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primary sources that influence PAH levels and trends in the Arctic, but quantitative investigations of this
influence are still lacking. This study estimates the global emissions of benzo[a]pyrene (BaP), a congener
of PAHs with high carcinogenicity, from forest and grassland fires from 2001 to 2020 and simulates the
contributions of wildfire-induced BaP emissions from different source regions to BaP contamination in

Iéz}ll)wordS: the Arctic. We find that global wildfires contributed 29.3% to annual averaging BaP concentrations in the
Arctic Arctic from 2001 to 2020. Additionally, we show that wildfires contributed significantly to BaP con-
Wildfires centrations in the Arctic after 2011, enhancing it from 10.1% in 2011 to 83.9% in 2020. Our results reveal
Emissions that wildfires accounted for 94.2% and 50.8% of BaP levels in the Asian Arctic during boreal summer and
Source apportionment autumn, respectively, and 74.2% and 14.5% in the North American Arctic for the same seasons. The
source-tagging approach identified that local wildfire biomass emissions were the largest source of BaP
in the Arctic, accounting for 65.7% of its concentration, followed by those of Northern Asia (17.8%) and
Northern North America (13.7%). Our findings anticipate wildfires to play a larger role in Arctic PAH
contaminations alongside continually decreasing anthropogenic emissions and climate warming in the

future.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction in the global environment [1,2]. PAHs are of great public concern

due to their widespread occurrence and toxic effects on ecological

Polycyclic aromatic hydrocarbons (PAHs) are an important class safety and human health [3]. PAHs released into the atmosphere

of organic pollutants that are primarily generated by the incom- tend to be adhered onto atmospheric particles, which enables them
plete combustion of fossil fuels and biomass and that are ubiquitous to stay in the atmosphere for a long time and undergo long-range
transport (LRT) to remote locations [4,5]. Although PAHs have

been regulated under the United Nations Economic Commission for
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Given its fragile ecosystem, extensive efforts have been made to
mitigate arctic environmental pollution and greenhouse gas (GHG)
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emissions. As a result, most legacy POPs in the Arctic environment
have declined in the past decades [2,8,15,16]. However, PAH con-
centrations in the Arctic showed unexpected increasing trends
[2,17], despite the reduction of PAH global emissions. Studies have
reported that PAH levels in Arctic fish and mussels increased 30-
fold over the past 25 years [18].

Recent studies have indicated that wildland fires and global
climate warming play a vital role in rising air pollution in the Arctic
[19—21] so much so that wildfires have been considered a primary
continental source of air pollutants [20,22,23]. Wu et al. [23] esti-
mated that approximately 2200 tonnes of benzo[a]pyrene (BaP)
was emitted from forest fires in 2014, accounting for 50% of global
total BaP emission. Similarly, Yu et al. [2] found elevated air con-
centrations of phenanthrene, BaP, and pyrene at the high Arctic
station of Alert from 2001 to 2005 and in 2015, which coincided
with frequent summer forest fire events in the boreal forests of
Canada, Alaska, and Greenland during this period, suggesting that
wildfires might play a significant role in offsetting the declining
trends of PAHs in the Arctic attributable to the worldwide reduction
of the anthropogenic emissions. The high temperatures accompa-
nying wildfires can also promote the re-evaporation of pollutants
from the wildland and soil [22,24,25].

Although extensive investigations have been carried out to
explore the source-receptor relationships of air pollution between
the Arctic and worldwide emission sources using different atmo-
spheric transport models [26—32], knowledge gaps still remain.
The most significant knowledge gaps are the lack of reliable PAH
emissions from wildfires and quantitative assessments of the con-
tributions of global sources from wildfire emissions to PAH
contamination in the Arctic, particularly in the most recent several
years during which the Arctic and its surroundings experienced
rapidly growing and severe forest fires, releasing massive amounts
of GHGs and air toxics [33]. These gaps bring difficulties to under-
standing to what extent wildfires in the Arctic Circle and remote
sources could perturb Arctic PAH contaminations.

Wang et al. [34] employed a probabilistic model based on
backward air mass trajectory calculations to track sources of Arctic
PAHs, and their results revealed that sources in Eastern Asia
(including the Russian Far East), Europe (including European
Russia), and North America account for 25%, 45%, and 27%,
respectively, of the PAH atmospheric concentrations at the Alert
station located in the high Canadian Arctic. Likewise, Friedman and
Selin [35] estimated that more than 80% of three representatives of
PAH (phenanthrene, pyrene, and BaP) atmospheric levels in the
Arctic were attributable to anthropogenic emissions from Europe
and Russia in 2004. However, all these studies focused on the
contributions of anthropogenic PAH emissions to their level in the
Arctic rather than on emissions from wildfire biomass burning.

Previous PAH emissions from wildfires have been significantly
underestimated or ignored [36], such as in the EDGAR PAH emis-
sion inventory (Emissions Database for Global Atmospheric
Research, https://edgar.jrc.ec.europa.eu/dataset_pop60), and this
has resulted in uncertainties in estimating the impact of wildfire
emission on PAH pollution in the Arctic especially. Recently, Luo
et al. [20] employed carbon stock data to develop PAH emission
inventory from forest fire biomass burning from 2001 to 2014,
which has been shown to improve PAH emission inventory esti-
mates significantly, and predicted BaP levels across the Arctic.
However, this inventory only considered the annual mean PAH
emissions from forest fire biomass burning but did not consider
seasonal variation and grassland wildfire emission. Because PAH
released from forest fire biomass burning may vary by orders of
magnitude during different seasons, an annual emission inventory
may fail to capture the seasonal changes in PAH emissions and thus
lead to significant uncertainties in predicting PAH fluctuations in
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the Arctic.

In the present study, we develop for the first time a new global
monthly BaP emission from forest and grassland biomass burning
sources from 2001 to 2020 using recently updated carbon stock
data up until 2020. A global atmospheric transport model, the Ca-
nadian Model for Environmental Transport of Organochlorine
Pesticides (CanMETOP) [37], is then used to quantify the relative
contributions of worldwide wildfire sources to BaP contaminations
in the Arctic region in the past two decades. We also employ a
tagging method [27] to track the long-range atmospheric transport
of wildfire-biomass-burning-released BaP concentrations from 12
wildfire source regions from across the globe to the Arctic. The
main objective of this study is to provide, the most comprehensive
and updated assessment by far of atmospheric transport pathways
of wildfire-induced PAHs from source regions to the Arctic and
seasonal and interannual characteristics in the source-receptor
relationships. The results may help fill knowledge gaps in the un-
derstanding of the significance of wildfires to PAH contamination in
the Arctic and motivate the most appropriate response to recent
international activities regarding the impact of natural emission
sources on Arctic GHGs and air toxics, such as the HTAP (The Task
Force on Hemispheric Transport of Air Pollution, http://htap.org/
events/) under the auspices of the UNECE (the United Nations
Economic Commission for Europe) Convention on Long-range
Transboundary Air Pollution (CLRTAP).

2. Materials and methods
2.1. Global BaP emissions from wildfires

The term wildfire usually refers to an unplanned or unwanted
fire burning in natural areas, such as forests, grasslands, or other
areas [23,38], and pollutant inventories taken of these events are
usually subject to high levels of uncertainty. Previous studies on
PAH emissions from wildfire biomass burning considered all
vegetation as a whole due to data limitations [20,23,36,39]. To
improve and update wildfire-induced emission estimates of PAHs,
however the wildfire biomass burning in this study is subdivided
into forest and grassland fires.

The emissions of BaP were estimated using data derived from
satellite products, which provided both the data related to the
burned areas due to wildfire and the measured emission factors
(EFs) from biomass burning. The method used to estimate wildfire
emissions follows Luo et al. [20], who defined

n
Egm= ZBA,,g,m x FLi g m % EF; x CE; (1)
i=1

i=

where g, m, and i represent grid location, month, and vegetation
type, respectively. Eg,; represents BaP emissions from wildfire
biomass burning in m at g (kg); BA;gm is the burned areain m at g
for vegetation i (m?), determined according to the intersection
between vegetation areas (from Moderate Resolution Imaging
Spectroradiometer (MODIS) product MCD12Q1) and burnt areas
(from MODIS product MCD64CMQ) (Fig. S1); FLigm is the above-
ground carbon stock (kg m~2) for vegetation type i, derived from
the Global Forest Resources Assessment (https://www.fao.org/
forest-resources-assessment/en/) and the MODIS satellite dataset
MOD17A3H (https://Ipdaac.usgs.gov/product_search/) (Fig. S2); EF;
is the emission factor of vegetation type i (Table S1); and CE; is the
combustion efficiency of vegetation type i. The wildfire emission
inventory from this study extends from 2001 to 2020, with a
monthly temporal resolution and 0.25° x 0.25° latitude/longitude
of spatial resolution. Further details of the estimation of BaP
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emission from wildfire biomass burning can be found in the Sup-
porting Information (SI, text S1).

The uncertainty of the estimated BaP emissions in this study
was quantified by calculating their 95% confidence interval (CI). The
BaP emissions from wildfires were calculated as the sum of emis-
sions from forests and grasslands, and the uncertainty of wildfire
emissions was evaluated using Monte Carlo simulation [40—42].
More information about the uncertainty assessment is provided in
the SI text S1 and Fig. S3.

2.2. The CanMETOP model

We used the CanMETOP to simulate the atmospheric BaP con-
centration and its contribution to the Arctic [37]. The CanMETOP is
a three-dimensional atmospheric transport model for POPs
coupled with IV-level fugacity-based multicompartment modules.
We used a global scale version of the CanMETOP at a horizontal
resolution of 1° x 1° (latitude/longitude) and 14 vertical levels of 0,
1.5, 3.9, 10, 100, 350, 700, 1200, 2000, 3000, 5000, 7000, 9000, and
11000 m [43]. The six-hourly objective reanalysis data from the
National Centers for Environmental Prediction Final Operational
Global Analysis dataset (https://rda.ucar.edu/datasets/ds083.2)
were used to provide the meteorological data to derive the Can-
METOP and included winds, atmospheric pressure, temperature,
and precipitation. This dataset had a spatial resolution of 1° x 1°
latitude/longitude, the same as the CanMETOP grid spacing. The
six-hourly data were also interpolated into half-hourly data as the
CanMETOP model integration time step length. The model topo-
graphical data, such as terrain heights and surface roughness
length, were collected from the Canadian Meteorological Centre,
with a spatial resolution of 1° x 1° (latitude/longitude).

The physicochemical properties of BaP used in this simulation
are presented in Table S2. The total BaP emissions, including
wildfire emissions generated in this study and anthropogenic
emissions covering six sectors and 69 fuel sub-types obtained from
the PKU-FUEL PAH inventory database (http://inventory.pku.edu.
cn/home.html), were input into the CanMETOP model as the
BASE simulation. The BaP emission inventory from the wildfire
biomass burning was then input into the CanMETOP model to
highlight the BaP contaminations induced by wildfire biomass
burning. The gridded BaP emission on 0.25° x 0.25° latitude/
longitude resolution for wildfire biomass burning and 0.1° x 0.1°
latitude/longitude resolution for anthropogenic emissions were
subsequently allocated to the CanMETOP model grid on the 1° x 1°
latitude/longitude resolution. Anthropogenic BaP emissions
collected from the PKU-FUEL inventory database were, however,
only available through 2014. Anthropogenic emissions from 2015 to
2020 were thus assumed to be the same as in 2014, which might
underestimate the impact of wildfire emissions on BaP due to a
reduction in global anthropogenic PAH emissions after 2000 [36].
More detailed model descriptions can be found in previous studies
[23,43,44].

2.3. The source-tagging method

A tagging method was used to trace sources of Arctic BaP
pollution from its biomass burning emissions [27]. This method
was previously used to quantify aerosol's source-receptor re-
lationships without disturbing emissions. The tagging method is
accurate and less computationally demanding than the widely used
emission sensitivity approach [27,31,32,45]. Since the air masses
between the southern and northern hemispheres seldom come in
contact [31], we only focused our model on the impact of wildfire
BaP emissions from 12 regions in the Northern Hemisphere (NH)
(Fig. 1 and Table S3). The tagging method [27] can be defined as

Environmental Science and Ecotechnology 14 (2023) 100232

A
Cij:A_l; (2)

where Cj; is the fractional contribution of the source region i to the
receptor region j; A;j is BaP air concentration in receptor region j
that can be traced back to its source region i; and A; is the BaP
concentration in the jth receptor from all source regions defined by

A =T A
1

2.4. Model evaluation and uncertainty

Simulated BaP concentrations were compared to measured
concentrations obtained from the European Monitoring and Eval-
uation Programme (EMEP, https://www.emep.int/), the Arctic
Monitoring and Assessment Programme (AMAP, https://www.
amap.no/), the Integrated Atmospheric Deposition Network
(IADN, https://iadnviz.iu.edu/about/index.html), and other litera-
ture (Supplementary Data), and a significant positive correlation
was observed between the simulated and measured BaP air con-
centration with a mean bias of —0.096 ng m >, a normalized mean
bias of —18.61%, and a correlation coefficient of 0.54 (Table S4 and
Fig. S4). We also compared simulated and measured site-specific
changes in BaP air concentrations at three Arctic monitoring sites,
Alert, Pallas, and Zeppelin (Fig. 1). Overall, the model overestimated
BaP concentrations in the Arctic compared to the measured con-
centrations. However, the results show that the model reproduced
the measured concentrations with monthly time series at three
sampling sites fairly well (Fig. S4), suggesting the excellent per-
formance of the CanMETOP model. Details of model evaluation can
be found in SI (text S2, Fig. S4, and Table S4).

BaP concentrations predicted by the CanMETOP model are
subject to uncertainties in input variables, including BaP emission

BaP emissions (kg grid™")

=
10 10 108

Fig. 1. The 12 selected regions in the Northern Hemisphere for source-tagging. The
colors in the map represent annual mean BaP emissions from wildfires averaged from
2001 to 2020. The red triangle represents the sampling sites with time series used to
compare with modeled BaP concentrations in Fig. S4c. The 12 regions are Southeast
Asia (SEAs), Southern Asia (SAs), Eastern Asia (EAs), Mid-eastern Asia (MEAs), Northern
Asia (NAs), Northern Africa (NAf), Southern Europe (SEu), Northern Europe (NEu),
Tropical America (TAm), Middle North America (MNAm), Northern North America
(NNAm), and the Arctic (Arc).
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inventory, physicochemical properties, meteorological conditions,
and the model representations of physical and chemical processes
such as deposition, vertical transport, and degradation. Following
Huang et al. [43], a first-order error propagation approach was thus
employed to calculate the uncertainties in the modeled BaP con-
centrations [46], and the results are presented by the confidence
factors (Cf) that span a 95% confidence interval. We estimate an
overall uncertainty for the modeled concentration with factors of
1.87—3.29 from 2001 to 2020. Further details of the model uncer-
tainty analysis are presented in SI text S2.

3. Results and discussions
3.1. Emissions from wildfires

The estimated annual averaging BaP emission from wildfire
biomass burning from 2001 to 2020 around the globe was 2817.7
(95% CI: 1020.3—5347.3) tonnes, which is comparable to Luo et al.‘s
estimate [20], and it ranged from 2288.0 to 2976.3 tonnes, averaged
over 2001 to 2014. Of the total wildfire emissions, forest wildfires
and grassland wildfires accounted for 88.1% and 11.9% of the
emissions, respectively. Figs. 1 and 2a present the spatial distribu-
tions of the annual averaging BaP emission from wildfire biomass
burning in the NH from 2001 to 2020. The BaP wildfire emissions in
the NH contributed approximately 30.8% of the global total wildfire
emissions. Most wildfire emissions occurred in vegetation-covered
areas, such as savannahs and grasslands in northern sub-Saharan
Africa, forests in North America, and boreal regions in the high
latitudes of Europe and Asia, where fire activities were extensive, as
shown by the MCD64CMQ dataset (Fig. S1). The spatial distribu-
tions of forest-wildfire- and grassland-wildfire-induced BaP emis-
sions are shown in Fig. 2b and c, which display a similar spatial
pattern.

The temporal trend of wildfire BaP emissions in the NH from
2001 to 2020 is depicted in Fig. 3a. BaP emissions from forest fires
increased from 791.7 (95% CI: 239.1-1369.9) tonnes in 2001 to a
peak of 1143.4 (95% CI: 339.1—-1943.1) tonnes in 2003 and declined
after that to 795.7 (95% Cl: 229.1—1313.1) tonnes in 2020. The

a

BaP emissions (kg grid™")
10°® 10 10°
Fig. 2. Annual mean BaP emissions in the NH averaged over 2001 to 2020 for total

wildfires (= forest + grass fires) (a), forest wildfires only (b), and grass wildfires only

(c).
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grassland fire BaP emissions underwent a similar increase pattern
from 74.6 (95% CI: 43.2—117.6) tonnes to 126.2 (95% CI: 55.7—152.1)
tonnes from 2001 to 2003. All BaP wildfire emissions become
relatively stable after 2003. Notably, the continuous decline in
anthropogenic BaP emissions actually enhanced the significance of
wildfire biomass BaP emission [23,36]. For example, BaP emissions
from wildfires in 2014 increased by 2% from 2001. However, the
anthropogenic BaP emission decreased by 26.4% during the same
period. As a result, the contribution of wildfire-induced BaP emis-
sions to the total emission around the globe increased from 34.7% in
2001 to 42.4% in 2014. Wildfires are expected to contribute
significantly to global PAH emissions along with a further drop in
anthropogenic emissions in the coming years due to global efforts
toward PAH emission reduction.

The monthly variations in BaP wildfire emissions in the NH
averaged from 2001 to 2020 are presented in Fig. 3b. As shown,
wildfire-biomass-burning-induced BaP emissions in the NH
occurred throughout the year, with the highest seasonal emission
taking place in winter (December, January, and February),
contributing 64.4% of the annual total, followed by spring (15.5%,
March, April, and May), autumn (14%, September, October, and
November), and summer (6.1%, June, July, and August). As shown in
Fig. S5, BaP emission from wildfires in Northern Africa (including
sub-Saharan Africa) dominated the total wildfire emissions in the
NH, where BaP emissions were 1—2 orders of magnitude higher
than from other regions (comparing the left Y-axis for emission
magnitude). Researchers have demonstrated that BaP emission
from forest fires in Africa alone (mostly sub-Saharan Africa)
constituted 48% of the global total anthropogenic BaP emissions
[23].

Significantly higher wildfires identified in tropical sub-Saharan
Africa and southern and southeastern Asia mostly occurred in the
NH winter and spring seasons (Fig. S5), rather than summer. The
monsoon and rainy season in these regions during the summertime
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Fig. 3. a, Atmospheric BaP emissions from wildfire biomass burning in the NH from
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propagation.
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work against the occurrence of wildfires. According to the
MCD64CMQ data (https://lpdaac.usgs.gov/products/
mcd64a1v006/), most active fires in the NH occur in the tropics,
accounting for 78% of the total area burned during 2001—-2020.
Moreover, forest fires determined the overall temporal trend and
variation of biomass-burning-induced BaP emissions in the NH.
This is because forests have a higher fuel load per unit of area
burned (Fig. S2) and release more BaP to the atmosphere than
grasses (Table S1). Fires in grassland, which accounted for only a
small portion of BaP wildfire emissions, were relatively stable on an
annual basis.

We investigated the BaP emissions from wildfire biomass
burning in 12 areas in the NH. As shown in Fig. 4, overall annual
variations in almost all 12 regions from 2001 to 2020 were
consistent with the annual changes in wildfire-burned areas
(Fig. S6). As the largest emission region, the NAf (Table S3)
contributed approximately 70% to BaP emissions in the NH, but the
emissions in this region decreased from 2001 to 2020 (Fig. 4). We
also found larger negative slopes (trends) of linear regression re-
lationships of annual mean wildfire-burned area against time for
2001 through 2020 (Fig. S6) that showed decreasing BaP emissions
from wildfire biomass burning in the NH from 2001 to 2020
(Fig. 3a). Strong interannual fluctuations of BaP wildfire emissions
occurred in most regions of the NH but without statistically sig-
nificant trends. For example, large spikes of BaP emissions from
wildfires frequently occurred during 2001—2020 in regions with
tropical wet forests, such as TAm, SEAs, and SAs, as well as in areas
with high densities of boreal forests, such as NAs, NNAm, and NEu.

The types and quantities of combustible vegetation, climatic
conditions, and intensities of human activity and production vary
by region, causing significant year-to-year variations in BaP emis-
sions [47,48]. In tropical and extratropical regions, anthropogenic
impacts are considered critical factors in determining fire emis-
sions because they may increase or decrease wildfire activity
through grazing, clearing forests, altering ignition patterns, and
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suppressing fires. The same decreasing trends in wildfire emissions
in NAf have also been identified in other studies [49,50]. Wu et al.
[50] suggested that the decline in the burning area in Africa was
likely associated with the expansion of high-capital agriculture.

We also observed that the BaP wildfire emissions in TAm
increased from 2001 to 2003 and decreased from 2003 to 2012.
From 2012 onward, the wildfire emissions increased again through
2020. Wildfire severity in the Arctic significantly increased in the
first two decades of the 21st century [51,52]. From 2001 to 2010 and
from 2011 to 2020, the burned area increased by a factor of
approximately 3, corresponding to a doubling of the BaP emissions
from wildfire. This increase in wildfire-induced BaP emissions was
also consistent with the increased wildfire pattern in the Siberian
taiga and the tundra in Alaska and Canada since the 2000s [51,53].

Monthly mean BaP emissions from wildfire biomass burning in
12 regions in the NH averaged over 2001 to 2020 are shown in
Fig. S5. The BaP emissions from wildfire biomass burning fluctuated
monthly, with a high frequency of change occurring in the warm
season (June—August) in the regions of SEu, the Arctic, NNAm,
MEAs, and NAs, and in the dry months (January—April, and
December) for NEu, TAm, NAf, SAs, SEAs, and EAs. Moreover,
grassland wildfires contributed to more BaP emissions in Mid-East
Asia than forest wildfires due to higher grassland cover in this
region.

3.2. Ambient BaP air concentrations from wildfire emissions

To quantify contributions of worldwide wildfire emissions to
BaP contamination in the Arctic, we simulated BaP air concentra-
tions from 2001 to 2020 from all emission sources and wildfire
sources only in the Arctic. Ambient BaP air concentrations simu-
lations from all sources are presented in SI (text S3 and Fig. S7).
Fig. S8a shows the modeled annually averaged daily BaP air con-
centrations over the Arctic from 2001 to 2020 derived from wildfire
emissions. The annually averaged daily BaP concentrations from
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2001 to 2020 across the Arctic ranged from 10 (95% CI:
47 x 1077=2.1 x 107%) pg m~3 to 161.8 (95% CI: 76.3—343.1) pg
m~3, with a mean concentration of 0.9 (95% CI: 0.4—1.9) pg m >,
which is equivalent to about one-third of the annual mean BaP air
concentrations of 2.9 (95% CI: 1.2—6.8) pg m > predicted using all
emissions sources (anthropogenic + wildfire) in the Arctic (Fig. S7).
Higher BaP air concentrations were seen in Alaska, northern Can-
ada, and Siberia. We classified the area north of 66.5° N, 30° W—50°
E as the European Arctic, the area from 50° E to 180° E as the Asian
(including Eastern Russia) Arctic, and the area from 180° E to 30° W
as the North American Arctic. Our results show that the Asian Arctic
suffered from the heaviest BaP contamination, with an average
concentration of 1.7 (95% CI: 0.8—3.6) pg m >, followed by the
North American Arctic (0.6, 95% Cl: 0.3—1.3 pg m—3), and European
Arctic (0.01, 95% CI: 0.005—0.02 pg m>).

We further examined the temporal variation of BaP concentra-
tions from the wildfire emissions over the Arctic from 2001 to 2020
(Fig. S8b). The results reveal fluctuating BaP air concentrations in
the Arctic from 2001 onward but increasing rapidly after 2016. The
decadal mean BaP concentration from wildfire emissions almost
doubled from the 2001-2010 (0.6, 95% CI: 0.3—1.3 pg m>) to the
2011—2020 period (1.0, 95% CI: 0.5—2.1 pg m>). However, this BaP
concentration increase was not geographically uniform. The
greatest increase in BaP concentrations occurred in the Asian Arctic
(Fig. S8c) but this concentration actually decreased during
2011—2020 in the North American Arctic (Fig. S8d). The highest
annual BaP concentration in the European Arctic occurred in 2018
(Fig. S8e). However, this peak concentration value did not signifi-
cantly disturb the mean BaP concentrations in the entire Arctic
because of considerably lower concentrations in the European
Arctic compared to other Arctic regions.

Partly due to much faster warming in the Arctic than in the rest
of the world [54—56], Arctic wildfires occurred more frequently in
recent decades [51], causing significantly elevated BaP emissions
(Fig. 4) and air concentrations (Fig. S8b), especially increasing
annual BaP concentrations after 2016 that were associated with
extremes in air temperature [51,52]. In particular, the annual mean
air concentration of BaP in 2020 was 1.3—57.9 times higher than
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previous years, accompanied by the highest air temperatures ever
recorded [57,58]. In addition, the highest BaP air concentrations
from 2001 to 2020 were found in summer (2.3, 95% CI:
1.1—4.8 pg m~3), followed by autumn (0.6, 95% Cl: 0.3—1.2 pg m3),
spring (0.4, 95% ClI: 0.2—0.7 pg m>), and winter (0.2, 95% ClI:
0.1-0.3 pg m~3) (Figs. S9 and S10).

3.3. Tagging wildfire emission sources of BaP pollution in the Arctic

The contribution of emissions from wildfire sources across the
NH to the annual BaP air concentrations from all emission
(anthropogenic + natural) sources in the Arctic from 2001 to 2020
is depicted in Fig. 5a. The most significant contribution was
observed in Alaska, Siberia, and Canada's Yukon and Northwest
Territories, where wildfires contributed nearly 90% to BaP con-
centrations. Overall, BaP wildfire emissions are estimated to have
contributed about 29.3% to the BaP concentrations from all sources
over the Arctic, 56.6% to the Asian Arctic, 37.7% to the American
Arctic, and 0.4% to the European Arctic.

The relative contributions of natural wildfire emissions to the
annual mean BaP air concentrations from all sources in the pan-
Arctic region from 2001 to 2020 are shown in Fig. 5b—e. The
source contributions to BaP air concentrations fluctuated markedly
due to significant interannual variation of wildfire emissions. Our
results reveal that the contributions from wildfire-induced emis-
sions to all source-generated BaP concentrations in the Arctic
exhibited an increasing trend from 24.6% in 2001 to 33.9% in 2005.
From 2006 to 2012, the contributions from wildfire emissions were
lower than 20% but significant changes occurred after 2012. The
contribution from the wildfire emissions rapidly increased to 83.9%
in 2020, with an annual growth rate of 8.5%. In contrast, the
contribution in three sub-regions exhibited considerable interan-
nual variation.

We also examined the monthly variations in the contributions
from wildfire emissions to BaP air concentrations in the Arctic
(Fig. S11) and found that the most significant contribution of
wildfire emissions to BaP levels in the Arctic occurred in summer
(68.0%), followed by autumn (12.7%), spring (5.3%), and winter
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Fig. 5. Fractional contributions of wildfire emissions to BaP air concentrations. a, Fractional contribution (%) of wildfire emissions to BaP air concentrations averaged over the Arctic
from 2001 to 2020. b—e, Annual variation of the contribution of wildfire emissions to BaP concentrations from 2001 to 2020 in the Arctic (b), the Asian Arctic (c), the North
American Arctic (d), and the European Arctic (e). The fractional contribution is defined as (Cyildfire/Cpase) x 100, where Cyidfire and Cpase are BaP air concentrations simulated by the

CanMETOP model subject to wildfire and total BaP emissions.
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(1.6%). The weak contribution from wildfire emissions to BaP air
pollution in the wintertime could be attributed to low forest and
grass fire activities in the high latitude regions (boreal forests), and
the significantly higher contributions from wildfire emissions to
summer and autumn BaP contaminations in the Arctic were asso-
ciated with the warm season's high burning frequency in the boreal
forests proximate to the pan-Arctic region. The wildfires during
these two seasons accounted for 94.2% and 50.8% of BaP concen-
trations in the Asian Arctic and 74.2% and 14.5% in the North
American Arctic, respectively.

Overall, our results reveal that the interannual and monthly
variations of BaP contaminations in the Arctic caused by wildfire
emissions were significantly higher than those of anthropogenic
emissions, especially during periods with significantly high fre-
quency of wildfires. As shown in Fig. 5, our updated BaP emission
inventory from wildfires and modeled BaP concentrations across
the Arctic capture nicely the unprecedented amount of wildfires
that occurred in the Arctic in the spring and summer of 2019 and
2020, characterized by significantly rising emissions and air
concentrations.

Due to the significant contribution of wildfires to BaP

Southeast Asia Southern Asia
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contamination in the Arctic, we further explored the influences of
wildfires that occurred in the specified source regions (Fig. S12a
and Table S3) on the Arctic BaP concentrations using the source
tagging technique. Fig. S12 illustrates the BaP air concentrations in
the Arctic from 2001 to 2020 derived from wildfire-biomass-
burning-induced emissions from different source regions. The re-
sults show that the pan-Arctic local wildfire emissions contributed
38.2—70.1% to BaP concentrations in the entire Arctic and the
different Arctic regions (Asian Arctic, North American Arctic, and
European Arctic) from 2001 to 2020. The nonlocal wildfire emission
sources in NAs, NNAm, and NEu (Fig. S12a and Table S3) contributed
28.5%,0.1%, and 0.3% to airborne BaP in the Asian Arctic, 4.1%, 35.3%,
and 0.2% to the North American Arctic, and 3.6%, 4.5%, and 44.3% to
the European Arctic, respectively. Fig. 6 also shows the spatial
distribution of BaP concentrations from wildfire biomass burning
from each source region. The local Arctic wildfire emissions were
confined within the high latitudes and hence made the largest
contributions to the BaP air concentrations, notably near the
sources in northern Canada and the Russian Arctic. Airborne BaP
from NAs and NNAm sources were readily delivered to the Arctic
via poleward air flows from Siberia and Greenland. The prevailing
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Fig. 6. The spatial distribution of modeled annually averaged daily BaP air concentration over Arctic averaged over 2001 to 2020 subject to BaP wildfire biomass burning emissions

in each of the 12 regions.
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Fig. 7. Monthly-averaged BaP concentrations from wildfire biomass burning in 12 regions from 2001 to 2020 in the entire Arctic (a), the Asian Arctic (b), the North American Arctic
(c), and the European Arctic (d). The error bars present a 95% confidence interval derived from first-order error propagation.

westerly flows at the free troposphere in the NH also provided
pathways for the wildfire emissions derived airborne BaP from
NNAm, SEu, MEAs, and EAs to the Arctic [59—61]. In contrast,
although the NAf was the largest wildfire BaP emission source, the
remoteness of this source region to the Arctic yields a very small, if
not negligible, contribution to the airborne BaP in the polar region.

We also examined the monthly contributions from the NH
regional wildfire emissions to BaP air concentrations in the Arctic
(Fig. 7) and found that the airborne BaP pollution in the Arctic
associated with nonlocal wildfire emission sources occurred mainly
in the summer months (June, July, and August). In particular, two
primary non-local source regions, wildfire sources in NAs and
NNAm contributed 17.4% and 14.9% to the airborne BaP in the entire
Arctic, 30.1% and 0.1% in the Asian Arctic, and 4.5% and 35.4% in the
Northern American Arctic during the summer season, respectively.

4. Conclusions

In this study, we developed a unique and most-comprehensive-
to-date gridded global BaP wildfire emission inventory that takes
both forest and grass fires into consideration. The inventory was
implemented into an atmospheric transport model (CanMETOP) to
assess the impacts of global wildfire emissions on Arctic BaP
contamination from 2001 to 2020 systemically and quantitatively.
The modeling results show that the wildfire emissions in the NH
contributed 29.3% to annually averaged BaP concentration over the
Arctic from 2001 to 2022, respectively. Our results also reveal that
wildfire emissions played an increasingly vital role in BaP
contamination in the past decade in the Arctic, which enhanced the
contribution of wildfire emissions to airborne BaP in the polar re-
gion from 10.1% in 2011 to 83.9% in 2020. Source proximity also
played a crucial role in the wildfire-emission-derived airborne BaP

in the Arctic. However, these nearby sources, such as NAs and
NNAm, also contributed about 28.5% to BaP concentrations in the
Asian Arctic and 35.4% in the North American Arctic. We further
showed that the BaP global wildfire emission inventory and
modeling results successfully captured rapidly increasing BaP
concentrations associated with the unprecedented wildfires that
occurred in the Arctic and its vicinity in 2019 and 2020 [62].

The Arctic is projected to continue warming [63,64], and we
would expect increasing wildfire events in the polar and high
latitude regions due to more rapid warming in these regions than
low latitude regions. As a result, wildfire emissions might
increasingly contribute to the contamination levels of toxic chem-
icals across the Arctic, along with declining anthropogenic emis-
sions under global mitigation of GHG and efforts to improve air
quality. In light of this, our study helps to fill knowledge gaps in
understanding the source-receptor relationships of air pollutants in
the Arctic and their associations with climate change. The results
also provide a reference to policymakers and stakeholders to guide
strategies and responses to wildfire-induced GHG and toxic air
emissions, which would overwhelm anthropogenic emissions in
the Arctic in the future.
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