–100%). For the upper limit, the bbOA
estimated exceeds the total OA measured, so we use 100% of the
OA instead.

Even though potassium has been used in several studies as a
biomass-burning tracer25 there are also some studies which
indicate that use of K+ can lead to over-prediction of bbOA
especially during summer26. However, these studies have focused
on primary bbOA and not on the secondary, which was the
dominant form of bbOA in our study. The problem lies in
neglecting the transformation of fresh biomass-burning OA to
aged highly oxidized OA that is then not associated with biomass-
burning aerosol. Therefore, even if these studies using K+

probably provide reasonable estimates of the contribution of
total (fresh and oxidized) bbOA, provided that there are no other
significant sources of K+ in the analyzed samples, they conclude
that bbOA is overestimated. The discrepancy is due to the fact that
the potentially significant levels of processed bbOA are neglected.
So indeed, use of K+ leads to an overestimation of the fresh bbOA,
but such estimates are probably much better indicators of the
total bbOA, especially if one can account for the aging processes.
The contribution of other sources (dust, sea-salt) to the potassium
concentration in our case was quite low.
PMCAMx-SR predicted that 55% of the OA was due to fires in

the modeling domain and another 21% due to transport from
outside the domain. The measured MO-OOA was in reasonable
agreement with the sum of bbSOA and long-range transport (LRT)
OA (Supplementary Fig. 14). This supports our hypothesis that a
significant fraction of the biomass burning OA is part of the MO-
OOA measured by the AMS. However, the model tended to
underestimate OA, so its predictions could be viewed as a lower
bound of the true biomass burning contribution. Part of this
underestimation may be the estimation of wildfire emissions. Fire
emission estimates are quite uncertain and the IS4FIRES values
used in this work differ compared to other fire emission
inventories by at least a factor of 2. Depending on the area and
the period modeled the values in the various fire inventories can
be higher than those in IS4FIRES used here27.
The PM2.5 mass concentration was practically the same (within a

few μg m–3 at daily resolution) as in Pertouli in different areas in
Greece during July 2022 including Athens, Thessaloniki, Patras
(Supplementary Fig. 15). This is consistent with the regional
influence of the secondary bbOA from fires mostly outside Greece.

Fig. 3 Timeseries of aerosol components. Timeseries of aerosol components for the two case studies (24/7-25/7 Dadia fire) and (30/7-31/7
Albania fire) of the a organic factors and b potassium and biomass burning black carbon.
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PMCAMx predicted an average bbSOA concentration of
2 μgm–3 over Europe (Fig. 2). This appears to be a conservative
estimate given that the model at least in Pertouli predicts lower
OA and bbSOA levels compared to the estimates based on the
measurements.

Oxidative potential of particulate matter
Oxidative potential (OP) has been linked to the PM-bound and/or
induced reactive oxygen species and their ability to cause
oxidative stress and damage to biological systems28,29. It is widely
used as a metric of potential aerosol toxicity30,31. The OP of the
water-soluble PM2.5 fraction was measured using the acellular
dithiothreol (DTT) assay32,33. This water-soluble fraction is
expected to include practically all the OA given its highly oxidized
state34. The DTT assay has been extensively used in previous field
studies both in Europe (including Greece) and the US and
therefore there is a good set of other measurements for
comparison.
The annual average DTTm (OP per unit mass) of fine PM in

Europe ranges between 6–30 pmol min–1 μg–1 for urban
background sites and between 9 and 22 pmol min–1 μg–1 for
rural areas35. In Athens, Greece36 the annual average DTTm is
28 ± 14 pmol min–1 μg–1. Lower OP values (10 pmol min–1 μg–1)
have been reported for a suburban central Mediterranean site
(Salento’s peninsula, South Italy) during summer37. Atmospheric
processing affects the OP of ambient OA38 with DTTm values of
oxidized OA20,35 ranging between 20–60 pmol min–1 μg–1. The
lower values have been reported in south Mediterranean back-
ground areas during summer. For example, the DTTm of aged OA
(more than 1 d of transport time) during summer in Greece, was
measured at 22 pmol min–1 μg–1; two times higher than that of
the fresh OA (10 pmol min–1 μg–1) with less than 5 h of transport
time38. The average DTTm in this study was 84 ± 27 pmol min–1

μg–1 (Fig. 4), which is higher than the average values reported in
the literature for oxidized OA in Mediterranean sites during
summer.

The average DTTv (per unit volume of air) during SPRUCE-22
was 0.2 ± 0.03 nmol min–1 m–3 (Fig. 4). Similar levels (0.2 ± 0.05
nmol min–1 m–3 average annual DTTv) have been observed in ten
European sites, including regional background, urban background,
and urban traffic locations39 as well as in a central Mediterranean
site during summer37, where DTTv was equal to 0.19 ± 0.02 nmol
min–1 m–3. Multiple linear regression was performed to the
SPRUCE-22 DTTv measurements, to estimate which PMF factor
affects more the results. Among the different types of OA in the
site, the MO-OOA was the one which influenced the most the
measured DTTv reactivity, while practically zero contribution was
estimated for biogenic OOA. These results suggest that the
oxidized OA in the site had OP that is at least equal and probably
higher than the average OA in Europe.

DISCUSSION
Many epidemiological studies consider fine PM2.5 to be the
highest environmental risk to human health, leading to cardio-
vascular and respiratory diseases. Both long-term and short-term
exposure to even low concentrations of PM2.5 leads to an increase
in mortality40–42. PM2.5 explicitly from fresh biomass burning
emissions has also been linked to mortality excess risk43–45.
A linear relationship between the exposure to ambient PM and

mortality has been assumed for the relatively modest fine PM
levels involved. The average slope used is based on a series of
epidemiological studies that assume a similar linear relationship.
Another assumption of our estimation is that the corresponding
aged biomass burning OA is at least as dangerous as the average
fine PM in Europe. This simplification allows us to use the results of
past detailed epidemiological analyses in Europe.
The average bbSOA due to wildfires over Europe during the

study period is estimated to be around 2–3 μgm-3 based on the
model and the measurements. As a result, hundreds of millions of
people were exposed to the corresponding particles that appear
to be quite toxic. These particles remain in the atmosphere for

Fig. 4 Daily average oxidative potential of the water-soluble particulate matter during the study. a DTT (per unit air volume) and b DTT
(per unit mass). The error bars represent the standard deviation.
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several days and can travel thousands of kilometers away from the
corresponding fire. Assuming a linear relationship between the
exposure to ambient PM and mortality, and the average number
of deaths in Europe due to ambient air pollution (300,000), we
estimate that exposure to these levels can lead to 3600–5400
premature deaths per month. Assuming similar levels for the rest
of the summer, these correspond to 10,800-16,200 premature
deaths during each summer.
Even if these deaths are included in the approximately 300,000

deaths per year in Europe as the result of exposure to ambient fine
particulate matter46, they have not been associated with
summertime biomass burning. The results of this study indicate
that 15–22 out of 100 deaths from ambient PM exposure in
Europe during summer are associated with biomass burning from
wildfires. A more comprehensive estimate of these health effects
is possible with the use of multiple summer periods, fire emission
inventories, and bbOA aging models.

METHODS
M1. Source apportionment analysis
For the source apportionment of OA positive matrix factorization
(PMF) analysis was performed with temporal resolution of
3 minutes. The “weak” (signal to noise ratio 0.2–2) and “bad”
variables (signal-to-noise ratio below 0.2) were treated, while the
CO2-related variables were also down-weighted47. Solutions from
1 up to 5 factors were explored for Fpeak values in the –1 to 1
range exploring the effects of the rotation of the solution. The
three-factor solution was chosen. Both the 4- and the 5-factor
solutions included non-meaningful factors, so they were dis-
carded. Diagnostic plots related to the 2-factor solution and the
3-factor solution are shown in Supplementary Fig.16. The OA
factor AMS spectra derived from the chosen solution were
compared with reference spectra in the literature. The biogenic
OOA was characterized by m/z’s 53 and 82, which are biogenic
tracers48. The MO-OOA and LO-OOA factors were compared to the
ones from FAME-2008 which also correspond to a background site
in Greece and the θ angle was below 15o in each case49.
The diurnal profiles of the three factors did not show significant

variation which is the typical behavior of highly aged aerosol. Only
LO-OOA had a minor peak around 14:00 (local time) possibly due
to increased photo-chemical activity.
As a sensitivity analysis, the Multilinear Engine (ME-2) was used

to quantify the concentration of bbPOA. A fresh bbOA spectrum
was used for constraining the solution. The a-value varied from 0
up to 1. The solution presented here is for a= 0, given that we are
trying to quantify the fresh bbPOA. For a= 0.5, the resulting bbOA
spectrum corresponded to aged biomass burning OA. The bbOA
contribution to the total OA in this case was 6%.
The MO-OOA seems to include a significant fraction of the

bbSOA as it had the same trend with the potassium (R2 > 0.85) and
other biomass burning tracers in the examined periods in which
the site was affected by the Dadia and the Albania fires. The
concentration of MO-OOA was approximately 5 times more than
that of the bbPOA in these fire events indicating that at least 80%
of the bbOA was of secondary origin, even in these cases in which
the fire emissions had spent only 1-2 days in the atmosphere. For
longer residence times the primary bbOA contribution was below
detection levels.

M2. Fire-case studies
The average OA AMS spectrum during the Dadia and Albanian fire
periods was compared those during the rest of the study and no
significant differences were observed (θ < 12o). The f60 during
these fires was on average 0.5% which is in the background range.
On average it was even lower at 0.4%. This shows that the bbOA

emitted by the wildfires was highly processed before it reached
the site. Consequently, the bbOA AMS signature was lost.
The C10H13O3

+, which has been identified as a biomass-burning
tracer10 during aging chamber experiments, also increased during
the fire events. However, its concentration was still low and
resulted in minor differences in the OA spectrum.
The first fire in Dadia, Greece started on July 21 and stayed

active until July 27. Air trajectories using the Hybrid Single-Particle
Lagrangian Integrated Trajectory model (HYSPLIT) showed that
the air masses passed near the fire in the afternoon of July 22 and
reached the Pertouli site on July 24, approximately two days later
(Supplementary Fig. 9). During the same period air masses that
had originated in Portugal were also moving south to the Balkans
based on PMCAMx-SR. The emissions of the fire in Dadia were
therefore added on top of the highly processed bbOA due to the
Iberian fires. On July 25 at 01:00 the potassium and wood-burning
BC concentrations started to drop even though the fire was still
active. This was because the air changed direction and the air
masses arriving in Pertouli did not pass close to the fire area.
The second fire occurred in Albania on July 30 and 31. Air

masses passed over the area of the fire and reached Pertouli after
one day. The fire occurred relatively close to the site (150 km);
however, wind velocities were low during that period and the air
masses moved slowly to the site. Our results indicate that even in
the 1 d required for the transport of the plume to the site
practically all (>80%) of the fresh bbOA was aged. The smaller
distance compared to the other fires and the weak dilution may
be responsible for the K+ and biomass burning BC peaks in the
observations.

M3. Potassium sources
In this work, the potassium has been used as a biomass burning
tracer. However, potassium can have other sources in the
atmosphere, such as sea salt and dust. In this work the PM2.5 K+

was measured, while dust and sea-salt K+ is mostly found in the
coarse mode, so low contributions of these two sources are
expected. Nevertheless, the biomass burning fraction of K+ was
quantified for more accurate results.
In a first step the non-sea salt potassium was calculated using

two methods. In the first method50,51 the Na+ concentration was
used assuming that K+sea-salt= 0.0355 Na+. In the second the
Mg+2 (K+sea-salt= 0.3082 Mg+2) was used52. Both methods
showed that the sea-salt K+ concentration was low (0.01 μgm–3

on average) and practically all the potassium was of non-sea salt
origin. This behavior applies also for the fire cases and not only for
the average period.
The contribution of dust to the potassium concentration was

also quantified. In that case the Ca+2 concentration was used. The
dust K+ was calculated as K+dust= 0.2 Ca+2, where the slope (0.2)
stands for the average K+: Ca+2 ratio in dust53–58. The K+dust was
equal to 0.04 μgm–3 in this study.
Since the sea-salt and the dust K+ concentrations were

quantified, the biomass burning potassium was calculated
according to:

Kþbb ¼ Kþ � Kþsea-salt � Kþdust

The average PM2.5 biomass burning K+ concentration was
0.15 μgm–3.

Μ4. Estimation of total bbOA in Pertouli
The potassium concentration was used as the basis for the
estimation of the bbOA levels in Pertouli. The bbOA:K+ ratio has
been used in previous studies to estimate biomass burning
aerosol concentrations and emissions with reported values in the
5–100 range. The value of the ratio depends on both the burning
conditions and aging59.
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For the bbOA calculation in Pertouli, we assume an average
bbOA:K+ ratio equal to 2022. Based on the average PM2.5 biomass
burning K+ concentration for July 2022 (0.15 μgm–3) we
calculated that the average bbOA concentration was equal to
3 μgm–3. The bbOA concentration can range between 0.75 and
15 μgm–3 if we use the lower and upper limits of the bbOA: K ratio
found in literature (5 and 100). If we use the AMS K+, the bbOA
concentration is estimated to be 1.5 μgm–3, which is an under-
estimation of the total bbOA given that the AMS measures only a
fraction of the K+. The estimated bbOA concentration in Pertouli
by PMCAMx-SR was 2 μgm–3, which is probably also a low
estimate given the underprediction of the OA by the model. We
use as our best estimate the average of the measurement-based
estimate and the model predictions to conclude that the average
total bbOA concentration in Pertouli during the study was
2–3 μgm–3 based on the two estimates.

M5. PMCAMx-SR
The source resolved version of the Particulate Matter Compre-
hensive Air quality Model with extensions (PMCAMx-SR) is an
extension of PMCAMx which can simulate explicitly the OA from
biomass burning18. In the current study we applied PMCAMx-SR
over Europe covering a region of 5400 × 5832 km2 described by a
polar stereographic map projection using a 36 × 36 km horizontal
resolution and 14 vertical layers which extend almost up to 6 km.
All meteorological fields used as inputs for PMCAMx-SR were
generated by the Weather Research and Forecast Model v4.1.5
(WRF)60. The simulations were performed from June 28 to July 31,
2022, excluding the first three days to minimize the effect of the
initial conditions.
The wildfire emissions used by PMCAMx-SR, were based on the

IS4FIRES emissions3 provided by the Finnish Meteorological
Institute. PMCAMx-SR is using the Volatility Basis Set (VBS)
approach to describe the OA61. A volatility distribution specific
to wildfire emissions is used62. PMCAMx-SR also needs other
categories of emissions like biogenic, marine, and anthropogenic
emissions. Biogenic emissions63 were produced by the Model of
Emissions of Gases and Aerosols from Nature v3 (MEGAN), marine
emissions are based on the algorithms of O’Dowd et al.64 and
Monahan et al.65 and anthropogenic emissions are based on the
TNO emission inventory4.

M6. Oxidative potential
Sixteen daily PM2.5 samples were collected to quantify the water-
soluble oxidative potential (WS-OP). Pre-backed quartz filters
(Whatman; QMA, 101.6 mm) were used together with a medium-
volume air sampler (Tisch Environmental, model TE-1000) operat-
ing at 170 L min–1, that was coupled with a set of two cyclones. All
samples were stored at –20 °C until analysis. Measurements of WS-
OP of the samples were performed using a semi-automated
system33 that is programmed to operate running an optimized
version of the acellular dithiothreol (DTT) assay32. The WS-OP is
calculated by subtracting the DTT consumption rate of a blank
sample, that accounts for any non-specific reactions or inter-
ference, from the DTT consumption rate of the samples. The net
DTT consumption rates of the samples were expressed either in
nmol min-1 m-3 (volume normalized DTT activity–DTTv), consider-
ing the sampling air flow of the analyzed PM samples, or in pmol
min–1 μg–1 (OC mass normalized DTT activity – DTTm) representing
the source-related intrinsic property of particles. For precision
control purposes of the semi-automated system, a phenanthre-
quinone (PQN) solution was used as an external standard, for each
analyzed sequence of samples.
In order to identify which sources contributed most to the OP of

the site, a multiple linear regression of the DTTv values
(16 samples) with the PMF factors and the metals identified was
performed. The metals analysis was performed by X-ray

fluorescence (XRF). The DTTv was expressed as follows:

DTTv ¼ aðbOOAÞ þ bðLO� OOAÞ þ cðMO� OOAÞ þ ΣdðelementsÞ þ k

The results showed limited correlation of the OP measurements
with the bOOA and the LO-OOA as the coefficients of the
regression were almost zero. The highest coefficient among the
three factors was observed for the most aged factor (MO-OOA).
Among the elements, K+ and Cl– (both related to biomass
burning) affected the OP measurements significantly. The R2

between the observed and the predicted OP was 0.6.

M7. Estimation of the bbOA health effects
There are many epidemiological studies which address the excess
mortality in Europe due to PM2.5. The annual number of deaths in
Europe due to outdoor exposure to PM2.5 has been estimated to
be approximately 300,000, while the annual mean PM2.5

concentration in Europe66 is 14 μgm–3. This corresponds (using
the linear response assumed in the corresponding epidemiologi-
cal study) to 21,400 deaths per μg m–3 of annual exposure or 1800
deaths per μg m–3 for monthly exposure.
The average total bbOA concentration over Europe predicted

by PMCAMx-SR was 2 μg m–3 (Fig. 2). With this assumption we
estimate approximately 10,800 deaths per summer in Europe
due to ambient exposure to secondary biomass burning
aerosol. This corresponds to approximately 15% of the total
deaths during summer due to exposure to outdoor particulate
matter. This is probably a conservative estimate given the
tendency of the model to underpredict the bbOA in Pertouli by
50%. Correcting for this 50% underprediction we can estimate
an upper limit of the bbOA at 3 μg m–3 which corresponds to
16,200 deaths during summer. The results of this study show
that 15–22 out of 100 deaths in Europe due to particulate
matter during summer are due to exposure to bbOA and mainly
its secondary component.
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