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Abstract Wildfires emit atmospheric aerosols, affecting climate and air quality. Siberia is a known source
region of wildfires. However, comprehensive knowledge regarding the impact associated with particulate
matter pollution due to Siberian wildfires on climate and air quality and their effects on mortality and the
economy under present and near‐future warmer atmospheric conditions remains poor. Thus, we performed
model sensitivity experiments (atmospheric model and coupled atmosphere‐ocean model settings) simulating
the effects of changing Siberian wildfire emissions under the present and near‐future climate conditions, using
the Model for Interdisciplinary Research on Climate version 5 (MIROC5). Increased Siberian wildfire smoke
likely caused a cooling effect in broad areas of the Northern Hemisphere and worsened the air quality near the
source and in the downwind region (i.e., East Asia). The more Siberian wildfires occur, the more air pollution is
present in those regions, which likely increases mortality and welfare losses there. However, the total impact of
changing temperature on the gross domestic product under present and near‐future climate conditions is
ambiguous. Our comprehensive results on the air quality changes due to Siberian wildfires under present and
near‐future climate conditions suggest that increased efforts to limit the aerosol impact of Siberian wildfires are
crucial to prevent possible excess mortality and economic losses.

Plain Language Summary Comprehensive knowledge of worsening air quality due to increased
Siberian wildfires and its impact on climate and economy is needed to assess the impact of such fires both near
their source and in the surrounding regions. Therefore, we performed global climate model simulations and
analyzed the changing atmospheric aerosol emissions, including a precursor gas, from Siberian wildfires under
the present and near‐future climate conditions using the Japanese global climate model called MIROC5. The
increased aerosol emissions from Siberian wildfires generated a cooling effect in broad areas of the Northern
Hemisphere and worsened the air quality near the source and in the downwind areas of East Asia. The effects we
observed are associated with excess mortality and economic welfare losses. Future studies are needed to fully
understand and prevent those negative impacts.

1. Introduction
Wildfires occur every day, season, and year at various places (Darmenov & da Silva, 2015; Pan et al., 2020).
Human and natural ignitions cause wildfires (Amatulli et al., 2007; Narita et al., 2021; Rodrigues & de la
Riva, 2014) (also see NASA's Fire Information for Resource Management System (FIRMS) at https://firms.
modaps.eosdis.nasa.gov/). Wildfire activities are relevant to atmospheric aerosols, air pollution, human health,
climate, and the economy as mentioned below.

Large‐scale wildfires are of considerable concern owing to their significant impact on large forested and vegetated
areas and/or human lives if the people live in the surrounding areas, such as the cases of wildfires in California in
the US (Westerling & Bryant, 2008). Because large‐scale wildfires also emit massive amounts of air pollution,
such as carbonaceous aerosols (Yasunari et al., 2018), causing higher PM2.5 levels (Yasunari et al., 2022), the
impact of wildfires on human health is a considerable concern. The scale of wildfires largely depends on the
climate and environmental conditions in the source areas (e.g., Westerling et al., 2006; Yasunari et al., 2018,
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2021). Increased mortality was reported in the case of interaction between heatwaves and wildfire air pollution in
2010 in Moscow, Russia (Shaposhnikov et al., 2014). Ambient air pollution is one of the top global health risks
(GBD 2015 Risk Factors Collaborators, 2016), and the World Health Organization (WHO) estimated that
approximately 4.2 million people lost their lives in 2019 because of ambient air pollution (https://www.who.int/
news‐room/fact‐sheets/detail/ambient‐(outdoor)‐air‐quality‐and‐health). A comprehensive global study on the
relationship between ambient air pollution and premature mortality indicated that the air pollution in Siberia due
to biomass burning (BB) (i.e., wildfires) contributes markedly to premature mortality (Lelieveld et al., 2015). A
recent study reported that PM2.5 originating from wildfires increased respiratory hospitalization compared to
other PM2.5 sources (Aguilera et al., 2021).

Such health effects of ambient air pollution from BB also have economic implications, and the economic costs of
ambient air pollution are estimated to be substantial, equivalent to welfare losses of several percent of gross
domestic product (GDP) in the most affected regions (Landrigan et al., 2018; World Bank & Institute for Health
Metrics and Evaluation, 2016). As a specific example of assessing the economic impact of wildfires, Kochi
et al. (2012) estimated that the southern California wildfire in 2003 induced a loss of approximately 1 billion US
dollars due to smoke exposure based on 133 excess cardiorespiratory‐related deaths. The more recent 2018
wildfires in California were economically assessed by Wang et al. (2021) who concluded that the total damage
due to the wildfires amounted to 148.5 billion US dollars that year. In addition to direct impact on human health,
air pollution from wildfires can also affect the economy and society through climatic effects. Atmospheric
aerosol emissions and depositions from wildfires, such as black carbon, can change atmospheric and snow
radiation budgets, meaning that wildfires also contribute to changing climate regionally and globally via
feedback (Flanner et al., 2009; Liu et al., 2014 and references therein; Yan et al., 2021). Based on recent
scholarship on the economic assessment of climate change impact (e.g., Burke et al., 2018; Dell et al., 2012;
National Academies of Sciences, Engineering, and Medicine, 2017), some attempts have been made to assess the
macroeconomic impact of the climatic effects of air pollution (Scovronick et al., 2019; Shindell, 2015; WHO &
UNEP, 2011; Zheng et al., 2020). However, these studies did not specifically examine the impact of air pollution
from wildfires.

Wildfire is not only of considerable concern under present climate conditions but will be of greater concern in the
future. A recent study has projected a higher number of wildfires under future conditions owing to climate change
along with the associated air pollution emissions (Veira et al., 2016). Furthermore, even the latest six assessment
reports (AR6) of the Intergovernmental Panel on Climate Change (IPCC) (IPCC, 2021) stated that fire weather
would increase (with medium to high confidence) in specific regions under future climate change. Therefore,
comprehensive assessments of the impact of wildfire on air quality, climate, human health, and economy are
needed to determine the correct steps to sustain human existence in the future.

Siberia is one of the many regions where large‐scale wildfires have been frequently observed (Pan et al., 2020).
It is challenging to extinguish fires in Siberia owing to its large area. In recent years, the co‐occurrence of
wildfires in Siberia and sub‐polar North America (Alaska and Canada) in the summer season was reported
when the air pollution level was relatively higher in the Arctic, which might be explained by the recent change
in the climate pattern in the atmosphere (Yasunari et al., 2021). In the present study, we assessed the impact of
increased wildfires over Siberia on air pollution, mortality, economy, and present and near future (2030)
climate conditions especially from Siberia to the downwind region in East Asia and remote regions (e.g.,
Europe and North America). Six numerical sensitivity experiments were conducted using a global climate
model (GCM) developed in Japan. We mostly used the outputs for the analyses from the coupled Atmosphere
and Ocean GCM (AOGCM) experiments in this study, except for the analyses of the instantaneous aerosol
radiative forcing (IARF) and effective radiative forcing (ERF) (Forster et al., 2016; Myhre et al., 2013) for the
Atmospheric GCM experiments (AGCM). To assess the impacts of increased Siberian wildfires on air quality,
climate, and economy under present and near‐future climate conditions, we performed six experiments with
different biomass burning emissions and greenhouse gas (GHG) concentrations using AGCM and AOGCM
experiments. Using the estimation functions proposed in recent literature, we discuss the air pollution and
climatic impact on mortality and economic output due to increased Siberian wildfires under the present and
near‐future climate conditions. Note that for the GCM sensitivity experiments under the near‐future climate
conditions, we focused more on the combined effect of Siberian wildfires and global warming rather than each
effect individually, because it is crucial to provide a quantitative view of the total effect from the perspective of
temperature.
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2. Materials and Methods
2.1. Global Simulations and Data Analyses

To investigate the sensitivities of increasing Siberian wildfires in the present and near future (i.e., in 2030), we
conducted global sensitivity simulations using the AGCM and AOGCM. We used a climate model developed in
Japan (MIROC: Model for Interdisciplinary Research on Climate; version 5.9.0; known as MIROC5: Watanabe
et al., 2010) with its aerosol module, Spectral Radiation‐Transport Model for Aerosol Species (SPRINTARS;
https://sprintars.riam.kyushu‐u.ac.jp/indexe.html) (Takemura et al., 2000, 2002). We selected 2030 for the near‐
future climate condition because 2030 is of considerable concern to the general public at the end of the well‐
known Paris Agreement (https://unfccc.int/process‐and‐meetings/the‐paris‐agreement), and this would be
important from an economic perspective. We used a horizontal grid spacing of T85 (approximately 1.4° × 1.4° in
longitude and latitude) with vertical resolution of L40 (40 vertical layers). For the AGCM and AOGCM ex-
periments, we implemented 15 and 100 years of integration in the simulations as equilibrium experiments: we can
analyze multi‐year averages of equilibrium conditions in which we account for internal climate variability even
under the same BB emissions. Then, we analyzed the last 10 and 50 years, respectively (considering the climate
conditions reach equilibrium). The model simulation data with scripts for analyses and the other data used in this
study, except for some data mentioned in the other parts of the main text, are available in Yasunari et al. (2024).
To assess increased Siberian wildfires, we chose the years 2004 and 2003 as a baseline case (fewer wildfires) and
high BB emission case (more wildfires), respectively: the Siberian fire characteristics of those years have been
reported, for example, in Figure 9 from Darmenov and da Silva (2015).

Daily BB emissions were obtained from the Global Fire Emission Database (GFED; version 3.1, hereafter called
GFEDv3.1; https://www.globalfiredata.org/) (Randerson et al., 2013; van der Werf et al., 2010). As Figure 9 from
Darmenov and da Silva (2015) reported, GFEDv3.1 BB emissions tend to be lower than those of other BB
emission inventories. We also checked the time series of the BB emissions over the defined Siberian domain
(70°E–140°E; 42.5°N–70°N) with the GFEDv3.1 BB emission data during 2003 and 2010 (Figure S1 in Sup-
porting Information S1). Then, we confirmed that 2004 and 2003 were the representative years of low background
and high emission cases, respectively. Our study focused on air quality and its impact on mortality and the
economy, so lower‐bound estimates are generally better than upper‐bound estimates to avoid overvaluation.
Therefore, these data can be used to discuss how much the increased Siberian wildfires would at least impact
climate, air quality, human health, and the economy. Furthermore, our simulations replace BB emissions over the
defined Siberian domain to the one in 2003 or doubling the one in 2003. Therefore, comparing PM2.5 in a specific
year between our results and observations is very difficult. However, the quality of the simulated PM2.5 due to
Siberian wildfires using GFEDv3.1 was already reported by Ikeda and Tanimoto (2015). Their modeled results
reasonably reproduced the time‐varying PM2.5 observed at a few sites in Japan. Given the above information, we
considered GFEDv3.1 to be a reasonable source of data for our study. Also, we check the performance of the
simulated PM2.5 with the other data set, as mentioned below.

To compare different climatic conditions, the following conditions were selected: One present climate (the initial
condition in 2005 was mainly used, except for the BB settings). Two different near‐future climate conditions are
based on RCP scenarios in terms of GHG concentrations (RCP in 2005 for the present climate, and RCP2.6 and
8.5 for the near‐future climate conditions in 2030). Except for the following conditions of the BB aerosol
emissions, the other aerosol emissions were based on the present climate condition (RCP in 2005) for all the
experiments. Six AGCM and AOGCM experiments were conducted, respectively (see the model settings on BB
emissions and GHG concentrations in Table 1).

Most analyses were performed using outputs fromAOGCM experiments. However, the AGCM outputs were also
used to calculate IARF and ERF. For ERF, radiation differences need to be calculated under unchanged surface
conditions, such as a fixed sea surface temperature, as defined in the Fifth Assessment Report (AR5) (Myhre
et al., 2013) of the IPCC.

Although our global simulations were unique, changing the Siberian BB emissions makes it difficult to validate
the simulated PM2.5 against available observations (namely, difficulty in apple‐to‐apple comparisons). However,
we implemented what we could do best on the comparisons. We decided to use the data‐assimilated data set
(DAD) of PM2.5 for the comparisons (V5.GL.04 in 0.1°×0.1° horizontal resolution: https://sites.wustl.edu/acag/
datasets/surface‐pm2‐5/#V5.GL.04): in the data set, observations (satellite‐retrieved and monitor‐based data) and
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chemical transport modeled data were combined to reflect better global PM2.5 variations between 1998 and 2022
by the method of van Donkelaar et al. (2021). Namely, this DAD is the best data set for comparisons with the
simulated PM2.5, reflecting many available observations. We merged all the monthly mean data (DAD) files into a
single file (see the merged data in Yasunari et al. (2024)).

To assess the achievement rates of short‐term air quality in some countries and Russian administrative divisions,
which should be affected by temporal wildfire smoke variations, we used the daily mean PM2.5 and environmental
standard (ES) of 15 μg m− 3, which was recently determined by the WHO (WHO, 2021). The achievement rate of
PM2.5 is also used in Japan (https://www.env.go.jp/content/900514658.pdf). The gridded PM2.5 data from the
AOGCM outputs were spatially averaged over the countries and administrative divisions (Figure S2 in Sup-
porting Information S1) with population weighting using the population data provided by the Shared Socio-
economic Pathways (SSP) (Riahi et al., 2017) (Version 1.0; https://secure.iiasa.ac.at/web‐apps/ene/SspDb/dsd?
Action=htmlpage&page=10). The SSP population data were re‐gridded to T85 spatial resolution using SPRING
(SPheroidal coordinates Regridding INterpolation table Generator; preliminary version; http://hydro.iis.u‐tokyo.
ac.jp/∼akira/page/Works/contents/SPRING/). The population and other socioeconomic data under the present
climate use the baseline year of 2010 in this study. We also used the annual mean PM2.5 data to assess the mean
differences for the selected countries and divisions for economic analyses.

2.2. Estimated Mortality and Economy‐Wide Impacts of Increased Siberian Wildfires

Enhanced particulate emissions through the intensification of Siberian wildfires can have various economic
impacts. In the present study, we attempted to quantify two kinds of impacts, namely those associated with
increased premature mortality through exposure to ambient fine particulate matter (PM2.5) and climate change,
both evaluated in terms of welfare losses. Based on the data of the OECD's long‐term GDP forecasts, we estimate
welfare impact in terms of the 2003–2017 average GDP and the 2030 GDP projections. The economic conse-
quences of wildfires are not limited to these two factors and may also be associated with other factors, notably the
morbidity associated with air pollution. However, an earlier assessment (World Bank & Institute for Health
Metrics and Evaluation, 2016) suggested that, in the context of ambient air pollution, the costs of mortality may
generally dominate the costs of morbidity when expressed as welfare loss. Moreover, recent studies on the
economic effects of particulate emissions focused on their mortality and climatic effects (Scovronick et al., 2019;
Shindell, 2015; Zheng et al., 2020).

In terms of pollution impacts on mortality and the economy, the model outputs of population‐weighted averages
of the annual surface PM2.5 concentrations were used to estimate excess premature mortality from enhanced air
pollution due to the intensification of wildfires. We conducted estimations for China, South Korea, Japan, and five
Russian areas (Amur, Zabaykal’ye, Buryat, Khabarovsk, and Irkutsk). Note that here, we only considered the
impact of PM2.5 and not ozone and other non‐PM air pollutants. To link pollution exposure and mortality, we used
the Global Exposure Mortality Model (GEMM) (Burnett et al., 2018), which is formulated as:

Table 1
MIROC5/SPRINTARS AGCM and AOGCM Experiment Settings on Biomass Burning (BB) Emissions and Greenhouse Gases (GHG) Concentrations

Experiment ID Daily GFED BB emission condition (BC, OC, and SO2)
a GHGs concentrations Note

EXP0 BB emission in 2004 RCP in 2005b Control case under the present climate condition
(low Siberian BB emissions)

EXP1 BB in 2004, but the BB in 2003 over the defined
Siberian domain

RCP in 2005b High Siberian BB emission case under the
present climate condition

EXP2 BB in 2004, but the BB × 2 in 2003 over the defined Siberian
domain

RCP in 2005b Doubling the high Siberian BB emission case under the
present climate condition

EXP3 BB in 2004, but the BB in 2003 over the
defined Siberian domain

RCP2.6 in 2030b High Siberian BB emission case but GHG concentrations
in 2030 with RCP2.6

EXP4 BB in 2004, but the BB × 2 in 2003 over the
defined Siberian domain

RCP2.6 in 2030b Doubling the high Siberian BB emission case but GHG
concentrations in 2030 with RCP2.6

EXP5 BB in 2004, but the BB × 2 in 2003 over the
defined Siberian domain

RCP8.5 in 2030b Doubling the high Siberian BB emission case but GHG
concentrations in 2030 with RCP8.5

avan der Werf et al. (2010) and Randerson et al. (2013). bMoss et al. (2010) and van Vuuren et al. (2011).
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RR(z) = exp

⎡

⎢
⎢
⎢
⎣

θ · ln(1 + z/α)
1 + exp (− z− μν )

⎤

⎥
⎥
⎥
⎦
,

z = max[0,PM2.5 − zcf ],

where RR is the relative risk of premature mortality due to exposure to ambient PM2.5, PM2.5 is the exposure level
of PM2.5, zcf is the counterfactual concentration level below which no additional risk is assumed, and θ, ⍺, μ, and ν
are parameters. We adopted the parameterization of Burnett et al. (2018) for aggregate mortality from all non-
communicable diseases and lower respiratory infections induced by ambient PM2.5 air pollution (estimates in-
clusive of the Chinese male cohort data).

For alternative estimations, we also utilized the Integrated Exposure‐Response (IER) model (Burnett et al., 2014),
which is an earlier model than the GEMM (Burnett et al., 2018). The IERmodel is generally regarded as less state‐
of‐the‐art than the GEMM model because of its limited applicability to cases of high‐level pollution exposure
(Zheng et al., 2021). Thus, we present our GEMM estimates as the primary results. However, as the IER model
was developed earlier, it has been widely used for quantifying the health impact of air pollution (e.g., Cohen
et al., 2017; Lelieveld et al., 2015; Seposo et al., 2019). Specifically, the IER model described by Burnett
et al. (2014) is represented by probabilistic distributions of parameters composed of 1,000 possible levels. We
adopted the median estimate of the computations using these 1,000 sets of parameters.

In the IER framework (Burnett et al., 2014), enhanced mortality risk due to pollution exposure is formulated using
the following functions of relative risk:

RR(PM2.5) =
⎧⎨

⎩

1 + α{1 − exp[− γ(PM2.5 − zcf )δ]} (PM2.5 > Zcf )

1 (PM2.5 ≤ Zcf )
,

where ɑ, γ, and δ are the parameters. We adopted the parameter estimates reported by Burnett et al. (2014). The
relative risk considered here is a composite of the RRs for the following illnesses: lung cancer (for all ages),
chronic obstructive pulmonary disease (for all ages), ischemic heart disease (age group‐specific), stroke (age
group‐specific), and acute lower respiratory infections (for children aged 0–4 years).

The excess mortality ΔMwas estimated from the relative risk and baseline mortalityM according to the following
equation:

ΔM =
RR − 1
RR

M.

We used cause‐specific mortality data by country and age group from the Global Burden of Disease Study 2017
(GBD 2017 SDG Collaborators, 2018) of the Institute for Health Metrics and Evaluation (IHME). In addition,
data on estimates and projections of population and age‐group‐specific life expectancy were drawn from the
World Population Prospects 2019 data by the United Nations (https://www.un.org/development/desa/pd/news/
world‐population‐prospects‐2019‐0).

For Russian sub‐national administrative units, we scaled federal‐level data of long‐term economic forecasts and
case‐specific mortality rates using the mortality data from the Centre for Demographic Research at the New
Economic School (http://demogr.nes.ru/en/demogr_indicat/data) and the economic data of the Russian Federal
State Statistic Service (https://rosstat.gov.ru). Those data used in this study were archived in the data repository in
Yasunari et al. (2024).

The increase in mortality estimated using the GEMM (Burnett et al., 2018) and IER (Burnett et al., 2014) models
was converted to economic welfare loss based on the value of statistical life (VSL) framework, representing the
sum of individuals' willingness to pay (WTP) for marginal changes in their mortality risk (for the information
about the concept, seeWorld Bank & Institute for Health Metrics and Evaluation, 2016). TheWTP value could, in
principle, differ in different contexts (e.g., countries), and ideally, the values could be estimated from context‐
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specific surveys of different populations. As most countries in the world lack such survey data, we employed the
benefit transfer approach (i.e., finding estimates by transferring available information of studies in another
location) used by the World Bank and the IHME (World Bank & Institute for Health Metrics and Evalua-
tion, 2016) and Narain and Sall (Narain & Sall, 2016), which estimate VSL using the following functional form:

VSLi,t = VSLBase (
yi,t
yBase

)

ϵ

,

where VSLi,t, VSLBase, yi,t, and yBase are the VSL for country i in year t, the base VSL, the income level (GDP per
capita at purchasing power parity, PPP) for country i in year t, and the base income level, respectively. The base
VSL ($3.83 million in 2011 USD at PPP) is the mean level of WTP estimates from surveys conducted in the
OECD countries, whose average income level is the base income level (approximately $37,000 in 2011 USD at
PPP). Following the World Bank and IHME (World Bank & Institute for Health Metrics and Evaluation, 2016),
the elasticity ϵ is set to be 0.8 for Japan and South Korea (high‐income economies) and 1.2 for others.

Additionally, we conducted alternative estimations of welfare loss from BB‐related air pollution based on the
value per statistical life year (VSLY), which is the value of a 1‐year reduction in life expectancy. Similar to the
VSL estimations, we applied the benefit transfer method to compute VSLY for different countries and years and
used the estimate of the base VSLY by Narain and Sall (2016), which was approximately $190,000 in 2011 USD
at PPP.

This study used a similar approach to Zheng et al.’s (2020) economic evaluation of the climatic effects of aerosols
and drew on the empirical response function of economic growth to temperature developed by Burke et al. (2018).
The Burke et al.’s function is a representation of the statistical relationship between the past levels of GDP and
temperatures across world nations, which are based on national and annual averages of economic and climatic
data for 165 countries over the period 1960 to 2010 (see Equation 1 of Burke et al. (2018)). We evaluated the
potential scale of the macroeconomic impact of Siberian wildfires' climatic effects by drawing on the results of
sensitivity experiments on enhanced BB emissions over the defined Siberian domain using the MIROC5/
SPRINTARS AOGCM sensitivity simulations (see Section 2.1). The differentials of the annual population‐
weighted area‐average temperatures at 2 m from the simulations over the countries and administrative di-
visions (Figure S2 in Supporting Information S1) were used to compute the monetary‐equivalent economic
impact attributable to the climatic effects of BB. Finally, the country‐average temperature changes were used to
estimate the resultant economic impact (welfare losses expressed as a share of GDP).

3. Results
3.1. Estimated Mortality Due To Worsened Air Quality Caused by the Siberian Wildfires

First, we compared our simulated PM2.5 to the observation‐reflected DAD in the focused regions in and around
the Siberian domain from spring to summer to understand the model’s performance (Figure S3 in Supporting
Information S1). On the control simulation (EXP0; i.e., low BB emission case), using the BB emission data in
2004, the PM2.5 patterns were well reproduced, though the simulated PM2.5 underestimated that of some areas
(Figures S3a and S3b in Supporting Information S1). Next, the increased BB emission case over the Siberian
domain (EXP1) also captured the PM2.5 distributions over the Siberian region well, though again, the magnitude
was somewhat underestimated (Figures S3c and S3d in Supporting Information S1). These results confirm that
our simulations can reasonably capture the PM2.5 distributions from the BB emissions from the Siberian region.
The underestimated PM2.5 in our simulations on magnitude also supports that our study can suggest that we can
discuss the lower‐bound estimate of PM2.5 impact on air quality, human health, and the economy in this study
based on the sensitivity experiments.

Under the present climatic conditions, the AOGCM sensitivity experiments in EXP1 and EXP2 showed increased
PM2.5 of greater than 20 μg m

− 3 in the fire areas, mainly from spring to summer (April–July) over the Siberian
region (Figure 1 and Figure S4 in Supporting Information S1). In this study, the highest increase was seen in May.
In the 50‐year climatology, PM2.5 also increased in the North Pacific region (i.e., downwind of the Siberian
region) when Siberian wildfires were active. We used the same present BB emissions applied to the near‐future
condition (Table 1). Therefore, the patterns of PM2.5 distribution looked similar in 2030 (Figure S5 in Supporting
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Information S1). Based on the sensitivity experiments, the most affected areas due to the increased PM2.5 were the
eastern part of Lake Baikal and its downwind region.

To assess the impact of the worsened short‐term air quality due to the increased Siberian wildfires on human
health, we analyzed the percentage of the achievement rates of daily mean PM2.5 levels in each selected East
Asian country (China, South Korea, and Japan) and Russian administrative districts located in the downwind
regions from the Siberian wildfire source areas using the ES. We used the new daily mean PM2.5 ES of 15 μg m

− 3

(WHO, 2021), which was recently updated from “Global update 2005” by the WHO (WHO Occupational and
Environmental Health Team, 2006). Under the present climate conditions in which the PM2.5 data were weighted
with the 2010 SSP population (Riahi et al., 2017), in South Korea, Japan, and the selected Russian administrative
districts, percentages of the achievement rates for the short‐term air quality in EXP1 were 77.4%–94.7%. For
China in EXP1, however, this was 1.4% (Figure 2). Furthermore, doubling the Siberian wildfire emissions of
EXP1 (i.e., EXP2) further decreased the achievement rate percentages by 71.7%–90.2% except for China. The one
for China was mostly similar (1.2%) to that in EXP1. Compared to the lowest wildfire emission case in the
Russian administrative districts (EXP0; achievement rate percentages >98.2%), notable decreases were seen
based on the observed high‐emission wildfire case in 2003. Compared with the cases for the Russian adminis-
trative districts, the changes in the achievement rate percentages in China, South Korea, and Japan were smaller
(Figure 2). However, the percentage of the achievement rates was already extremely low in China (<2.4%), even
in the low wildfire emissions case (EXP0). These percentages in China slightly decreased because of additional
dominant contributions from the increased Siberian wildfire emissions (EXP1 and EXP2). In remote regions,
compared to EXP0, 7.4% and 3.9% decreases in EXP1 (12.4% and 8.4% in EXP2) were likely in South Korea and
Japan, respectively. Those achievement rate percentages satisfying the daily mean ES were further reduced
(Figure S6 in Supporting Information S1) when we only focused on the main fire seasons from spring to summer
(from March to August) when the Siberian wildfires were active (Darmenov & da Silva, 2015; Ikeda & Tani-
moto, 2015; Yasunari et al., 2018). When we focused on long‐term (i.e., annual mean) air quality for those
selected countries and Russian administrative districts, the annual mean PM2.5 mass concentrations of the
increased Siberian wildfire case (EXP1) and its doubled case (EXP2) were also significantly higher than those of
the baseline case (EXP0) (Figure S7 in Supporting Information S1). Those annual mean differences were much
more prominent in the Amur, Zabaykal’ye, and Buryat regions in Russia. These results imply that the impact of
the increased Siberian wildfire emissions from near the wildfire sources to the remote countries in downwind
regions cannot be ignored. Under the 2030 near‐future climate conditions, the characteristics of the achievement

Figure 1. Fifty‐year monthly surface PM2.5 climatology from the AOGCM experiments during April and July for EXPs 0–2
under the present climate conditions.
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rate percentages were similar to those under the present climate conditions in our sensitivity assessments (Figure
S8 in Supporting Information S1). Next, we analyzed the mortality due to increased Siberian wildfire emissions.

By applying the GEMM (Burnett et al., 2018), an established epidemiological model of the relationship between
air pollution and premature human deaths, we estimated the mortality impact of the enhanced Siberian wildfires
(Figure 3). They are defined as the difference between the results of EXP2 and EXP0, through PM2.5 air pollution,
for selected East Asian countries with large economies and populations and Russian administrative districts in the
baseline year (2010). Utilizing the widely used approach of assessing the economic costs of pollution‐related
mortality based on the VSL, the monetary‐equivalent losses of excess mortality (welfare losses) were also
quantified (circles on the map in Figure 3). The annual excess mortality count was approximately 67,000 for
China and 22,000 for Japan, corresponding to approximately 51 billion USD for China and 84 billion USD for
Japan. These estimated levels of mortality are substantial in absolute terms but still a relatively small fraction of
estimated total counts of excess deaths from air pollution in the region; for example, over 2 million of the total
annual excess deaths from PM2.5 in China were estimated using the GEMM model (Burnett et al., 2018).

Correspondingly, the small population size in Russian districts in Siberia has resulted in comparatively low levels
of mortality. However, nearly 3,000 excess deaths are estimated in the Irkutsk district (Oblast), corresponding to
approximately 5 billion USD.

Quantification of the effects of air pollution on mortality is generally subject to various uncertainties in the model
and parameters. Therefore, we conducted alternative estimations using the IER model (Burnett et al., 2014). They
yielded somewhat different numbers from the GEMM estimations, but the order remained the same (Table S1 in

Figure 2. Probability density distribution of PM2.5 (the SSP 2010 population data weighted PM2.5) and percentage of achievement rates satisfying the recent WHO‐
defined daily mean PM2.5 environmental standard (15 μg m

− 3; WHO, 2021) under the present climate conditions (EXPs 0–2; Section 2) in the selected countries and
Russian administrative divisions. The daily mean data from the AOGCM experiments were used. The broken axes for the x and y axes were used to clear the plot
differences. Because the ranges of PM2.5 are vast, the maximum PM2.5 value within the three experiments is also shown. The bin size of the probability density was
every 0.5 μg m− 3.
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Supporting Information S1). The GEMM model itself also carries uncertainties, and consequently, our GEMM‐
based estimates are subject to uncertainties, as shown on Table S1 in Supporting Information S1.

3.2. Regional and Global Impact of Increasing Siberian Wildfires on Aerosols and Climate

A substantial cooling effect on IARF at the surface of <− 2.0 W m− 2 due to the increased aerosols from the
wildfires was observed over the above areas (i.e., negative IARF from the AGCM experiments; here, we used the
net radiation of shortwave and longwave radiation for IARF) (Figure S9 in Supporting Information S1). The ERFs
at the top of the atmosphere under the fixed sea surface temperature conditions estimated from the AGCM ex-
periments showed significant cooling at a 95% confidence limit (CL) over the Siberian domain under the present
climate conditions (EXP1 and EXP2) compared to the baseline case (EXP0) (Figures 4a and 4b and Figures S10a
and S10b in Supporting Information S1). Although similar cooling characteristics of ERFs were observed over
Siberia, even under the near‐future climate conditions in 2030, their global mean values were significantly
positive at 99% or 99.9% CL (Figures 4c–4e and Figures S10c–S10e in Supporting Information S1).

The ERFs at the surface showed similar characteristics, but the global mean values under the near‐future climate
conditions were not significant except for the comparison between EXP3 and EXP0 (95% CL; Figure S11 in
Supporting Information S1). Under the present climate conditions, significantly stronger cooling effects of lower
than − 0.3°C at 2 m (95% CL) are likely over the Siberian wildfire source region (Figures 5a and 5b and Figure
S12 in Supporting Information S1). Similar substantial cooling effects were observed in EXP1 and EXP2, such as
in the Arctic Ocean and Canadian Arctic, compared to EXP0, respectively. Additionally, cooling bands were
observed to be characteristic across the Pacific Ocean from Siberia all the way to North America under the present
climate condition (i.e., broad areas of the Northern Hemisphere), corresponding to the areas of increased at-
mospheric PM2.5, namely aerosols (Figure 1). Notably, some significant warming at 95% CL was also observed
over the Barents Sea in EXP2–EXP0 (Figure 5b). Under the near‐future conditions in 2030, more substantial
warming was observed in many regions (Figures 5c–5e). However, the Siberian wildfire source areas, corre-
sponding to areas in the negative ERF, showed no significant warming, likely implying that the increased aerosols
contributed to the suppression of warming over the area.

Figure 3. Mortality impact of enhanced Siberian wildfires through air pollution (EXP2–EXP0 from the AOGCM
experiments) for selected East Asian countries and Russian administrative districts estimated using the GEMM functions.
Color shading represents the annual excess mortality due to PM2.5 air pollution from increased wildfires (mortality count for
country/region), and the circles correspond to the economic cost (welfare loss) from the excess mortality (million 2010 US
dollars for country/district). Numerical data corresponding to the circles and colors are presented in Table S1 of the
Supporting Information S1.
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3.3. Estimated Country‐Level Welfare Impact Due To the Increased Siberian Wildfires

Recent economic studies on climate change, such as that by Burke et al. (2018), have identified the statistical
relationship between surface temperature and countries' economic performance after controlling for other
determinants. These estimations exploit the variabilities of observed weather variables without differentiating
their causes, and thus the identified statistical relationships could be applied to assessing economic impacts of
various types of climatic changes irrespective of their determinants and patterns, as demonstrated by Zheng
et al.’s (2020) study on economic evaluation of general aerosol impacts on climate. Based on this framework,
it is possible to estimate the macroeconomic effects of wildfire‐originated aerosols (GDP impact) based on
their climatic influence. Therefore, we applied the GDP response function of annual surface temperature
developed by Burke et al. (2018) and computed the country‐level macroeconomic impact (welfare impact) of
enhanced Siberian wildfires through climatic effects for selected nations, whose relatively large populations
and economies render substantial levels of economic impacts (Figure 6). Drawing on the findings of Burke
et al. (2015), the Burke et al.’s function uses the annual average temperature as a proxy for shifting distri-
butions of daily temperatures, the causes of which in the past observational data include aerosol emissions
from wildfires. It is also worth noting that wildfires affect the climate not only locally at the time of the event
but also at distant locations and times. The upper map in Figure 6 shows the isolated effects of these aerosols
through climate change given the baseline present global climate (EXP2–EXP0), while the lower map presents
the combined effects of the wildfire‐originated aerosols and the other greenhouse gases for the year 2030
(EXP5–EXP0).

As the function described by Burke et al. (2018) assumes an inverse U‐shaped relationship between temperature
and GDP, temperature reduction due to aerosols may yield different economic impact in different regions of the
world. For example, isolated climate‐related effects of aerosols from enhanced Siberian wildfires in the baseline

Figure 4. Effective radiative forcing (ERF) at the top of the atmosphere based on the AGCM experiments due to the increased
Siberian wildfire or the increased Siberian wildfire and global warming (RCP2.6 or RCP8.5). The values and asterisks shown
at the bottom left are the global mean values and their confidence limits for the mean differences (CL) of 99% (**) and 99.9%
(***), respectively. The hatched areas in the global maps are the CL for the mean differences of 95%. Note that the ERFs in
each panel directly reflect the differences between the two focused experiments (i.e., only the impact changes of the Siberian
wildfire or the impact changes of the Siberian wildfire and global warming). A similar figure where the region from Siberia to
the North Pacific was enlarged is available in Figure S10 of the Supporting Information S1.
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Figure 6. Country‐level macroeconomic (welfare) impact (in million 2010 US dollars) of enhanced Siberian wildfires
through climatic effects for selected nations estimated by using the functions described by Burke et al. (2018). The upper map
shows the climatic effects of aerosols at the baseline global climate (EXP2–EXP0; AOGCM experiments), while the lower
map presents the combined effects of wildfire‐originated aerosols and overall global climate change for the year 2030
(EXP5–EXP0; AOGCM experiments). Blue circles represent positive impact (i.e., cooling causes positive economic
effects), and red corresponds to negative impact. Numerical data corresponding to the circles are presented in Table S2 of the
Supporting Information S1.

Figure 5. Mean differences of 50‐year 2‐m temperature climatology based on the AOGCM experiments due to the increased
Siberian wildfire or the increased Siberian wildfire and global warming (RCP2.6 or RCP8.5). The values and asterisks shown
at the bottom left are the global mean values and their confidence limits for the mean differences (CL) of 99.9% (***),
respectively. The hatched areas in the global maps are the CL for the mean differences of 95%. A similar figure where the
region from Siberia to the North Pacific was enlarged is available in Figure S12 of the Supporting Information S1.
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year (EXP2–EXP0) appear as an economic gain in low‐latitude countries such as China and the US (approxi-
mately 13 billion USD and 19 billion USD annually, respectively), whereas economic losses are found in high‐
latitude countries such as Russia and Canada. Conversely, the combined climate change effects of wildfire‐
originated aerosols and other greenhouse gases, including carbon dioxide (EXP5–EXP0), have negative eco-
nomic consequences for the low‐latitude countries (approximately 58 billion USD in China and 36 billion USD in
the US annually) and positive consequences for the higher‐latitude countries. It should be noted, however, that the
Burke et al.’s statistical function carries uncertainties, and consequently, that those monetary estimates are also
subject to uncertainties (shown on Table S2 in Supporting Information S1). Overall, the monetary‐equivalent
pollution and climatic effects of aerosols from enhanced Siberian wildfires were comparable in scale.

4. Discussion and Conclusions
Based on our sensitivity experiments using a GCM in Japan, the overall impact of increased Siberian wildfires on
climate was a cooling effect due to increased atmospheric aerosols. In terms of climate change, this works to
partially suppress global warming in selected near‐future scenarios. On the contrary, increased Siberian wildfire
aerosols would substantially worsen air quality, especially in the surrounding and downwind regions of Siberia.
This directly relates to human mortality and welfare losses near wildfire sources and in downwind regions.

Our estimation of pollution‐related mortality from enhanced Siberian wildfires suggests that they could exert
substantial health‐related costs in Eastern Siberia and East Asia, whose monetary‐equivalent values could well be
in the order of 10 billion USD annually, as evaluated using the willingness‐to‐pay method. Note that these figures
only account for the direct impact of deaths and not for non‐fatal health effects and secondary social impact, such
as the loss of educational opportunities due to illness. The results also highlight the fact that climate–economy
interactions could be another major type of economic consequence of aerosols from Siberian wildfires.
Although the effects are smaller relative to the general trend of global warming due to carbon dioxide and other
greenhouse gases, they have some noteworthy features, such as a cooling‐induced loss of GDP in Russia and
Canada, which are located at high latitudes.

Aerosols emitted from Siberian wildfires act as short‐lived climate forcers (SLCFs), affecting the global climate
(Szopa et al., 2021). Generally, anthropogenic climate change affects global macroeconomic performance
through many pathways, such as intensifying weather extremes and temperature‐related yield losses in major
crops (Interagency Working Group on Social Cost of Greenhouse Gases, United States Government, 2016;
National Academies of Sciences, Engineering, and Medicine, 2017). A wide range of economic studies has been
conducted to quantify such impact. One way to synthesize these efforts is to estimate the social cost of carbon
(Interagency Working Group on Social Cost of Greenhouse Gases, United States Government, 2016; National
Academies of Sciences, Engineering, and Medicine, 2017). This framework has been applied to air pollution
(short‐lived climate pollutants) by the WMO and UNEP (WHO& UNEP, 2011). As a parallel set of studies, Dell
et al. (2012) and Burke et al. (2018) directly investigated the statistical relationships between climatic variables
and economic output from past data.

In recent years, due to the reporting of a unique climate pattern, the possibility of the co‐occurrence of Siberian
wildfires with European heatwaves and wildfires from Alaska and Canada has been suggested (Yasunari
et al., 2021). In the future, amplified global warming is likely to cause more wildfires in the extratropics (Veira
et al., 2016) and fire weather (IPCC, 2021). Hence, a higher probability of increased Siberian wildfires is expected
in the future. This projection means that worse air quality due to wildfires will be likely in the future, which will
also likely exceed the air quality ES frequently (i.e., lowering the achievement rates of the short‐term PM2.5 ES),
as shown in Figure S8 of the Supporting Information S1. Thus, we probably need better measures and prediction
methods to limit wildfire smoke exposure from the fire source region in Siberia to the downwind region in East
Asia. Our estimate is based on limited sensitivity simulations of the GCM considering increased Siberian
wildfires under the present and near‐future climate conditions.

Although we assessed the comprehensive impact of Siberian wildfires on air quality, climate, mortality, and
macroeconomic welfare losses, those were not interactively simulated in the model. For example, the wildfire
occurrences in the model were based on a pre‐existing BB emission data set. Furthermore, the experiments were
only based on single global model simulations. Therefore, a natural extension of this study in the future would be
an analysis with an interactive global model. Such an analysis should use, for example, an interactive wildfire
model (Veira et al., 2016), which draws on more experiments from various global model outputs. A similar
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analysis was performed in a recent study estimating the global mortality due to ozone and PM2.5 using the
ensemble of global climate simulations (Silva et al., 2017).

Despite the limitations of our study, our findings provide readers with a critical message on the effect of increased
particulate matter due to Siberian wildfires on climate and air quality as well as mortality and the economy under
present and future atmospheric conditions. The MIROC5's climate reproducibility was confirmed within a
reasonable range under the Coupled Model Intercomparison Project Phase 5 (CMIP5) in the fifth IPCC report,
compared to the other climate models used in CMIP5 (Flato et al., 2013). In the Atmospheric Chemistry and
Climate Model Intercomparison Project (ACCMIP), the aerosol performance of MIROC5 in the comparisons
with the global ground‐based aerosol optical depth observations also quantitatively showed reasonable statistical
values within the multi‐model comparisons (e.g., see Table G1 of Shindell et al. (2013)). Therefore, we consider
that our results from the MIROC5/SPRINTARS sensitivity experiments also showed reasonable and general
characteristics of Siberian wildfires and their aerosols (PM2.5) from one of the known climate models used in the
world. Future studies must aim to prevent air pollution emissions from Siberian wildfires and take further pre-
ventive measures in the future under ongoing and future climate changes (IPCC, 2021).
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