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Abstract. Wildfires are not only a threat to human property
and a vital element of many ecosystems, but also an impor-
tant source of air pollution. In this study, we first review the
available evidence for a past or possible future climate-driven
increase in wildfire emissions in Europe. We then introduce
an ensemble of model simulations with a coupled wildfire—
dynamic-ecosystem model, which we combine with pub-
lished spatial maps of both wildfire and anthropogenic emis-
sions of several major air pollutants to arrive at air pollutant
emission projections for several time slices during the 21st
century. The results indicate moderate wildfire-driven emis-
sion increases until 2050, but there is a possibility of large in-
creases until the last decades of this century at high levels of
climate change. We identify southern and north-eastern Eu-
rope as potential areas where wildfires may surpass anthro-
pogenic pollution sources during the summer months. Under
a scenario of high levels of climate change (Representative
Concentration Pathway, RCP, 8.5), emissions from wildfires
in central and northern Portugal and possibly southern Italy
and along the west coast of the Balkan peninsula are pro-
jected to reach levels that could affect annual mean particu-
late matter concentrations enough to be relevant for meeting
WHO air quality targets.

1 Introduction

Here we will first summarise the importance of wildfires on
air quality in Europe (Sect. 1.1), then review what is known
about the influence of past climate change on European wild-
fires (Sect. 1.2) and existing efforts to model change in fu-
ture wildfire emissions (Sect. 1.3). Based on the findings de-
scribed in the introduction, we combine inventories, scenar-
ios and model-based future projections of anthropogenic and
wildfire emissions with climate, terrestrial-ecosystem and
fire model simulations (see Methods). This will identify po-
tential geographical hotspots where certain pollutants from
wildfires might reach or exceed anthropogenic emission lev-
els, or become relevant for air quality targets as a first indi-
cation of where potential health-related risks may be caused
by increased wildfire activity as a result of climate change.

1.1 Wildfire impact on air quality and the role of
climate change

Air quality is strongly influenced by local to global emis-
sions of airborne pollutants, atmospheric chemistry, removal
mechanisms, as well as atmospheric transport (Seinfeld and
Pandis, 2012). While most pollutants of anthropogenic ori-
gin are subject to increasingly strict legislation, which has
avoided further deterioration of air quality with economic
growth and led to an overall significant decrease in emis-
sions in Europe and improvement of European air quality
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(Cofala et al., 2007; Monks et al., 2009; Amann et al., 2011;
Klimont et al., 2013; European Commission National Emis-
sions Ceiling directive: http://ec.europa.eu/environment/air/
pollutants/ceilings.htm), wildfires, which emit large amounts
of aerosols and chemically reactive gases (Langmann et al.,
2009), are predicted to increase with climate change (Scholze
et al., 2006; Krawchuk et al., 2009; Pechony and Shindell,
2010; Moritz et al., 2012; Kloster et al., 2012; Knorr et al.,
2016a).

Meteorological fire indices are routinely used to assess the
likelihood of fire occurrence and they generally predict an
increased fire risk with warmer and drier weather (van Wag-
ner and Forest, 1987). This is consistent with evidence from
charcoal records, which have revealed a higher fire activity
associated with a warmer climate (Marlon et al., 2008). A
large increase in the forest area burned annually in the United
States in recent decades (Liu et al., 2013) has also been asso-
ciated with warming and drying trends, at least for the south-
western part of the country (Westerling et al., 2006). For Eu-
rope, some recent publications based on climate model out-
put combined with fire danger indices have predicted large
increases in fire activity in Europe (Amatulli et al., 2013; Be-
dia et al., 2014). This has important consequences for air
quality management, because wildfires are mostly outside
the reach of policy measures as they are influenced by hu-
mans in complex and often unpredictable ways (Bowman
et al., 2011; Guyette et al., 2002; Mollicone et al., 2006;
Archibald et al., 2008; Syphard et al., 2009). Large fires, once
started, often escape human control altogether (Chandler et
al., 1983) and more significantly, human control through fire
suppression may increase fire risk in the long term (Fellows
and Goulden, 2008), resulting in less frequent but more se-
vere wildfires.

The most abundant pollutants emitted by fires in extra-
tropical forests, which includes typical wildland fires in the
Mediterranean, are carbon monoxide (CO), particulate mat-
ter (aerosols, including organic carbon and soot), methane
(CH4) and various non-methane hydrocarbons and volatile
organic compounds (Akagi et al., 2011). Not all of these
species are explicitly included in large-scale emission inven-
tories, for example organic carbon, which is a major part of
total primary particulate matter emitted by fires. However, it
appears that in general, total wildfire emissions of most com-
ponents aggregated for Europe are 1 to 2 orders of magnitude
lower than those from anthropogenic sources (Granier et al.,
2011). During large fire events, however, forest fires in Eu-
rope can have a major impact on air quality (Miranda et al.,
2008; Konovalov et al., 2011).

1.2 Impact of past climate change on European
wildfire emissions

Since the beginning of the 20th century, climate in Europe

has been warming by 0.1°C per decade, a trend that is sig-
nificant at the 95 % level. At the same time, there has been a
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significant increase of annual precipitation by around 0.9 mm
per decade in northern Europe, and a decline of between 0.3
and 0.5 mm per decade for southern Europe and the Mediter-
ranean Basin, where the higher estimate is also significant
(Harris et al., 2014). However, before addressing the question
of whether past climate change has had an impact on wildfire
emissions in Europe, it is useful to consider how these emis-
sions are described in simulation models. Mathematically,
emissions from wildfires are routinely calculated as the prod-
uct of area burned, fuel load, the combustion completeness of
the fuel and the emission factor, which translates combusted
biomass into emissions of a particular species or group of
aerosols. Little is known about whether climate change has
affected emission factors or combustion completeness. Fuel
load can be expected to change with vegetation productivity,
which is influenced by climate and atmospheric CO», as well
as by landscape management. While again little is known
about the impact of changing landscape management, dy-
namic vegetation models can in principle be used to address
the impact of climate and CO,. The remaining factor is the
change in burned area and the attribution of changing burned
area to climate change as the main possibility of attributing
changes in emissions to climate change.

The most prominent example of a regional increase in
wildfire activity and severity that has been attributed to recent
climate change is found in the western United States (\West-
erling et al., 2006), where progressively earlier snowmelt in
response to warming has led to forests drying up earlier in the
year, thus making them more flammable. The western US is
a region characterized by exceptionally low atmospheric hu-
midity during the summer, as well as by low human popula-
tion density. A very close correlation was observed between
climate factors and fire frequency, which showed a clear up-
ward trend since the 1970s.

The situation for other regions including Europe, how-
ever, is more ambiguous. Fire emissions from boreal forests,
where human population density can be as low as in the
western US, represent only a small part of European wild-
fire emissions (van der Werf et al., 2010), and Finland and
Sweden in particular have very low wildfire emissions (JRC,
2013). The Mediterranean and southern European regions,
on the other hand, where most wildfires in Europe occur (San
Miguel and Camia, 2010), are characterized by much more
intense human land management going back thousands of
years. The period since the 1970s, in particular, was one in
which large tracts of land, previously managed intensively
for grazing and browsing, were abandoned. A study by Kout-
sias et al. (2013) shows an upward trend in burned area for
Greece from about 1970, similar to the one found for the
western US and a significant correlation between burned area
and climatic factors, even though their study did not analyse
the role of any socio-economic drivers as possible causes.
However, Pausas and Fernandez-Mufioz (2012) in a study
of eastern Spain attributed a very similar temporal trend in
fire frequency to an increasing lack of fuel control as a re-
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sult of massive land flight. Along the same lines, Moreira et
al. (2011) found that during recent decades, changes in land
use have generally increased flammability in southern Eu-
rope, mainly due to land abandonment and associated fuel
build-up and the spread of more flammable land cover types
such as shrublands. In fact, a closer inspection of the data se-
ries by Koutsias et al. reveals that most of the increase hap-
pened during the 1970s, indicating land abandonment as a
possible cause.

High-quality quantitative data on Europe-wide fire occur-
rence, recompiled in the European Forest Fire Information
System (EFFIS), are only available starting from the 1980s.
This is unfortunately just after the previously described dras-
tic increase in fire occurrence for various regions over the
Mediterranean basis. Data by EFFIS show a general decreas-
ing trend in burnt area (1985-2011) over the European part of
the Mediterranean Basin (Spain, France, Italy and Greece),
except Portugal where no trend was observed (Turco et al.,
2016). However, just as for Greece and a region in Spain, data
for Italy show an upward trend during the 1970s. It is hypoth-
esised that the decreasing trend in burned area over the last
decades is due to an increased effort in fire management and
prevention after the big fires of the 1970s and 1980s (Turco et
al., 2016). Of the other EU countries, only Croatia has levels
of burned area per year comparable to the southern European
countries already referred to (i.e. above 20 000 hayear—! on
average), but shows no trend. Bulgaria shows extremely large
year-to-year fluctuations in burned area, but no discernable
trend. No large-scale data are available for the European part
of Russia (JRC, 2013). There is therefore no evidence that
burned area from wildfires has increased in Europe over the
past decades and by implication no evidence a climate-driven
increase in pollutant emissions from wildfires.

1.3 Predicting changes in wildfires emissions

As for past changes, any predictions of future changes in
pollutant emissions from wildfires suffer from the fact that
little is known about the determinants of several of the fac-
tors used to compute emission rates: burned area, fuel load,
combustion completeness and emission factors (Knorr et al.,
2012). In particular, no study has so far considered changes
in emission factors and even complex global fire models only
use a fixed set of values for combustion completeness de-
pending on the type of biomass combusted (Kloster et al.,
2012; Migliavacca et al., 2013). At most, model-based pre-
dictions of fire emissions are based on simulated changes in
burned area and fuel load alone, assuming no change in ei-
ther emission factors or combustion completeness as a result
of changes in climate, management or ecosystem function.
Because there are no large-scale direct observations of fuel
load, values of fuel simulated by models carry a large mar-
gin of uncertainty (Knorr et al., 2012; Lasslop and Kloster,
2015).
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Most of the early predictions of future fire activity did
not simulate burned area, with the exception of Scholze et
al. (2006), who however only report probability of change.
For example, the pioneering global studies by Krawchuk et
al. (2009) and Pechony and Shindell (2010) essentially pre-
dict number of fires — which the authors call “fire activ-
ity”. Number of fires, however, is not a suitable indicator of
fire emissions, unless one would assume not only constant
emission factors and combustion completeness, but also no
change in fuel load and an average size of fire. Fuel load,
however, has been shown to change substantially with cli-
mate and CO, fertilisation (Kloster et al., 2012; Martin Calvo
and Prentice, 2015; Lasslop and Kloster, 2015) and to have
a major impact on predicted changes in total fire-related car-
bon emissions (Knorr et al., 2016a). It has also been observed
that average fire size changes substantially with human pop-
ulation density (Archibald et al., 2010; Hantson et al., 2015).

While Pechony and Shindell (2010) still concluded that
temperature would become the dominant control on fire ac-
tivity during the 21st century, Moritz et al. (2012) found that
precipitation and plant productivity will also play key roles.
Using an empirical model based on plant productivity and a
range of climate drivers and predicting the number of fires,
they found a mixed picture, but no universal increasing trend
towards more fires, with large parts of the tropics and sub-
tropics likely seeing a decrease in fire activity, rather than an
universal increasing trend towards more fires.

Contrary to the statistical approaches by Archibald et
al. (2010), Knorr et al. (2014) and Bistinas et al. (2014),
who also found that increasing human population leads to
less burned area, Pechony and Shindell (2010) use an ap-
proach first developed by Venevsky et al. (2002), where the
number of fires is modelled in proportion to the number of ig-
nitions, most of them human. Human ignitions are assumed
to increase proportionally with human population until some
threshold, where fire suppression leads to a downward mod-
ification. More comprehensive fire models predict not only
number of fires, but also fire spread and thus burned area. In
fact, most of the existing global fire models to-date that are
able to predict burned area use the approach by Venevsky et
al. (2002), where burned area is considered at the end of a
chain of predictions that starts from the number of ignitions.
This applies to the global models of Arora and Boer (2005),
Thonicke et al. (2010), Kloster et al. (2010) and Prentice et
al. (2011).

This inherent view that burned area is driven mainly by the
number of ignitions has recently been criticised by Knorr et
al. (2014) who, using several independent satellite-observed
burned-area data sets, developed a semi-empirical model of
fire frequency based on climatic indices and human popu-
lation density alone. Based on statistical analysis, the study
came to the conclusion that human presence overwhelmingly
leads to a decrease in burned area, even for areas with very
low population density, such as in large parts of the Aus-
tralian continent. The same view is supported by a review of
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the impacts of land management on fire hazard by Moreira et
al. (2011), showing that at least in southern Europe, land use
changes associated with fewer people almost always lead to
increased fire risk and vice versa. Other statistical studies by
Lehsten et al. (2010) for Africa and by Bistinas et al. (2013,
2014) for the globe also found a predominantly negative im-
pact of population density on burned area, supporting the
view that most fire regimes on the globe are not ignition lim-
ited but rather ignition saturated (Guyette et al., 2002; Bow-
man et al., 2011). Since the view of ignition saturation is in
direct contrast to the implicit assumption of burned area in-
creasing with number of ignitions — all else being equal —
that is included in most large-scale fire models, it must be
concluded that there is so far no consensus on the mecha-
nisms that drive changes in fire frequency, be they climatic,
socio-economic or a combination of both.

At the regional scale, a few studies have attempted to pre-
dict future changes in fire regime, most of them by predict-
ing changes in fire weather: e.g. Stocks et al. (1998), Flanni-
gan et al. (2005), and for Europe, Moriondo et al. (2006) and
Bedia et al. (2014). One study, Amatulli et al. (2013), goes
beyond those by developing a statistical model of burned
area based on a selection of indicators that form part of the
Canadian Fire Weather Index (van Wagner and Forest, 1987).
One problem faced by the latter study is that the future cli-
mate regime simulated by climate models is often outside the
training regime used to develop the statistical model, leading
to uncertain results.

An overview of relevant model results for Europe is of-
fered in Table 1. The study by Amatulli et al. (2013) previ-
ously referred to is also the one that predicts the most extreme
changes in burned area in the Mediterranean (Table 1). This
might be attributable to a lack of representation of vegetation
effects on fire spread or burned area: when precipitation de-
creases while meteorological fire risk increases, fire spread
is increasingly impeded by lower and lower fuel continuity
(Spessa et al., 2005). However, as much as this study appears
to be an outlier, all predict an increase in either carbon emis-
sion or burned area in Europe towards the later part of the
21st century, mostly in southern and eastern Europe. There
is, however, no consensus on the underlying mechanism of
the increase. For instance, while Migliavacca et al. (2013)
predict a rate of increase for emissions greater than the rate
of increase for burned area — i.e. more fuel combusted per
area — Knorr et al. (2016a) predict the opposite, but with a
climate effect on burned area that still overrides the effect
of decreasing fuel load. In the same line, Wu et al. (2015)
predict a population-driven increase for eastern Europe us-
ing SIMFIRE (SIMple FIRE model), but mainly a climate-
driven increase when using SPITFIRE (SPread and InTensity
of FIRE), more similar to the results by Kloster et al. (2012)
and Migliavacca et al. (2013).
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2 Methods
2.1 Simulations

None of the published simulation studies of future European
fire emissions consider emissions at the level of chemical
species or amounts of specific aerosols, hence do not pro-
vide indications on the significance for air quality. Therefore,
we have taken existing simulations by Knorr et al. (2016a)
that predict emissions in combusted carbon amounts (Knorr
et al., 2012) based on changing climate, atmospheric CO,
and human population density, considering changing vege-
tation type and fuel load. The effect of changing land use
is considered implicitly by the use of population density
(Knorr et al., 2016b). We use temporal changes predicted by
these simulations to rescale observation-based emission es-
timates in order to arrive at more realistic spatial patterns
that would not be possible using coupled climate—wildfire
simulations alone. A comparison of LPJ-GUESS-SIMFIRE
(Lund-Potsdam-Jena General Ecosystem Generator-SIMple
FIRE model) burned area for Europe and observations is
shown in Wu et al. (2015). Agreement was within 20-50 %
in most parts of Europe, including the Mediterranean, which
is the largest fire-prone region on the continent.

Simulations of wildfire carbon emissions are based on an
ensemble of eight climate model simulations from the Cli-
mate Model Intercomparison Project 5 (Taylor et al., 2012).
For each climate model, two runs are used, each one driven
by greenhouse gas emissions from either RCP4.5 (medium
climate stabilisation case) or 8.5 (baseline case for green-
house gas emission, van Vuuren et al., 2011).

Two further simulations were performed where the stan-
dard parameterisation of SIMFIRE has been changed to one
derived from optimisation against MCD45 global burned
area (Roy et al., 2008). This was done only with one cli-
mate model (MPI-ESM-LR, see Knorr et al., 2016a), in or-
der to test the sensitivity of the SIMFIRE simulations against
changes in its parameterisation, which normally is derived by
optimisation against GFED3.1 burned area (van der Werf et
al., 2010).

2.2 Model input data

Gridded fields of monthly simulated precipitation, diurnal
mean and range of temperature and solar radiation are bias-
corrected against mean observations (Harris et al., 2014)
for 1961-1990 and together with global mean observed
and future-scenario CO, concentrations (Meinshausen et al.,
2011) used to drive simulations of the LPJ-GUESS global
dynamic vegetation model (Smith et al., 2001) coupled to the
SIMFIRE fire model (Knorr et al., 2012, 2014). Plant mor-
tality during fire and the fraction of living and dead biomass
consumed by the fire are all assumed to be fixed across time
(see Knorr et al., 2012). The simulations are carried out on
an equal-area grid with a spacing of 1° in latitudinal direc-
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Table 1. Overview of climate change modelling results for wildfires that cover Europe.

Reference Output Domain Method Input Result for Europe
Scholze et burned Globe LPJ-GlobFirM 16 GCMs, 52 GCM- Significant decrease in north-eastern Europe, in-
al. (2006) area vegetation, empirical fire model  scenario combinations crease in western Europe, Italy and Greece, mixed
no human impact results for Spain
Kloster et carbon Globe CLM MPI and CCM GCMs, 4116 % (MPI) or +103 % (CCM) between
al. (2012) emissions process based model SRES A1B, 1985-2009 and 2075-2099; increase mostly in
factorial experiments south-central and eastern Europe, decrease in
Mediterranean
Migliavacca  carbon Europe, parts of Turkey ~ CLM 5 RCMs from 1960-1990 to 2070-2100 +63 % for Iberia
etal. (2013) emissions  and northern Africa adapted for Europe and +87 % for rest of southern Europe; increase
in fuel load
Amatulli et burned Portugal, Spain, French  CFWI combined with several Single RCM, SRES Between 1985-2004 and 2071-2100 +60 %
al. (2013) area Mediterranean, Italy, statistical models, A2, for Europe and 4500 % for Spain (B2) or
Greece different CFWI codes and B2 +140 % for Europe and +860 % for Spain
statistical models by country
Bedia et SSR of Southern Europe, north- ~ CFWI 6 GCM-RCM Significant increase from 1971-2000 to 2041—
al. (2014) CFWI ern meteorology only combinations 2070 for Portugal, Spain, Italy, Greece and
Africa SRES A1B Turkey, to 2071-2100 the same plus French
Mediterranean and Balkans
Wu et burned Europe LPJ-GUESS-SIMFIRE, 4 GCMs, RCP2.6 +88 % (SIMFIRE) or +-285 % (SPITFIRE) from
al. (2015) area LPJ-SPITFIRE and 8.5 scenarios 1971-2000 to 2071-2100 for RCP8.5, especially
process-based vegetation in eastern Europe due to population decline
and fire models (SIMFIRE) or climate (SPITFIRE)
Knorr et carbon Globe LPJ-GUESS-SIMFIRE 8 GCMs, RCP4.5 and During 21st century large increase due to Popula-
al. (2016a) emissions process-based vegetation, 8.5 scenarios tion decline combined with increased burned area

5689

semi-empirical fire model

driven by climate warming, while fuel load is
decreasing; significant increases in central,
eastern, southern Europe

CFWI: Canadian Fire Weather Index; CLM: Community Land Model; GCM: General Circulation Model; RCM: Regional Climate Model; SRES: Special Report on Emissions Scenarios; RCP: Representative Concentration

Pathway; SSR: Seasonal Severity Rating.

tion and 1° in longitudinal direction at the equator, increas-
ing in degrees longitudinally towards the poles (with approx-
imately constant 110 km by 110 km grid spacing). For a de-
tailed description of bias correction and spatial interpolation
see Ahlstrom et al. (2012) and Knorr et al. (2016a).

Population density until 2005 is taken from gridded HYDE
data (History Database of the Global Environment, Klein-
Goldewijk et al., 2010). Future population scenarios are from
the Shared Socio-economic Pathways (SSPs; Jiang, 2014),
using SSP5 (a conventional development scenario assuming
high population growth and fast urbanisation for Europe or
slight population decline in some eastern European coun-
tries, differing from most of the rest of the world with low
population growth and fast urbanisation for developing re-
gions), SSP2 (middle of the road scenario, with medium pop-
ulation growth and urbanisation for Europe and the rest of the
world) and SSP3 (a fragmented world assuming low popu-
lation growth or strong population decline, combined with
slow urbanisation for Europe, compared to high population
growth and slow urbanisation for developing regions). Grid-
ded population distributions beyond 2005 are produced by
separate rescaling of the urban and rural populations from
HYDE of 2005 (see Knorr et al., 2016a for details).

2.3 Data for current wildfire and anthropogenic
emissions

In order to simulate realistic scenarios of the spatial patterns
of wildfire emissions in Europe, we use emission data from
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the Global Fire Emissions Database Version 4.1 (GFEDA4.15s),
based on an updated version of van der Werf et al. (2010)
with burned area from Giglio et al. (2013) boosted by small
fire burned area (Randerson et al., 2012). We use the mean
annual course of monthly emissions at a resolution of 0.5°
by 0.5° from the sum of boreal and temperate forest fires dur-
ing the years 1997 to 2014 as a climatology of present wild-
fire emissions for black carbon (BC), CO, NO,, particulate
matter up to 2.5 microns (PM25) and SOa. In order to avoid
the inclusion of agricultural burning erroneously classified as
wildfires as much as possible, we only use the months May
to October from the climatology.

For anthropogenic emissions of air pollutants, we use the
Greenhouse Gas and Air Pollution Interactions and Syner-
gies (GAINS) model (Amann et al., 2011) estimates devel-
oped within the ECLIPSE project (Evaluating the Climate
and Air Quality Impacts of Short-lived Pollutants, Stohl et
al., 2015). Specifically, we use the GAINS version 4a global
emissions fields (Klimont et al., 2013; Stohl et al., 2015;
Granier et al., 2011), which are obtained for 2010 (base year),
2030 and 2050 at 0.5° by 0.5° resolution from the ECCAD
(Emissions of atmospheric Compounds and Compilation of
Ancillary Data) database. The future emissions for 2030 and
2050 are available for two scenarios (Table 2): current leg-
islation (CLE), which assumes efficient implementation of
existing air pollution laws and the maximum technically fea-
sible reduction (MFR), where all technical air pollution con-
trol measures defined in the GAINS model are introduced
irrespective of their cost. We do not use PEGASOS (Pan-
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Table 2. Total anthropogenic emissions for European study area.
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Data set Description Species 2010 2030 2050 2090
ECLIPSE Current legislation Cco 37689 30183 22720 16970
CLE PMy 5 2712 2370 2031 1581
BC 465 399 224 165

NO, 9581 7929 4207 3130

SO, 10680 7380 3697 2815

PEGASOS Baseline CLE, no change in CcO 32011 18870 17573 8479
BL-CLE emission factors after 2030 BC 525 153 99 29
NO, 8253 3775 2936 2596

SO, 10533 3419 3150 2837

ECLIPSE Maximum feasible reduction CO 11538 11732 5866
MFR PMy 5 567 552 276
BC 55 50 33

NO, 1519 1478 1020

SOy 1560 1443 1042

PEGASOS MFR with GDP-driven declinein  CO 30575 12587 10824 4977
MFR-KZN emission factors towards 2100 BC 521 125 64 27
NO, 7848 1881 1382 1291

SOy 10160 1824 1291 900

PEGASQOS MFR-KZN with 450 ppm Cco 30575 11653 9074 4735
450-MFR-KZN  atmospheric CO> stabilisation BC 521 101 42 23
target NO, 7848 1585 1074 889

SO, 10160 1298 680 395

Emissions in Tgyr—1; GDP: gross domestic product. Number in italics: extrapolation by the authors.

European Gas-AeroSOls Climate Interaction Study) PBL
(Netherlands Environmental Assessment Agency) emissions
(Braspenning-Radu et al., 2016) because they do not include
particulate matter, but instead we compare them to the emis-
sion scenarios used here (Table 1). In order to obtain a sce-
nario with some further declining emissions, we extend the
ECLIPSE GAINS CLE anthropogenic emissions data set to
2090 by scaling emissions in 2050 by the relative change
of the population in each grid cell between 2050 and 2090
according to the SSP3 population scenario (low population
growth and slow urbanisation for Europe). For MFR, we as-
sume that emissions for all species in 2090 are half of what
they are for 2050. A comparison of the extended ECLIPSE
anthropogenic emission trends after 2050 can be made using
the independent set of emission scenarios provided by the
PEGASOS PBL emissions data set (Braspenning-Radu et al.,
2016). Since this data set does not provide PM; 5 emissions,
the comparison is limited to CO, BC, NO,. and SO?. For CO
and BC, the PEGASOS PBL CLE data show a stronger de-
cline by than our extended ECLIPSE emissions, but for NO,
and SOg, the changes from 2050 to 2090 are very similar.
For MFR, PEGASOS MFR-KZN has about the same total
emission as those used here by 2090 (Table 2).
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2.4 Method of analysis

We calculate future emissions by averaging simulated an-
nual emissions for the same chemical species by European
country using the Gridded Population of the World Version 3
country grid. We restrict the area of analysis to Europe west
of 40° E. Only those countries resolved on the 1° equal area
grid are included. Two groups of countries are treated as a
single unit, namely Belgium, Netherlands and Luxembourg
as “Benelux”, and the countries of former Yugoslavia plus
Albania as “Yugoslavia & Albania”. One country — Moldova
— was excluded because none the ensemble runs simulated
any fire occurrence for present-day conditions. The observed
climatology of emissions is then scaled at each grid cell ac-
cording to which country it is located in. The scaling factor
equals the mean annual simulated biomass emission of this
country during the future period divided by the mean annual
biomass emissions from 1997 to 2014 inclusive.

In the following, we compare anthropogenic and wildfire
emissions of BC (black carbon), CO, NO,, PM> 5 (particu-
late matter up to 2.5 ym diameter) and SO», both on an an-
nual average basis, and for the peak month of the fire season,
i.e. during the month with highest wildfire emissions on aver-
age at the corresponding grid cell. We approximate monthly
emissions at the peak of the fire season as one twelfth of
annual anthropogenic emissions without emissions from the
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category “residential and commercial combustion”, which is
dominated by room heating in households and small com-
mercial units and excludes combustion in industrial installa-
tion or power plants. Subtraction of the latter sector focuses
on the relative contribution of emissions in the summer.

3 Results and discussion

3.1 Current observed patterns of air pollution against
population density

By and large, we expect anthropogenic emissions to be spa-
tially associated with areas of high population density and
it is therefore interesting to consider how the two quantities
are related. For emissions from wildfires one would expect a
different relationship, as large wildfires are often associated
with remote and sparsely populated areas, such as the bo-
real zone. As Fig. 1 shows, current anthropogenic emissions
of CO, PM3 5 and BC are generally about 2 orders of magni-
tude higher than wildfire emissions on average in a given cat-
egory and, contrary to expectations, this applies even to the
most sparsely populated areas. Anthropogenic emissions in-
crease monotonically against population density up until 100
or more inhabitants km—2, when emissions either saturate or
slightly decrease (for CO, PMy5).

For wildfires, we see the highest emissions in the range 10
to 100 inhabitants km—2 and the lowest in the most sparsely
populated regions. We find that CO and PM 5 are the dom-
inant pollutants emitted both by wildfires and human activi-
ties. The decline of total fire emissions towards dense pop-
ulation found in the GFED4.1s data (Fig. 1) is consistent
with the SIMFIRE model, which predicts generally declin-
ing burned area with increasing population density. By con-
trast, the declining emissions from a peak at intermediate val-
ues towards low population values at first sight seem to con-
tradict the assumptions made in SIMFIRE, which assumes
burned area being largest in these low population regions.
In some cases, there might only be a very small increase in
burned with increasing population density at very low val-
ues of population density (ca. 3 inhabitantskm~2, Guyette
et al., 2002). However, covariation of other environmental
variables that drive fire occurrence with population density
(Bistinas et al., 2014; Knorr et al., 2016b) explain why the
more complex relationship seen in Fig. 1 is consistent with
the model formulation of SIMFIRE. Furthermore, areas with
fewer than three inhabitants km—2 (see Appendix, Fig. Al)
are all situated in boreal regions or northern highlands, with
low fire occurrence (Giglio et al., 2013).

If we compare the two sources of emissions on a monthly
instead of an annual basis and choose the month where wild-
fire emissions are highest, we find August climatological CO
emissions for the area near Moscow — where large, devas-
tating wildfires occurred in July and August 2010 (Kaiser et
al., 2012) - to be of comparable magnitude to the climato-
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Figure 1. Current anthropogenic (solid lines) and wildfire emissions
(dashed lines) for Europe by range of population density for vari-
ous pollutants. Anthropogenic emissions are for 2010 and wildfire
emissions average 1997-2014.

logical emissions of northern Portugal, with its large and fre-
quent wildfire events (JRC, 2013). Even though the Russian
fires were only one event in a 14-year record, they show up
clearly in Fig. 2b around 54° N, 39° E (Moscow can be lo-
cated by high anthropogenic emissions slightly to the west),
as do the fires in the western Peloponnese in 2007 (Boschetti
et al., 2008). PM5 5 emissions of comparable magnitude are
more widespread and are found again for Portugal and east
of Moscow, but also along the western coastal regions of for-
mer Yugoslavia and Albania and southern Greece. The large
forest fires in southern Europe (Pereira et al., 2005; Boschetti
etal., 2008) and the 2010 fires east of Moscow all show peak
emissions in August (Fig. 2c). If we sum over all wildfire
emissions of the European study region (including western
Russia) during June to October, the emissions also show a
clear peak in August (Fig. 2f).

Of the regions and countries analysed (Table 3), Portu-
gal clearly stands out, representing not only around 27 % of
European wildfire emissions (here of PMy 5, but relative re-
sults are similar for other pollutants), its emissions are also
more than one order of magnitude higher per area than the
European average (Pereira et al., 2005; JRC, 2013). Other
countries or regions with high emissions per area are Russia
(20 %), former Yugoslavia & Albania (9 %), Spain (16 %)
and Greece (4% of European emissions), and these coun-
tries together contribute as much as 77 % of total European
PM3 5 wildfire emissions using the GFEDA4.1s data. Most of
the remainder is made up of Italy, France, Ukraine and Be-
larus (18 % of total), while northern European countries emit
marginal quantities of fire emissions especially relative to the
anthropogenic emissions.
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Figure 2. Emissions of CO (a, b) and PM2 5 (d, e) from anthropogenic sources (a, d) and wildfires (b, ) during peak month of fire
season (c). Total wildfire emissions climatology 1997-2014 (f) in dry mass per month during the fire season for the European study. White:
Zero emissions.

Table 3. Changes in simulated PM> 5 emissions for regions used in the analysis.

Country/region GFEDA4.1s mean Simulated emission changes 2010 to 2050 [%] Simulated emission changes 2010 to 2090 [%]
1997-2014 emissions RCP4.5 ensemble RCP8.5 ensemble RCP4.5 ensemble RCP8.5 ensemble
[Gg yr‘l] [g(ha yr)‘l] min.  mean max. min. mean max. min.  mean max. min. mean max.
Austria 3 0.5 -15 15 51 —4 32 7 -3 47 146 —16 81 213
Belarus 232 184 0 19 51 -1 20 43 —4 27 60 2 56 155
BeNeLux 13 2.6 —43 27 164 —28 45 235 -71 120 537 —49 209 828
Bulgaria 96 12.2 -8 27 47 6 32 68 12 44 75 32 82 156
Czech Republic 7 1.0 -8 55 138 —-21 57 212 16 182 611 -2 212 800
Denmark 1 0.3 -32 27 180 —34 13 73 —64 26 132 —49 44 197
Estonia 9 5.2 -17 4 28 -35 -1 37 —26 4 40 -27 18 84
Finland 8 0.4 0 8 21 -5 5 16 -1 10 21 —16 -1 28
France 154 4.2 —13 15 62 0 26 59 —16 23 90 2 69 169
Germany 44 17 4 45 121 18 62 138 7 126 426 30 201 657
Greece 277 20.9 —13 30 76 -11 25 80 -9 31 77 20 78 211
Hungary 8 2.2 —12 14 46 —-20 19 91 -21 48 161 —26 67 170
Ireland 1 11 -21 5 32 -7 20 56 -30 29 107 —6 54 157
Italy 425 14.6 —4 41 97 —-29 46 179 —14 70 197 -7 124 301
Latvia 9 5.0 -1 20 66 5 26 61 -13 23 48 15 49 114
Lithuania 4 41 -5 20 110 -25 22 73 —22 22 84 -10 38 163
Norway 4 0.3 8 21 40 6 26 42 11 29 46 10 42 82
Poland 21 13 21 32 46 6 36 61 34 61 115 39 99 178
Portugal 1706 182.2 0 23 42 2 34 68 2 41 85 50 93 143
Romania 37 53 14 48 83 10 61 144 38 103 231 55 140 303
Russia (west of 40° E) 1276 31.7 0 9 19 —-11 5 24 —14 8 22 —16 13 52
Slovakia 4 2.7 —18 30 106 0 45 127 8 104 256 -1 140 415
Spain 987 24.3 3 18 38 4 20 46 11 36 70 33 68 119
Sweden 35 0.9 —4 11 27 -3 10 33 —6 15 41 -3 20 45
Switzerland 2 1.0 —18 42 152 -20 71 218 —16 140 390 -20 256 833
Ukraine 339 9.3 2 29 62 -17 33 98 -5 41 120 24 80 215
United Kingdom 10 1.6 -11 20 94 -10 22 82 —15 35 124 8 67 167
Yugoslavia & Albania 581 25.4 —4 34 79 5 38 80 14 57 131 38 95 185
Europe 6297 14.1 10 17 32 7 18 30 12 27 48 17 46 85
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3.2 Predicted changes in wildfire emissions

Simulated wildfire emissions of PM5 5 from Europe (Fig. 3)
show a minor decrease over the 20th century, which is con-
sistent with the lack of evidence for a change in European
fire activity discussed in Sect. 1.2. Between 2000 and 2050,
both climate scenarios show a similar slight increase with
almost no discernible impact of the specific choice of pop-
ulation scenario. Only after 2050, simulations with a high
climate change scenario (RCP8.5) show a marked increase,
including a doubling of current emission levels for the high-
est ensemble members, while for RCP4.5, emissions barely
increase any further. Differences between population scenar-
ios have only a small impact on emissions in Europe, with
SSP5 leading to the lowest, and SSP3 population and urban-
isation to the highest emissions.

The SSP5 scenario assumes high levels of fertility, life
expectancy and net immigration for western Europe under
optimistic economic prospects, but opposite demographic
trends, similar to developing countries, in eastern Europe.
By contrast, SSP3 assumes slow economic development in
a fragmented world with low migration, fertility and life ex-
pectancy, and therefore low population growth for the devel-
oped world, including Europe. As a result, projected wildfire
emission trends differ greatly from those for the global scale,
where emissions are dominated by demographic trends in de-
veloping countries (Knorr et al., 2016a), with SSP5 leading
to the highest emissions. The reason for the difference is that
in developing countries under SSP5, low population growth
and fast urbanisation both lead to lower population in rural
areas, thus increasing fire emissions. In developed countries,
higher population growth leads to lower but slower urbani-
sation to higher emissions. Because Europe is already highly
urbanised and the scope for further urbanisation small, the
population growth effect dominates over the urbanisation ef-
fect and as a result SSP5 has the lowest emissions. The exact
opposite happens for SSP3.

Portugal, with the highest emissions currently (Table 3),
is estimated to retain its top position and experience with a
23 to 42% increase in PMy 5 emissions by 2050, depend-
ing on the climate scenario. For 2090 and high levels of
climate change (RCP8.5), the ensemble average (over eight
GCMs and three SSP scenarios) indicates almost a doubling
of emissions (93 %), with the highest ensemble estimate
reaching +134 %. By comparison, western Russia is simu-
lated to experience only small emission increases or even a
decrease. Spain, France, Italy, former Yugoslavia & Alba-
nia and Greece have similar increases in emissions to Portu-
gal, all but Spain and France show extremely high ensemble
maxima for 2090 that amount approximately to a tripling or
quadrupling (Italy) of emissions by that point in time. Some
countries or regions, like Benelux, Germany, Czech Repub-
lic and Switzerland, have even higher ensemble-mean esti-
mated relative increases and ensemble maximum increases
for RCP8.5 that represent an upward shift of almost an order
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Figure 3. Ensemble means and ranges of simulated PM> 5 emis-
sions for all European regions for RCP4.5 (a) and RCP8.5 (b). His-
torical population data are used for 1901 to 2005 and different SSP
population scenarios for the remaining period.

of magnitude. However, these regions have very low wild-
fire emissions currently, making them unlikely to contribute
significant total pollutant emissions in the future. A more im-
portant result is therefore that ensemble maxima for some of
the strongly emitting regions are also very high. For example,
the simulations indicate that Portugal could more than dou-
ble, Greece triple and Italy quadruple its wildfire emissions
until around 2090 for the RCP8.5 climate change scenario
(Table 3).

Results of the sensitivity study using the alternative SIM-
FIRE parameterisation are shown in the Appendix (Fig. A3,
Table Al). For all European regions, LPJ-GUESS-SIMFIRE
simulates ca. 30 % lower burned area compared to the stan-
dard parameterisation, an offset that is rather stable across
the simulation period, leading to a small impact on rela-
tive changes in emissions (Table Al, bottom row). On a
region/country basis, however, the differences can be quite
large, especially for changes from 2010 to 2090 and the
RCP8.5 scenario. For example, using the Max-Planck Insti-
tute (MPI) climate model and the MCDA45 parameterisation,
Greece is predicted to increase wildfire carbon emissions by
350 % compared to +209 % for the standard parameterisa-
tion and +211 % for PM 5 and the ensemble maximum (Ta-
ble 3).

3.3 Future patterns of exposure and interaction with
population density

The character of the wildfire emission — population density
relationship (Fig. 1), which largely follows the relationship
for anthropogenic emissions but with a smaller magnitude of
more than 2 orders, makes it improbable that wildfires could
ever become a significant source of air pollution in Europe
in even the more remote areas of Europe. In fact, even when
we compare the highest case for wildfire emissions, combin-
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Figure 4. Monthly anthropogenic (solid lines, crosses) and wildfire emissions (dashed lines, circles) of selected pollutants for Europe during
peak fire season by range of population density for different time windows and the SSP5 population scenario. (a) RC4.5 with current
legislation anthropogenic emissions. (b) RCP8.5 with maximum feasible reductions anthropogenic emissions.

ing high RCP8.5 climate and CO; change with SSP3 rapid
population decline over large parts of Europe (Fig. A2), with
the scenario of maximum feasible reduction (MFR) in an-
thropogenic emissions, European wildfire emissions always
remain much below those from anthropogenic sources (see
Appendix, Fig. A4; this case would require that most green-
house gas emissions leading to RCP8.5 would have to origi-
nate outside of Europe).

Monthly wildfire CO and PM, 5 emission rates during the
peak fire season, however, may come close to those from
anthropogenic sources for regions with population densities
between 3 and 100 inhabitants km=2 (Fig. 4). In this case,
we combine both RCP4.5 (Fig. 4a) and RCP8.5 (Fig. 4b)
with the SSP5 scenario (fast urbanisation and high popula-
tion growth, or slow decline in eastern Europe), so that differ-
ences in simulated wildfire emissions between the two sub-
figures are solely due to differences in the degree of climate
and CO» change. It has to be taken into account that the pop-
ulation scenario used by the GAINS projections of anthro-
pogenic emissions are different from the SSP scenarios used
here, which were not available at that time (Stohl et al., 2015;
Jiang, 2014). The climate and CO effect, and in some areas
population decline, lead to higher wildfire emissions com-
pared to the present day. For RCP4.5, however, the increase is
confined to areas with less than 10 inhabitants km~2, caused
mainly by widespread abandonment of remote areas due to
increasing population concentration in cities under the SSP5
fast-urbanisation scenario (Fig. A2), leading to increases in
the areal extent of the sparsely populated regions (translating
into higher emission in that category even if per area emis-
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sions stayed the same). For RCP8.5, there is also a marked
emission increase by 2090, consistent with Fig. 3b, which oc-
curs across the entire range of population densities. For the
CLE scenario, which we compare with RCP4.5/SSP5, wild-
fire BC and CO emissions always remain more than one or-
der of magnitude below anthropogenic emissions for all pop-
ulation density categories, even at the peak of the fire season.
For PM2 5, wildfire emissions may reach around 10 % of the
anthropogenic counterpart for less than 10 inhabitants km—2.
Even for MFR (Fig. 4b), CO from wildfires remain a minor
source, but for BC and PM3 5 (except for the most densely
populated regions), wildfires reach anthropogenic-emission
levels. While on a long-term annual basis, wildfire emis-
sions are unlikely to develop into an important source of air
pollution for Europe as a whole, some areas already have
comparatively high emissions (Fig. 2). A spatially explicit
analysis of future emissions again using RCP8.5, SSP5 pop-
ulation and MFR anthropogenic emissions, reveals that by
2090 wildfires could become the dominant source of BC for
much of Portugal (Fig. 5a). For PM3 5 in Portugal or BC and
PM2 5 in boreal regions, this could already be the case as
soon as these maximum feasible emission reductions have
been achieved (2030). CO is only likely to play an important
role in Portugal, but only by 2090 because of large increases
in wildfire emissions due to high levels of climate change.
During the peak of the fire season (Fig. 5b), in 2030 fire
emissions dominate for most of Portugal, coastal regions of
former Yugoslavia and Albania, western Greece plus some
scattered parts of Spain, Italy and Bulgaria as well as the
northern part of eastern Europe (Russia, Ukraine, Belarus),
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Figure 5. Areas where wildfire emissions exceed anthropogenic
emissions in 2030, 2050 or 2090 on annual basis (a) or during peak
fire season (b) (month of maximum wildfire emissions varying by
grid cell), assuming RCP8.5 climate, SSP5 population and maxi-
mum feasible reduction anthropogenic emissions.

as soon as maximum feasible reduction of anthropogenic
emission reductions are implemented — considering that by
2030 the degree of climate-driven increases will be minimal.
The areas affected more strongly are predicted to increase
further by 2050, especially for BC in north-eastern Europe,
and by 2090 in particular in southern Europe.

These results may change when a different anthropogenic
emissions data set is chosen. There are, for example, con-
siderable differences between the present scenario, assuming
half of 2050 ECLIPSE GAINS 4a emissions by 2090 and
the PEGASOS BPL v2 emissions for the same year. For ex-
ample, PEGASOS has much lower CO emissions in north-
western Russia and Finland, but our extended ECLIPSE data
set lower emissions in the southern Balkans, which would
affect results shown in Fig. 5b. In general, however, there
is a reasonable agreement between the two scenarios. Only
when MFR is combined with assumed further technical ad-
vancement and a stringent climate policy, (PEGASOS sce-
nario 450-MFR-KZN, see Table 1) emissions are projected
to fall even further by 2090. In this case, however, we also
expect smaller increases in wildfire emissions due to limited
climate change. Another important point to consider in fur-
ther studies is that atmospheric aerosols from anthropogenic
pollutant emissions itself have either a cooling (Ramanathan
etal., 2001) or warming (Ramanathan and Carmichael, 2008)
effect on climate, and also influence plant productivity (Mer-
cado et al., 2009), creating potentially important cross links
and feedback between air pollution and wildfire emissions.

3.4 Policy relevance of results
Our analysis shows that the importance of wildfire emis-

sions as source of air pollution will further increase, espe-
cially given a scenario of strong climate change, but also that
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the main reason is likely to be a reduction in anthropogenic
emissions. It is therefore mainly a combination of climate
warming and strong reduction in anthropogenic emissions
that could make wildfire emissions a significant contributor
to air pollution during the fire season. This could mean that
fire management will have to be improved in the areas con-
cerned if air quality targets are to be met.

In order to be relevant for air pollution policy, wildfires
must (1) contribute a considerable fraction of pollutant emis-
sions and (2) the emissions need to be large enough so that
limit values of air pollutant concentrations are exceeded.
Modelling air pollutant emissions from wildfires in Europe
remains a challenge for science and policy alike, from an ob-
servational and even more so a modelling standpoint. Ob-
serving present-day patterns and their changes, and the at-
tribution of observed changes to climate change or socio-
economic drivers is difficult, which makes it also hard to pro-
vide reasonable future projections. Current wildfire emission
estimates are also uncertain owing to differences in burned
area, emissions factors or the assumed fraction of combusted
plant material, which could easily double or halve the emis-
sions values when assumptions are modified (Knorr et al.,
2012). Likewise, the uncertainty in the published range of
even the present anthropogenic emissions is of similar rel-
ative magnitude, even though likely somewhat smaller than
for wildfire emissions (Granier et al., 2011). However, given
the large differences by orders of magnitude found at the Eu-
ropean level, it is clear that air pollution from wildfire emis-
sions presently and in most cases also in the future only plays
a minor role in most of Europe under current conditions of
air pollution.

Answering the question whether the importance of wild-
fire emissions has changed over the last century is difficult,
but there is no strong evidence that this has been the case. The
reason for the lack of evidence for climate-driven increases
in European wildfire emissions may simply be that these
emissions during the 20th century have tended to slightly de-
crease, due to socioeconomic changes, rather than increase,
as several modelling studies suggest, including the present
one.

For the future, however, fire emissions may become rela-
tively important (condition 1) if stringent policy measures are
taken to further limit anthropogenic emissions. The question
of whether the magnitude can also reach levels sufficiently
high to interfere with air quality policy aimed at limiting an-
thropogenic sources therefore remains. To illustrate this, we
focus on the most relevant air pollutant component, PMy 5. In
the following, we derive an approximate threshold for peak-
month wildfire PM, 5 emissions (EE;{,?Z‘S) above which these
might interfere with air quality goals. According to Fig. 2e,
the highest emissions in central and northern Portugal are
around 0.05 g m~2 during the peak month. Assuming that the
peak month contributes about half the annual wildfire emis-
sions (Fig. 2f), a boundary layer height # =1000m (as a
compromise between night and day time) and a life time of
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the emissions of  =1/50yr (7.3 days), and that the impact
on mean annual mean (not peak-month) PM s concentra-
tions corresponds roughly to the steady state concentrations,
Cpm, s, With ESy - =0.05g (m? month) ~%, we obtain:

Cpmys = Epy, . x 2 monthsyear™ x t/h
=0.05 x 40ugm=3

During the peak fire month, this would amount to six times
this level, i.e. 12 ugm=—3 (half of the amount emitted in 1/12
of the time). For 2012, most air quality stations in central
to northern Portugal report mean annual PM, s values of
up to 10ugm—2 (EEA, 2014, Map 4.2). Fire activity dur-
ing that year was moderately below average, with around
80 % of the long-term average burned area (JRC, 2013). As-
suming burned area to scale with emissions, we would ex-
pect 80 % of the long-term average pollutant level (Eq. 1),
i.e.0.8xCpm,; =1.6 g m~—3 as the wildfire contribution for
2012 in the areas with the highest emissions, which would be
consistent with the reported air quality data.

If the European Union in the future moved from its own
air quality target of 25 ug m—2 annual average (EEA, 2014)
to the more stringent World Health Organization guideline of
10pgm—3 (WHO, 2006), a contribution of 3 pugm—2 would
probably be considered policy relevant, as it could bring
the total concentration above the WHO target. According to
Eg. (1), such annual mean levels would require roughly an
emissions of 0.07gm~2 PMys emissions during the peak
fire month, which we adopt as a practical lower threshold
for when these emissions might become relevant for meeting
air quality policy goals. According to Fig. 6, such levels are
currently not met and indeed central to northern Portugal has
air quality readings that are towards the lower end of Euro-
pean air quality measurements (EEA, 2014). However, such
conditions could be met later during this century with high
levels of climate change. For the remaining European areas
with high wildfire emission, the emissions are likely to re-
main below this threshold according to the present estimate.

We also estimate that for Europe, ozone (O3) produced
from wildfire emissions as a secondary air pollutant (Miranda
et al., 2008; Jaffe and Widger, 2012) is and will remain be-
low levels that make it relevant for air quality targets. Using
a ratio of 3:1 for CO to Oz production for temperate North
America, CO emissions for Portugal from Fig. 2 and a sim-
ilar residence time than for PM, 5 (Jaffe and Widger, 2012),
we estimate a wildfire contribution to the O3 average concen-
tration for Portugal in August of 0.4 ugm~2, one fifth of the
corresponding value for PM, s (Eq. 1). On the other hand,
the WHO 8-hour limit of 100 ug m—2 Qg is four times higher
than the 24-hour WHO limit for PM, 5 (25 pg m—3).
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Figure 6. Wildfire PM5 5 emissions during peak fire season dis-
played on linear scale, in g (mzmonth)*l: (a) current and (b) 2090.

4 Summary and conclusions

— The evidence for changes in fire regimes in Europe for
the past several decades is not clear enough to attribute
any changes to climatic drivers. A certain role of land
abandonment leading to larger fires and higher fire fre-
quency is often reported but has not been universally
demonstrated.

— Confidence in future predictions of fire emissions for
Europe is generally low. This is partly because impor-
tant factors such as changes in emission factors or fuel
combustion completeness have never been taken into
account. Another reason is that model-based simula-
tions of fire emissions in Europe cannot be properly
validated because the multi-decadal data are too am-
biguous. Finally, there is no consensus about the main
drivers of fire frequency and in particular the way land
use impacts average fire size. This caveat is also valid
for the following statements.

— Future demographic trends are an important factor for
fire emissions especially for emerging areas of low pop-
ulation density.

— For Europe, only a moderate increase in fire emissions is
plausible until 2050. However, a doubling of fire emis-
sions between now and the late 21st century is possible
under higher climate change/CO, emissions trajecto-
ries. For some southern European countries, uncertain-
ties are higher and the tripling or even quadrupling of
emissions appears plausible, even if unlikely.

— The highest ratio of wildfire to anthropogenic emissions
for CO, BC and PMy5 is found for Portugal. During
the fire season, emissions of these pollutants might al-
ready exceed those from anthropogenic sources. Emis-
sions are generally projected to increase further with cli-
mate change.

— If air pollution standards are further tightened, in large
parts of the Mediterranean and north-eastern Europe,
wildfires could become the main source of air pollution
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during the fire season, unless improved fire management
systems are considered.

— Other regions could still emit enough pollutants from
wildfires to be policy relevant, either seasonally or on an
annual basis if meteorological conditions are more con-
ducive to high pollutant concentrations as it is implied
in the calculation above, or if the emissions or emission
change estimates used in the present study turn out to be
on the low side.

Data availability

CRU TS 3.21 climate observations are available from
the British Atmospheric Data Centre at http://browse.ceda.
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ac.uk/browse/badc/cru/data/cru_ts/cru_ts_3.21, RCP histor-
ical and scenario CO, concentrations from the Institute
of Applied Systems Analysis (IIASA) at http://tntcat.iiasa.
ac.at/RcpDb/dsd?Action=htmlpage&page=download, pop-
ulation density data according to HYDE 3.1 from
PBL at http://themasites.pbl.nl/tridion/en/themasites/hyde/
download/index-2.html, SSP population and urbanisation
scenarios by country from 1IASA at https://tntcat.iiasa.ac.at/
SspDb/dsd?Action=htmlpage&page=countries, GFED 4.1s
fire emissions from the Free University of Amsterdam at
http://www.falw.vu/~gwerf/GFED/GFED4/, and ECLIPSE
GAINS 4a and PEGASOS PBL global anthropogenic emis-
sions from the ECCAD web portal at http://eccad.sedoo.fr/
eccad_extract_interface/JSF/page_login.jsf.
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Appendix A

Table Al. Sensitivity of predicted emission changes to SIMFIRE parameterisation.

Country/region Ensemble emission changes 2010 to 2050 [%] Ensemble emission changes 2010 to 2090 [%)]
RCP4.5 RCP8.5 RCP4.5 RCP8.5

std2  MCD45P std. MCD45 std. MCD45 std. MCD45
Austria —6 -37 6 -7 26 2 45 26
Belarus 18 6 18 5 35 17 45 33
Benelux 30 29 20 19 61 46 129 107
Bulgaria 50 35 21 20 75 56 146 73
Czech Republic 11 45 15 19 69 128 58 108
Denmark —7 -3 44 57 33 18 81 43
Estonia -11 -21 -35 -2 —15 15 —18 -8
Finland 6 27 -3 -9 2 13 —13 -17
France -1 7 27 22 8 21 78 77
Germany 21 14 50 30 96 60 155 107
Greece 85 35 -3 52 35 56 209 350
Hungary 41 38 36 4 92 69 98 56
Ireland —7 —16 10 -9 -17 =21 38 8
Italy 72 93 73 45 77 111 165 146
Latvia 23 23 25 36 23 23 16 36
Lithuania -2 —12 12 -9 28 4 26 25
Norway 6 11 2 9 23 24 15 38
Poland 35 22 28 33 106 67 87 57
Portugal 104 89 94 193 128 115 218 164
Romania 70 34 68 25 117 55 166 131
Russia 5 7 -2 -1 -1 6 7 11
Slovakia 27 9 42 57 129 79 133 115
Spain 30 26 34 90 82 100 134 157
Sweden 1 -2 3 2 16 8 13 10
Switzerland 58 31 101 44 202 71 310 168
Ukraine 28 18 32 20 55 39 79 56
United Kingdom 12 14 45 35 24 32 70 65
Yugoslavia & Albania 71 47 35 24 114 71 116 69
Europe 21 19 19 28 40 41 65 64

8 SIMFIRE standard parameterisation with MPI climate model output.
b SIMFIRE optimised against MCD45 global burned area product, also with MPI climate model output.
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Figure Al. Current (2010) population density (inhabitants km=2)

in Europe by ranges considered in the analysis. Derived from grid-
ded observed 2005 values extrapolated to 2010 using SSP2.
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Figure A2. Projected population density (inhabitants km—z) in Eu-
rope: (a) SSP3 and (b) SSP5.

www.atmos-chem-phys.net/16/5685/2016/

——RCP4.5 "
6l |---RcP8s "l
——RCP4.5 MCD45 o
- - -RCP8.5 MCD45 \ h

(5
T

Emissions [Tg yr ™
W S

1 " . .
1900 1950 2000 2050 2100

Figure A3. Wildfire carbon emissions for all European regions with
the standard SIMFIRE parameterisation compared to runs using
SIMFIRE optimised against MCD45 global burned area, for two
RCP scenarios and simulations using the MPI global climate model.
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Figure A4. Annual anthropogenic (solid lines, crosses) and wildfire emissions (dashed lines, circles) for Europe by range of population

density for selected pollutants and time windows. (a) RCP4.5 climate, SSP5 population and current legislation (CLE) for anthropogenic

emissions; (b) RCP8.5 climate, SSP3 population and maximum feasible reduction (MFR) for anthropogenic emissions.

Figure A5. Comparison of annual anthropogenic CO and BC emis-
sions for 2090: (a, ¢) 50 % of ECLIPSE GAINS 4a MFR for 2050
as assumed for 2090 in present study and (b, d) PEGASOS PBL v2
MFR-KZN.
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