10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Title:
Wildfire air pollution hazard during the 21* century

Authors:

Wolfgang Knorr*'?, Frank Dentener’ , Jean-Frangois Lamarque®, Leiwen Jiang™® &
A. Arneth’

'Physical Geography and Ecosystem Analysis, Lund University, S6lvegatan 12,
22362 Lund, Sweden

’KIT/IMK-IFU, Garmisch-Partenkirchen, Germany

*European Commission, Joint Research Centre, Ispra, Italy.

*National Center for Atmospheric Research, Boulder, Colorado, USA

> Asian Demographic Research Institute, Shanghai University

*Corresponding author’s email: wolfgang.knorr@nateko.lu.se

Abstract:

Wildfires pose a significant risk to human livelihoods and are a substantial health
hazard due to emissions of toxic smoke. Previous studies have shown that climate
change, increasing atmospheric CO,, as well as human demographic dynamics can
lead to substantially altered wildfire risk in the future, with fire activity increasing in
some regions and decreasing in others. The present study re-examines these results
from the perspective of air pollution risk, focussing on emissions of airborne
particulate matter (PM,s), combining an existing ensemble of simulations using a
coupled fire—dynamic vegetation model with current observation-based estimates of
wildfire emissions and simulations with a chemical transport model. Currently,
wildfire PM; s emissions exceed those from anthropogenic sources in large parts of

the world. We further analyse two extreme sets of future wildfire emissions in a
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socio-economic, demographic climate change context, and compare them to
anthropogenic emission scenarios reflecting current and ambitious air pollution
legislation. In most regions of the world, ambitious reductions of anthropogenic air
pollutant emission have the potential to limit mean annual pollutant PM; s levels to
comply with WHO air quality guidelines for PM, 5. Worse-case future wildfire
emissions are not likely to interfere with these annual goals, largely due to fire
seasonality, as well as a tendency of wildfire sources to be situated in areas of
intermediate population density, as opposed to anthropogenic sources that tend to by
highest at the highest population densities. However, during the high-fire season, we
find many regions where future PM, s pollution levels can reach dangerous levels

even for a scenario of aggressive reduction of anthropogenic emissions.

1 Introduction

Wildland fires — or in short “wildfires” — are burning events that occur in natural or
semi-natural landscapes such as (managed or un-managed) forests, shrublands, or
grazing lands including savannahs. They are a major natural hazard (Bowman et al.
2009) and an important source of air pollutants (Langmann 2009), which can impact
air pollution thousands of kilometres downwind (Lee et al. 2005). Wildfires also play
an important role in several atmospheric chemistry—climate feedback mechanisms
(Fiore et al. 2012). Emissions of fine aerosol particles, i.e. particulate matter up to an
aerodynamic diameter of 2.5 micrometers (PM;s), are of particular health concern,
with no known safe concentration in air, as noted by the World Health Organization
(WHO 2006). Wildfires can be an important source in large, more remote areas
(Granier et al. 2011, van der Werf et al. 2010), even though anthropogenic emissions
are higher globally. There is a widely held view among both the general public and

members of the research community that wildfire occurrence and severity have been
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increasing in recent decades, and will continue to increase due to climate change
(Doerr and Santin 2016). Moreover, efforts to reduce anthropogenic emissions (e.g.
EEA 2014) will increase the relative importance of other emission sources.

Climate warming has already led to more frequent hot and dry weather in many
parts of the globe, increasing the probability of wildfires (Flannigan et al. 2009), and
this 1s expected to continue into the future. Studies based on calculated fire severity
indices under climate change argue for large increases in burned area (Flannigan et al.
2005 for Canada; Amatulli et al. 2013 for southern Europe) and resultant pollutant
emissions (Spracklen et al. 2009, Yue et al. 2013 for the western US), with some
regional exceptions of declining emissions due to increased precipitation (Yue et al.
2015 for a few sub-regions in northern Canada). However, a long-term increase in the
length of the fire season or in weather conditions conducive of wildfires does not
necessarily lead to increases in burned area (Doerr and Santin 2016). This is because,
at longer time scales, vegetation responds not only to climate change, but also directly
to rising atmospheric CO; levels (Buitenwerf et al. 2012, Donohue et al. 2013). While
CO, fertilization will lead to increased fuel load, enhancing emissions, it also leads to
an increase in woody as opposed to herbaceous vegetation, with on average lower
emissions due to decreased fire spread in less flammable shrublands (Kelley and
Harrison 2014, Knorr et al. 2016a). Indeed, simulations with coupled fire-vegetation
or statistical models generally show less increase in burned area (Kloster et al. 2010,
Knorr et al. 2016b) or number of fires (Krwachuk et al. 2009) when accounting not
only for climate, but also for these vegetation effects.

Another factor that has so far received less attention are growth and changes in
human population size and distribution. Contrary to common perception, higher

population density tends to be associated with lower wildfire risks when measured by
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burned area (Archibald et al. 2009, 2010, Lehsten et al. 2010, Knorr et al. 2014,
Bistinas et al. 2014), even though higher population density in rural and remote
regions tends to lead to more, but on average smaller fires (Archibald et al. 2009,
2010). This can be explained by the concept of the ignition-saturated fire regime,
which is reached at very low levels of population density. Above this level, human
impact manifests itself less in enhancing burned area (by igniting fires), but more by
creating barriers to and suppressing fire spread, thus reducing area burned (Guyette et
al. 2002). Indeed, coupled vegetation—fire models that include the effects of changing
human population size and spatial distribution suggest a reduced rate of increase of
fire activity during the 21* century, compared to simulations not accounting for
demographic changes (Kloster et al. 2010). Some studies showed even a decline in
burned area (Knorr et al. 2016b) or emissions (Knorr et al. 2016a) for moderate levels
of climate change, when combined with slow urbanisation and high population
growth. These results are backed by observational evidence of a long-term declining
trend in past fire activity or emissions from wildfires (Marlon et al. 2008, Wang et al.
2010, van der Werf et al. 2013), and more recent negative trends in northern Africa
that have been related to the expansion of cropland (also resulting from increasing
population density; Andela and van der Werf 2014). Furthermore, the impacts of
emissions from wildfires on human society are also largely determined by population
growth and their spatial distribution (Knorr et al. 2016 b). It is therefore important to
consider not only climate and CO; scenarios, but also scenarios of demographic
changes.

The overarching research question addressed in this paper is whether socio-economic

developments influencing both greenhouse gas emissions as well as human population size and spatial

distribution might impact wildfire emissions enough to make a difference for meeting the WHO air

quality target, provided anthropogenic PM, 5 emissions are reduced aggressively. The work in this
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study takes the following steps towards this end: Building on a similar study for
Europe (Knortr et al. 2016 c¢) for computing emissions, we use a state-of-the art
chemical transport model to compute future levels of human exposure to PM» s using
observation-based wildfire emissions, combined with relative changes in emissions
from vegetation—fire model simulations. Our analysis focuses on the relative
importance of changes in global wildfire emissions for air quality and atmospheric

pollutant load, as compared to anthropogenic sources.

2 Methods

2.1 Vegetation—fire model and driving data

We use the LPJ-GUESS global dynamic vegetation model (Smith et al. 2001,
Ahlstrom et al. 2012) coupled to the global semi-empirical fire model SIMFIRE
(Knorr et al. 2014), with details given by Knorr et al. (2016a). Shortly, LPJ-GUESS is
a patch-scale dynamic vegetation model that represents age cohorts of perennial
vegetation and computes vegetation establishment and growth, allocation of carbon
pools in living plants, and turnover of carbon in plant litter and soils. SIMFIRE
provides burned area to LPJ-GUESS on an annual basis, which then evokes plant
mortality according to a plant-functional-type (PFT) dependent probability. Specified
fractions of plant litter and live leaf biomass are burnt and emitted into the air in a
fire, while the remaining biomass of the killed vegetation is transferred to the litter
pool of LPJ-GUESS (see Knorr et al. 2012). Population data needed to drive
SIMFIRE are based on gridded data from HYDE 3.1 (Klein-Goldewijk et al. 2010) up
to 2005, and then re-scaled using per-country relative growth in rural and urban
population, retaining the urban masks of the HYDE data. Grid cells with more than

50% past or future cropland area in either the RCP6.0 or 4.5 land use scenarios (Hurtt
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etal. 2011; see Section 2.2) were excluded from the calculations (see Knorr et al.
2016a,b for details).

In order to compute emissions of chemical species, we use the emission factors of
the Global Fire Emissions Database version 4 (GFED 4, van der Werf et al. 2010,
based mainly on Akagi et al. 2011, see http://www.falw.vu/~gwerf/GFED/GFED4),
which are fixed ratios between emission rates of various pollutant species and rates of
combustion of dry biomass differentiated by where the fire occurs: (1) savannahs and
grasslands, (2) tropical, (3) boreal and (4) temperate forests. In order to select the
appropriate emissions factor, we assign a grid cell to (1) if the PFT with the largest
leaf area index at full leaf development is a grass, to (2) if it is a tropical tree, and to
(3) or (4) if it is a boreal or temperate tree, respectively (see Knorr et al. 2012 for a list

of PFTs used).

2.2 Simulations and scenarios

Climate simulations were driven by output from an ensemble of eight global climate
models from the Climate Model Intercomparison Project 5 (CMIP5, Taylor et al.
2012) for two climate scenarios based on the Representative Concentration Pathways
(van Vuuren et al. 2011) RCP4.5 with moderate, and RCP8.5 with high degree of
climate change. Simulations for 1901 to 2100 are carried out on a global equal-area
grid with 1° x 1° spatial resolution at the equator, but constant east-west spacing of
the grid cells when moving towards the poles in order to keep the grid cell area
constant (Knorr et al. 2016a). These climate scenarios were combined with population
and urbanisation projections following the Shared Socioeconomic Pathways (SSPs,
Jiang 2014). The SSPs are based on qualitative narratives of five different
development pathways, which have been translated into quantitative projections of a

range of socio-economic, demographic and biophysical factors. Here, we focus on
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two combinations that represent, respectively, the highest and lowest wildfire
combusted carbon emissions globally (Knorr et al. 2016a). These are RCP8.5 (high
greenhouse-gas emissions, strong warming) combined with SSP5 (rapid fossil-fuel
driven economic growth with globally low population growth and fast urbanisation
leading to land abandonment and increased wildfire activity), and RCP4.5 (moderate
greenhouse-gas emissions and climate warming) combined with SSP3 (globally high
population growth and slow urbanisation leading to increased fire suppression). Note,
however, that in contrast to developing countries and the world as a whole, high-
income countries have high population growth for SSP5, but low population growth
for SSP3.

In addition to the emissions simulated by LPJ-GUESS-SIMFIRE, we also use the
GFED4.1s observation-based emissions fields for wildfires (van der Werf et al. 2010,
updated using Randerson et al. 2012 and Giglio et al. 2013) aggregated to 0.5° x0.5°
resolution and then re-scaled in time by country or region (following the methodology
of Knorr et al. 2016c¢). For larger countries, scaling is done by sub-national regions,
which were chosen in such a way as to isolate major fire areas found in GFEDA4.1s.
(For a list of regions/countries, see Table S1 in the Supplementary Information). The
use of country boundaries and performing the analysis at 0.5x0.5° instead of the 1°-
resolution used by LPJ-GUESS-SIMFIRE better accounts for the high degree of fire-
policy or cultural impact on fire regimes (Bowman et al. 2009).

For wildfires, we use the sum of boreal forest fires, temperate forest fires and
savannah fires from GFED4.1s. Agricultural waste burning from GFED4.1s has been
excluded from the calculations. Instead, we use anthropogenic emissions that include
agricultural burning from the ECLIPSE data set (Granier et al. 2011). Deforestation

fires (caused by deforestation activities) and peat fires (fires occurring in forested or
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non-forested peatlands, see van der Werf et al. 2010) were found to be minor sources
globally, despite of their regional importance mainly in Southeast-Asia (Fig. S1,
Table S2)

In contrast to Knorr et al. (2016c¢), where changes in the spatial distribution of
population within a country did not affect predicted wildfire emissions, here we also
account for demographic effects at the grid-cell scale. To do so, we combine a scalar
accounting for climate and vegetation effects, f.,, which is uniform in space across
each region/country, with a scalar accounting for population effects, f,, which is

applied at each grid cell separately:
EX(xy,m) = ol R(x)p) * f Ap () * Egren(x,m) (1)

with E° the re-scaled per-grid-cell emissions of chemical species S, x the geographic
location on the 0.5°x0.5° grid used for the analysis, y year, m month of the year, R(x)
the country or region found at location x, and E°gzzp the (per-grid-cell) emissions
climatology of species S from GFED 4.1s averaged over 1997 to 2014. The
population effect, £, , is equal to the population multiplier of SIMFIRE (Knorr et al.

2016a):
Jo(Ap’) = exp(-0.0168*Ap"). (2)

with Ap '(x,y)=p (p(x,y))—p (p(x,y0)), where p'(p) is the minimum of population
density p and 100 inhabitants per km”. yy=2010 is the reference year relative to which
future emission levels are computed. The cap at 100 / km?, which is only used for
scaling observation-based inventories by LPJ-GUESS-SIMFIRE output (not by
SIMFIRE itself) is used to prevent unrealistically large relative increases in emissions
resulting from the scaling procedure when population density decreases from present
values that are much above 100 / km?. In other words, we consider areas with a

population density above 100 / km® to be essentially wildfire free. The combined
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effect of climate and vegetation on emissions is defined as:

fSCV(R:y) = {Zx’ER ESS]M(X',y) / Zx’eR ESS/M(X',)/())} /...

e AT er (P V)P YOV E GrED(x ) | Z ek EXgren(x’,m)}. (3)
Here, E s are LPJ-GUESS-SIMFIRE emissions of species S computed on the 1°
equal-area grid. The sums are over all grid cells x’ of the 1° equal-area grid that
belong to region/country R. The first term in curly brackets is the SIMFIRE simulated
relative change in emissions or region R by year y (shown in Fig. S2), which is
divided by the projected change in emissions only due to changes in population
density (second term in curly brackets; see Fig. S3 for a map of projected changes
only due to population density, i.e. f,(p (x,y)—p '(x,y0)) for y=2090). Finally, we
compute future projected emissions of species S as the 21-year climatological mean
around 2090:

E® 3000(x,m) = Z,e 12080, 21007 E>(X,,m) 4)

Countries where 90% or more of the grid cells of the LPJ-GUESS grid have
either a current or future cropland fraction of >50% (highly agricultural regions:
Moldavia and Bangladesh), or for which LPJ-GUESS simulates zero current
emissions in at least one simulation (Greenland) were excluded from this scaling
procedure by setting fSCV(R,y)ZﬁJ(pFl. Note that the procedure retains the seasonal
cycle of the GFEDA4.1 emissions, Egrep(m), by scaling each month by the same factor.

The computed seasonal cycle of anthropogenic emissions of CO, NHs, SO,, NOx,
black carbon and organic carbon (at monthly resolution) for current conditions and
2090 were provided as input to the Community Atmosphere Model including
interactive chemistry (CAM-Chem, Lamarque et al. 2012). In the present
configuration, CAM-Chem simulates the aerosol distributions for all types (i.e.,

sulfate, nitrate, black carbon, organic carbon, sea-salt and mineral dust). From those,
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the PM; 5 distribution is calculated using all components except dust or sea-salt, since
those are not affected by biomass burning, and assuming all component mass to be
present below 2.5 um. For current emissions we take E°grep(x,m), and for 2090
emissions E5000(x,m) (Eq. 4). Anthropogenic emissions are constant over the year.

The configuration of CAM-Chem is identical to the one used in the recent
Chemistry-Climate Model Initiative simulations discussed in Tilmes et al. (2016)
under REF-CI1 (specified sea-surface temperatures and sea-ice distribution), except
for using a higher horizontal resolution of 0.9° latitude x 1.25° longitude. The model
has 26 vertical layers from the surface to approximately 40 km. CAM-Chem is here
used as a chemical transport model, with the meteorology being the same between
simulations with different emissions fields, thus excluding the effect of changing
atmospheric composition on meteorology. This is done so that short simulations are
sufficient to identify the chemical impacts of different emission scenarios. Emissions
of sea-salt, dust and biogenic volatile organic compounds (VOC:s, i.e. isoprene and
mono-terpenes, which are precursors to secondary-organic aerosols) are also identical
between the different simulations, and are computed as in (Tilmes et al. 2016). For all
species, emissions (including biomass burning) are included as flux boundary
conditions to the vertical diffusion module, and are therefore quickly (within hours)
redistributed within the boundary layer.

The current representation of aerosols in CAM-Chem has been extensively tested
and compared with observations. In particular, Lamarque et al. (2012) provide a
comparison of present-day observations of the IMPROVE network over the
conterminous United States, indicating an overall good representation of the
probability density function for all species considered in the present study. In

addition, Shindell et al. (2013) have shown that CAM-Chem indicated the lowest bias
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of the models when compared to observed aerosol optical depth. Finally, CAM-Chem
results have been used in several health impacts studies (West et al., 2013; Silva et al.,
2013, 2016) and is usually very consistent with other chemistry-climate models used
for those analyses. Four simulations are carried out for a period of 25 months each,
and a mean annual cycle is computed from months 2 to 25. While there is some
residual interannual variability in the two meteorological years simulated by the
model, this signal is small compared to the impact associated with the changes in

emissions (not shown).

2.3 Analytical Framework

Our analysis focuses on two time windows, current and 2090. To assess the relevance
of wildfire PM, s emission rates, we compare them to those from anthropogenic
sources, and also judge simulated surface concentrations by their proximity to the
World Health Organization (WHO) air quality guidelines of 10 pg/m’ on an annual
average, keeping in mind that there is no established safe upper limit and that the
target was set considering background concentrations of 3—5 pg m™ in North America
and Western Europe.

For anthropogenic emissions, we use the ECLIPSE-GAINS-v4a data (Amann et
al., 2011) developed as part of the ECLIPSE project (Granier et al. 2011, Klimont et
al. 2013, Stohl et al., 2015). This dataset provides two scenarios: current legislation
(CLE), and maximum feasible reductions (MFR) on top of business-as-usual
projections until 2050 from the Energy Technology Projections study by the
International Energy Agency (IEA, 2012), which are considered roughly equivalent to
RCP6.0. MFR corresponds to a policy and technology driven abatement scenario,
implementing all currently known technologies at a reasonable cost, with the aim,

among others, to lower PM, s emissions to levels of limited health impacts (Amann et
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al. 2011). For the present, we use emissions for 2010 under the CLE scenario.
Following Knorr et al. (2016c), we estimate 2090 CLE emissions assuming constant
per capita emissions after 2050, but changing population densities according to the
SSP3 scenario, which directly affects magnitude and spatial patterns of emissions. For
MFR, 2090 emissions are assumed half of the corresponding 2050 levels (i.e.
somewhat optimistic compared with e.g. Braspenning-Radu et al., 2016). In principle
the emissions under CLE and MFR conditions may differ also for different SSP and
climate mitigation assumptions (Rao et al., 2016; Braspenning-Radu et al, 2016).
However, the assumptions above can be seen as a schematic approximation of a wide
range of possible air pollution emission futures that have become available in the
recent literature

To facilitate the regional aspects of our analysis, we use a global map of nine
major world regions (see Fig. S4). Of these, three belong to the high-income group of
countries of the SSP scenarios (see Jiang and O'Neill 2015): High-income Europe,
Australia & New Zealand, and North America. Countries of Europe belonging to the
middle-incoming group were assigned to the region Eastern Europe and Central Asia,
which also includes Russia. High-income countries of the Middle East (Israel, oil-rich
states of the Persian Gulf) or East Asia (Japan, South Korea), which only account for
a very small fraction of wildfire emissions in their respective regions, have been

excluded from the analysis.

In this study, we address the question whether there is a risk that the combined
direct (as estimated by changing population patterns) and indirect impacts (through
climate change) of human activities on wildfire pollutant emissions will compromise
meeting the WHO guideline value of 10 pg / m’, under a scenario in which

anthropogenic PM; s emissions are reduced aggressively. The range of plausible
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future air quality policy scenarios is spanned by the difference between our
projections using MFR and CLE assumptions. For a range of plausible wildfire
emissions scenarios, we consider the combinations SSP5/RCP8.5 (highest) and
SSP3/RCP4.5 (lowest global wildfire emissions). Of the possible four emission
combinations, we select three in order to assess the impact of either the plausible
range of wildfire, or of air quality policy scenarios (see Table 1). These three
scenarios plus current emission fields are used for simulating present and future

(2090) PM; 5 surface concentrations with CAM-Chem.

3 Results

3.1 Comparison of wildfire and anthropogenic pollutant emissions

In order for wildfire emissions to be relevant for atmospheric pollution levels, at
least two conditions should be met: (1) they need to be of a similar or greater
magnitude compared to anthropogenic sources, and (2) they should be in or close to
populated areas. Therefore we first compare emission levels of both types of sources
for the current and future time slices. Fig. 1 shows areas where wildfire emissions
currently exceed those from anthropogenic sources (in either red or light blue; shown
in all panels). At first sight, these regions appear to lie in relatively remote areas of
wildfire-prone regions (cf. Fig. S5, e.g. the boreal forest zones of Canada and Alaska,
eastern Siberia, western US, the Brazilian interior, and in Africa away from the main
population centres of Nigeria, Ethiopia and Kenya). A breakdown of emissions by
population density shown for the nine world regions (cf. Fig. S4) shows that current
(or future) anthropogenic emissions display a universal increase with increasing
population density (solid blue lines in Fig. 2). Wildfire emissions also often increase
with increasing population density, and only for North America per-area emissions

decrease with increasing population density across the entire range of population
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densities (dashed blue lines in Fig. 2, i.e. current wildfire emissions). Most of the
remaining regions have peaked distributions with highest per-area emissions in some
intermediate population-density category, and it is not the most remote and sparsely
inhabitated areas that have the highest emissions. Therefore, despite of a dominance
of anthropogenic emissions in the more densely populated areas, wildfires emissions
are often found to be an important pollution source in regions with intermediate
population density, meaning that they approach or even exceed anthropogenic sources
for population densities in the range 10 to 100 / km? (Sub-Saharan Africa, Latin
America & Caribbean, South & Southeast Asia, Australia & New Zealand). This 10 to
100 / km? category is significant not only because of its relatively high population
density, but also because it represents the wildland-urban interface, which is often
particularly prone to wildfires (Syphard et al. 2007).

For the simulated future, we either expect anthropogenic emissions to surpass
those from wildfires in many regions (mainly in Africa, light blue areas in Fig. 1a, b)
for the CLE scenario, or the reverse for the MFR scenario, where wildfire emissions
surpass anthropogenic sources in a wide range of regions (yellow areas in Fig. 1c, d:
South America, Central America, Africa, Eastern and Southern Europe, Central Asia,
Southeast Asia, and southern China). This dominant role of the anthropogenic-
emissions scenario is largely independent of the wildfire emissions scenario (i.e. the
difference between Fig. 1a and b or between Fig. 1b and d is much small than the
difference between Fig. 1a, b on the one hand and Fig. 1 ¢, d on the other). The
strongest impact of the wildfire emissions scenario is found for Sub-Saharan Africa
for the CLE scenario, where SSP3/RCP4.5 shows many more regions newly
dominated by anthropogenic emissions than SSP5/RCP8.5 (Fig. 1a vs. Fig. 1b). This

is due to declining wildfire emissions in that scenario (see Fig. S2a). The scenario in
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which wildfire emissions are most likely to become a relevant source of PM; s
emissions is represented by the combination MFR/SSP5/RCPS.5 (Fig. 1d and Fig. 2,
red lines; cf. also Fig. S2b).

The MFR scenario assumes a decline in anthropogenic emissions by
approximately one order of magnitude in areas with at least 10 people / km?, with
somewhat less decrease for the more sparsely populated categories (Fig. 2). When
compared to this magnitude of change, the simulated increase in wildfire emissions
for SSP5/RC8.5 is much smaller throughout. The highest absolute increase for
wildfire emissions is found for Sub-Saharan Africa (in the 1 to 100 / km? categories),
Latin America (0.1 to 1 / km?), South & Southeast Asia (below 10 / km?) and
Developing East Asia (1 to 100 / km?). As a consequence mainly of the reduction
implicit in the MFR scenario, wildfire emissions approach or exceed anthropogenic
emissions even in the most densely populated category (>100 / km?) for Sub-Saharan
Africa, Latin America & Caribbean, Eastern Europe-Russia-Central Asia, South &
Southeast Asia and Australia & New Zealand. Note that the areas of the population
density categories shift as well (see dotted lines in Fig. 2 and Fig. S5), and that the
underlying population patterns used to compute the MFR scenario do not necessarily

match those from SSPS.
3.3 Changing patterns of PM s pollutant exposure

Simulated changes of PM, s concentrations between current and 2090 for the high-
wildfire emissions scenario combined with MFR (Fig. 3 blue to red line,
corresponding to emissions of Fig. 2, same colours) indicate a reduction in PM; s
pollutant concentration by between one half and three-quarters in the most densely

populated category (>100 / km?) in each world region, resulting from the large

15/41



375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

reductions in anthropogenic emissions. Both the current and future pollution levels are
substantially lower in the most sparsely populated categories. For current emissions,
only two regions show average anthropogenic concentrations above the WHO air-
quality target of 10 pg / m® (Developing East Asia, South & Southeast Asia; note the
different axis scales), and none for 2090. We emphasize that the results presented here
do not include sea salt and dust derived particulate matter, and are not downscaled
using information on the emissions attributable to urban regions. In fact, in Figs. 2
and 3 small areas with typical urban population densities e.g. above 1000 / km? are
included in same category in with the much larger areas in the 100 to 1000 km™
range. Therefore these results are likely to represent a lower limit of population-
weighted PM; s concentrations, which are consequently closer to the WHO guidelines.
In general, relative changes in per-area emissions (Fig. 2) are much larger than
relative changes in concentrations (Fig. 3), mainly due to the effect of long-range
atmospheric transport of aerosols and precursor gases.

In contrast to the current situation with a steady increase in pollutant
concentrations with population density (dark blue in Fig. 3), for 2090 concentrations
peak at an intermediate level of population density in most regions (red line: Sub-
Saharan Africa, Latin America & Caribbean, Eastern Europe-Russia-Central Asia,
Australia & New Zealand, High-Income Europe), reflecting the increased importance
of wildfires for the spatial distribution of pollutant concentrations. This change over
time is most pronounced for Sub-Saharan Africa, where emissions from wildfires far
outweigh anthropogenic PM; s emissions by 2090 (Fig. 2, red lines).

The effect of the anthropogenic-emissions scenario can be seen by comparing the
MFR and CLE scenarios for the case of the high-wildfire emissions scenario (red and

green lines in Fig. 3, cf. Table 1). CLE/SSP5/RCP8.5 compared to
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MFR/SSP5/RCPS8.5 leads to large reductions in concentrations in pollutant
concentrations in all regions by 2090, in particular for the most densely populated
categories. Compared to this large effect of the anthropogenic emissions scenario, the
effect of the wildfire scenario (difference between high and low wildfire-emissions
scenario, red and light-blue lines in Fig. 3) is relatively small and only visible in Sub-
Saharan Africa, South & South-East Asia and Developing East Asia.

Simulated spatial patterns of PM; 5 concentrations for current conditions as well
as for the CLE scenario (Fig. 4 a, b) show large parts of central Africa as well as most
of South, East and Southeast Asia with concentrations above the WHO air quality
guidance value. For MFR (Fig. 4c, d), however, only limited areas in central Africa
show levels exceeding 10 pg / m’. For the high-wildfire scenario (SSP5/RCPS.5, Fig.
4d), concentrations are higher than for low-wildfire emissions (SSP3/RCP4.5, Fig.
4c), but the areas are much more sparsely populated (see Fig. S4). It appears therefore
that under the MFR scenario, annual mean anthropogenic and wildfire-induced
concentrations will remain below the WHO air-quality guidance value for most areas
of the globe. Even though the previous analysis (Fig. 3) showed wildfire emissions
becoming the dominant source for the high-wildfire scenario, it appears the levels of
emissions are not high enough to bring concentrations above the annual WHO air-
quality value.

Further analysis hereafter focuses on monthly mean PM; s concentrations,
assuming this to be a health-related variable more appropriately reflecting the
seasonality of fire emissions. We note that there is currently no guideline for monthly
concentrations, but the WHO does provide guidelines for 24-hour means that amount
to 25 pg m™. We here assume that formally declared safe monthly PM, 5

concentrations would be somewhere between 10 and 25 pg m™. When investigating
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monthly PM; 5 concentrations, the picture changes considerably. For all scenarios,
large but sparsely populated regions in central South America, northeastern Siberia
and northwestern Canada (cf. Fig. S5) experience monthly pollution levels in excess
of 10 pg / m’® (Fig. 5) and to a lesser extent 25 ug / m>. This result is largely
independent of the anthropogenic-emissions scenario (comparing Fig. 5b with 5c, d).
In regions that show large reductions of annual mean pollution levels for MFR,
monthly maximum concentrations can still substantially surpass 10 ug / m® even
under an MFR scenario (Africa, Southeast Asia and, to some extent for SSP5/RCP8.5,
south-eastern China), or even 25 ug m™ (Africa, South-East Asia). The wildfire
scenario is thus found to be of globally limited, but regionally important significance
for air pollution-related health impacts.

4 Discussion

In most regions of the world, decisive and effective reductions of anthropogenic air
pollutant emissions will likely be able to limit pollutant levels below the WHO
threshold of 10 pg/ m® annual mean PM, s concentrations irrespective of the
evolution of future wildfire emissions. This is mainly the result of the highly seasonal
character of wildfire emissions, as well as a tendency of wildfire sources to be
situated in areas of intermediate population density, as opposed to anthropogenic
sources that tend to be highest at the highest population densities. We therefore see a
shift of the highest pollution levels away from the most densely populated areas,
which reduces the impacts of future human exposure to PM; s. However, as the
example of the Russian wildfires in 2010 shows (Kaiser et al. 2012), high pollution
levels even from single wildfires can persist over many weeks and thus pose a

significant health threat over extended lengths of time. On a seasonal basis, we
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therefore find many regions where pollution levels can reach dangerous levels even
for a scenario of aggressive reduction of anthropogenic emissions.

Previous simulations with chemistry-climate models using RCP emission
projections have already shown a strong future downward trend in East and South
Asia, driven by reduced anthropogenic emissions, but no notable trend in Africa
(Fiore et al. 2012). Knorr et al. (2016a) have shown a general picture of climate-
driven fire emission increases, both for an RCP 4.5 and 8.5 scenario, that may be
overridden by demographic changes only in Sub-Saharan Africa. This simulated
future decline in Africa is in agreement with observations of currently already
declining burned area that has been linked to demographic trends of increasing rural
population for the northern part of Sub-Saharan Africa (Andela and van der Werf,
2014). In the present study, southern China is identified as a new area of possible high
human exposure to wildfire-generated air pollution under a scenario of rapid
urbanisation and population decline in rural areas. While forest fires in China may
have received comparatively little attention, they can still be substantial, with over
670,000 ha area burnt annually between 1950 and 2010 (Shu et al. 2003, Su et al.
2015).

While any additional emission source of PM; 5 poses a health risk (WHO 2006),
wildfires are likely to be ignored by air quality policy if they emit considerably less
than anthropogenic sources, in particular as their occurrence tends to be sporadic and
of short-term nature. One factor is that wildfire emissions are much more difficult to
legislate given the difficulties of long-term fire suppression (Donovan and Brown
2007). In this study, we find that in large parts of the world, wildfires are the main air

pollutant source. While on an annual-mean basis, they are unlikely to lift pollution
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levels above the WHO air-quality guidance levels, they can become important sources
on a seasonal basis.

In our simulations, air pollutant concentrations follow similar, but more dispersed
patterns compared to emissions, with highest levels in densely populated and lowest
in sparsely populated areas. In the future, in the case of strong reduction in
anthropogenic sources, this pattern is predicted to shift to one where the highest
pollution levels are found in regions of intermediate population density for most
regions (Sub-Saharan Africa, Latin America & Caribbean, and Eastern Europe-
Russia-Central Asia), resembling more the pattern of wildfire emissions. This means
that also due to their geographical distribution, wildfires pose a smaller risk to humans
than anthropogenic emissions. Nevertheless, in our simulations under strong emission
reduction from anthropogenic sources, the future trajectory of wildfire emissions has a
discernible impact on air pollution in certain regions (Sub-Saharan Africa, South &
Southeast Asia, and Developing East Asia), and is particularly relevant if we consider
seasonal maxima in pollution levels. Even though the WHO recommendations are
based on annual mean concentrations of PM; s, the WHO also states that health effects
persist below these values. Fire emissions typically occur on the timescale of a week
up to one or several months — the length of the fire season — and the WHO annual
guidelines do not account for such monthly timescales. We hypothesise that, if a
guidance level for monthly means were to be established, it would lie somewhere
between 10 (annual) and 25 pg / m® (daily WHO air-quality guidance). These levels
of PM; s concentration are indeed frequently exceeded in our simulations even with
the extremely low emission levels taken here for the MFR scenario. It also needs to be
taken into account that the PM, s levels that are reported and compared to WHO or

other air-quality guidelines usually include some water content, as opposed to the
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simulated concentrations of dry aerosol mass, leading to a possible low bias of our
simulations of the order of 30 to 50% (Tsyro 2005). Also some emissions and
components are not considered in our simulation (e.g. the ash component of fire
emissions), or have a very high uncertainty (e.g. secondary aerosol formation
associated with burning emissions, but also in general with vegetation emissions).
Significant health impacts are therefore very likely, even if this limit is exceeded
only on a seasonal basis. For certain regions, it will be of critical importance whether
future air quality policy objectives will converge to the current WHO guidelines, in
which case fire management will become increasingly important. If anthropogenic
emissions are aggressively curtailed (MFR scenario), wildfires in Sub-Saharan Africa
are predicted to decline less than anthropogenic sources, and in parts of Southeast
Asia, southern China and central South America climate change may even lead to new
areas with wildfire emission levels relevant for air quality and the associated health
impacts. In many boreal regions wildfires will also increase to levels where they
become pollution sources with relevant health impacts. Because past efforts aimed at
a lasting reduction in wildfire activity have largely failed (Donovan et al. 2007, Doerr
and Santin 2016), it is questionable whether it is even possible to devise policy
measure aimed at bringing down wildfire emissions to avoid adverse health effects.
LPJ-GUESS-SIMFIRE only simulates wildfires. The predictions presented in this
study therefore leave out the possibility of significant increases or decreases in
deforestation or peat fire sources. Peat fires can be associated with considerable
emissions (Page et al. 2002, Kajii et al. 2002), and forest conversion into cropland or
pasture is often accompanied by burning (van der Werf et al. 2010). Both are of minor
importance for air pollution except for Southeast Asia (see Fig. S1, Table S2), mainly

in Indonesia (Field et al. 2009), where they are the dominant pollution source and
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occur even in more densely populated areas. In other regions, including Russia, peat
fires are of minor importance. Whether or not future land-use change will lead to an
increase or a decrease in deforestation is unknown. Based on integrated-assessment
model realisations of the four RCPs, Hurtt et al. (2011) projected little increase or
even a decline in future crop and pasture areas. However, in studies that assessed
future land-use change from a broader perspective, a much larger range of crop and
pasture changes emerged (Eitelberg et al. 2015, Prestele et al. 2016), which makes the
relative change of deforestation vs. wildfires highly uncertain. In the present analysis,
declining wildfire emissions are only predicted for Sub-Saharan Africa, where it
appears to be related to conversion of savanna to cropland (Andela and van der Werf
2014).

Apart from the issue of dry vs. wet aerosols and the omission of some difficult to
model components, there are additional limitations of this study. We expect that
results will be affected by the presence of natural aerosols, such as mineral dust and
sea salt, which — depending on location and time of year — could be significant
fractions of the PM, s concentrations (Monks et al. 2009). We do not evaluate
changes in natural emissions of mineral dust, sea salt or other naturally occurring
emissions other than biomass burning. Also, the anthropogenic emission scenarios do
not consider the benefits of climate mitigation scenarios, and are based on rather
crude assumptions regarding the development of emission controls beyond 2050, as
the original scenarios do not consider developments beyond that year. The scenarios
are thus study are only a subset of a large range identified in recent studies
(Braspenning-Radu et al. 2016, Rao et al. 2016) and therefore call for a further
evaluation of consistency in drivers across anthropogenic emissions, climate, and fire

scenarios. The study furthermore only considers climatological monthly emissions
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during specified time windows, even though wildfire impacts on air quality can have
large interannual (Jaffe et al. 2008) and intra-seasonal variations. We also did not
account for relevant secondary emission products, such as ozone from wildfires,
which can reach policy-relevant levels (Jaffe and Wigder 2012). Other studies on the
possible impact of climate change on wildfire-related air pollution hazards have
concentrated on changes in meteorological conditions (Jacob and Winner 2009, Tai et
al. 2010) instead of emissions. There is also recent progress in the incorporation of
injection height (Sofiev et al. 2012) into chemistry-enabled atmospheric general
circulation models (Veira et al. 2015),which is not considered.

Nevertheless, to our knowledge, this is the first global-scale air quality study to
consider changes in both climate and demographic drivers of air pollutant emissions
from wildfires. Future work should aim at using general circulation models with
realistic plume heights for a series of dedicated present and future time slices at
combining observed plume height information, fire radiative energy data (for their
finer temporal resolution), satellite-derived burned area (for better spatial coverage),
projected emission changes from coupled dynamic vegetation-fire models (as the
present study), and improved demographic scenarios accounting for changes in urban
population density. Such studies would then also simulate the temporal statistics of
pollution events on a daily time scale. Wildfire episodes can elevate PM, s pollution
levels to dangerous levels with serious health impacts (Haikerwal et al. 2015). Such
results could then be used, for example, to assess for how many days the WHO 24-
hour PM, 5 limit of 25 pg/m’ from the WHO air quality guidelines (WHO 2006) is

exceeded as a result of wildfire emissions.

5 Summary and conclusions
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* Globally, wildfire emissions are unlikely to thwart aggressive measures to reduce
anthropogenic pollutant emissions enough to stay under the ambitious 10 pg / m’
annual mean limit of the WHO.

* In a number of regions, wildfire emissions will remain or could rise above critical
thresholds relevant for health policy, in particular when pollution levels during the
fire season are considered. So far, there is no generally accepted method for
wildfire management that has been shown to lead to lasting reductions in fire
activity or emissions.

* Demographic changes appear to be the main driver for the expected changes in
wildfire emissions in Sub-Saharan Africa. For a scenario of high population
growth and slow urbanisation, anthropogenic sources could surpass air pollutant
emissions from wildfires in most populated areas. Exposure of humans to PM, s in
Sub-Saharan Africa is expected to drop if measures are put in place to reduce
anthropogenic emissions, but wildfires may remain as a health relevant pollution

source in a scenario of fast urbanisation and low population growth.
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856  Tables

857
858 Table 1: Scenarios and scenario differences considered in the analysis
Case CAM-Chem Anthropogenic emissions Wildfire scenario

0 X Current Current
1 X MFR (lowest) SSP3/RCP4.5 (lowest)
2 X MFR (lowest) SSP5/RCP8.5 (highest)
3 X CLE (highest) SSP5/RCP8.5 (highest)
4 CLE (highest) SSP3/RCP4.5 (lowest)

Assessment of

Impact of wildfire scenario on PM, s emissions
-2 Impact of air quality policy scenario on PM, s emissions

W N
1
—_
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859  Figures

860 ] Anthropogenic dominates O wildfire to anthropogenic O Anthropogenic to wildfires B wildfires dominate

861  Figure 1: Dominant PM, s source between anthropogenic and wildfire emissions current and by 2090. Either source dominates if larger than the
862  other. Cases are: dominance for both periods, or transition of dominance from the one to the other, or zero emissions in at least one period

863  (grey areas). a, b) CLE anthropogenic emission scenario (continuing high air pollutant emissions); ¢, d) MFR anthropogenic scenario

864  (maximum feasible reduction); a, c) SSP3/RCP4.5 wildfire scenario (lowest future emissions); b, d) SSP5/RCP8.5 wildfire scenario (highest

865  future emissions).
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866
867  Figure 2: Predicted per-area annual PM, s emissions against ranges of population density for wildfires

868  and anthropogenic sources, present (blue) and for 2090 (red) for SSP5/RCPS.5 wildfire scenario
869  (highest global emissions) and MFR anthropogenic emissions scenario (maximum-feasible reduction)
870  for nine world regions. Also shown are changes in area extent of the population-density categories

871
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873 Figure 3: Predicted annual PM2.5 concentrations against ranges of population density (excluding

874  mineral dust and sea salt) for current conditions and three scenarios for 2090.
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875

876

877

878

Figure 4: Simulated annual-mean anthropogenic and wildfire PM2.5 concentration in ug/m’. a) current, b) 2090 CLE/SSP5/RCP8.5, ¢) 2090

MFR/SSP3/RCP4.5, d) 2090 MFR/SSP5/RCPS.5.
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880  Figure 5: Simulated PM2.5 concentration (excluding mineral dust or sea salt) in ug/m’ for the month with highest concentration at each grid

879

881  point. a) current, b) 2090 CLE/SSP5/RCPS.5, c¢) 2090 MFR/SSP3/RCP4.5, d) 2090 MFR/SSP5/RCPS.5.

882
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