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Abstract

Wildfires are episodic disturbances that exert a significant influence on the Earth system.
They emit substantial amounts of atmospheric pollutants, which can impact atmospheric
chemistry/composition and the Earth’s climate at the global and regional scales. This work
presents a collection of studies aimed at better estimating wildfire emissions of atmospheric
pollutants, quantifying their impacts on remote ecosystems and determining the
implications of 2000s-2050s global environmental change (land use/land cover, climate)
for wildfire emissions following the Intergovernmental Panel on Climate Change (IPCC)

A1B socioeconomic scenario.

A global fire emissions model is developed to compile global wildfire emission inventories
for major atmospheric pollutants [greenhouse gases (CO>, CHa, N>O), air pollutants and
tropospheric O3 precursors (nitrogen oxides (NOx), carbon monoxide (CO), volatile
organic compounds (VOCs) (alkanes, alkenes)), aerosols and their precursors (particulate
matter (PM: s), black carbon (BC), organic carbon (OC), sulfur dioxide (SO.)) and mercury
(Hg)] and quantify the impacts of 2000s-2050s global change. The estimated Hg wildfire
emissions (2000s) are used in a global chemical transport model (GEOS-Chem) to

determine the contribution of wildfire emissions to Hg pollution in the Arctic.

Significant perturbations to wildfire emissions of atmospheric pollutants in the context of
global change are estimated, mainly driven by the projected changes in climate, land
use/land cover and in the case of Hg, anthropogenic emissions as well. A continuing

increase in anthropogenic influence on wildfires in the coming decades is predicted.

viil



Greater human occupation of the African continent and increase in cropland coverage
cause significant declines in wildfire emissions of atmospheric pollutants from the
continent. Anthropogenic factors play an important role in the changes in emissions from
other continents as well. Future changes in climate and land cover contribute to significant

increases in global emissions for all the species.

Wildfires are estimated to contribute 10% of global annual deposition to the Arctic with
boreal fires in Asia contributing the most. Wildfires in Eurasia contribute 5.3% of annual
Hg deposition followed by Africa (2.5%) and North America (1%). Wildfires contribute to
Arctic Hg deposition throughout the year with the highest deposition occurring during the

boreal fire season.
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Chapter 1: Introduction

Human alterations of the Earth’s environment can be dated back to several thousand years
ago. For example, Lu et al. (2017) reported evidence of land use change and deforestation
occurring 11,500 years ago. The findings of Hong et al. (1994) showed that lead (Pb)
pollution was significant 2500-1700 years ago. These alterations mainly consisted of land
use change, mining activities and igniting fires. However, the Industrial Revolution marked
the beginning of a period of unprecedented changes in the interactions of humans with the
Earth’s environment that have continued till present day. The accelerated pace of
socioeconomic development, use of non-renewable energy sources (e.g. fossil fuels) to
advance economic development and provide a more affluent lifestyle have contributed to
major degradation of the global environment (Weiss et al., 1999)] including the

composition of the atmosphere (IPCC, 2014).

Substantial amounts of CO; and a myriad of other pollutants (e.g. CHa, NOx, N>O, aerosols,
CO, VOCs, Hg) have been emitted to the atmosphere as a result of anthropogenic activities
driven by the quest for economic growth and efforts to sustain a growing human
population. The cumulative CO, emissions to the atmosphere during 1750 — 2011 were
estimated at 2040 &+ 310 Gt CO» with about half of these emissions occurring in the last 40
years (IPCC, 2014). These emissions have caused atmospheric levels of pollutants to reach
unprecedented levels at an alarming rate (Canadell et al., 2007; Davidson, 2009; Dickinson
and Cicerone, 1986; Forster et al.,, 2007; Horowitz, 2006; Machida et al., 1995;

Siegenthaler and Sarmiento, 1993). The levels of atmospheric concentrations of CO», CH4
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and N>O (as of 2011) have not been observed at least in the past 800,000 years (IPCC,
2014). The natural biogeochemical cycles of several elements (e.g. carbon, nitrogen, sulfur,
phosphorus, and mercury) have been altered substantially (Magnani et al., 2007;
Schlesinger et al., 2017; Vitousek et al., 1997). Tropospheric O3 levels have increased since
the pre-industrial times with the most likely cause being the concordant increase in
anthropogenic emissions of O3 precursors (NOx, CO, VOCs) (Anfossi et al., 1991;
Horowitz, 2006; Logan, 1985; Stachelin et al., 1994; Volz and Kley, 1988; Wang and
Jacob, 1998). Several air pollution episodes have occurred in the past few decades [e.g.
1930 Meuse Valley (Anderson, 2009; Firket, 1936; Nemery et al., 2001; Roholm, 1937),
1939 Saint Louis, 1948 (Donora) (Ciocco and Thompson, 1961; Schrenk et al., 1949), 1952
& 1991 (London) (Anderson, 2009; Anderson et al., 1995; Bell and Davis, 2001; Bell et
al., 2004; Lawler et al., 2014), 1997 (Indonesian forest fires) (Kim et al., 2017; Kunii et
al., 2002)] with each resulting in grave impacts on human health and a significant number
of fatalities. Moreover, anthropogenic land use change in the form of clearing forests to
expand agricultural croplands/pastoral lands and support human population expansion has
resulted in major alterations to the Earth’s natural land cover (Foley et al., 2005). The
destruction of ecosystems at the global and regional scales (e.g. the tropical rainforests in
the Amazon and South Asia (Achard et al., 2002; Laurance, 2007; Skole and Tucker,
1993)) has continued unabated for long periods. For example, in the tropics, more than
80% of new agricultural land during the 1980s and 1990s was derived at the expense of the

rainforests (Gibbs et al., 2010).
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These anthropogenic forcings have not only caused significant environmental pollution but
have also resulted in long term/potentially irreversible impacts on the Earth system, its
constituent reservoirs (atmospheric, terrestrial and oceanic) and modified the mutual
interactions between them. The impacts have been of such magnitude and extent that this
geological era has been referred to as the Anthropocene (Crutzen, 2002; Lewis and Maslin,
2015). Furthermore, due to the coupled nature of the Earth system, alterations to one
component can cause major changes in the others and can also result in the initiation of
feedback loops (positive/negative). For example, elevated atmospheric CO» levels could
promote natural vegetation growth through the process of CO> fertilization (Donohue et
al., 2013; Farquhar, 1997). Higher atmospheric greenhouse gas [CO., CHs, N>O]
concentrations have contributed to a global increase in surface temperatures and major
shifts in the climate in general (e.g. precipitation patterns, extreme events). A warmer
climate could result in favorable conditions for wildfire activity. Wildfires themselves are
significant sources of greenhouse gases which can further exacerbate the warming, thus

forming a positive feedback loop.

Considering the substantial alterations to the Earth system that have resulted from human
activities in the past few centuries, it is imperative to determine how the future will look
and make continuous efforts to improve our understanding of the Earth system in order to
better appreciate the implications of various anthropogenic activities. What will be the
future trajectories of human population, land use, economic development and technological
changes and how will they impact greenhouse gas and other pollutant emissions? How will

these socioeconomic/technological changes and the resulting emissions impact the Earth
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system? How sensitive is the Earth system to perturbations caused by various forcings it is
subjected to and how does the presence/absence of these forcings affect its state? These are
important questions from the perspective of devising strategies and policies aimed at
preventing/minimizing further environmental degradation, facilitate the recovery of the
Earth system from the anthropogenic forcings of the past few centuries, derive estimates
of the times needed for recovery and improving our understanding of the Earth system.
However, future predictions are inherently uncertain and predicting future global
environmental change/global change and its potential impacts is no different. There are
significant complexities associated with the driving forces of global change and the various
components of the Earth system/interactions between them and their constituent species.
Moreover, there are prevailing uncertainties in our understanding of the Earth system. For
example, future changes in climate would primarily be a function of the greenhouse gas
emissions trajectories. These emissions involve a large number of driving forces [e.g.
population and economic growth]. It is difficult to provide accurate future emissions

estimates given the large number of variables involved.

Scenario based analysis serves as a particularly useful tool in this case. A scenario is
defined as a postulated sequence of events that could lead to certain outcomes. It allows us
to construct potential cases of driving forces for a variable and paint a plausible future
picture with respect to the variable. There are no probabilities attached to these scenarios
and their sole purpose is to provide a picture of the future for several possible cases. In the
context of global change, scenarios can be employed to study various trajectories of future

global development and the resulting impacts on the variable of interest. They also
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facilitate the assessment of future developments in complex systems that are either
inherently unpredictable or have high scientific uncertainties (Nakicenovic et al., 2000). A
number of scenarios have been developed in the past [e.g. The Intergovernmental Panel on
Climate Change (IPCC) scenarios of future greenhouse gas/aerosol precursor emissions
(IS 92 (Houghton et al., 1992) and Special Report Emission Scenarios (SRES)
(Nakicenovic et al., 2000)) and concentrations (Representative Concentration Pathways
(RCP)), Hg anthropogenic emissions scenarios based on the IPCC SRES scenarios (Corbitt
etal., 2011; Streets et al., 2009), United Nations Minamata Convention (Giang et al., 2015)
and other developments (Glodek et al., 2010; Pacyna et al., 2016; Rafaj et al., 2013),
climate scenarios (Giorgi et al., 1992)], land use scenarios (Lawler et al., 2014)] and have
been utilized extensively to study the impacts of various forcings on the Earth system and
present possible pictures of the future at the regional and global scales [e.g. (Huang et al.,
2015; Kumar et al., 2018; Leibensperger et al., 2012a, b; Mickley et al., 2012; Mitchell et

al., 1995; Perlinger et al., 2018; Wu et al., 2007; 2008a; 2012; 2008b; Zhang et al., 2016)].

A scenario based analysis aimed at studying the effects of various forcings on the Earth
system generally involves the use of one/more computational models simulating the Earth
system and its components [e.g. atmosphere (e.g. atmospheric circulation, atmospheric
chemistry, biogeochemical cycling of elements) and the coupled reservoirs (marine and
terrestrial)] or a coupled human-natural systems model]. Models are representations of the
physical/chemical processes occurring in the system considered. They solve the governing
mathematical formulations of the physical and chemical behavior of the system considered

at discrete time intervals over a discretized spatial domain. Models can be used to study
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and quantify the effects of various forcings on the system considered, better understand the
physical/chemical interactions between the constituent species and the response and
sensitivity of system dynamics and chemistry to alterations in the system composition. A
plethora of models have been created to simulate the Earth system [e.g. atmospheric
dynamics (e.g. NASA GISS GCM 3 (Hansen et al., 1988; Rind et al., 2007; Wu et al.,
2007; Wu et al., 2008a; Wu et al., 2008b)), chemistry (e.g. GEOS-Chem (Bey et al., 2001;
Park et al., 2003; Park et al., 2004; Parrella et al., 2012)) and coupling to other reservoirs
(e.g. terrestrial biogeochemical cycling of elements (Carnegie Ames Stanford Approach
carbon cycling model (CASA) (Potter et al., 1993), Global Terrestrial Mercury Model
(GTMM) (Smith-Downey et al., 2010)), global vegetation cover (e.g. Lund Potsdam Jena
—Dynamic Global Vegetation Model (LPJ-DGVM) (Sitch et al., 2003; Wu et al., 2012))].
Several previous studies have used a scenario and modeling approach to predict the
impacts of future global change on the atmospheric, terrestrial and marine reservoirs
employing scenarios of climate change, anthropogenic emissions and associated policies,
land cover, land use [e.g. (Jiang et al., 2013; Mickley et al., 2004; Pye et al., 2009;
Spracklen et al., 2009; Wu et al., 2008a; Wu et al., 2012; Wu et al., 2008b)]. Thus, a general
scenario based approach to predict a future variable of interest would begin with identifying
the factors this variable depends upon, deciding on all possible trajectories the variable of
interest could follow in the future depending on various directions of changes in the
underlying factors followed by defining the scenarios and finally using models to make
quantitative predictions of the variable. Scenario based analyses coupled with the use of
models have been an integral part of research aiming to delineate the impacts of human

activities on the Earth system and studying the sensitivity of atmospheric chemistry and air
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quality to atmospheric composition and emission sources. However, models are only as
good as the inputs they receive and the scientific understanding of the system they represent
along with the associated physical/chemical processes. Therefore, continuous efforts to
improve inputs to these models and the physical/chemical processes simulated by them are

imperative.

This study presents an effort to provide better estimates of currently uncertain atmospheric
model inputs, study the impacts of pollution in different global regions and quantify the
effects of future (2000s-2050s) global change on atmospheric forcings along with the
resulting impacts on atmospheric chemistry and composition. It employs scenario based
and sensitivity analyses together with models of the atmosphere [NASA GISS GCM 3],
land cover [LPJ DGVM], coupled human natural systems [[IMAGE model (IMAGE Team,
2001)] and a fire emissions model (Kumar et al., 2018). The forcings studied in this work
are atmospheric pollutant emissions from wildfires and anthropogenic sources while the
atmospheric species of interest include major greenhouse gases [CO2, CH4, and N>O], air
pollutants [CO, O3, NOx, aerosols, VOCs] and Atmosphere-Surface Exchangeable
Pollutants (ASEPs (Perlinger et al., 2016)) [Hg]. 2000s-2050s global change in this work
follows the IPCC SRES AIB scenario and encompasses human population changes,
changes in climate caused by anthropogenic forcings, alterations in natural vegetation

coverage and distribution driven by climate change and changes in anthropogenic land use.

Chapter 2 presents the development of a global fire emissions model. The model is used to
estimate the global wildfire emissions of atmospheric Hg, which are highly uncertain and

constitute an important input to atmospheric models simulating Hg. Subsequently, the
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model is employed to investigate the impacts of 2000s-2050s global change on Hg wildfire
emissions with an emphasis on changes in climate, land use/land cover and Hg

anthropogenic emissions following the IPCC A1B scenario.

Chapter 3 presents further use of the fire emissions model to estimate global emissions of
the major atmospheric pollutants emitted from wildfires (e.g. NOx, CO», CO, VOCs, PM2 5)
for the 2000s and discusses the impacts of 2000s-2050s global change on the emissions
and its implications for atmospheric chemistry and air quality at the global and regional
scales. In order to estimate the emissions for these species, a recently published wildfire

emission factors compilation (Akagi et al., 2011) is used.

Chapter 4 aims to determine the contributions of Hg wildfire emissions from different
geographical regions to annual atmospheric gross Hg deposition in the Arctic. This work
uses the global Hg emissions inventory from Chapter 1 to drive the atmospheric Hg

simulation in GEOS-Chem.
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Chapter 2: Mercury from Wildfires: Global
Emission Inventories and Sensitivity to 2000-2050

Global Change!

''The contents of this chapter have been published as a journal article in Atmospheric
Environment. Kumar, A., Wu, S., Huang, Y., Liao, H., & Kaplan, J. O. (2018). Mercury
from wildfires: Global emission inventories and sensitivity to 2000-2050 global change.
Atmospheric Environment, 173, 6-15.
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2.1. Abstract

We estimate the global Hg wildfire emissions for the 2000s and the potential impacts from
the 2000-2050 changes in climate, land use and land cover and Hg anthropogenic emissions
by combining statistical analysis with global data on vegetation type and coverage as well
as fire activities. Global Hg wildfire emissions are estimated to be 612 Mg year’!. Africa is
the dominant source region (43.8% of global emissions), followed by Eurasia (31%) and
South America (16.6%). We find significant perturbations to wildfire emissions of Hg in
the context of global change, driven by the projected changes in climate, land use and land
cover and Hg anthropogenic emissions. 2000-2050 climate change could increase Hg
emissions by 14% globally and regionally by 18% for South America, 14% for Africa and
13% for Eurasia. Projected changes in land use by 2050 could decrease the global Hg
emissions from wildfires by 13% mainly driven by a decline in African emissions due to
significant agricultural land expansion. Future land cover changes could lead to significant
increases in Hg emissions over some regions (+32% North America, +14% Africa, +13%
Eurasia). Potential enrichment of terrestrial ecosystems in 2050 in response to changes in
Hg anthropogenic emissions could increase Hg wildfire emissions globally (+28%) and
regionally (+19% North America, +20% South America, +24% Africa, +41% Eurasia).
Our results indicate that the future evolution of climate, land use and land cover and Hg
anthropogenic emissions are all important factors affecting Hg wildfire emissions in the

coming decades.
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2.2. Introduction

Mercury (Hg) is a toxic and persistent pollutant in the global environment. Hg emitted
to the atmosphere can be transported long distances before depositing to terrestrial and
aquatic systems. The atmospheric emissions of Hg include both anthropogenic sources
such as fossil fuel combustion, smelting of ores, cement production, waste incineration,
and artisanal gold mining, (Chen et al., 2014; Pacyna et al., 2010; Pirrone et al., 2010;
Streets et al., 2011; Veiga et al., 2006), natural emissions from erupting and passively
degassing volcanoes, geothermal hot springs, topsoil enriched in Hg (Ferrara et al., 2000;
Nimick et al., 2013; Nriagu and Becker, 2003; Pyle and Mather, 2003; Varekamp and
Buseck, 1986), and biomass burning/wildfires (Friedli et al., 2009a; Friedli et al., 2001;
Sigler et al., 2003; Turetsky et al., 2006; Veiga et al., 1994; Weiss-Penzias et al., 2007;

Wiedinmyer and Friedli, 2007).

Terrestrial vegetation plays an important role in the biogeochemical cycling of Hg, and
is considered a significant reservoir for atmospheric Hg. Obrist (2007) estimated the global
uptake of atmospheric Hg by vegetation could be more than 1000 Mg per year. Retention
of atmospheric Hg by vegetation delays its transport to soils and aquatic systems (Graydon
et al., 2012). Hence, vegetation plays an important role in Hg sequestration by terrestrial
ecosystems. Wildfires, through the burning of biomass, can effectively mobilize the Hg
stored in terrestrial ecosystems and lead to massive emissions of Hg and other pollutants
into the atmosphere (Andreae and Merlet, 2001; Biswas et al., 2007; Ito and Penner, 2004;

Turetsky et al., 2006; van der Werf et al., 2006; Veiga et al., 1994). Multiple studies have
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estimated Hg wildfire emissions at the global and regional scales (Table 2) with global
total emissions in the range of 104-1330 Mg Hg year™! indicating large uncertainty in the
estimated Hg emissions from wildfires. A number of studies have developed wildfire
emission inventories for Hg based on CO or CO; emission inventories by applying fixed
emission ratios between Hg and CO/CO; [e.g. (Brunke et al., 2001; Ebinghaus et al., 2007,
Sigler et al., 2003)]. To our knowledge, Friedli et al. (2009a) is the only study so far that
have compiled a multi-year (1997-2006) emission inventory for Hg from wildfires at the
global scale by accounting for the variations in Hg emission factors across geographical
regions and ecosystems. The emission factor (EF) for a given species (Hg in this case) can
be expressed as the mass of that species emitted per unit dry biomass burned (Andreae and

Merlet, 2001). It is affected by both the vegetation type and geographical region.

Significant changes in global vegetation coverage are expected in the coming decades
driven by either climate change (referred to as land cover change hereon) or anthropogenic
land use change (referred to as land use change hereon) (Bachelet et al., 2003; Bachelet et
al., 2001; Cox et al., 2000; Falloon et al., 2012; Notaro et al., 2007; O’ishi and Abe-Ouchi,
2009; Tilman et al., 2001; Wu et al., 2012). Wu et al. (2012) predicted significant changes
in forests and grassland coverage by 2050 with the northern mid-latitudes being affected
the most. Notaro et al. (2007) predicted reduced forest cover over the Amazon, South
Africa and Australia due to the radiative effect of rising CO; and poleward shift of the
boreal forest due to both radiative and physiological effects. In addition, continued
anthropogenic conversion of forested land for agriculture in the future to support a growing

global human population and the resulting food and energy demand could result in

31



significant degradation of natural vegetation. Tilman et al. (2001) projected an 18%
increase in global agricultural (cropland & pastureland) area in 2050 relative to 2000. By
2050 (IPCC A1B scenario), significant degradation of natural vegetation for agricultural
purposes is predicted in Eastern US, Central Africa, Southern and Equatorial Asia and
Western Europe while agricultural land area could decrease in South America, East Asia,

Western parts of Australia and Russia (IPCC, 2001; MNP, 2006).

The changes in vegetation type and density associated with future land use/land cover
change could have a direct influence on future wildfire activity. Huang et al. (2015)
predicted a 15% increase in global wildfire frequency in 2050 due to land cover change
alone with major increases in Africa and North America. On the contrary, land use change
could result in significant declines in fire occurrence in Africa and Western US whereas
increases are predicted in Australia and South America (Huang et al., 2015). Furthermore,
Hg emissions from wildfires are affected by the Hg content in the vegetation (biomass)
(Biswas et al., 2007) making Hg emissions particularly sensitive to future alterations in
land use and land cover. In addition to land use/land cover change, future changes in
climate would also influence global fire activity. Predicted warmer temperatures in the
future together with alterations in precipitation patterns driven by climate change could
result in significantly different fire regimes from the 2000s (Cochrane and Barber, 2009;
Flannigan et al., 2009; Yue et al., 2013). Huang et al. (2015) predicted a 19% increase in
global fire frequency in 2050 caused by changes in meteorology due to climate change.
Yue et al. (2013) predicted that summertime surface aerosol concentrations resulting from

wildfire emissions over the Western US could increase by 46-70% for organic carbon and
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20-27% for black carbon by 2050 relative to the 2000s driven by climate change. Finally,
the changes in anthropogenic emissions of Hg can significantly affect Hg emissions from
wildfires by affecting the atmospheric deposition of Hg. Because atmospheric deposition
is a major source of Hg enrichment in terrestrial vegetation and soils, future alterations in
Hg atmospheric deposition to terrestrial environments could play a key role in determining
the emission factors of Hg from wildfires. In this study, we estimate the atmospheric Hg
emissions from global wildfires by accounting for the regional variations in both fire
activities and Hg emission factors and examining the impacts from 2000-2050 changes in

climate, land use/land cover and anthropogenic emissions.
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2.3. Methodology

Hg emissions from wildfires are calculated based on the classical equation for biomass
burning emissions (Seiler and Crutzen, 1980) and accounting for various factors including
vegetation type and density, Hg content in biomass, and fire characteristics. Considering
the significant variation in fire characteristics, land cover and climate across geographical
regions, the analyses for various regions is carried out separately. We use geographical
region definitions that have been commonly used in the literature (Aldersley et al., 2011;
Friedli et al., 2009a; Giglio et al., 2010a; Giglio et al., 2013; Giglio et al., 2006b; Li et al.,

2012; Van der Werf et al., 2010; van der Werf et al., 2006).

Figure 1 shows a map of the geographical regions. The Hg emissions model is developed
at a spatial resolution of 4° x 5° (latitude x longitude). The monthly mean Hg emissions

from wildfires at a grid cell (1, j), E(j;), are calculated as:

2 fio .
Ein= Y EF.. *Mp. *| |=—2 |« Ay | * CFy; (1)
((8)] K(ij) K(ij) 29 f (8)] (8)]

k=1 k=1"K(ij)

Where:

EFk(i_D: Hg emission factors (grams of Hg emitted/grams of dry biomass burned) for land

cover type k at grid cell (i, j)

A(ij): Burned area at (i, j) (square meters)

i i Fractional areal coverage for land cover type k at (i, j) (unitless)
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Figure 1: Definition of global regions used in this study. BONA: Boreal North
America, TENA: Temperate North America, CEAM: Central North America,
NHSA: Northern Hemisphere South America, SHSA: Southern Hemisphere South
America, EURQO: Europe, MIDE: Middle East, NHAF: Northern Hemisphere Africa,
SHAF: Southern Hemisphere Africa, BOAS: Boreal Asia, CEAS: Central Asia,
SEAS: South East Asia, EQAS: Equatorial Asia, AUST: Australia.

Mk(m: Available biomass density for vegetation type k at grid cell (i, j) (grams of

biomass/square meters)

CFij): Combustion fraction at (i, j) (unitless)

For the Hg emission factors for the 2000s, we follow Friedli et al. (2009a) to assign
region-specific EF for various regions but update the tropical forests EFs with data from
Melendez-Perez et al. (2014). The final EF (122 ng Hg/g biomass burned) for tropical
forests is the average of values reported by Friedli et al. (2009a) (198 ng Hg/g biomass

burned) and Melendez-Perez et al. (2014) (47 ng Hg/g biomass burned). Boreal regions
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(BONA and BOAS) and Equatorial Asia (EQAS) have the highest EF values (315 ng Hg/g
biomass burned) due to high soil mercury pools present there (Friedli et al., 2009a)
followed by temperate forests (242 ng Hg/g biomass burned), tropical forests (122 ng Hg/g
biomass burned) and grasslands (41 ng Hg/g biomass burned).

Available biomass density (M) is the amount of dead/live plant material available
for consumption by fires per unit area. The available biomass in a grid cell includes
herbaceous vegetation, non-woody and woody tree parts and plant litter (decomposable
and resistant). Available biomass estimates for forest and non-forest ecosystems from Jain
et al. (2006), generated using the terrestrial component of the Integrated Science
Assessment Model (ISAM) (Jain and Yang, 2005) are used here. These estimates are
provided for nine geographical regions and four land cover types (tropical, temperate,
boreal forests and non-forested ecosystems). Combustion fraction (CF) represents the
fraction of available biomass that burns during a fire. It is a function of vegetation type, its
spatial arrangement and moisture content (Ito and Penner, 2004). We follow the scheme
used by Wiedinmyer et al. (2006) to estimate the CF. This scheme, based on the percentage
of tree cover (TC) in a grid cell, classifies the vegetation into different types and assigns

corresponding CF estimates for trees and herbaceous vegetation therein, as:

0.30 for trees and 0.90 for herbs if %TC > 60%
CF ={0.30 for trees and exp~%°13*%TC for herbs  if40% < %TC < 60% (2)
0.00 for trees and 0.98 for herbs if %TC < 40%
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Land cover data used in this work consists of fractional areal vegetation coverage
output (2000 and 2050) from the Lund-Potsdam Jena Dynamic Global Vegetation (LPJ
DGVM) model (Gerten et al., 2004; Hickler et al., 2006; Schaphoff et al., 2006; Sitch et
al., 2003; Thonicke et al., 2001; Wu et al., 2012). The LPJ model is a process based global
model of vegetation dynamics. It simulates the production and loss of plant biomass,
competition amongst different plant species for resources, vegetation structural properties
and soil biogeochemistry (Gerten et al., 2004; Thonicke et al., 2001) based on the inputs
of meteorology, soil type and atmospheric CO; concentration. Natural vegetation in each
grid cell is described in terms of fractional coverage of 9 plant functional types (PFTs),
which include tropical broadleaved evergreen tree (TrBE), tropical broadleaved raingreen
tree (TrBR), temperate needleleaved evergreen tree (TeNE), temperate broadleaved
evergreen tree (TeBE), temperate broadleaved summergreen tree (TeBS), boreal
needleleaved evergreen tree (BNE), boreal needleleaved summergreen tree (BNS), C3 and
C4 herbs. Each woody PFT is either evergreen, summergreen or raingreen depending on
water availability and temperature whereas herbaceous PFTs are C3 or C4 based on the
type of photosynthesis activity associated with them. The fractional natural vegetation
coverage output used here was obtained by driving the LPJ DGVM with meteorology fields
(2000 and 2050) generated from the GISS Global Climate Model Version 3 (GISS GCM
v3) (Rind et al., 2007; Wu et al., 2007; Wu et al., 2008a; Wu et al., 2008b) following the
IPCC A1B scenario for future greenhouse gas concentrations. Further simulation details
are provided in Wu et al. (2012). Here 10-year average vegetation data (1991-2000 vs

2041-2050) is used to examine the long-term changes in vegetation.

37



Data for anthropogenic land use consists of cropland areal coverage (2000 and
2050) from the IMAGE model following the IPCC A1B scenario (IMAGE Team, 2001;
MNP, 2006). The data were regridded from a spatial resolution of 1° x 1° to 4° x 5° in this
work. For each grid cell, fractional coverage of each of the LPJ PFTs was uniformly
reduced in proportion to the crop fraction to accommodate for cropland coverage. For the
2000s, the LPJ PFT and crop fractions are at the 2000s level. The 2000-2050 land use and
land cover scenario includes both natural vegetation and crop coverage as predicted for
2050. The land cover change scenario has natural vegetation changing in response to
climate change but the cropland coverage is kept fixed at the 2000s level whereas in the
land use change scenario natural vegetation is kept fixed at the 2000s level and cropland
coverage following land use trends for 2050 is used. The climate change scenario involves

changes in meteorology only (using GISS GCM v3 meteorology fields for 2000 and 2050).

The burned area A ;) was estimated as:

Ay = AGij (Tf(i,i)' Hy, ) B Tsgpp Ps(i.i)) * Negy, 3)

where the proportionality factor a;is a function of land cover type and coverage
(represented by tree cover (Tf(i i)), herb cover (Hf(i i)) and barren land Bf(i D in grid cell (i,
j)) and climate (represented by surface temperature T - and precipitation Py ) in grid cell

(1, J))- Nc is the fire frequency which is affected by fire ignition sources such as lightning
strikes and anthropogenic ignitions, meteorological conditions, vegetation density and
human population density. Huang et al. (2015) accounted for all these factors and estimated
the changes in fire frequency (at a spatial resolution of 4° x 5° and monthly temporal

resolution) in response to changes in climate, land cover, land use and population density
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considering a suite of scenarios (land use/land cover change, climate change, changes in
ignition agents and anthropogenic suppression of fires). Their results for the 2050 climate

change, land use and land cover change scenarios are used here.

Our burned area estimation methodology involves building a statistical model relating
fire activity (independent variable) and burned area (dependent variable), which was
subsequently used with the fire model generated fire frequencies to predict burned area (for
2000 and 2050). We use available global fire frequencies and burned area datasets from
satellite observations and consider land cover (% tree cover (% TC), % herb cover (% HC)
and % barren land (% BL)) and meteorology (Ts and Ps) as the major factors influencing
the relationship between fire activity and burned area. In order to account for this
dependence, regression tree models are employed. A regression tree is a decision—tree-
based statistical model (Breiman et al., 1984; Breiman and Meisel, 1976; Loh, 2008, 2011).
It recursively partitions the input data space {y, X4, ... X, } (y is the dependent variable and
x’s are the independent variables) consisting of training data for the dependent and
independent variables into subsets and fits separate linear regression models to each subset.
The independent variables can be used as splitting variables (used to make univariate splits
at each node of the tree), predictive variables (used to predict the dependent variable) or
both. The splitting of input data space into subsets allows application of regression relations
to a homogeneous data space with respect to the splitting variables and thus improves the
applicability of the relations to the data space. The dependence of burned area on land
cover has been highlighted by Van Der Werf et al. (2003) and Giglio et al. (2006b) and
regression trees for predicting global burned area from fire frequencies have been

previously used [e.g. (Giglio et al., 2010a; Giglio et al., 2006b)]. Separate regression trees
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were developed for each of the 14 geographical regions in Figure 1. This approach allows
modeling the effects of fuel type (tree/herbaceous), configuration and availability and

favorable/unfavorable weather conditions on wildfire spread.

The splitting variables include %TC, %HC, %BL, Ts and Ps. Each terminal node of the
tree consists of a linear regression model with fire frequencies as the independent variable
and burned area as the dependent variable. Training data used for constructing the
regression trees is described below. Observed fire frequencies (2001-2015) are from the
Collection 5 Terra MODIS Climate Modeling Grid (CMGQG) fire product (data at
ftp://fuoco.geog.umd.edu/modis/C5/cmg/) available at a 0.5° x 0.5° spatial and monthly
temporal resolution (Giglio et al., 2006a; Justice et al., 2002). For burned area, estimates
from the Global Fire Emissions Database Version 4 (GFEDv4) (data at
ftp://fuoco.geog.umd.edu/gfed4/monthly/) ((2001-2015)) (Giglio et al., 2013) are used.
The spatial resolution of this product is 0.5° x 0.5° (monthly temporal resolution). Both
datasets were regridded to a 4° x 5° spatial resolution for use in this work. LPJ land cover
data (accounting for cropland coverage as described earlier) was used for the 2000s land
cover. The PFTs were combined to obtain %TC (sum of all tree PFTs), %HC (sum of all
herbaceous PFTs) and the remainder after accounting for natural vegetation and cropland
yielded the %BL (non-vegetated land). Surface temperature and precipitation datasets
consisted of monthly means generated from 3 hourly averaged (A-3) fields from the GEOS-
4 (2001-2003) (Suarez et al., 2005), GEOS-5 (2004-2012) (Rienecker, 2008) and hourly
average (A-1) fields from the GEOS-FP (2013-2015) (Lucchesi, 2013; Molod et al., 2012)

meteorology products (4° x 5° spatial resolution). The datasets for MODIS fire frequency,
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GFEDv4 burned area, LPJ land cover and GEOS meteorology at 4° x 5° were prepared for
each of the 14 geographical regions as defined in Figure 1. Thus, training data for each
regional regression tree consisted of a 15-year (2001-2015) time series of MODIS Terra
fire frequencies, GFEDv4 burned area estimates, LPJ land cover data for the 2000s and
GEOS meteorology fields. These data were used to construct regression trees for each of
the 14 geographical regions. Subsequently, these regression tree models were applied to
estimate the monthly-burned area for 2000 and 2050 scenarios based on fire frequencies
estimated from the fire model along with land cover data from the LPJ model and surface
temperature and precipitation fields (monthly means from 3 hourly averaged (A-3) fields)
from the GISS GCM v3 model. With all the input data available, the Hg emissions (with
monthly and 4° x 5° resolution) from wildfires for various regions and scenarios are

calculated using the fire emissions model (i.e. Eq. 1).

To examine the perturbations to wildfire emissions of Hg from changes in
anthropogenic emissions of Hg, we assume a linear relationship between the Hg emission
factors from wildfires and the atmospheric deposition of mercury (Dep): EF2000/ DEP 2000
= EF2050/DEP 2050. The actual response of Hg enrichment in vegetation and soils to changes
in atmospheric deposition could be very complicated and non-linear, but without detailed
data available, the linear simplification allows us to estimate the sensitivity of wildfire
emissions of Hg to changes in anthropogenic emissions. The atmospheric deposition of
mercury for the 2000s and 2050 were estimated using the global mercury simulation in the
GEOS-Chem model (Bey et al., 2001). The GEOS-Chem mercury simulation (Corbitt et

al.,2011; Giang et al., 2015; Holmes et al., 2010; Jaeglé et al., 2009; Selin and Jacob, 2008;
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Selin et al., 2007; Selin et al., 2008; Smith-Downey et al., 2010; Strode et al., 2007; Zhang
etal., 2016) includes three Hg species (elemental (Hg (0)), divalent (Hg (II)) and particulate
bound Hg (Hg (P)). It includes coupled land-ocean-atmosphere cycling of Hg. Hg
emissions include anthropogenic and natural sources and re-emission of previously
deposited mercury from terrestrial and aquatic systems. Sinks for Hg include dry
deposition, wet deposition (for Hg (II) and Hg (P)) and sea salt uptake (for Hg (II)). This
work uses v9-02 of the model and years 2005-2011 were simulated with the GEOS-5
meteorology. The years 2005-2007 were used to initialize the model and the results
presented are averages for 2008-2011. The model was driven by anthropogenic emissions
for 2050 following the IPCC A1B scenario (Corbitt et al., 2011; Streets et al., 2009). Hg
GDEP was calculated as the sum of deposition for all Hg species (Hg (0), Hg (II) and Hg

(P) dry deposition + Hg (II) and Hg (P) wet deposition).
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2.4. Results

2.4.1. Burned area estimates

Table 1(a). Estimated regional® and global wildfire burned area (in Mha year™) for

the 2000s.

Study Study NA SA AFR  EURAS AUS GLOB
Period

This work 1998-2002 10 47 170 78 29 334
GFEDv4 1996-2015 6 21 238 28 49 342
(Giglio et al., 2013)
GFEDvV3
(Giglio et al., 1997-2011 5 23 253 30 52 363
2010a)
GLOBSCAR 2000 2000 11.1 121 18 200
(Simon et al., 2004)
GBA 2000 2000 7 10.5 224 52.5 56 350
(Tansey et al.,
2004a)
(Tansey et al.,
2004b)
L3JRC 2000-2007 392
(Tansey et al., 2008)
(Randerson et al., 2000-2010 8.7 33.8  323.7 495 48.5 4643
2012)
Lietal. (2012) 1997-2004 180 330
MCDA45A1 2002-2010 338
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(Roy et al., 2008)
FINNv1 2005-2010 184 745 3029 64.7 16.6 477.1

(Wiedinmyer et al.,
2011)

# Regional definitions: NA = North America (BONA+TENA+CEAM); SA = South
America (NHSA+SHSA); AFR=Africa (MIDE+NHAF+SHAF); EURAS= Eurasia
(Europe (EURO) + Asia (BOAS+CEAS+SEAS+EQAS)); AUS=Australia (AUST);
GLOB = global total. The subcontinental regions such as BONA etc. are as defined in
Figure 1.

® Continental estimates calculated from percent distribution in Tansey et al. (2004b)
[North America: 2%, South America: 3%, Eurasia (Europe + Asia (including Russia)):
15%, Africa: 64%, Australia + Papua New Guinea: 16%].

Using the regression tree models described above, the calculated 2000s (1998-2002
average) annual burned area estimates for various regions, are shown in Table 1(a). The
regression tree models were able to explain a significant part of the variability observed in
the burned area for all of the geographical regions (R*> = 0.81 (BONA), 0.72 (TENA), 0.68
(CEAM), 0.75 (NHSA), 0.86 (SHSA), 0.82 (EURO), 0.81 (MIDE), 0.91 (NHAF), 0.94
(SHAF), 0.81 (BOAS), 0.85 (CEAS), 0.73 (SEAS), 0.77 (EQAS), 0.96 (AUST). R? values
calculated based on GFEDv4 burned area estimates for the region and regression tree
predicted burned area based on MODIS Terra fire frequencies). Global annual burned area
for the 2000s is estimated at ~334 Mha year! with maximum (51%) contribution from the
African continent (MIDE + NHAF + SHAF ~170 Mha year™') followed by Eurasia (23%)

+ + + + ~ a year™), South America 0
EURO + BOAS + CEAS + SEAS + EQAS ~ 78 Mh 1, South America (14%
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(NHSA + SHSA ~ 47 Mha year'), Australia (9%) (AUST ~ 29 Mha year') and North
America (3%) (BONA + TENA + CEAM ~10 Mha year!). Table 1(a) contains burned
area estimates from this work together with available literature estimates for comparison.
There is considerable variability in the global and continental burned area estimates in the
literature due to different approaches used (e.g., process-based fire modeling vs. satellite
observations) and different year/time period examined. However, our results reproduce the
major burned area patterns common to most of the studies (e.g. maximum-burned area in
Africa). Overall, estimates of both global and regional wildfire burned area in this work
are in reasonable agreement with the literature and represent the spatial distribution of
burned area well.

Table 1(b). Projected 2000-2050 changes in wildfire burned area driven by changes

in climate, land use, and land cover at global and regional® scales. Estimated burned
area for the 2000s is shown in Mha year..

Scenario NA SA AFR  EURAS AUS GLOB
2000s 10 47 170 78 29 334
climate change +23%  +16%  +28% +6%  +32% +22%
land use change -13%  +12% -7% -13%  +31% -3%
land cover change +28% +2% +16% -3% -5% +8%
land use and land cover +16%  +18% +6% -11% +32%  +6%
change

 The regional definitions are the same as in Table 1a.
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Our calculated changes in wildfire burned area driven by changes in climate, land use,
land cover are shown in Table 1(b). We find that the 2000-2050 climate change could
increase the global fire frequencies by 19% (Huang et al., 2015), which would cause
significant increases in burned area at both global (+22%) and regional (Africa (+28%),
Australia (+32%), North America (+23%), South America (+16%) and Eurasia (+6%))
scales. An increase of 6% (+8% (land cover change), -3% (land use change)) in global
burned area is predicted due to the 2000-2050 changes in land use/land cover. However, at
the continental scale, more pronounced changes are observed. Burned areas in North
America and Africa are predicted to decline by 13% and 7%, respectively, due to reduction
in natural vegetation coverage caused by agricultural land expansion. Lesser natural
vegetation coverage could significantly reduce wildfire activity and limit wildfire spread.
On the other hand, greater vegetation density and the resulting higher fire frequencies due
to land cover change could increase burned area in both continents (+28% North America,
+16% Africa). Agricultural land expansion is predicted to decline in South America and
Australia by 2050 resulting in more natural vegetation and greater fire frequencies
increasing the burned area by 12% and 31% respectively. In Eurasia, burned area could
decline by 13% due to increase in agricultural land coverage. The combined effects of
2000-2050 land use/land cover change contribute to greater burned area in all continents
(North America (+16%), South America (+18%), Africa (+6%), Australia (+32%)) except

Eurasia (-11%).
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2.5. Hg emissions from wildfires for the 2000s

Table 2. Model calculated 2000s wildfire emissions of Hg (in Mg year™) for the
global total and various regions™®.

Study Study NA SA AFR EURAS AUS GLOB
Period

This work 1998-2002 48 102 268 190 4 612

Brunke et al. 510-

(2001) 1140°
380-
1330¢

Chen et al. 2000-2010 6.20

(2013)°

Cinnirella  and 4.3-28.4

Pirrone (2006)"

Delacerda 17

(1995)¢

De Simone et al. 2006-2010 600-678

(2015)

Ebinghaus et al. 1996-2000 210-750

(2007)

Friedli et al. 1997-2006 50 108 141 357 19 675

(2009a) (435-
915)

Huang et al. 2000-2007 27

(2011)¢

Michelazzo et al. 2000-2008 7

(2010)®
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Nelson et al. 2006 21-

(2012) 63
Roulet et al. (range for 6-9

(1999)¢ the 1980s)

Sigler et al

(2003)

Streets et al. (for 1996 28.6" 146.9- 252.7"- 176.3"-181.4'
(2009) and 2006) 28.7'  156.5" 229

Veiga et al. 1988 88

(1994)¢

Wiedinmyer and 2002-2006 44(20-
Friedli (2007) 65)

Weiss-Penzias et Late 1990s
al. (2007)

250-430

586
614h

670
(340-
1000)

# The regional definitions are the same as in Table 1a.

® The specific values shown for this work represent our best estimates; refer to Table 3

and the corresponding discussion in the text for uncertainty analyses.

“Based on Hg/CO emission ratio

4Based on Hg/CO; emission ratio

¢ Emission estimates only for China

fEmissions for Europe (1990-2004) and Russian federation (1996-2002) only

¢ For Amazon only
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" for 1996, ' for 2006

J Emissions for lower 48 states of North America & Alaska only

Our calculated Hg emissions from wildfires for the 2000s are shown in Table 2.
Results from previous literature on Hg emissions from biomass burning are included in the
table for comparison. Our best estimated global total Hg wildfire emissions for the 2000s
is 612 Mg year! with 43.8 % emissions from the African continent (MIDE + NHAF +
SHAF = 268 Mg year!) followed by Eurasia (EURO + BOAS + CEAS + SEAS + EQAS
=31%, 190 Mg year'), South America (NHSA + SHSA = 16.6%, 102 Mg year™!), North
America (BONA + TENA + CEAM = 7.9%, 48 Mg year!) and Australia (AUST=0.7%,
4 Mg year™!). Africa and Eurasia are the dominant source regions for Hg emissions from
wildfires. High emissions from Africa can be attributed to the high fire activity, which
results in more than half of the global burned area occurring in the continent. The
significant contribution from Eurasia primarily reflects the high Hg pools present over the
boreal parts of the continent (Friedli et al., 2009a). Globally, tropical (43.3%) and boreal
(33%) forest burning contribute the most to wildfire emissions of Hg followed by temperate

forests (16.4%) and grasslands (7.3%).

The calculated global total wildfire emissions of Hg in this work compare very well
with the climatological values reported in the literature. However, at the continental scale,

there are some significant differences. Equatorial Asia is not the major source of wildfire
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emissions of Hg, as found by Friedli et al. (2009a). In addition, the calculated emissions
for Africa are much higher, although we follow the same regional emission factor
assignment methodology used by them. This could be due to differences in other inputs to
the fire emissions model (e.g. predicted burned area from simulated fire frequencies,
available biomass density and different combustion fraction schemes used). The calculated
global Hg emissions and the source distribution show much better agreement with Streets
et al. (2009) with Africa being the most important source region followed by Eurasia +

Oceania and South America.

Table 3. Sensitivity of calculated wildfire Hg emissions (in Mg year') to various
model parameters used in this study.

Region Emission Burned area  Available Meteorology®
factors biomass density (SE/Mean)

North 44 — 50 41 -52 44 - 54 46-51 (2.08%)

America

South 95 -120 86-116 91-109 95-111 (4.04%)

America

Africa 251 -311 238 -279 230-293 255-281 (2.51%)

Eurasia 163 — 197 175 -203 182 -202 180-199 (2.58%)

Australia 3.8—-44 39-42 34-48 3.4-4.5 (6.75%)

Global 556 - 683 544 — 654 551-662 598-630 (1.32%)

* Ranges of Hg emissions represent the 95% confidence intervals
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Our fire emissions model uses inputs from a large number of data sources. For
example, the values for Hg emission factors are average values that have been compiled
from several studies in the literature; estimates of the burned area involves regression tree
models, which were developed based on data from MODIS-Terra, GFEDv4 , the LPJ
model as well as the GEOS meteorology. Thus, it is very difficult to quantify the
uncertainty in our final results associated with all the model parameters. Nevertheless, we
have carried out some simple analyses to examine the sensitivities of our results to various
model parameters. We first use the bootstrap methods (Efron, 1979; Efron and Tibshirani,
1993) to evaluate the uncertainties in our calculated Hg emissions from wildfires associated
with the inter-annual variability in meteorology. Bootstrap methods belong to the class of
nonparametric Monte Carlo methods. In this work, nonparametric bootstrapping is used
which regards the data sample as the pseudo-population distribution with similar
characteristics as the true population. It involves estimating the sampling distribution of a
statistic (e.g. mean of the sample) by repeated sampling (with replacement) from the data
sample and subsequent determination of the properties of the statistic (e.g. standard error
of the mean). We apply bootstrap methods to the 5-year (1998-2002) emissions sample
(global and continental) to determine the standard error of the mean as a measure of the
uncertainty in the emissions. In order to provide a range for the mean, the 95% better
bootstrap confidence intervals (BCa) (Efron and Tibshirani, 1993) are reported. Random
samples (size n = 5) were selected from the original emissions sample and the mean was
calculated. This procedure was repeated 10000 times to create a sample of 10000 means.
The standard deviation of these 10000 means (standard error (SE) of the mean) was

computed to estimate the uncertainty. The standard errors range from 1.3% - 7% (SE/mean;
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Table 3), reflecting the relatively small inter-annual variability in the simulated

meteorology from the GISS GCM.

We then examine the sensitivities of our calculated Hg emissions from wildfires to
the uncertainties in model parameters including burned area, Hg emission factors and
available biomass density. Based on literature studies (e.g. Andreae and Merlet, 2001;
Brunke et al., 2001; Friedli et al., 2003; Ebinghaus et al., 2007; Weiss-Penzias et al., 2007;
Friedli et al., 2009), it appears an uncertainty of 20-30% is typical for these model
parameters. Therefore, we have performed two additional simulations for each model
parameter by assuming a 20% uncertainty (case 1: -20 to 0% change in the parameter, case
2: 0 to 20% change in the parameter). For each case, a sequence of random numbers
between the range [-20, 0] or [0, 20]) were generated with a uniform distribution function.
These numbers represent the percentage changes to be applied to the model parameters.
Therefore, for case 1, all the random numbers would be between -20 to 0 and 0 to 20 for
case 2. For burned area, the random number sequence length equaled to one number
representing a particular region (1: BONA, 2: TENA ...14: AUST). For emission factors
and biomass density, the sequence consisted of different numbers for each vegetation type
in a region. Based on these perturbation tests, we have summarized the sensitivities of our
final results to various model parameters, as shown in Table 3. We find that the sensitivities
of calculated Hg emissions to the three model parameters (Hg emission factors, available
biomass density, and the burned area) are similar and a 20% uncertainty in each of the

parameter would lead to around 20% uncertainty in our final results.
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2.6. Changes in Hg emissions driven by climate, land
use /land cover and anthropogenic emissions

change

Hg emissions (2000)

90°N

60°N
30°N| .. 30°N

T

a0’s| .

'

a0’s
180" 150°W 120°W 90°W 60'W 30°W 0° 30E 60°E S0°E 120°E 150°E 180"
|

60°s. 60°S

000 029 057 086 1.14 143 171 200 > ug/m2/yr

Hg emissions change LU (2050-2000)

—— -,

= o

180" 150°W 120W 90'W 60'W 30w 0" 30E 60'E  90E 120E 150°E 180

soeN[RE = e, S ':' : : 50'N
) B "“i—":_. % et
E L 2% g
30°N ; P ! 30°N
S et | - i)
a's 2 T v ﬁ s
. I : A
S - > H N
60°S S e e - e - ] 608
‘M
HEEENNT = T .

< <100 -071 -043 -0.14 014 043 071 100 > ug/m2/y

o

an'’s

Hg emissions change CC (2050-2000)

80°N [ 5
.. -

180" 1s6°W 120°W 80'w e0'w 30w o
]

30'E 60E  80°E 120°E 150°E 180"
]
< 100 071 -043 0.14 014 043 071 100 > ugima2ly

Hg emissions change LC (2050-2000)

E—% e

180" 150°W 120°W @0°W 60°W 30W 0"
]

30°E 60E  90E 120°E 150°E 180"
|

< =100 -0.71 043 014 014 043 071 100 > ug/m2fy

Hg emissions change LU/LC (2050-200

J——

0)

o

o 0"

30'8 30°8
v ﬁ

60°S : 60°S

Hg emissions change EF (2050-2000)

J——

o

150°E 180"

180" 150°W 120°W g0°W 60'W 30°'W o' 30E 60F 80'E 120°E 180" 150°W 120'W 80°W 60°W 30°W 0" 30°E 60FE 80E 120 150°E 180
| | L] |
< 100 071 043 0.14 014 043 071 100 > ugim2ly < .00 071 043 014 014 043 071 100 > ug/m2y

Figure 2(a): Wildfire emissions of Hg for 2000 (ng/m?/year) (top left), and projected
changes by 2050 (ug/m?/year) due to climate change (CC) (top right), land use change
(LU) (middle left), land cover change (LC) (middle right), land use/land cover change
(bottom left) and anthropogenic emissions change (EF change) (bottom right).
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Table 4. Projected 2000-2050 changes in wildfire emissions of Hg driven by changes

in climate, land use, and land cover. Estimated 2000s Hg emissions are shown in Mg
-1

year™.

Scenario/Region? NA SA  AFR EURAS AUS GLOB
2000s 48 102 268 190 4 612
climate change +8% +18% +14% +13%  +34% +14%
land use change -12%  +19% -36% -1% +58% -13%
land cover change +32% 5% +14% +13%  -11% +12%
land use and land cover +19% +21% -24% +17% +182% +0.8%
change

anthropogenic emissions ~ +19% +20% +24% +41%  +18% +28%

¥The regional definitions are the same as in Table 1a.

The perturbations to wildfire emissions of Hg due to 2000-2050 changes in climate,
land use and land cover and anthropogenic emissions are shown in Figures 2(a), 2(b)
(supplementary material) and Table 4. We find significant increases in wildfire emissions
of Hg due to 2000-2050 changes in climate. Global emissions increase by 14% mainly
driven by increases in Africa (+14%), South America (+18%), and Eurasia (+13%). In
Africa, emissions increase mainly in the southern and northern parts, which could
experience significantly warmer and drier conditions than the 2000s resulting in greater
and more severe wildfires. Greater precipitation in Central Africa on the other hand causes
a decline in wildfire activity and emissions. Eurasian emissions increase is primarily due
to higher wildfire activity caused by warmer conditions in the boreal parts of the region
(14% increase in BOAS). However, emissions in Equatorial Asia could decline due to

suppression of wildfire activity caused by greater precipitation. Significant increases in
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wildfires is predicted over the boreal parts of North America due to warmer temperatures
and over Western US due to warmer and drier conditions than the 2000s. These changes in
climate result in increasing Hg emissions from North America by 8%. Australia (34%
increase in emissions) and South America could mainly experience greater wildfire activity

in the eastern parts due to higher temperatures and less precipitation in 2050.

In response to the projected changes in land use and land cover by 2050, we find that
land use change would be a major driving force in Africa. Substantial conversion of forests
to croplands causes wildfire emissions to decline by 36% in the continent, outweighing a
14% increase in emissions due to greater forest coverage and resulting fire frequencies
caused by land cover change. Overall, the combined effects of land use and land cover
result in a 24% decline in Hg wildfire emissions from Africa. Land use change could also
be the dominant factor influencing emissions in South America and Australia. Land use is
projected to decline in both the continents resulting in more forest coverage and wildfires
than the 2000s. Hence, emissions increase significantly in both continents (+19% (South
America), +58% (Australia)). However, land cover change could cause a decline in
emissions in both continents (-5% (South America), -11% (Australia)), primarily due to
reduction in temperate forest (high Hg emission factors) coverage in sub-tropical South
America and decrease in wildfire frequency in Australia. Overall, 2000-2050 land use/land
cover change results in increasing Hg wildfire emissions by 21% in South America and

182% in Australia.

On the contrary, future changes in land cover in North America are found to have a

greater influence on Hg emissions from wildfires (32% emissions increase) than the
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changes in anthropogenic land use (12% emissions decrease). Increase in boreal and
temperate forest coverage in the high and mid-latitudes of the continent and the resulting
greater fire frequencies lead to increases in Hg emissions over boreal North America
(+29%) and the US (+35%). Land use change would have negligible impacts on emissions
in boreal North America; however, it could result in a significant decrease in emissions
from the US (-23%). In Eurasia as well, land cover change acts as a major factor causing a
13% increase in emissions, primarily caused by boreal forest expansion and the resulting
increase in wildfires. Land use change would have negligible overall effects partly
reflecting the diverging trends in anthropogenic land use in this region (e.g. decreases in

Eastern Asia and parts of Russia but increases in Equatorial Asia).

Following the IPCC A1B scenario, the global anthropogenic emissions are predicted
to increase with Hg(II) being the dominant emissions constituent in 2050 (Corbitt et al.,
2011; Streets et al., 2009). As a consequence, we find that the Hg enrichment of terrestrial
ecosystems driven by changes in atmospheric Hg deposition by 2050 would lead to
increases in global wildfire emissions of Hg by 28%. The most significant increases are
calculated over Eurasia (+41%) and Africa (+24%) which together account for about 75%
of global Hg wildfire emissions for the 2000s. Wildfire emissions of Hg from South East,
Central and East Asian countries increase significantly in response to greater Hg
anthropogenic emissions in these countries and the resulting deposition to terrestrial
environments. South America (+20%), North America (+19%) and Australia (+18%)
experience significant increases in emissions as well. Greater Hg deposition to the boreal

regions results in an increase of 19% in wildfire emissions from boreal North America and
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35% from boreal Asia. Emissions from tropical peatlands in Equatorial Asia also increase
due to greater Hg deposition in 2050. It should be noted that new developments in
technology (such as the mercury control technology being used by coal-fired power plants)
and policy (such as the Minamata Convention) can significantly affect the future trends of

anthropogenic emissions of Hg, but these factors are not accounted for in this study.

2.7. Conclusions

We investigate the Hg emissions from wildfires in this study. We first develop the
global and regional emission inventories for the 2000s and then examine the perturbations
from the projected 2000-2050 changes in climate, land use, land cover and anthropogenic
Hg emissions. Africa (43.8%), Eurasia (31%) and South America (16.6%) are found to be
the major sources of Hg wildfire emissions in the 2000s. Following the IPCC A1B
scenario, the 2000-2050 climate change would lead to more frequent and severe wildfires
in most regions around the world resulting in significant increases in wildfire emissions of
Hg at both the global and continental scales. Climate change driven alterations in natural
vegetation could also increase global emissions particularly in the boreal regions, the US
and Africa. However, these impacts of a future favorable climate for fires and land cover
change on global emissions are suppressed by continued anthropogenic destruction of
natural vegetation in order to support agricultural development. As a result, emissions in
Africa, which is a major source of wildfire emissions, decline in 2050 due to reduced forest

cover. In addition, destruction of forests in Equatorial Asia and the Western US reduces
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Hg wildfire emissions from these regions. On the other hand, a projected rise in
anthropogenic emissions in 2050 and the resulting greater Hg contamination of terrestrial
environments contributes to increasing emissions globally and regionally. Wildfire
emissions of Hg in the boreal regions are predicted to increase in response to the 2000-
2050 changes in climate, land cover and anthropogenic Hg emissions which could have

significant implications for Hg deposition to the Arctic.
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Chapter 3: Wildfire Emissions of Atmospheric
Constituents: Impacts of 2000s-2050s Global

Change?

2 The contents of this chapter will be submitted for publication as a journal article.
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3.1. Abstract

Wildfires emit a large number of atmospheric constituents. We study the potential effects
of 2000s-2050s global change (following the IPCC A1B scenario) on wildfire emissions
of important atmospheric constituents such as greenhouse gases (CO2, CH4, and N20),
tropospheric O3 precursors (CO, NMVOCs, and NOx), particulate matter (PMas), its
components (BC, OC) and precursors (SOz), organic acids (HCOOH) and mercury (Hg).
Our results indicate a continuing increase in anthropogenic influence on wildfires in the
coming decades. Greater human occupation of the African continent and the resulting
increase in cropland coverage causes significant declines in wildfire emissions from the
continent. Anthropogenic factors play an important role in the changes in emissions from
other continents as well. Future changes in climate and land cover result in significant
increases in global emissions for all the species. The global emissions of all the species
show small changes due to very significant declines in African emissions suppressing the
effects of much larger emissions increases in other continents. This highlights the dominant
contribution and importance of Africa with respect to global wildfire emissions. We also
discuss the possible implications of these future changes in wildfire emissions for future
air quality, atmospheric chemistry/composition, climate and biogeochemical cycling of

elements.
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3.2. Introduction

Wildfires are episodic ecological disturbances the origins of which can be traced back to
the late Silurian/early Devonian period (Gibling and Davies, 2012; Glasspool et al., 2004,
2006). They are caused by either natural events (e.g., lightning) (Price and Rind, 1994;
Stocks et al., 2003; Veraverbeke et al., 2017) or anthropogenic activities (e.g. forest
clearing to expand agricultural land use) (Bowman et al., 2011; Bowman et al., 2009;
Crutzen and Andreae, 1990) with 80% of the burning occurring in the tropics (Hao and
Liu, 1994). Wildfires play an important role in the Earth system. They are considered as
major drivers of vegetation patterns in some ecosystems and compete with climatic effects
in shaping biomes (Bond et al., 2005). Wildfires also act as sources of atmospheric trace
gases (e.g. CO2, CO, NOx, CH4), acrosols and organic compounds (alkanes, alkenes,
HCOOH, HCHO). Thus, they exert a significant influence on atmospheric chemistry and
composition, cause significant perturbations to the biogeochemical cycling of elements
(e.g., carbon, nitrogen and mercury) (Crutzen and Andreae, 1990; Friedli et al., 2009b;
Kumar et al., 2018; Seiler and Crutzen, 1980; Turetsky et al., 2006) and contribute to
altering the Earth’s radiation budget/climate at the global and regional scales (Christopher
et al., 1998; Hobbs et al., 1997; Penner et al., 1992). Furthermore, wildfires are also
associated with adverse human health effects/mortality (Johnston et al., 2011; Kim et al.,
2015; Koplitz et al., 2016; Kunii et al., 2002; Kunzli et al., 2006; Liu et al., 2016; Marlier
etal., 2013; Richardson et al., 2012; Sastry, 2002; Thelen et al., 2013), enormous economic

losses (Brown et al., 2006; Butry et al., 2001; Hall, 2014), and alterations in land surface
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albedo (Gatebe et al., 2014; Lyons et al., 2008; Myhre et al., 2005; Veraverbeke et al.,

2012).

Climatic conditions (e.g. temperature, precipitation), biome characteristics/state (e.g.
terrestrial vegetation type and availability) and anthropogenic influence (e.g. ignition and
fire suppression) are critical factors that impact wildfire frequency, burned area and
consequently the eventual emissions of various atmospheric species (Dale et al., 2001;
Flannigan et al., 2009; Flannigan et al., 2005; Kloster et al., 2012; Pechony and Shindell,
2009; Pechony and Shindell, 2010). Meteorological conditions govern the frequency of
natural ignition sources (e.g. lightning) and vegetation moisture content. Large-scale
natural alterations in the climate system (e.g. El Nino) that result in drought like conditions
can contribute to extreme fire years (Hess et al., 2001; Marlier et al., 2013; Van Der Werf
et al., 2004; Voulgarakis et al., 2015). Terrestrial vegetation type/availability/continuity
along with meteorological conditions are important factors influencing the fire spread after
ignition and can affect the area burned by wildfires (Archibald et al., 2010; Giglio et al.,
2006b; Kumar et al., 2018; Van Der Werf et al., 2003). Furthermore, human interactions
with vegetated ecosystems is a major cause of wildfires (e.g. use of fire for forest clearing)
while fires occurring in densely inhabited areas are more likely to be suppressed than the
ones occurring in remote areas (Huang et al., 2015; Pechony and Shindell, 2009).
Therefore, future changes in climate, terrestrial natural vegetation distribution/availability
and human population patterns can significantly influence wildfires and wildfire emissions
of atmospheric constituents (Huang et al., 2015; Kumar et al., 2018; Spracklen et al., 2009;

Yue et al., 2015; Yue et al., 2013). For example, global cropland and pastureland area is
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projected to increase in the 2050s (relative to the 2000s) (Tilman et al., 2001) which would
result in less natural vegetation available for fires to burn. Changes in climate and
atmospheric composition are expected to continue in the coming decades (IPCC, 2001) and
could cause alterations in terrestrial ecosystems. For example, future increases in
atmospheric CO; levels and changes in climate (e.g. temperature, precipitation) could
significantly alter the natural vegetation distributions and extent relative to present day
(Bachelet et al., 2003; Bachelet et al., 2001; Joos et al., 2001; Wu et al., 2012). Moreover,
climate change could also influence wildfires through changes in lightning ignitions. For
example, Price and Rind (1994) showed that a climate with double the CO; levels than
present day could increase lightning caused fires by 44% in North America. Huang et al.
(2015) predicted that 2000s-2050s global change following the IPCC A1B scenario would
result in increasing global wildfire frequencies by 27% with climate change (19% increase
in fire frequencies) and climate driven changes in land cover (+15%) being the major
contributing factors. They also estimated that more frequent lightning strikes caused by
changes in climate could increase global wildfire activity by 4% while anthropogenic land
use change and shifts in human population density would contribute to reducing wildfire
activity in the 2050s. Yue et al. (2015) found significant increases in summertime surface
ozone (O3) concentrations over North America due to the effects of climate change on

wildfires in the 2050s.

In this work, we study the effects of 2000s-2050s global change on wildfire emissions of
atmospheric species following the IPCC A1B scenario (IPCC, 2001). Wildfires emit a large

number of atmospheric species. However, in this work we only consider species for which
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wildfires constitute a significant source of emissions when compared to anthropogenic
sources and which are of considerable importance with respect to climate change and air

quality/atmospheric chemistry. The species are listed in Table 1.

3.3. Methodology

We follow the IPCC A1B scenario (IPCC, 2001) for 2000s-2050s global change and use a
fire emissions model (Kumar et al., 2018) based on the classical biomass burning equation
(Seiler and Crutzen, 1980) to estimate wildfire emissions (2000s and the 2050s) of the
atmospheric constituents considered. The fire emissions model has a monthly temporal
resolution and a spatial resolution of 4° x 5° (latitude x longitude). It includes burned area,
vegetation areal coverage and density, combustion fractions/efficiencies and emission
factors as inputs and accounts for variations in fire characteristics, climate, vegetation type
and density across geographical regions. Global burned area estimates (2000s and the
2050s) for the model were predicted using regional regression tree relationships between
burned area and fire frequencies. Figure 1 shows the global regions considered in the
model. Global fire frequencies (2000s and 2050s) used to estimate burned area were based
on a fire parameterization, which includes fire ignition agents (natural and anthropogenic)
and incorporates the effects of fire suppression, fuel availability and climate on wildfires
(Huang et al., 2015). The parameterization was used by Huang et al. (2015) to develop a
suite of fire frequency scenarios considering 2000s-2050s global change (land cover

change only (LC), land use change only (LU), Land use/Land cover only (LU/LC), climate
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change only (CC), lightning ignition change only (LIGHT), population density change only
(POPDENS) and effects of 2000s-2050s change in population density, land use/land cover,
climate and ignition agents (referred to as the combined effects scenario here)). Global
vegetation (tropical, temperate, boreal and grass) areal coverage data ((2000s and 2050s))
used in the model was simulated using the Lund-Potsdam-Jena Dynamic Global Vegetation
Model (LPJ DGVM) (Gerten et al., 2004; Hickler et al., 2006; Schaphoff et al., 2006; Sitch
et al., 2003; Thonicke et al., 2001; Wu et al., 2012) and cropland areal coverage data was
from the IMAGE model (IMAGE Team, 2001; MNP, 2006). Vegetation density estimates
for different global regions and vegetation types (tropical, temperate, boreal and grass)
were from the terrestrial component of the Integrated Science Assessment Model (ISAM)
model (Jain et al., 2006; Jain and Yang, 2005). Global simulated meteorology (2000s-
2050s) was simulated using the GISS GCM v3 model (Wu et al., 2007; 2008a; 2008b).
Combustion fractions/efficiencies were used from the work of Wiedinmyer et al. (2006).

A detailed description of model development can be found in Kumar et al. (2018).
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Figure 1: Definition of global regions used in the fire emissions model. BONA: Boreal
North America, TENA: Temperate North America, CEAM: Central North America,
NHSA: Northern Hemisphere South America, SHSA: Southern Hemisphere South
America, EURQO: Europe, MIDE: Middle East, NHAF: Northern Hemisphere Africa,
SHAF: Southern Hemisphere Africa, BOAS: Boreal Asia, CEAS: Central Asia,
SEAS: South East Asia, EQAS: Equatorial Asia, AUST: Australia.

We use emission factors for the species considered in this work from the compilation of
Akagi et al. (2011) who have provided emission factors for 14 fuel/vegetation types. We
use their estimates for tropical, temperate, boreal forests, grasslands and peatlands and
supplement missing data with estimates from the Global Fire Emissions Database version
with small fires (GFEDv4s) (Van der Werf et al., 2017) and Andreae and Merlet (2001).
The emission factors for tropical, temperate, boreal forests and grasslands were assigned
to the corresponding LPJ DGVM Plant Functional Types (PFTs) [tropical: tropical

broadleaved evergreen tree (TrBE), tropical broadleaved raingreen tree (TrBR),
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temperate (temperate needleleaved evergreen tree (TeNE), temperate broadleaved
evergreen tree (TeBE), temperate broadleaved summergreen tree (TeBS), boreal (boreal
needleleaved evergreen tree (BNE), boreal needleleaved summergreen tree (BNS) and
grasslands (C3 and C4 herbs)]. However, to account for emissions due to peat burning,
peatland emission factors were substituted for tropical forests in Equatorial Asia (EQAS)
and boreal forests in North America and Asia (BONA, BOAS). The peatland emission
factors as computed by Akagi et al. (2011) account for both peat and the forest overstory
burning. Table 1 contains the atmospheric constituents considered in this study. Alkanes
and alkenes are represented as lumped species while alkynes include acetylene only. The
emission factors of the lumped alkane species were computed using a weighted summation
of the emission factors of the individual species [alkanes: ethane (C2Hs), propane (C3Hs),
n-butane (CsHyg), i-butane (C4Hig), n-pentane (CsHiz), i-pentane (CsH;z), n-hexane
(CsH14), heptane (C7His)] and emissions are expressed as mass of carbon emitted. The
weights are computed as the mass of carbon/mass of the compound (mass of nitrogen/mass
of compound for nitrogen containing species). Emissions for alkenes [ethylene (C2Hy),
propylene (C3Hg), I-butene (C4Hy), i-butene (C4Hg),cis and trans 2-butene (C4Hs), cis and
trans 2-pentene (CsHjg), 3-methyl-1-butene, 2-methyl-2-butene,2-methyl-1-butene, 2-
methyl-1-pentene),aromatic compounds [benzene (CsHs), toluene (C7Hg), xylene (CsHg)]
and nitrogen [ammonia (NH3), nitrous acid (HONO), nitrogen oxide (NOx), nitrous oxide
(N20)] were computed using the same methodology. These emission factors were input to

the fire emissions model to obtain the emission estimates for all the species.
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In this work, we present results for the 2000s and the 2050s combined effects scenario. The
model was run for 5 years (1998-2002 for the 2000s and 2048-2052 for the 2050s) to obtain
the emissions estimates reported. In addition, we also ran the model for the LC, LU, CC,
LIGHT and POPDENS scenarios to determine the most important factors contributing to
the emission changes in different regions/continents. The 2000s-2050s changes in wildfire
frequencies for all the scenarios were reported in Section 1 and are discussed in detail in
Huang et al. (2015). The estimated global burned area for the 2000s is 334 Mha [(51%
(Africa (MIDE+NHAF+SHAF)), 23% (Eurasia (EURO+BOAS+CEAS+SEAS+EQAY)),
14% (South America (NHSA+SHSA)), 9% (Australia (AUST)), 3% (North America
(BONA+TENA+CEAM))]. The 2000s-2050s changes in burned area for the LC, LU,
LU/LC and CC scenarios are presented in Kumar et al. (2018). For the LIGHT scenario,
global burned area is predicted to increase by 4% [+5% (North America, +3% (South
America), +3% (Africa), +3% (Eurasia) and +17% (Australia)] while for the POPDENS
scenario global burned area decreases by 13% [-4% (North America, -2% (South America),
-27% (Africa), -0.8% (Eurasia) and +22% (Australia)]. Considering the combined effects
of all the global change factors on wildfires (combined effects scenario), the global burned
area in the 2050s increases by 9% [+34% (North America), +34% (South America), +2%
(Africa), -7% (Eurasia), +85% (Australia)]. The emissions estimates for the species

considered and the respective changes in the 2050s are discussed in the next section.
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3.4. Results and Discussion

Table 1: Global wildfire emissions estimates (2000s) for the atmospheric species
considered in this work.

Species? Emissions (This work) Literature range®
CO2 7091 5716 — 9093
CcO 424 271 - 568
CH4 22 12.5-32.2
NH3 10.5 42177
SO, 2.6 23-28
HONO 33

NO«x 11.3 8.1-18.3
N20 1 09-1.4
PMz s 43 243 -41
BC 2 1.8—-4.8
oC 21 15.8-23.4
H> 11 7.6 -9.4
Alkanes 4.2 39-4
Alkenes 9 8§—-8.4
Acetylene 1.4 1.6
Aromatics 4.3 3
Formaldehyde 6.6 43-11.5
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Acetone 2.5 25-3

Acetic acid 16 9.5-21.7
Formic acid 24 53

Carbon 2185 1741 — 2290
Nitrogen 15.5

Mercury 612 104-1330

A1l emissions estimates and ranges are in Tg year™!' except for mercury (Mg year™)

®Data sources: (Andreae and Merlet, 2001; Bouwman et al., 1997; Brunke et al., 2001;
Cofer III et al., 1991; De Simone et al., 2015; Ebinghaus et al., 2007; Friedli et al., 2009a;
Friedli et al., 2001; Hoelzemann et al., 2004; Ito and Penner, 2004; Jain et al., 2006;
Kaiser et al., 2012; Schultz et al., 2008; Sigler et al., 2003; Streets et al., 2009; Weiss-

Penzias et al., 2007; Wiedinmyer et al., 2011)
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Figure 2: Geographical distribution of wildfire emissions (2000s) of the atmospheric
species considered in this work.
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Figure 3: Changes in wildfire emissions of the atmospheric species considered in this
work due to 2000s-2050s global change.
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Figure 4: Vegetation distribution of wildfire emissions (2000s) of the atmospheric
species considered in this work.
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Figure 5: Changes in wildfire emissions of carbon, nitrogen and mercury for the 2000s
and 2000s-2050s global change (Note the different scales and units in the plots).
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Table 1 contains the global wildfire emissions estimates (for the 2000s) of the species
considered in this work. The range of estimates available in the literature are also shown
for comparison. The dominant species emitted from wildfires include important
greenhouse gases [CO2 (7091 Tg year ') and CH4 (22 Tg year™!)], particulate matter [PMas
(43 Tg year)], organic carbon aerosol [OC (21 Tg year)], tropospheric O3 precursors
[CO (424 Tg year!), NOx (11 Tg year! as NO)], organic acids [acetic acid (CH;COOH :
16 Tg year)], molecular hydrogen [Hz (11 Tg year')] and ammonia [NH3: (10.5 Tg year®
N]. In addition, relatively smaller amounts of some Non Methane Volatile Organic
Compounds (NMVOCs) [alkanes (4 Tg year'), alkenes (9 Tg year'), aromatics (4 Tg
year!), formaldehyde (HCHO) (7 Tg year'), acetone (CH;COCH; (2.5 Tg year!))],
aerosol precursors [SOz (2.6 Tg year™)] , inorganic acids [HONO (3.3 Tg year!)] and black
carbon aerosol [BC: 2 Tg year'] are also emitted. Figure 2 shows the geographical
distribution of the emissions for all the species. The present day emissions of mercury (Hg:
612 Mg year™') and geographical distribution has already been discussed in detail in Kumar
et al. (2018) and hence is omitted here. A significant fraction (> 40%) of the global
emissions for all the species is from Africa due to the high fire activity in the continent (>
50% of global annual burned area occurs in Africa [e.g. (Giglio et al., 2010b; Kumar et al.,
2018; Randerson et al., 2012; Wiedinmyer et al., 2011)]). African emissions of highly
oxidized species [e.g. CO2 (53% of global emissions), NOx (57%), HONO (60%)] and
carbonaceous aerosols (BC: 58%, OC: 51%) are particularly high indicating the dominance
of flaming combustion in African fires. Eurasia (11-58% of global emissions of the species)
and South America (9-25%) are the other major sources of wildfire emissions of all the

species. However, African emissions of NH3 (23%) and aromatic hydrocarbons (31%)
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constitute a minor fraction of the global emissions. 63% of global emissions of NH3 and
50% of aromatic hydrocarbon emissions are estimated to originate in the boreal and tropical
peatlands (BONA, BOAS, and EQAS). Peatlands also account for a significant fraction of
global emissions of reduced carbon species such as CO (26%), CH4 (32%), alkanes (33%)
and alkenes (31%). These findings can be attributed to the dominance of smoldering
combustion in peatlands, which results in higher emissions of reduced forms of carbon and
nitrogen. Global carbon emissions (expressed as carbon equivalent emissions from CO> +
CO + CH4 + OC + BC + alkanes + alkenes + acetylene + aromatics) from wildfires are

"'while nitrogen emissions are 16 Tg N year™ (expressed as

estimated as 2185 Tg C year -
nitrogen equivalent emissions from NH3 + HONO + NOx + NO). This spectrum of
atmospheric species emitted and comparable emission magnitudes to anthropogenic
sources emphasizes the important role of wildfires with respect to climate change at the
regional, hemispheric and global scales, air quality, atmospheric chemistry, trace gas
budgets and biogeochemical cycling of elements. Figure 4 shows the vegetation
distribution of emissions for all the species considered in this work. The distribution for
Hg is already presented by Kumar et al. (2018) and hence is omitted here. Tropical forests
contribute the most to wildfire emissions with 50% or more of the global emissions for
most species being emitted due to tropical forest burning (e.g. CO2, NOx, PM2 5, BC, OC,
H>, HONO, HCOOH, HCHO, and C;H>). The total carbon emissions are also highest from
tropical forest burning (50% of global emissions). Thus, wildfires in the tropics are of
particular significance with respect to carbon cycle perturbations. The next most important

biomes are grasslands (5-26% of global emissions for the species) followed by boreal (5-

62%) and temperate forests (5-18%). Boreal forests account for particularly high fractions
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of reduced species due to reasons explained earlier in this section. The minor contribution
of temperate forests to global emissions of most species can be attributed to the relatively

lower wildfire activity in the mid-latitudes as compared to that on the global scale.

Figures 3 and 5 show the predicted 2000s-2050s changes in global emissions of all the
species considered in this work. On the global scale, these changes indicate that the future
trajectory of global wildfire emissions of atmospheric constituents would be primarily
influenced by developments in Africa. Global wildfire emissions of most species show
increases between 0-10 % mainly due to the decline in emissions from Africa muting the
significantly larger increases in other continents. For example, global CO, emissions show
little change (+0.6%) due to a 33% decline in emissions from Africa countering the
increases in other continents (North America: (+43%), South America: (+45%), Eurasia
(+21%), Australia (+127%)). Global emissions of other important greenhouse gases (e.g.
CH4 (+8%) and N2O (+7%)) are also predicted to increase in the 2050s with more
pronounced changes at the continental scales. The consequences of a future increase in
wildfire N>O emissions would not be limited to the troposphere. A long lifetime and lack
of sinks in the troposphere result in N>O being transported to the stratosphere where it plays
a major role in stratospheric O3 destruction. Similar increases are predicted for other trace
constituents [e.g. CO (+6%) and NMVOC:s (e.g. alkanes: +8%, alkenes: +7%)], particulate
matter [PM2.5:+3.5%], aerosol precursors [SO»:+6%], organic acids [CH3COOH +9%] and
Hg (+6%). However, global emissions of species for which the fraction of global emissions
from Africa is very high [e.g. HONO (60%), NOx (57%), BC (58%)] could decline in the

2050s [e.g. HONO (-6%), NOx (-2%), H2 (-3%), BC (-5%), HCOOH (-3%)]. On the other
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hand, global emissions of species like NH3 (+26%) and the aromatics (+19%) which have

Africa as a minor source show much larger increases in the 2050s.

Following the IPCC A1B scenario (IPCC, 2001), 2000s-2050s global change is predicted
to cause major alterations in global land cover (Wu et al., 2012) and climate (Wu et al.,
2008a) while anthropogenic land use (Wu et al., 2012) and human population patterns
(IMAGE Team, 2001) would also be starkly different from the 2000s. These impacts vary
across continents with different global change components acting as key factors
influencing wildfire emissions. In Africa, increase in anthropogenic land use and human
occupancy of the continent act as major drivers contributing to the declines in wildfire
emissions. A continual growth in cropland extent in the continent could result in
significantly less natural vegetation availability than the 2000s. In addition, greater human
population would increase the probability of wildfire suppression thereby inhibiting
uncontrolled spreading after ignition. These factors outweigh the effects of a fire favorable
climate and greater natural vegetation coverage due to climate driven alterations in land
cover in the 2050s, both of which cause significant increases in wildfire emissions in the
continent. Therefore, emissions from Africa are predicted to decline in the 2050s. On the
contrary, wildfire emissions in South America and Australia are predicted to increase in
the 2050s, driven by greater natural vegetation availability due to anthropogenic land use
declines, favorable climate, increase in lightning frequency and greater anthropogenic
ignitions associated with human population increases. Carbon emissions from South
America and Australia are estimated to increase by 45% and 129%, respectively, along

with significant increases in emissions of other atmospheric constituents as well.
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Wildfire emissions from Africa and South America are critically important for the tropical
atmospheric composition and climate [e.g. (Anderson et al., 1996; Andreae et al., 1994;
Edwards et al., 2006; Mauzerall et al., 1998; Wai et al., 2014)]. Emissions from these
continents constitute an important source of tropospheric O3 precursors in the tropics and
exert a significant influence on the O3 levels [e.g. (Andreae et al., 1988; Krishnamurti et
al., 1993; Roelofs et al., 1997; Thompson et al., 1996)]. Wildfire emissions contain O3
precursors and result in enhancements of O3 levels during wildfire events. Thus, a future
decline in emissions of O3 precursors [CHs (-40%), NOx (-29%), NMVOCs (alkanes: -
37%, alkenes: -35%)] from Africa could result in a reduction of tropical O3 levels. In
addition, reduction in emissions of HONO (-41%) [OH source along with O3] and OH sinks
[CH4, CO (-37%), H2 (-37%)] from Africa and corresponding rise in emissions from South
America would also affect the hydroxyl (OH) radical abundance. The hydroxyl (OH)
radical has the highest concentrations in the tropics due to high water vapor and solar
radiation fluxes resulting in favorable conditions for (O('D)+H.0—20H) OH formation
and regulates the oxidizing capacity of the tropical troposphere. Since the OH radical is
responsible for the removal of several atmospheric trace constituents, alterations in its
concentrations would affect the atmospheric lifetimes of atmospheric trace constituents and
consequently their levels in the tropical troposphere. Furthermore, acidity in tropical
precipitation arises primarily from organic acids (e.g. CH;COOH, HCOOH) and nitric acid
(HNO:3), the levels of which in the tropical troposphere are dependent on wildfire activity
(Crutzen and Andreae, 1990). A decline in African emissions of organic acids (CH;COOH:
-31%, HCOOH: -40%)) and NOx in the 2050s could contribute to reducing the acidity of

tropical precipitation and the resulting adverse impacts on tropical ecosystems (e.g. foliar
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damage). Lower emissions of aerosols (PMas: -37%, BC: -36%, OC: -41%), their
precursors (e.g. SO2: -37%) from Africa could influence the climate in the tropics through
alteration of the incoming solar radiation (absorption (e.g. BC) /scattering (e.g. SO4%))
while lower greenhouse gas emissions (CO2, CH4, N2O) would act to alleviate warming
effects in the tropics. Fewer aerosols would also result in reducing Cloud Condensation
Nuclei (CCNs) which facilitate cloud formation and would thereby influence tropical
precipitation patterns. However, the declines in African emissions are accompanied by a
corresponding emissions rise in South America and Australia. Rise of tropospheric O3
precursor emissions in South America (e.g. NOx: +44%, CO: +46%, CH4: +48%) and
Australia [CO (+145%), CHs (+170%), NMVOCs (alkanes: 170%, alkenes: 144%) and
NOx (114%)] would increase Os levels over these regions. O3 production due to wildfire
emissions in South America and the resulting vegetation damage can contribute to reducing
the net primary productivity over the Amazon (Pacifico et al., 2015). A significant fraction
of tropospheric O3 levels over Australia can be attributed to wildfires (Hurst et al., 1994).
Thus, higher O3 levels in the future could have adverse effects on the Amazon forest
vegetation and degrade air quality over both continents. Higher aerosol emissions from
wildfires in South America (PMzs: +44%, BC: +46%, OC: +42%) and Australia (PM3s:
+160%, BC: +143%, OC: +238%) could also have significant effects on the radiative
forcing and air quality over these regions. In addition, pollution from African/South
American/Australian fires can be transported long distances (e.g. South Atlantic, Indian
Ocean) from the respective continents (Ansmann et al., 2009; Dirksen et al., 2009; Edwards

et al., 2006; Staudt et al., 2002). The diverging emissions changes in these continents are
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expected to have important implications for the transport of wildfire pollution to these

remote regions.

Wildfire emissions from boreal forests are predicted to increase in the 2050s primarily
driven by greater natural vegetation availability (increase in boreal forest coverage in the
high latitudes) due to climate driven alterations in land cover, a warmer climate and the
resulting higher lightning caused ignitions. In the mid-latitudes, emissions in North
America could increase while a decline is predicted in Eurasia. In the North American mid-
latitudes, climate (e.g. warmer and drier conditions in the US) and land cover change (e.g.
increase in temperate forest coverage) together with increases in lightning frequencies
drive the emissions increase outweighing the effects of increase in anthropogenic land use
that would limit natural vegetation availability. Overall, carbon emissions from wildfires
in North America could increase by 44% in the 2050s. In contrast, emissions are predicted
to decline in the Asian mid-latitudes where anthropogenic land use could increase and in
the Western parts of Russia where a reduction in boreal forest coverage decreases
vegetation availability. In Equatorial Asia, higher precipitation in the 2050s results in a
decline in wildfire emissions. These competing effects on wildfires in Eurasia result in an
overall carbon emissions increase of 23% in the region (COa: 21%, CO: 34%, CHas: 38%,

BC: 15%, OC: 33%).

Higher boreal wildfire emissions in the 2050s could result in increased pollution not only
at the local and regional scales but also at the hemispherical scale. Boreal wildfire events
are accompanied by long-range transport of pollution in the Northern Hemisphere. Wildfire

emissions from boreal North America can impact far away regions (e.g., US, North
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Atlantic, Europe, Arctic) resulting in elevated pollution levels in these regions (Colarco et
al., 2004; DeBell et al., 2004; Forster et al., 2001; Lapina et al., 2006; Real et al., 2007;
Val Martin et al., 2008; Val Martin et al., 2006; Wotawa and Trainer, 2000). Boreal Asia
wildfires also cause pollution transport to the Arctic, the remote Northern Pacific
(Tanimoto et al., 2000), the Western United States (Bertschi et al., 2004; Bertschi and Jaffe,
2005; Jaffe et al., 2004), Alaska, Canada and East Asian countries (e.g. Korea) (Lee et al.,
2005). Higher emissions of BC aerosols from boreal fires in the future could worsen the
warming effects in the Arctic. BC aerosol emitted from boreal wildfires can be transported
and deposited to the Arctic resulting in snow albedo reduction and accelerating snow
melting (Stohl et al., 2006). Higher greenhouse gas emissions in the boreal regions would
contribute to greater warming in these regions as well as globally. For example, an increase
in burned area due to fires in boreal North America between the 1970s and 1990s
corresponded with a 1°-1.6° rise in temperatures in the region (Kasischke et al., 1999).
Boreal forests also act as major sinks of carbon and Hg (Turetsky et al., 2006; Yu et al.,
2011; 2010). Thus, higher wildfire emissions of carbon and Hg from boreal forests in the

future would also alter the biogeochemical cycling of these elements.

In the US, higher wildfire emissions of tropospheric O3 precursors (e.g. NOx, CHa,
NMVOCs, PM25) could hamper the benefits achieved from controls on anthropogenic
emissions of these species and have adverse effects on air quality with respect to O3, CO,
NOx and VOCs. Furthermore, higher emissions of aerosols (PM2.5, BC, OC) would also
contribute to deteriorating air quality while greater emissions of organic acids, SO> and

NOx could influence the acidity of precipitation over the US. Moreover, wildfires in
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western US incur tremendous economic losses (Whitlock, 2004) and the situation would

worsen with the significant increase in wildfires in the 2050s.

3.5. Conclusions

We estimated wildfire emissions (2000s) for important atmospheric constituents and the
impacts of 2000s-2050s global change on these emissions following the IPCC AIB
socioeconomic scenario. Our emission estimates for the 2000s show that Africa contributes
significantly to the global wildfire emissions of all the atmospheric constituents considered
owing to the high wildfire activity on the continent. Eurasia and South America are the
other major contributors to global wildfire emissions of atmospheric constituents. In
response to 2000s-2050s global change, wildfire emissions from Africa show a major
decline while emissions in all other continents (North America, South America, Eurasia
and Australia) are predicted to increase in the 2050s. Anthropogenic influence in the form
of land use, population change and ignitions emerges as a very important factor driving the
emissions decline in Africa and contributing to emissions increases in South America and
Australia. Changes in climate and the resulting alterations in land cover and higher
lightning ignitions in the 2050s also contribute significantly to changes in wildfire
emissions in all the continents. These changes in wildfire emissions could have important
implications for the future climate, atmospheric chemistry/air quality and biogeochemical
cycling of carbon, nitrogen and mercury. Several studies in the past have solely focused on

the influence of climate on future changes in wildfires. Our findings from this work indicate
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that the anthropogenic influence in the form of land use and increasing population density

would emerge as a dominant factor driving wildfire emissions in the coming decades.
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Chapter 4: Mercury Pollution in the Arctic from

Wildfires: Source Attribution for the 2000s?

3 The contents of this chapter will be submitted for publication as a journal article.
Kumar, A., Wu, S., Mercury Pollution in the Arctic from Wildfires: Source Attribution for
the 2000s
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4.1. Abstract

Mercury (Hg) is a global environmental pollutant that has wildfires as an important source.
Hg contamination of the Arctic is a cause of concern and can primarily be attributed to
long-range transport from lower latitude sources. In this work, we estimate the contribution
of wildfires to Hg pollution in the Arctic (66° N to 90° N) using a new global Hg wildfire
emissions inventory and an atmospheric chemical transport model (GEOS-Chem). Our
results show that wildfires contribute 10% of annual Hg deposition to the Arctic. Eurasia
contributes 5.3% of annual Hg deposition followed by Africa (2.5%) and North America
(1%). The substantial contributions of Eurasia and North America can be attributed to Hg
emissions from the boreal forest fires. We also find that wildfires result in significant Hg
deposition to the Arctic across all seasons (winter: 8.3%, spring: 7%, summer: 11%, fall:
14.6%) with year round contributions from Africa and the highest deposition occurring
during the boreal fire season. These findings quantify the significance of wildfires as a
source of Arctic Hg contamination and the highlight the importance of mobilization of

sequestered Hg from boreal forests for the Arctic.
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4.2. Introduction

Mercury (Hg) is a toxic pollutant that poses a significant threat to human health. It has a
ubiquitous presence in the atmosphere and undergoes repeated cycling between the air and
surface reservoirs resulting in considerable persistence in the environment. Due to its air-
surface exchange characteristics and persistent nature, recent work has grouped it with
other pollutants exhibiting similar characteristics [e.g. Polycyclic Aromatic Hydrocarbons
(PAHs) and Polychlorinated Biphenyl compounds (PCBs)] with the collection referred to
as Atmosphere-Surface-Exchangeable Pollutants (ASEPs) (Perlinger et al., 2014; 2016).
Methyl mercury (CH3zHg) is the most toxic Hg species (Jaeger et al., 2009; Sanfeliu et al.,
2003; Wolfe et al., 1998). It can have serious effects on human health with fish
consumption being the main route of exposure (Diez, 2008; Harada, 1995; Inskip and
Piotrowski, 1985; Jacobson et al., 2015; Matsumoto et al., 1965; Mergler et al., 2007).
CH;3Hg is formed in terrestrial and aquatic environments by methylation of inorganic Hg
(Beckert et al., 1974; Gabriel and Williamson, 2004). Atmospheric Hg inputs (dry and wet
deposition), which are dependent on Hg emissions from anthropogenic sources, wildfires)
and re-emission of previously deposited Hg, result in inorganic Hg enrichment of both
terrestrial and aquatic environments (Driscoll et al., 2007; Grigal, 2002, 2003). The
atmosphere also serves as a medium for long-range transport of Hg species [e.g. Hg(0)] to
remote regions where subsequent Hg deposition degrades the previously pristine

ecosystems (Driscoll et al., 2013; Grigal, 2002).
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Hg pollution in the Arctic is a cause of concern due to its adverse impacts on human health
in the region. With no major local Hg sources, the most likely cause of Hg pollution in the
Arctic is long-range transport of pollution from the lower-latitudes (Landers et al., 1995).
Several past studies have reported the transport of lower-latitude pollution (including Hg)
to the Arctic [e.g. (Barrie et al., 1981; Barrie, 1986; Dastoor et al., 2015; Durnford et al.,
2010; Eckhardt et al., 2007; Koch and Hansen, 2005; Law and Stohl, 2007; Octaviani et
al., 2015; Shindell et al., 2008)]. Hg transported from lower-latitude sources to the Arctic
followed by the processes of deposition, chemical transformation, bioaccumulation and
biomagnification has contributed to high levels in Arctic wildlife species and the
indigenous population [(AMAP, 2011; Bjerregaard and Hansen, 2000; Van Oostdam et al.,
1999; Walker et al., 2006)]. Obrist et al. (2017) showed that Hg uptake by Arctic Tundra
vegetation could contribute to elevated levels of Hg in the Arctic, with the Tundra being a
major sink for Hg emitted at the mid-latitudes. Dastoor et al. (2015) estimated that global
anthropogenic Hg emissions could account for 30% of Hg deposition to the Canadian
Arctic. Pacyna and Keeler (1995) estimated that Hg emissions from Eurasia and North

America could contribute 60 to 80 tons of Hg to the Arctic region annually.

Wildfires are an important source of Hg to the atmosphere with estimated global emissions
equivalent to 8% of all natural and anthropogenic Hg emissions (Friedli et al., 2009a).
These episodic disturbances are accompanied by high temperatures and burning of
biomass, which results in re-mobilization of Hg previously sequestered in terrestrial
environments to the atmosphere (Artaxo et al., 2000; Friedli et al., 2003b; Friedli et al.,

2001; Kohlenberg et al., 2018; Sigler et al., 2003; Veiga et al., 1994; Woodruffet al., 2001).
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Their role in Arctic Hg pollution is important because firstly, wildfire emissions comprise
almost exclusively of elemental mercury [Hg(0)] (Friedli et al., 2001), which has an
atmospheric lifetime ranging from years to months (Horowitz et al., 2017; Macdonald et
al., 2000; Schroeder and Munthe, 1998) enabling it to be transported long distances from
the source regions. Particulate bound Hg [Hg(P)] could account for a reasonable fraction
of emissions depending on fuel moisture content, however global estimates of Hg(P) are
very small (4-5 Mg year!) (Obrist et al., 2007). Secondly, boreal forests in the high
latitudes can store substantial amounts of Hg and wildfires are a frequent disturbance in
these ecosystems resulting in significant Hg atmospheric emissions (Turetsky et al., 2006).
Therefore, it is imperative to quantify the impacts wildfires have on Hg pollution in the

Arctic.

Global wildfire emissions of Hg have been quite uncertain (range: 104-1330 Mg Hg year
1 (Brunke et al., 2001; De Simone et al., 2015; Ebinghaus et al., 2007; Friedli et al., 2009a;
2003a; Sigler et al., 2003; Weiss-Penzias et al., 2007). Thus, their contribution to Arctic
Hg pollution is unknown. To our knowledge, no study so far has attempted to determine
the source attribution of Hg pollution in the Arctic due to wildfires using a global Hg
wildfire emissions inventory. This study employs GEOS-Chem, a three-dimensional global
model of atmospheric chemistry and transport with a recently developed global Hg wildfire
emissions inventory to determine the contribution of global and continental Hg wildfire

emissions to Hg deposition in the Arctic.
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4.3. Methodology

4.3.1. Global Hg Wildfire Emissions Inventory

We use the global Hg wildfire emissions inventory developed by Kumar et al. (2018). The
inventory spans the years 1998-2002 (representing the 2000s) and has a monthly temporal
and 4° x 5° (latitude x longitude) spatial resolution. Hg emissions were estimated using a
fire emissions model (Kumar et al., 2018) based on the classical biomass burning equation
(Seiler and Crutzen, 1980). The model includes burned area, vegetation areal coverage and
density, combustion fractions and biome specific Hg emission factors as inputs and
accounts for variations in fire characteristics, climate, vegetation type and density across
geographical regions. Figure 1 shows the geographical regions defined in the model.
Burned area estimates for the 2000s were predicted using regression tree relationships
between burned area and fire frequencies. Global fire frequencies were based on a fire
parameterization, which incorporates the effects of fire ignition agents (natural and
anthropogenic) and suppression, fuel availability and climate (Huang et al., 2015). Global
vegetation (tropical, temperate, boreal and grass) areal coverage was simulated using the
Lund-Potsdam-Jena Dynamic Global Vegetation Model (LPJ DGVM) (Gerten et al., 2004;
Hickler et al., 2006; Sitch et al., 2003; Thonicke et al., 2001; Wu et al., 2012) and cropland
areal coverage data was from the IMAGE model (IMAGE Team, 2001). Available biomass
density estimates for different geographical regions and vegetation types (tropical,
temperate, boreal and grasslands) were from the terrestrial component of the Integrated

Science Assessment (ISAM) model (Jain et al., 2006; Jain and Yang, 2005). A detailed
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description of model development can be found in Kumar et al. (2018). Global Hg
emissions for the 2000s (1998-2002 average) are estimated to be 612 Mg year™! with Africa,

Eurasia, South America and North America being the major source regions.
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Figure 1: Definition of global regions used in the fire emissions model development.
BONA: Boreal North America, TENA: Temperate North America, CEAM: Central
North America, NHSA: Northern Hemisphere South America, SHSA: Southern
Hemisphere South America, EURO: Europe, MIDE: Middle East, NHAF: Northern
Hemisphere Africa, SHAF: Southern Hemisphere Africa, BOAS: Boreal Asia, CEAS:
Central Asia, SEAS: South East Asia, EQAS: Equatorial Asia, AUST: Australia.
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4.3.2. GEOS-Chem Hg Simulation

We use the global Hg simulation (Amos et al., 2012; Corbitt et al., 2011; Holmes et al.,
2010; Selin et al., 2007; Selin et al., 2008; Strode et al., 2007) in the GEOS-Chem model
of atmospheric chemistry and transport (Bey et al., 2001). The global Hg simulation in
GEOS-Chem is available at spatial resolutions of 2° x 2.5° and 4° x 5° (latitude x
longitude). It simulates three mercury species (elemental Hg (Hg(0)), divalent Hg (Hg(II),
particulate bound Hg (Hg(P)) and includes Hg cycling amongst fully coupled atmospheric,
terrestrial and oceanic reservoirs. The model includes both primary (anthropogenic +
natural) and secondary Hg emissions. Anthropogenic Hg emissions are based on Pacyna et
al. (2010) and updated following Streets et al. (2009) (Corbitt et al., 2011). Biomass
burning emissions are calculated using a fixed Hg/CO emission ratio (Holmes et al., 2010;
Selin et al., 2008). Biomass burning emissions comprise exclusively of Hg(0) (Selin et al.,
2008). Natural emissions include geogenic sources, ocean and land re-emissions (soil
emissions, prompt recycling of newly deposited Hg). Atmospheric Hg sinks in the model
include dry and wet deposition of the Hg species. Deposition of Hg(0), Hg(II) and Hg(P)
to terrestrial surfaces follows the resistance-in-series formulation of Wesely (1989). Dry
deposition of Hg(0) to oceans is based on the bidirectional exchange model of Soerensen
et al. (2010). Sea salt aerosol uptake of Hg(II) (function of wind speed, relative humidity
and mixing depth) is included as a sink in the marine boundary layer (Holmes et al., 2010;
Holmes et al., 2009). Wet deposition of Hg(II) and Hg(P) consists of scavenging in wet
convective updrafts and rainout and washout in large scale precipitation (Amos et al., 2012;

Holmes et al., 2010; Liu et al., 2001; Wang et al., 2011). Atmospheric chemistry of Hg in
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the model involves gas phase oxidation of Hg(0) to Hg(II) driven by bromine (Br) atoms
and in-cloud aqueous phase photochemical reduction of Hg(II) to Hg(0) (Holmes et al.,
2006; Selin et al., 2008). GEOS-Chem is capable of simulating the Arctic springtime Hg
depletion events driven by Br oxidation of Hg(0) (Holmes et al., 2010). Hg(II) partitioning
from gas phase to particulate phase [Hg(P)] is parameterized as a function of temperature

and particulate matter concentration (Amos et al., 2012).

In this work, we use the GEOS-Chem Hg simulation at a spatial resolution of 4° x 5°
(model version: v9-02) driven with the GEOS-5 meteorology fields and Hg wildfire
emissions inventory from Kumar et al. (2018) [Section 2.1]. We perform seven simulations
(including a control run) to determine the contributions of different wildfire emissions
source continents to Hg deposition in the Arctic. Table 1 lists the simulations along with
the respective descriptions. These simulations consisted of a control (Control (with wildfire
emissions for the 2000s)) and no wildfires (No Global) simulation together with
simulations having emissions from individual continents absent [e.g. No North America
simulations had zero emissions from North America]. For all the seven simulations, we
simulate meteorology years 2006-2010 with the first year used for model initialization. The
results presented here are averages of the years 2007-2010. The Arctic region is defined as
extending from 66° N to 90° N and 180° W to 180° E. The deposition archived from the
simulations is the sum of dry (Hg(0) + Hg(Il) + Hg(P)) and wet deposition (Hg(Il) +

Hg(P)). The contribution of each continent is calculated as shown in Eq. (1).
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Contributioncgptinent

B (Hg Depositioncgniror — Hg Depositionge,gitivity

Where:

100 1
Hg Depositiongy,irol ) i M

Contributiongg,tinent: Percentage contribution of Hg wildfire emissions in the continent

to Hg deposition in the Arctic (Continent=North America, South America, Eurasia, Africa,

Australia)

Hg Depositiongg,ro1: Annual total Hg deposition over the Arctic for the control run

Hg Depositiongeygirivity: Annual total Hg deposition over the Arctic for the sensitivity
runs (Sensitivity = No Global, No North America, No South America, No Eurasia, No

Africa, No Australia)

Table 1: Description of the simulations performed to determine the contribution of
wildfire emissions (global/continental) on Hg deposition in the Arctic.

Simulation Description

Control With global Hg wildfire emissions for the 2000s

No Global No wildfire emissions globally

No North America | No wildfire emissions from North America (BONA, TENA,

No South America
No Africa

No Eurasia

No Australia

CEAM)
No wildfire emissions from South America (NHSA, SHSA)
No wildfire emissions from Africa (MIDE, NHAF, SHAF)

No wildfire emissions from Eurasia (EURO, BOAS, CEAS,
SEAS, EQAS)

No wildfire emissions from Australia (AUST)
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4.4. Hg deposition to the Arctic due to wildfires (2000s)
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Figure 2: (a) Percentage contribution of global and continental wildfire emissions to
annual deposition to the Arctic, (b) percentage contribution of different
regions/continents to annual deposition due to wildfires in the Arctic.
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Figure 2(a) shows the percentage of annual Hg deposition to the Arctic due to wildfires
(global and continental) while Figure 2(b) shows the contribution of different continents to
the annual wildfire deposition. Global wildfire Hg emissions are estimated to contribute
~10% of the annual Hg deposition to the Arctic. A significant fraction (~9%) of this Hg
originates from wildfires in Eurasia (5% of annual Hg deposition), Africa (2.3%) and
North America (1%), which collectively account for ~83% of global Hg wildfire emissions
(Kumar et al., 2018). Considering the deposition due to wildfires only [Figure 2(b)], these
continents account for 92% of the annual deposition to the Arctic (Eurasia: 55%, Africa:
26%, North America: 11%). The significant contributions of North America and Eurasia
can be primarily attributed to wildfires in the boreal parts of these continents. Wildfires in
boreal forests (BONA + BOAS) account for 41% of the global Hg wildfire emissions with
Eurasian boreal forests emitting 31% of global emissions due to the significantly higher
fire activity in the region as compared to boreal North America (Kumar et al., 2018). This
distribution is also reflected in the relatively minor contribution of wildfires in North
America to annual Arctic deposition (1%) as compared to that of Eurasia (5.3%). Major
tropical wildfire emissions sources such as South America and Africa also contribute to
Arctic Hg enrichment annually, accounting for 3.3% of total deposition and 34% of
deposition due to wildfires. This could be attributed to the long atmospheric lifetime of
Hg(0), which is the primary species emitted from wildfires enabling it to be transported far
away from the source regions. Wildfires in Australia account for < 1% of global Hg
emissions (Kumar et al., 2018), which results in the negligible contributions (< 0.1%) of

the continent to Arctic Hg deposition.
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Figure 3: Seasonal contribution of wildfire emissions (global and continental) to
annual total Hg deposition in the Arctic.

Figure 3 shows the seasonal variation in contributions of wildfires to Hg deposition in the
Arctic (winter: December-January-February, spring: March-April-May, summer: June-
July-August, fall: September-October-November). Wildfires are a year-round phenomenon
with some part of the globe experiencing fires in a given season. This is shown by the
consistent Hg deposition in the Arctic due to wildfires across all seasons. Global wildfire
emissions cause the maximum Hg deposition during the fall (15%) and summer (11%) with

relatively smaller inputs during the spring (7%) and winter (8%). The peak contributions
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during the summer and fall months coincide with the onset of the burning season in the
boreal forests. Therefore, the contributions of North America (summer: 1%, fall: 1.5%)
and Eurasia (summer: 7%, fall: 9%) in these seasons are higher than in the winter (North
America: 0.8%, Eurasia: 3%) and spring (North America: 0.9%, Eurasia: 2.9%). The
dominant role of boreal fires in Eurasia can be observed here as well with > 50% of the
deposition during summer and fall being caused by them. African wildfire emissions result
in a consistent year round Hg enrichment of the Arctic with similar contributions across all
seasons (2.3% - 3.1%), which can be attributed to the consistent fire activity occurring in
the continent in a year. During winter and spring, Africa and Eurasia are the major
contributors to Arctic Hg deposition. These findings indicate that wildfires play a major

role in Hg enrichment of the Arctic year round.

() Global Wildfires Change Global Wildfires Change (%)
LN NS

128



(b) North America Change North America Change (%}

South America Change South America Change (34}

129



(d) Eurasia Change Eurasia Change {%)

000 0.25 050 0.75 1.00 >  ug/m2ly

Figure 4: Spatial distribution of contribution to Arctic Hg deposition in the absence
of global (a) and continental (North America (b), Eurasia (c), South America (d), and
Africa (e) Hg wildfire emissions.
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Figure 4 shows the spatial distribution of contributions of global and continental Hg
wildfire emissions to annual Arctic Hg deposition (Australia is omitted due to negligible
contributions). Wildfires make significant contributions to annual Hg deposition
throughout the Arctic [Figure 4(a)]. Deposition is particulary high in the Eurasian parts due
to the high Hg emissions from the boreal forests in the region. Other parts of the Arctic
receive much lower inputs. Deposition to the Arctic Tundra region (North of 70° latitude)
ranges from 5-10% [Figure 4(a)] with substantial differences between the North American
and Russian Tundra reflecting the differences in the magnitude of emissions in the two
regions. Obrist et al. (2017) identified Hg (0) atmospheric deposition to the Arctic Tundra
to be a major driver of Arctic Hg contamination with deposition amplifying during the
vegetation-growing season. Since wildfires emit Hg mainly as Hg (0) and considering that
boreal forest emissions (the major wildfire source of Hg deposition to the Arctic) increase
significantly during the vegetation growing season (e.g. summer) in the Tundra, wildfires
cause Hg inputs to the Arctic when it can have the most significant impacts on the Arctic
ecosystems. Figures 4(b) - 4(e) show the spatial distribution of contributions of emissions
from different continents to the Arctic. Emissions from Africa make uniform contributions
throughout the Arctic region [Figure 4(e)] while Eurasian emissions also increase Hg
deposition in other parts of the Arctic (e.g. North America). These results further
emphasize the importance of long-range transport of Hg to the Arctic from far away

regions.
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4.5. Conclusions

We studied the source attribution (2000s) for Hg deposition to the Arctic due to wildfires
in this study. We used a new global Hg wildfire emissions inventory to drive the
atmospheric Hg simulation in a global model of atmospheric chemistry and transport
(GEOS-Chem). A suite of simulations were performed with wildfire emissions turned off
globally and from individual wildfire emissions source continents. Global wildfire Hg
emissions are estimated to contribute 10% of annual Hg deposition to the Arctic. At the
continental scale, Eurasia contributes 5.3% of annual Hg deposition followed by Africa
(2.5%) and North America (1%). The substantial contributions of Eurasia and North
America can be primarily attributed to wildfire emissions from the boreal forests in these
continents. We also find that wildfires result in significant Hg deposition to the Arctic
across all seasons (winter: 8.3%, spring: 7%, summer: 11%, fall: 14.6%) with the highest
deposition occurring during the boreal fire season (summer and fall). Several studies have
highlighted the importance of boreal forests as important sinks of Hg in the high latitudes
and the implications of mobilization of this Hg. Our estimates of more than 50% of wildfire
caused deposition to the Arctic emerging from Eurasia and North America where boreal
forests are the major Hg source provide quantitative evidence supporting these earlier
studies. In addition, due to the significantly higher contribution to Hg deposition as
compared to boreal forests in North America, boreal forests in Asia could be identified as

the major biome driving Arctic Hg pollution due to wildfires.
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