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With a unique geographical location and a fragile ecological environment, the Arctic has been a major
concern of contamination by persistent organic pollutants (POPs), such as dioxins, also termed
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) due to their high toxicity. Under the
influence of global warming, increasing wildfires have occurred in northern territories of the Northern
Hemisphere (NH) in the recent decade. Given the proximity of these natural sources, the Arctic is likely
subject to growing risks of local and nearby wildfire emissions of POPs. By implementing an updated
global PCDD/Fs atmospheric emission inventory from 2011 to 2020 into an atmospheric transport
model, we quantitatively assessed the PCDD/Fs pollution in the Arctic atmosphere. We explored the
impact of wildfire combustion on PCDD/Fs pollution in the Arctic atmosphere and evaluated the relative
significance of local and remote emissions from wildfire and anthropogenic sources. The results revealed
that PCDD/Fs emissions from wildfire sources played an increasingly important role in PCDD/Fs pollution
in the Arctic, contributing to about 70% of PCDD/Fs concentrations in Arctic air in 2020. Within the
Arctic circle, wildfire emissions have also exceeded anthropogenic emissions since the late 2010s. This
study provides data support for further assessment of wildfires’ impact on the Arctic region's ecological
environment and valuable information for assessing the effectiveness of PCDD/Fs (and other POPs)
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Environmental significance

Unprecedented forest fires in the northern territory occurring in recent years under global warming pose new challenges to effectively eliminate POP pollution in
the Arctic. For those toxic chemicals emitted from anthropogenic and natural sources, how and to what extent their cycling in the Arctic could be disturbed by
local and distant wildfire and anthropogenic sources under climate warming is poorly understood. This study quantifies contributions of wildfires and
anthropogenic emissions within and away from the Arctic circle to dioxin pollution in the polar region. The results demonstrate that dioxins released from

(cc)

wildfires in the Arctic have overwhelmed distant and anthropogenic sources since 2018. This finding provides insights in support of POP elimination strategies.

1. Introduction

The Arctic has been considered a final sink of persistent organic
pollutants (POPs).** Under rapid Arctic amplification and
global climate change,*® POP cycling in the polar region and
transport pathways from low latitudes to the Arctic have been
subject to remarkable changes,”" posing new risks to the
ecological environment and biological health of the Arctic
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region.'*” Anthropogenic emissions from mid-latitudes are
usually considered a significant source of Arctic pollution.*®" In
recent years, increasing forest biomass combustion has raised
more concerns due to the connections between wildfires and
carbon and air pollutant emissions. Indeed, unprecedented
forest fires in the northern boreal forests since 2018 have been
reported to release vast amounts of carbon and toxic
chemicals.”?* The growing risks of toxic chemicals in the Arctic
from wildfire emissions have led to the Arctic Monitoring and
Assessment Programme (AMAP) assessment of long-range
transport vs. local sources for persistent toxic chemicals
(https://pops.amap.no). This study is a case study contributing
to this assessment.

Among those chemicals released from vegetation combus-
tion, PCDD/Fs or dioxins are a class of tricyclic compounds with
a total of 210 species, including 75 chlorinated diphenyl dioxins
and 135 chlorinated dibenzofurans.”** Depending on the
sources, PCDD/Fs in the environment can be divided into two
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categories, the unintentional byproducts of human industrial
processes,> and the products of natural events (such as forest
fires and volcanic eruptions).**** Owing to their properties of
persistence, long-range transport potential, bioaccumulation,
and toxicity,*** PCDD/Fs became one of the first POPs to be
banned, restricted, and controlled in the Stockholm conven-
tion.**** Like other POPs, once produced and released into the
air, dioxins will not only jeopardize the environment and
organisms near the source areas but also affect other areas far
from the source areas, even the pristine polar region.”?**%¢
Previous studies have explored PCDD/Fs contamination in
sediments and animals.'®*”** However, the pollution levels,
primary sources, and transport pathways of PCDD/Fs in the
Arctic atmospheric still need to be clarified under a global
warming scenario. In particular, if and to what extent increasing
wildfires in northern territories in recent years could drive
changes in the contamination and source-receptor relation-
ships in the Arctic is poorly understood.

With improved industrial techniques and the implementa-
tion of control measures, global anthropogenic emissions of
PCDD/Fs dropped from 48.8 kg TEQ in 2002 to 36.2 kg TEQ in
2018.* However, such a declining trend was partly offset by
growing PCDD/Fs emissions from natural sources, of which
wildfire biomass burning was reported to be the most important
natural source, accounting for about 70% of the total global
biomass combustion.’™*' Recent studies have revealed that
emissions caused by wildfire biomass burning, which cannot be
effectively controlled, have been playing a more critical role in
the emissions of carbon and air pollutants under global
warming.”™** It is expected that, along with the continuous
decline of anthropogenic emissions, the contribution of wildfire
biomass burning to global PCDD/Fs pollution will become more
and more significant, notably in high-latitude regions where the
frequencies and strength of wildfires have been rising
compared to low latitudes, such as Africa where the wildfire
frequencies have been declining in the past decade.”>*

This study aims to provide modeling evidence and thorough
assessments of the contribution of local and distant sources to
toxic chemicals released from both natural and anthropogenic
sources in the Arctic, thereby responding to the increasing
concerns about their emissions from biomass burning, taking
dioxins as an example. We first updated the PCDD/Fs emission
inventory by recalculating the PCDD/Fs emissions from wildfire
biomass burning using a bottom-up approach.*** We then
implemented this inventory into a global atmospheric transport
model, the Canadian Model for Environmental Transport of
Organochlorine Pesticides (CanMETOP),* to simulate PCDD/Fs
air concentration distribution in the Arctic from 2011 to 2020.
Multiple emission scenario model simulations were performed
to identify the impacts of local and distant emissions from
wildfires and anthropogenic sources on Arctic PCDD/Fs pollu-
tion. The main objectives of this study are to clarify the PCDD/Fs
concentration distributions in the Arctic air, identify the
primary sources of PCDD/Fs contamination over the Arctic,
assess atmospheric transport routes from source areas to the
Arctic and the seasonal and annual characteristics in the
source-receptor relationships, and quantify the contributions
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of wildfire-induced PCDD/Fs. The results may help fill knowl-
edge gaps in understanding the sources and transport pathways
of PCDD/Fs pollution in the Arctic and motivate the develop-
ment of effective mitigation strategies.

2. Materials and methods
2.1 Emission inventory

Two updated gridded global emission inventories have been
released recently, one extending from 2002 to 2018 (ref. 39) and
the other spanning from 1970 to 2018 (Emissions Database for
Global Atmospheric Research, EDGAR v6.0, https://
edgar.jrc.ec.europa.eu/dataset_pop60). Both inventories
consider dioxin emissions from multiple sectors, but EDGAR
v6.0 does not include emissions from wildfire burning. Based
on Song et al.,* the study further updated the gridded global
PCDD/Fs emission inventory from anthropogenic sources. In
addition, following Song et al.,** we also developed a gridded
global PCDD/Fs emission inventory from wildfire biomass
burning, including grassland and forest fires. The construction
of PCDDF/s emissions is briefly described in ESI (ESI, text S17).
The PCDD/Fs emissions from wildfire biomass burning in the
NH are illustrated in Fig. S1. While wildfire emissions from
grasslands and forests have almost identical spatial distribu-
tion patterns, annual and seasonal forest fire-induced emis-
sions are orders of magnitude higher than grassland fire-
induced emissions and almost entirely dominate wildfire
emissions in the Arctic (Fig. S2 and S37). An interesting change
in wildfire emissions (natural sources) and the emissions from
other sectors (primarily anthropogenic sources) is the switching
of significant sources from anthropogenic emissions to wildfire
emissions in 2018 (Fig. S41). Although vegetation cover across
the Arctic has only a small portion of arctic land, wildfire
emissions have overwhelmed emissions from anthropogenic
sources (Fig. S51). It is worth noting that Fig. S3at shows higher
PCDD/Fs emissions in winter months in the NH. Although
summer wildfires in the northern territory have been
increasing, wildfires in the entire NH declined in the past two
decades.”** According to the MCD64CMQ data (https://
Ipdaac.usgs.gov/products/mecd64a1v006/), most active fires in
the NH occur in tropical Africa and South and Southeastern
Asia, accounting for 78% of the total area burned during
2001-2020. Given that winter is the dry season, wildfires in
tropical Africa and Southern and Southeastern Asia occur
mostly during the wintertime. In the summer monsoon and
rainy season, wildfires seldom occur in these tropical regions,
resulting in low PCDD/Fs emissions across the NH.

2.2 CanMETOP

The CanMETOP model simulated PCDD/Fs concentration levels
in the Arctic atmosphere and the globe. The CanMETOP model
is a three-dimensional atmospheric transport model of persis-
tent organic pollutants, coupled with water-air exchange and
soil-gas exchange modules,*” which has been widely used in
assessing POPs’ environmental behaviors, source and sink
relationship, and climate change impact.**** The model adopts
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different numerical algorithms to solve the atmospheric diffu-
sion equation and other processes in multiple environmental
media, including air, water, sediments, and soil. The CanME-
TOP can be resolved on regional and global scales depending on
the size of the study area. In this study, 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 11 000 m. The
meteorological data and topographic data for the model run
were collected from the National Center for Environmental
Prediction of the Final Run Global Analysis Data Set (https://
rda.ucar.edu/datasets/ds083.2) and the Canadian
Meteorological Centre, respectively, and their spatial
resolution was adjusted to 1° x 1° (latitude/longitude). The
physicochemical property parameters of the pollutants were
also input into the model as the initial operating conditions.
The physicochemical properties of 17 dioxin homologs used in
this simulation were obtained from Song et al.** More details of
the CanMETOP can be found in Ma et al.*®* and Huang et al.*

2.3 Model scenarios

We set five simulation scenarios to assess the relative contri-
bution of local sources and long-range transportation to PCDD/
Fs contamination in the Arctic. The first scenario, the BASE
scenario (S1), included global emissions encompassing
anthropogenic emissions and wildfire biomass burning. The
result was used to validate the performance of the model. The
second scenario only considered emissions within the Arctic
circle (north of 66.5° N), referred to as the local source (52); the
third scenario included all emissions across the NH except for
the Arctic region (S3). The S2 and S3 scenarios were designed to
discern the contribution of local and remote sources to PCDD/
Fs contamination in the Arctic. Considering the increasing
frequencies of wildfires, particularly across the northern boreal
forests in recent years under global warming,**** we also esti-
mated the impact of wildfire biomass burning inside and
outside the Arctic circle on PCDD/Fs air contamination across
the Arctic. Two additional model scenarios were set up by
accounting for PCDD/Fs wildfire emissions in the Arctic only
(scenario S4) and the emissions in the NH except for the Arctic
region (scenario S5), respectively.

2.4 Model validation

The PCDD/Fs modeling results from all global sources were
validated against the available measurements for 2011-2020.
Measurement data were collected primarily from the European
Monitoring and Evaluation Programme (EMEP, https://
ebas.nilu.no) and the literature (ESI Data 1%). It is worth
noting that the measured data are mostly annual, monthly,
and daily mean or accumulated air concentrations, whereas
the simulated PCDD/Fs levels are toxic equivalent concentra-
tions. Therefore, the measured concentrations were converted
into toxic equivalent concentrations according to the toxic
equivalent factors of PCDD/Fs before the comparisons.**
Fig. S6t1 presents the simulated and observed PCDD/Fs atmo-
spheric concentrations with the TEQ unit. The correlation
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coefficient between modeled and measured air concentrations
was 0.3 (p < 0.001). The simulated atmospheric concentrations
of PCDD/Fs were within the same magnitude range as the
observed values, and the normalized mean bias (NMB) between
the modeled and measured data was - 9%, indicating the
agreement between modeled and measured PCDD/Fs air
concentrations. We also compared the site-specific changes in
the simulated and measured PCDD/Fs air concentrations at the
four monitoring sites, Birkenes, Aspvreten, Rao, and Norunda
Stenen (Fig. S7f). The model overestimated the PCDD/Fs
concentrations compared to the measured concentrations.
However, the monthly trend of the simulated concentrations
matched the observed values well, again indicating the good
performance of the CanMETOP model in the PCDD/Fs envi-
ronmental cycling.

2.5 Uncertainty analysis

The PCDD/Fs concentrations predicted by the CanMETOP
model are subject to disturbance by uncertainties from input
variables, including PCDD/Fs emissions, physicochemical
properties, meteorological conditions, and model representa-
tions of physical and chemical processes such as deposition and
vertical transport. We employed a first-order error propagation
approach to examine the model uncertainty.*>** This approach
estimates the sensitivity of output (predicted) variables to input
variables. Only those input variables that may significantly
perturbate modeling results were examined, and the results
were represented by a confidence factor (CF) spanning the 95%
confidence interval. The CF for PCDD/Fs emissions from
anthropogenic sources was 1.8-1.9.%° Based on Song et al.,” the
CF for PCDD/Fs emissions from wildfire biomass burning
estimated in this study was 1.6-1.8. Moreover, the CF for the
physicochemical properties of PCDD/Fs was from the litera-
ture.*>** Finally, we estimated that the overall uncertainty in
model-simulated PCDD/Fs air concentrations from 2011 to 2020
was 1.9-3.3.

3. Results and discussion

3.1 Modeled PCDD/Fs atmospheric concentrations in the
Arctic

Fig. 1 shows the spatial distribution of the modeled annually
averaged PCDD/Fs air concentrations at the 1.5 m height above
the ground surface, averaged over the Arctic from 2011 to 2020.
The annually averaged PCDD/Fs concentration over the Arctic
ranged from 8 x 10~° fg TEQ m > to 7.6 fg TEQ m™ >, with
a mean concentration of 0.052 fg TEQ m . The model results
show similar spatial patterns with PCDD/Fs emissions and
present a pronounced concentration gradient from the Arctic
circle to the North pole. The similarity in the spatial distribu-
tions of PCDD/Fs concentrations and the PCDD/Fs emission
inventory is expected. The areas with high concentrations can
be identified as areas extending from Alaska to the Arctic
Archipelago and Siberia. To facilitate discussions, we defined
the three sub-Arctic regions as the Asian Arctic (50° E to 180° E),
the European Arctic (30° W to 50° E), and the North American

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Spatial distribution of modeled annually averaged PCDD/Fs air
concentration across the Arctic (north of 66.5 °N), averaged from 2011
to 2020, subject to all PCDD/Fs emission sources.

Arctic (180° W to 30° W).*® Our study indicates that the Asian
Arctic experienced the highest levels of PCDD/Fs contamina-
tion, with an average concentration of 0.1 fg TEQ m ™, followed
by the European Arctic (0.04 fg TEQ m™*) and North American
Arctic (0.02 fg TEQ m™3), respectively.
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Fig. 2 depicts the temporal trend of annual mean total
PCDD/Fs air concentrations in the Arctic from 2011 to 2020. Our
results reveal that the PCDD/Fs concentrations in the Arctic
exhibited an increasing trend from 0.03 fg TEQ m * in 2011 to
0.09 fg TEQ m? in 2020 (Fig. 2a). The Arctic has been consid-
ered a pristine region away from anthropogenic emissions. Air
pollutants in the Arctic have been attributed to long-range
atmospheric and oceanic transport from their sources in the
low- and mid-latitudes.®® A concern has been raised under
growing wildfires due to global warming, particularly across the
northern boreal forests (NBF), given the proximity to the Arctic
of the NBF. Recent studies have proved that forest fires
contributed considerably to increasing POPs' environmental
contamination in the Arctic and high-latitude northern terri-
tories.>**” Song et al.>* demonstrated that the declining trend
of PCDD/Fs globally over the past decades ceased in the early
2010s due partly to the increasing wildfire emissions. Signifi-
cantly high concentrations over the entire Arctic occurred in
2019 and 2020 (Fig. 2a), agreeing, to a large extent, with
concentration fluctuations in the Asian Arctic (Fig. 2b). Like-
wise, remarkably rising PAHs in the Arctic in 2019 and 2020
were reported. Luo et al.>* have attributed surge enhancement of
PAH levels to unprecedented forest fires in 2019 and 2020 in the
NBF, most notably in the Russian NBF, which explained, to
a large extent, the similarities of annual PCDD/Fs concentration
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Fig. 2 Annual mean PCDD/Fs air concentration from 2011 to 2020 subject to all PCDD/Fs emission sources in the entire Arctic (a), the Asian

Arctic (b), the North American Arctic (c), and the European Arctic (d).

© 2024 The Author(s). Published by the Royal Society of Chemistry

Environ. Sci.. Adv, 2024, 3, 1552-1563 | 1555


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4va00202d

Open Access Article. Published on 22 agosto 2024. Downloaded on 09/06/2026 13:07:16.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Advances

0.25

Arctic

Asian Arctic

North American Arctic
European Arctic

%)

0.20 4

0.154

0.10 4

PCDD/Fs concentrations (fg TEQ m
2
1

0.00

T T T T
Spring Summer Autumn Winter

Fig. 3 Seasonal mean PCDD/Fs air concentrations from 2011 to 2020
subject to all PCDD/Fs emission sources in the Arctic.

fluctuations between the entire Arctic and Asian Arctic. As
shown in Fig. 2, the annual PCDD/Fs concentrations in 2019
and 2020 in the Asian Arctic were one order of magnitude
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higher than those in the North American Arctic (Fig. 2¢) and the
European Arctic (Fig. 2d), indicating the dominance of the
Asian Arctic PCDD/Fs over the entire Arctic.

The seasonal variations in PCDD/Fs concentrations in the
Arctic averaged from 2011 to 2020 are presented in Fig. 3.
Although modeled PCDD/Fs concentrations occurred
throughout all seasons, the highest levels were seen in the
summer (June, July, and August), during which the Asian Arctic
was a significant source. This again implies that summer
wildfires across the Russian NBF have predominantly deter-
mined the PCDD/Fs pollution in the Arctic over the past decade.
The summer PCDD/Fs concentrations also overwhelmed its
spring and autumn levels, but in the winter, the seasonal PCDD/
Fs concentration ranked first (0.06 fg TEQ m™>). Given that the
variation of anthropogenic emissions was modest, seasonal
differences in modeled mean atmospheric concentrations of
PCDD/Fs were mainly determined by emissions from wildfire
sources. In summer, higher temperatures and increased
frequency of lightning strikes lead to increased frequency and
intensity of extreme wildfires,’® which explains the highest
mean atmospheric concentration of PCDD/Fs in the Arctic in
the summer.
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Fig.4 Annualvariation of the fractional contribution of local emissions to PCDD/Fs concentrations from 2011 to 2020 in the Arctic (a), the Asian
Arctic (b), the North American Arctic (c), and the European Arctic (d). The fractional contribution is defined as [Ciocal-source/ (Ciocat-source + Caistant-
source)] X 100, where Ciocat-source aNd Cistant-source are PCDD/Fs air concentrations simulated by the CanMETOP model subject to local and

distant PCDD/Fs emissions.
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3.2 Local source vs. long-range transport

Source proximity is a significant factor contributing to pollution
in a sink region. However, due to sparse anthropogenic sources
in the Arctic, distant sources often raise more concerns; for
a persistent organic pollutant like PCDD/Fs, Arctic amplifica-
tion, global warming-induced forest fires, and re-volatilization
from secondary terrestrial sources may play increasing roles
in its evolution in the Arctic. Although some of these issues have
been raised before,***® the contribution of local and distant
sources to the Arctic POP contamination is worth further
exploring, subject to rapid warming and growing wildfires. We
utilized a source tagging technology to estimate the contribu-
tions of local (the north of 66.5° N) and distant sources (outside
the Arctic circle) on PCDD/Fs atmospheric concentrations in the
Arctic. Fig. 4 depicts the fractional contributions of local source
emissions between 2011 and 2020 to the annual mean atmo-
spheric concentrations of PCDD/Fs in the Arctic and three sub-
Arctic regions. The results indicate that local-source emissions
contributed up to 65.4% to the annual mean atmospheric
PCDD/Fs concentrations over the Arctic. The highest annual
average contribution from local sources in the three sub-Arctic
regions can be discerned in the North American Arctic at
approximately 72.0%, followed by 70.1% in the Asian Arctic and
46.4% in the European Arctic respectively. The results suggest
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that more local emissions impact PCDD/Fs pollution in the
Arctic than remote emissions. The contributions of the local
emissions to PCDD/Fs pollution over the entire Arctic did not
follow monotonically the increasing Arctic warming trend for
the past decade but instead decreased from 2011 to 2014 and
increased after that. The result implies that the secondary
emissions from historically accumulated dioxins in the terres-
trial environment and cryosphere were not significant sources.>®

On the other hand, increasing PCDD/Fs levels after 2017
indicate that local sources contributed to increasing PCDD/Fs
pollution in the Arctic. These local sources included an
extended fraction of the NBF (Fig. S1bt) and anthropogenic
emissions from shipping, transportation, and other human
activities in the Arctic. We also noticed that the fractional
contributions of local sources to the annual variation of PCDD/
Fs in the Asian Arctic agreed reasonably well with the case in the
entire Arctic. However, the fractional contributions of local
sources in the European and North American Arctic to PCDD/Fs
pollution from all (local and distant) sources do not follow
annual fluctuations in PCDD/Fs fractional contributions in the
Arctic. The results further demonstrate that local emissions in
the Asian Arctic play a vital role in dioxin contamination over
the Arctic.
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Fig.5 Seasonal contributions of all local source emissions to PCDD/Fs concentrations from 2011 to 2020 in the Arctic (a), the Asian Arctic (b), the

North American Arctic (c), and the European Arctic (d).
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Fig. 6 (a). Mean PCDD/Fs air concentration (fg TEQ m~) from wildfire sources over the Arctic averaged from 2011 to 2020. (b) Fractional
contribution (%) of wildfire emissions to PCDD/Fs air concentrations averaged over the Arctic from 2011 to 2020.

followed by autumn (71.3%), summer (70.7%), and winter
(61.5%). The seasonal changes in the contribution of local
emissions to the three sub-Arctic regions were not identical. The
highest contribution of PCDD/Fs local-source emissions to the

The seasonal variation of the contribution from local emis-
sions to Arctic PCDD/Fs atmospheric concentration is pre-
sented in Fig. 5. In the entire Arctic region, the most significant
contribution of local emissions occurred in spring (76.5%),
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Fig. 7 Modeled annual mean PCDD/Fs concentrations in the Arctic attributable to wildfire emissions in different arctic regions from 2011 to
2020. (a). The entire Arctic, (b) the Asian Arctic, (c) the North American Arctic, and (d) the European Arctic.
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atmospheric concentrations in the Asian and North American
Arctic was identified in spring, accounting for 78.7% and 89.5%,
respectively. However, the contribution of PCDD/Fs local
emissions to the atmospheric concentrations in the European
Arctic was the highest in summer (71.3%). Surprisingly, we did
not observe a more substantial contribution from local emis-
sions in the summer season across the Arctic regions, except for
the European Arctic, during which the re-volatilization and
human activities should have been the strongest. It is thus
deduced that secondary and anthropogenic emissions are likely
not significant sources. This may pose a question: What is the
largest local source of PCDD/Fs in the Arctic during the past
decade?

3.3 Contribution of wildfire emission to PCDD/Fs air
concentrations in the Arctic

To answer the above question, we further assess the contribu-
tion of wildfire biomass burning to Arctic PCDD/Fs pollution by
running the CanMETOP under model scenarios 4 and 5. Fig. 6a
shows the PCDD/Fs atmospheric concentrations averaged from
2011 to 2020 at the 1.5 m height above the surface subject to
wildfire biomass burning emissions in the NH (scenario 4 +
scenario 5). The annual averaged daily PCDD/Fs air

© 2024 The Author(s). Published by the Royal Society of Chemistry

concentrations in the Arctic from wildfire emissions ranged
from 3.7 x 10~° fg TEQ m > to 6.85 fg TEQ m >, with the mean
concentration of 0.016 fg TEQ m °, which approximately
accounts for 31.7% of the predicted average concentration
resulting from all sources in the Arctic. Comparing Fig. 6a to
Fig. 1, the spatial distributions of PCDD/Fs atmospheric
concentrations from all sources and wildfire biomass burning
exhibited some similarities, confirming the dominance of
wildfire emissions in Arctic dioxin pollution. Our results show
that wildfires resulted in the most severe dioxin pollution in the
Asian Arctic, followed by the North American Arctic, corre-
sponding to the most frequent wildfires in the NBF across
Siberia and North American high latitudes. Modeled mean
atmospheric concentrations of PCDD/Fs from wildfires were
0.036 fg TEQ m™* in the Asian Arctic, 0.007 fg TEQ m * in the
North American Arctic, and 0.0005 fg TEQ m ™ in the European
Arctic, respectively. The contribution of emissions from wildfire
sources to the annual PCDD/Fs air concentrations from all
sources in the Arctic from 2011 to 2020 is depicted in Fig. 6b.
Overall, wildfire emissions contributed about 37.2% to the
PCDD/Fs concentrations from all sources over the Asian Arctic,
36.3% to the American Arctic, and 1.4% to the European Arctic,
respectively. The result agrees with the NBF distribution and
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occurrence of forest fires in the Asian and North American
Arctic (Siberian and Alaska) in the past decade.®®

The annual mean PCDD/Fs concentrations in the Arctic
subject to wildfire emissions from 2011 to 2020 are shown in
Fig. 7. In the Arctic region, the annual PCDD/Fs concentrations
caused by wildfire emissions were relatively low from 2011 to 2017
in the Arctic and Asian Arctic, though an abruptly rising
concentration in 2013 (Fig. 7a and b). Wildfire emission-induced
concentrations increased rapidly from 2018, reaching a peak in
2020 over the entire Arctic and Asian Arctic. However, such annual
changes did not occur in the North American and European Arctic
(Fig. 7c and d), where the highest concentrations sourced from
wildfire emissions occurred in 2019 and 2018, respectively. As also
noticed from Fig. 7, local emissions from wildfires dominated
PCDD/Fs contamination across all Arctic regions. A comparison
of the magnitudes of modeled concentrations in the three sub-
Arctic regions indicates that the local emissions from forest
fires in the Asian Arctic made the most significant contribution to
Arctic dioxin pollution, where the modeled annual concentrations
were one and two orders of magnitude higher than those in the
North American and European Arctic. Within these two sub-Arctic
regions, wildfires from boreal forests were very low in 2020
(MCD64CMQ,  https://Ipdaac.usgs.gov/products/med64a1v006/),
resulting in significantly lower annual PCDD/Fs concentrations
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from Arctic local wildfire emissions compared to the Asian Arctic
(Fig. 7b).

The annual contributions of NH wildfire emissions to PCDD/
Fs pollution across the Arctic are illustrated in Fig. 8. Again, we
can observe similarities in the annual fluctuations of wildfire-
driven PCDD/Fs between the entire and Asian Arctic (Fig. 8a
and b), implying the dominant role of Asian Arctic dioxin pollu-
tion in the entire Arctic. Significant changes have occurred since
2018. The contribution of wildfire emissions to annual PCDD/Fs
concentrations surged from 13.6% in 2011 to 62.9% in 2019
and 69.6% in 2020, wherein, local wildfire emissions contributed
55.8% to annual PCDD/Fs concentrations in 2020. Likewise, the
annual contribution of PCDD/Fs emissions induced by wildfire to
its levels in the North American Arctic region reached 63.1% in
2018 but dropped to almost zero in 2020 (Fig. 8c).

In contrast, the annual contributions of PCDD/Fs emission
from wildfires in the European Arctic were less than 5% overall,
suggesting that wildfires were not significant sources in this
part of the Arctic (Fig. 8d). Extensive investigations of wildfires
and associated emissions of greenhouse gases and air pollut-
ants have been conducted in recent several years as responses of
the scientific communities to the rapidly increasing fire area,
frequency, and severity, which have been considered the high-
est in the past 10 000 years subject to climate warming,*>*
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Fig. 9 Modeled seasonal mean PCDD/Fs concentrations in the Arctic attributable to wildfire emissions in different NH regions from 2011 to
2020. (a). The entire Arctic, (b) the Asian Arctic, (c) the North American Arctic, and (d) the European Arctic.
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particularly in the Arctic and northern territories where
temperatures increased much faster than the rest of the NH. In
our case, the most significant contribution of wildfire emissions
to PCDD/Fs levels in 2020 across the Arctic coincided with the
recorded high temperatures in the polar region.

Fig. 9 illustrates the seasonal PCDD/Fs concentrations
sourced from wildfire emissions averaged from 2011 and 2020
over the Arctic. The highest concentrations were modeled in the
summertime in all sub-Arctic regions, aligning with wildfire
occurrences and frequencies. Similar to annual concentrations
from 2011 to 2020 in Fig. 7, the summer PCDD/Fs concentra-
tions in the Asian Arctic were one and two orders of magnitude
greater than those in the North American and European Arctic.
Remote wildfire emissions also dominate summer pollution
across the Arctic. Fig. S8F shows that, from 2011 to 2020, the
highest mean contribution from wildfire sources to PCDD/Fs
pollution in the Arctic occurred in summer (77.1%), followed
by autumn (21.4%) and spring (14.0%). In summer, wildfire
biomass burning contributed 84.2% and 81.9% to the total
atmospheric PCDD/Fs concentrations in the Asian and North
American Arctic, respectively. Wildfire emissions also contrib-
uted a small portion of PCDD/Fs pollution, likely due to some
distant wildfire emissions in the mid-low latitudes. Fig. S8c and
df show that remote wildfire emissions also contributed
significantly to dioxin contamination in the North American
and European Arctic in the autumn and winter seasons.
Previous modeling evidence has revealed that Central and
South American and African wildfire biomass burning provided
some inputs of POPs into the Arctic,"*** mainly via an anticy-
clonic atmospheric circulation along the Bermuda-Azores High
and the storm tracks along the European coast.

4. Conclusions

Using the new global PCDD/Fs emission inventory with updated
wildfire emissions from 2011 to 2020, based on MODIS

0.9%

8.4% 5.2%

22.8%

62.7%
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combustion area and carbon storage data, this study performed
multiple emission scenario modeling to simulate PCDD/Fs
atmospheric concentrations over the Arctic. Fig. 10 summa-
rizes the contributions of local and distant sources from
anthropogenic activities and wildfires to PCDD/Fs contamina-
tion in the Arctic in 2011 and 2020, respectively. As shown, in
2011, the local anthropogenic emission within the Arctic circle
made the most significant contribution at 62.7% to PCDD/Fs
pollution, followed by its distant emissions away from the
Arctic across the NH. Local wildfire emissions only contributed
8.4%. Ten years later, in 2020, however, the local wildfire
sources in the polar region dominated PCDD/Fs pollution, and
the contribution from local anthropogenic emissions reduced
to 28.9%. Likewise, the contributions from distant emissions
from anthropogenic sources also dropped, accompanied by
growing contributions from wildfire sources away from the
Arctic. The findings revealed that PCDD/Fs emissions from
wildfires (natural sources), either in the Arctic circle or away
from the Arctic, had exceeded anthropogenic emissions after
2018, indicating increasingly essential roles of wildfires in
Arctic PCDD/Fs contamination. We found that wildfire emis-
sions associated with global warming have led to exacerbated
PCDD/Fs emissions and increased PCDD/Fs levels in the Arctic,
particularly since 2018. We also identified that the modeled
mean atmospheric PCDD/Fs concentration induced by wildfire
sources was highest in the Asian Arctic, followed by the North
American and European Arctic. While boreal forest wildfires in
northern Russia significantly contributed to PCDD/Fs fluctua-
tions in the Asian Arctic, the changes in PCDD/Fs concentra-
tions due to biomass combustion in the North American Arctic
were mainly attributed to boreal forest wildfires in northern
Canada. Our results imply that along with rapid warming in the
Arctic and frequent occurrence and intensity of wildfires across
northern territories, natural (mostly wildfire) sources likely
offset the efforts to mitigate anthropogenic air pollution in the
Arctic, such as PCDD/Fs investigated in this study. Hence,
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28.9%

55.8%

13.8%

Local wildfire sources

Wildfire sources in other areas of the NH

Local anthropogenic sources

Anthropogenic sources in other areas of the NH
I All sources in the SH

Fig. 10
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Fractional contributions of different sources to annual mean dioxin atmospheric concentrations in the Arctic in 2011 (a) and 2020 (b).
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wildfire biomass burning and other natural emissions associ-
ated with climate warming should be considered when assess-
ing the effectiveness of POP elimination from the environment.
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