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The composition of fire emissions from ecosystems vulnerable to global change 

 
By 

 
Elizabeth Brooke Wiggins 

 
Doctor of Philosophy in Earth System Science 

 
 University of California, Irvine, 2018 

 
Professor James T. Randerson Irvine, Chair 

 
 
 

 Fire impacts climate over wide spatial and temporal scales via many complex, 

interdependent, and often poorly understood processes. For example, fires emit substantial 

amounts of greenhouse gases and aerosols. Vulnerable regions worldwide are becoming more 

prone to larger, and more intense wildfires. Global change in the form of climate change and/or 

land use change is impacting fire regimes across the globe. In the boreal forest, climate change is 

causing a combination of warmer temperatures, drought, earlier snowmelt, and favorable fire 

weather that encourages the development of wildfires. In the tropics, specifically Indonesia, 

extensive land use change involving the degradation of naturally-existing peatlands to support 

agricultural productivity is also causing a significant increase in wildfires and corresponding 

emissions. There is a need to quantify and characterize the composition of emissions in wildfire-

prone regions to fully understand the climate and human health related impacts of changing fire 

regimes.  

 In my first study, I examined the influence of daily meteorology on boreal forest fire 

emissions and regional trace gas variability. I coupled a statistical fire combustion model with an 

inverse atmospheric transport model to quantify the influence of fires on trace gas variability 
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observed at a tower in Alaska equipped with a cavity-ring down spectrometer. I discovered that 

basic meteorological variables, including temperature and vapor pressure deficit, explained 

variability in fire activity better than complex fire weather indices. Next, I analyzed 

environmental controls on boreal forest fire emission factors during an anomalously large fire 

year in Alaska (2015). I used the same coupled modeling approach to determine times when fires 

influenced trace gas variability at the tower. Tower observations were used to calculate 23 

individual boreal fire emission factors, substantially contributing to the database of emission 

factors. In my final study, I analyzed wildfire aerosol emissions in Indonesia during the 

devastating 2015 haze event. Considerable uncertainty exists with regards to whether the 

particulate emissions originate from deforestation fires, agricultural burning, or peatland fires. To 

address this, I analyzed aerosol samples collected in Singapore, a major city downwind of 

Indonesian wildfires, for their radiocarbon content. The radiocarbon content of the fire-emitted 

aerosol was depleted in 14C, indicating the majority of fire PM2.5 emissions originated from the 

burning of peatlands. The collective results of the studies from this dissertation will vastly 

improve our characterization of trace gas and particulate emissions from fires in globally 

important and vulnerable ecosystems. 
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Chapter 1 
 
1. Introduction 

1.1  Global change and fire feedbacks in highly vulnerable biomes  

 Fire is an important natural disturbance in the Earth system, modifying regional and 

global climate over a wide range of spatial and temporal scales and through many complex, 

interdependent, and often poorly understood processes [Bonan, 2008; Li et al., 2014]. Active 

fires can directly impact atmospheric composition and air quality through injection of trace gases 

and particulate matter into the surrounding atmosphere [Langmann et al., 2009]. After a fire has 

occurred, surface albedo can be significantly altered, but varies considerably as a function of 

seasonality and local vegetation dynamics [Bowman et al., 2009]. Post-fire changes in surface 

albedo can influence climate decades after a fire has ensued [Randerson et al., 2006]. Fire can 

also initiate successional ecosystem changes, impact species richness and community 

composition, and redistribute key nutrients [Turner et al., 1998]. Directly following a fire, 

carbon uptake by local vegetation is reduced or halted depending on the severity of the fire. Loss 

of vegetation cover causes immediate changes in carbon, energy, and water fluxes locally 

[Beringer et al., 2003]. Climate, in turn, modulates fires by influencing fuel moisture, fuel 

structure, and the likelihood of ignition and fire spread [Moritz et al., 2012]. The complex 

feedback loops between fires, climate, and ecosystems are important to quantify because of the 

short and long-term influences fire can ultimately have on the Earth system. These relationships 

vary significantly among different regions because of differences in regional climate, vegetation, 

atmospheric dynamics, and anthropogenic influence on the landscape [Moritz et al., 2012].  

 The ultimate impact of fire emissions on climate and human health depends on the 

amount and chemical composition of active fire emissions coupled with their atmospheric 
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transport [Langmann et al., 2009]. The composition of primary fire emissions is influenced by a 

wide variety of environmental factors including fuel conditions (type, structure, quantity, and 

moisture content) and fire weather (temperature, humidity, wind speed, precipitation), which, in 

turn, can be rapidly modified by fires as they burn [Schultz et al., 2008]. More complete 

combustion, commonly known as flaming combustion, emits more highly oxidized gas 

emissions such as CO2, H2O, NOx, SO2, and black carbon [Andreae and Merlet, 2001; Akagi et 

al., 2011]. Less complete combustion, or smoldering combustion, produces most of the CO, CH4, 

non-methane volatile organic compounds, and primary organic aerosol [Andreae and Merlet, 

2001; Akagi et al., 2011]. Flaming combustion is more likely to occur under hot and dry oxygen-

rich conditions while smoldering combustion is more common in oxygen-depleted, cool and 

moist environments. Over the life cycle of a fire, varying combinations of flaming and 

smoldering combustion can result in varying emissions at different times and at different 

locations within a fire [Schultz et al., 2008].  

 Fire carbon emissions (𝐶!) are commonly quantified by multiplying burned area (A), 

biomass density (B), the fraction of biomass that is carbon (𝑓!), and fuel consumption (𝛽) 

(equation 1.1) [Van der Werf et al., 2010].  

 

𝐶! = 𝐴 ∗ 𝐵 ∗ 𝑓! ∗ 𝛽          (1.1) 

 

Each of these variables is determined through a combination of remote sensing observations and 

in-situ field measurements and all have considerable uncertainty. Carbon emissions can be 

converted to specific trace gas or aerosol species using a scalar known as an emission factor (g 

species per kg biomass combusted) [Akagi et al., 2011]. Although emission factors are almost 
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always treated as a static scalar that is separately applied for each biome, in reality they are 

dynamic and highly sensitive to the combustion phase, combustion completeness and related 

environmental drivers.  

  Globally, total burned area has experienced a negative trend over the last 18 years as a 

consequence of expanding agricultural activity and resulting landscape fragmentation in savanna 

regions that ultimately limits the spread of fire [Andela et al., 2017]. However, over the past two 

decades there has also been a rise in the number of large, out of control fires, in temperate and 

boreal ecosystems [Liu et al., 2010]. Anthropogenic climate change and land use change in 

susceptible ecosystems can significantly modify the amount and composition of fire emissions 

and thus exacerbate the detrimental impact of fires for human health and climate [Lavorel et al., 

2007; Turetsky et al., 2015].  

 Fires in peatlands are of particular interest, because of their extremely high fuel loads. 

Peatlands consist of partially decayed organic material in an anoxic, waterlogged environment. 

These vast stores of carbon in organic rich peatland soil layers can be released to the atmosphere 

when the water table drops and surface layers are ignited by lightning or humans. Peatlands 

currently contain the same magnitude of carbon as the present-day atmospheric carbon pool 

[Turetsky et al., 2015]. Pristine peatlands are naturally resilient to fire, because of the high water 

table associated with the development of peat. However, climate change in boreal peatlands and 

land use change in tropical peatlands is ultimately causing these naturally protected landscapes to 

become more vulnerable to fire [Van Der Werf et al., 2008a; Turetsky et al., 2011; Miettinen et 

al., 2012].  

 Smoldering peatland fires emit substantial amounts of greenhouse gasses and fine 

particulate matter that can influence regional to global climate and human health [Marlier et al., 
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2013], but have not been systematically measured in situ in many areas. Fires that occur in 

peatlands are dominated by the smoldering phase of combustion, and once ignited peat fires can 

continue to burn for weeks or months [Turetsky et al., 2015]. Excessive fire in peatlands can 

change the ecosystem from a carbon sink to a carbon source that contributes to the buildup of 

atmospheric greenhouse gasses [Page et al., 2002; Turetsky et al., 2015]. Peatland fires emit the 

most organic carbon, carbon monoxide, etc., per unit mass combusted of all fires in natural 

landscapes [Stockwell et al., 2016; Jayarathne et al., 2018; Wooster et al., 2018]. It is imperative 

to understand how global change is influencing the magnitude and chemical composition of 

peatland fire emissions to fully capture the impact of fire on climate and human health.  

 

1.2  Boreal forest fire emissions and climate change 
 
 The boreal forest covers roughly 17% of the Earth’s land surface, but contains more than 

30% of all carbon in the terrestrial biome [Kasischke and Stocks, 2012], mostly in thick carbon-

rich soil layers [Harden et al., 2000; Turetsky et al., 2011]. Fire is a common, natural disturbance 

in the boreal forest that influences ecosystem dynamics, carbon balance, and climate feedbacks 

in the high latitudes of the Northern hemisphere [Johnson, 1996; Harden et al., 2000; Turetsky et 

al., 2015]. However, climate change may significantly alter fire feedbacks [Stocks et al., 2000]. 

A climate driven change in the fire regime can influence radiative forcing by altering surface 

albedo [Amiro et al., 2006; Rogers et al., 2012] and via substantial emissions of greenhouse 

gases and climate-warming aerosols [Martin et al., 2006; Preston and Schmidt, 2006; Flanner et 

al., 2007; Akagi et al., 2011].  

 Climate is changing most rapidly in the high-latitude regions of the northern hemisphere, 

and this trend is expected to continue (Figure 1.1) [Jones et al., 2012; Gauthier et al., 2015; 
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Nazarenko et al., 2015]. Warmer temperatures, earlier snowmelt, and a longer growing season 

are creating more widespread ideal fire weather conditions for boreal forest fires to occur and 

spread [Stocks et al., 1998; Young et al., 2017]. Favorable fire weather conditions and an 

increase in lightning are causing an increase in burned area and the number of large fires in the 

North American boreal forest [Veraverbeke et al., 2017]. A complete understanding of the 

positive feedback loop between climate and fire activity requires knowledge of the overall 

radiative forcing caused by boreal fires, including the amount and composition of fire emissions 

and the role of fire in modifying surface biophysics. 

 

Figure 1.1 Annual mean temperature anomaly time series for Alaska created using the Climate Research Unit 
(CRU) land station temperature database [Jones et al., 2012]. Temperature anomalies are calculated relative to the 
mean from 1961 – 1990. Blue bars represent years with means below the average and red bars represent years above 
the average. 
 
 The net radiative effect of boreal forest fires is historically slightly negative, because of 

the seasonally integrated albedo changes in the landscape over a century or more [Randerson et 
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al., 2006].  However, active fire emissions can directly influence regional to global atmospheric 

chemistry and albedo immediately following a fire, via emissions of greenhouse gases and 

climate-warming and/or cooling aerosols. The quantity and chemical composition of fire 

emissions is highly variable and dependent on current and antecedent environmental conditions 

[Bessie and Johnson, 1995; Johnson, 1996]. Although the influence of weather on fire behavior 

is well established in boreal ecosystems [Alexander, 1982; De Groot, 1998; Abatzoglou and 

Kolden, 2011; Sedano and Randerson, 2014], quantitative models linking weather with 

emissions are needed to better understand fire impacts at on atmospheric composition at regional 

and global scales under a changing climate. 

 Both flaming and smoldering combustion can occur simultaneously during a fire, but in 

boreal fires a flaming fire front usually moves through the aboveground biomass and is followed 

by smoldering combustion in the organic soil layers left behind [French et al., 2002]. The 

majority of emissions from boreal forest fires are believed to originate from the carbon-rich soil 

[Harden et al., 2000; Turquety et al., 2007; Boby et al., 2010; Rogers et al., 2014; Walker et al., 

2018]. Only a relatively small number of previous studies have measured in-situ fire emissions to 

understand the relative proportions of flaming and smoldering in aboveground and belowground 

biomass [Cofer et al., 1990; Radke et al., 1991; Nance et al., 1993; Cofer et al., 1998; Goode et 

al., 2000; Simpson et al., 2011]. The paucity of studies creates a high level of uncertainty in 

emission factors for boreal forest fires. Almost all previous studies have sampled boreal fire 

emissions by flying an aircraft near an active fire plume and collecting canisters of air to be 

analyzed in a laboratory at a later date (Table 1.1). 
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Table 1.1 Compilation of all previous emission factor studies in the boreal forest.  CO and CH4 emission factors 
(EF) have units of g per kg biomass combusted. The final column is the modified combustion efficiency (MCE) 
average for each individual study. 
 Location Sampling Strategy # Fires  Fire Type CO EF* CH4 EF* MCE* 

Cofer et al. (1990) Canada Aircraft Flask 2 Prescribed 101 ± 29 6.12 ± 2.74 0.91  

Radke et al. (1991) Canada Aircraft Gas Analyzer 1 Prescribed 175 ± 91  5.6 ± 1.7 0.86 

Nance et al. (1993) Alaska Aircraft Flask 1 Wildfire 82 ± 13 2.7 ± 1.0  0.93 

Cofer et al. (1998) Canada Aircraft Flask 2 Prescribed 142 ± 59 5.1 ± 3.8 0.88 

Goode et al. (2000) Alaska Aircraft Gas Analyzer 4 Wildfire 90 ± 7.5 3.0 ± 0.5 0.92 

Simpson et al. (2011) Canada Aircraft Flasks 5 Wildfire 113 ± 72 4.7 ± 2.9  0.90 

Wiggins et al. (2016) Alaska Tower-based Ground 3+ Wildfire 134 ± 25 7.74 ± 1.1 0.89 

*CO and CH4 emission factors and MCE vary as a function of combustion completeness. Higher EFs and lower 
MCEs are indicative of smoldering combustion and vice versa indicate flaming combustion.  
 
In total, only 18 individual fire plumes have been sampled from active boreal forest fires and all 

samples were acquired during the day, usually in the afternoon. This approach may create a bias 

towards sampling active fires burning in the afternoon, when boundary layer dynamics supports 

more flaming combustion [Johnson, 1996], and likely only captures a small fraction of the 

variability in fire behavior and corresponding emissions that occurs over day-night cycles and 

synoptic weather timescales. Under the context of a rapidly changing climate, it is essential to 

improve the accuracy of emission factors in order to understand the feedback loops between 

climate and boreal fires.  

 

1.3  Anthropogenic land use change and fire in Indonesia 
 
 Peatlands began forming in Indonesia between 26,000 and 6,000 years ago, serving as a 

terrestrial carbon sink for millenia [Jaenicke et al., 2008]. Indonesian peatlands currently store 

around 55 ± 10 Gt of carbon in organic soil layers that can be up to 20 m thick [Jaenicke et al., 

2008]. Before human intervention, most of these peat deposits were covered with pristine swamp 

forest and were naturally protected from fires by the height of the water table [Page et al., 2004]. 

Over the last several decades humans have subjected these peatlands to intensive logging, 
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drainage, and conversion to agricultural plantations [Anshari et al., 2010]. While pristine 

peatlands are naturally resistant to fire, degraded peatlands have a lower water table and are 

vulnerable to fire. Fires in tropical peatland release carbon to the atmosphere that has been stored 

for thousands of years, contributing to the build-up of atmospheric CO2 concentrations and 

climate change [Marlier et al., 2015].  Deforestation related fires and burning in deep layers of 

accumulated peat are important for quantifying greenhouse gas budgets and indicates the peat 

reservoirs are no longer in steady state with regards to the carbon cycle [Page et al., 2002].  

 Biomass burning in Sumatra and Borneo is an important contributor to global and 

regional budgets of atmospheric greenhouse gases and aerosols [Miettinen et al., 2017a]. These 

fire emissions negatively impact human health [Koplitz et al., 2016], cause interference with 

cloud processes [Tosca et al., 2011; Chen et al., 2018], influence the radiative balance of the 

planet [Podgorny et al., 2003], and increase tropospheric ozone [Sudo and Takahashi, 2001]. 

Fire emissions in Indonesia and Malaysia have increased substantially since the 1980s due to an 

amplification of drought-induced anthropogenic biomass burning including deforestation, slash 

and burn agriculture, land management fires, agricultural waste burning, and peat fires [Field et 

al., 2009].  

 During September - October 2015, Indonesia experienced an exceptionally high fire 

season caused by El Niño-induced dry season drought [Field et al., 2016]. The resulting haze 

event caused an estimated 100,000 premature deaths in Indonesia, Malaysia, and Singapore due 

to illness stemming from exposure to fine particulate matter (PM2.5) emitted by the fires [Koplitz 

et al., 2016]. In addition to hazardous PM2.5 emissions, there were considerable CO2 emissions 

from fires. Indonesian fires are believed to have contributed to 0.2 ppm or 20% of the 1 ppm 

increase in global CO2 concentrations during 2015 [Betts et al., 2016]. Similar events occurred 
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during the most recent comparable El Niño years in 2006 and 1997 with haze pollution mortality 

affecting thousands of people across the region [Marlier et al., 2013].  

 Determining the landscape source of carbonaceous aerosol emissions is important for 

future mitigation of haze events and understanding carbon cycle dynamics in Indonesia. 

Knowing the landscape source of fire emissions provides insight on types of land management 

activities that can potentially be targeted for managing air pollution episodes. The land cover in 

Sumatra and Borneo, consisting of highly degraded natural forests and a plethora of agricultural 

activity juxtaposed with natural intact peatlands, creates a challenging problem for source 

attribution.  Previous studies using remote sensing have a limited ability to quantify fire emission 

contributions from three major fire types in the region: agricultural fires, deforestation related 

fires, and peat fires [Marlier et al., 2013; Abood et al., 2015; Marlier et al., 2015; Lohberger et 

al., 2018]. Although it is generally believed a large portion of Indonesian fire emissions are from 

peat fires, there is considerable uncertainty in the source attribution. There is a need to quantify 

fire emission contributions from agricultural waste burning, deforestation, and peat fires to 

inform fire management policy and mitigate future haze events. 

 

1.4  Organization of research 
 
The goal of this thesis is to improve our understanding of the composition of fire emissions in 

vulnerable fire-prone ecosystems that are influenced by important global change drivers. 

 

In chapter 2 I investigated the influence of environmental conditions on boreal fire emissions and 

fire contributions to regional trace gas variability. I assessed the relative importance of different 

climate variables and fire weather indices in explaining the temporal variability of active fires, 
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fire radiative power, burned area, and emissions. I then combined fire emissions from the Alaska 

Fire Emissions Database (AKFED) with an atmospheric model to simulate continuous trace gas 

observations from tower observations in Alaska. In this approach I used the Coupled Polar 

Weather Research and Forecasting/Stocastic Time-Inverted Lagrangian Transport (PWRF-

STILT) model to link emissions with trace gas observations at the tower. The injection height of 

fire emissions was constrained using the mean injection height derived from an analysis of 2013 

fire plumes in Alaska observed by the Multi-angle Imaging Spectroradiometer (MISR).  

 

The following questions were addressed in this research: 

1. How much of the variability in fire activity can be explained using meteorological and 

fire weather indices? 

2. Can trace gas variability observed at a tower in interior Alaska be explained using a fire 

emissions database coupled with an atmospheric transport model?  

 

This chapter was published in the Journal of Geophysical Research – Biogeosciences as: 

Wiggins, E. B., Veraverbeke, S., Henderson, J. M., Karion, A., Miller, J. B., Lindaas, J., 

Commane, R., Sweeney, C., Luus, K.A., Tosca, M.G. and Dinardo, S.J. (2016). The influence of 

daily meteorology on boreal fire emissions and regional trace gas variability. Journal of 

Geophysical Research: Biogeosciences, 121(11), 2793-2810. 

 

In chapter 3 I used the modeling approach developed in chapter 1 to quantify boreal forest fire 

emission factors from high-resolution tower-based trace gas observations. I focused on 

observations from an anomalously high fire year, 2015. During the summer of 2015, Alaska 
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experienced the second largest fire season since records began in this region in the 1940s. I 

isolated periods in the observational dataset when fire had a dominant influence on trace gas 

variability observed at the NOAA/NASA CRV tower. Emission factors for CO and CH4 along 

with modified combustion efficiencies (MCE) were calculated using these fire influenced 

periods. Emission factors were sorted into three categories to represent the dominant phase of 

combustion: smoldering, mixed, or flaming. I then coupled a fire emissions inventory (AKFED) 

with an atmospheric transport model (PWRF-STILT) to quantify the spatial and temporal 

variability of fires and their influence on CO, CH4, and CO2 at the CRV tower. This approach 

allowed us to isolate individual fire contributions to trace gas variability at CRV tower.  

 

The research was motived by the following questions: 

1. Can a continuous tower-based approach capture more variability in fire activity and 

behavior than traditional aircraft techniques? 

2. Have the products of smoldering combustion been underestimated in previous boreal fire 

emission factor studies because of sampling biases?  

 

This chapter is in preparation for submission to Atmospheric Chemistry and Physics as: 

Wiggins, E.B., Sweeney, C., Miller, J.B., Andrews, A., Miller, C.E., and Randerson, J.T. (2018), 

Evidence for a greater contribution of smoldering combustion to boreal forest fire emission 

factors from a tower-based approach . Journal of Geophysical Research: Atmospheres. In-prep. 

 

In chapter 4 I investigated the radiocarbon age of carbonaceous aerosols emitted from fires in 

Indonesia during the catastrophic fire season of 2015. During 2015, El Nino induced drought 
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exacerbated fire activity in Indonesia, which led to a deadly regional haze event. However, the 

amount of emissions that originated from agricultural waste burning, deforestation-related fires, 

or burning in peatlands remains uncertain. I analyzed PM2.5 aerosol samples that were collected 

downwind of major fire activity in Singapore from August 2014 – October 2015. The samples 

were measured for total carbon concentration and for the radiocarbon content of the total carbon. 

I used a Keeling plot approach and a box model to determine the radiocarbon signature of 

carbonaceous aerosols emitted from fires. The radiocarbon signature of the aerosols provides 

evidence to determine the source of the fire-emitted aerosols. This research was motivated by the 

following questions: 

 

1. What is the radiocarbon signature and corresponding age of fire-emitted smoke aerosols 

in Indonesia? 

2. Was the deadly haze event in Indonesia during 2015 caused by particulate emissions 

from agricultural waste burning, deforestation, or peatland fires?  

 

This chapter was submitted to the Proceedings of the National Academy of Sciences and is 

currently in review as:  

Wiggins, E.B., Czimczik, C.I., Santos, G.M., Chen, Y., Xu, X., Holden, S.R., Randerson, J.T., 

Harvey, C.F., Kai, F., Liya, Y. (2018). Smoke radiocarbon measurements from Indonesian fires 

provide evidence for burning of millennia-aged peat. Proceedings of the National Academy of 

Sciences. In review.  
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Chapter 5 summarizes the main findings of my dissertation work. I discuss broader implications 

of my research and future directions for the science. Chapters 2 and 4 are slightly altered 

versions of previously published or submitted papers. The chapters were altered for formatting 

purposes only. The content of each chapter is identical to the original manuscript. Chapter 3 is a 

version of a manuscript currently being written that will be submitted to Journal of Geophysical 

Research: Atmospheres later this year.  
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Chapter 2 

 
The influence of daily meteorology on boreal fire emissions and regional trace 
gas variability 
 
Adapted from: 

Wiggins, E.B., Veraverbeke, S., Henderson, J.M., Karion, A., Miller, J.B., Lindaas, J., 

Commane, R., Sweeney, C., Luus, K.A., Tosca, M.G., Dinardo, S.J., Wofsy, S., Miller, C.E., and 

Randerson, J.T. (2016), The influence of daily meteorology on boreal fire emissions and regional 

trace gas variability. Journal of Geophysical Research: Biogeosciences, 121(11), 2793-2810. 

  

2.1  Introduction 

 Boreal forest fires are an important driver of ecosystem dynamics, carbon balance, and 

climate feedbacks in the Northern Hemisphere [Johnson, 1996; Turetsky et al., 2015]. At a 

landscape scale, fires influence the age structure of forests, with post-fire succession modifying 

species composition over a period of many decades [Viereck, 1983; Wirth et al., 1999]. Within 

individual burns, environmental conditions at the time of the fire can modify fire severity, and 

ultimately the recruitment and composition of vegetation that establishes in early successional 

stages [Johnstone et al., 2004; Johnstone and Chapin, 2006]. Boreal ecosystems are carbon rich, 

with accumulation rates enhanced by cold temperatures and slow decomposition rates [Apps et 

al., 1993; Trumbore and Harden, 1997; Harden et al., 2000; Hobbie et al., 2000; McGuire et al., 

2010]. Much of this carbon is contained in organic soil layers that are vulnerable to fire [Apps et 

al., 1993; Rapalee et al., 1998] and account for 80-90% of the carbon released during 

combustion [Boby et al., 2010; Turetsky et al., 2011; Rogers et al., 2015]. A change in fire 

regime thus has the potential to influence radiative forcing by means of several different 
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pathways, including modification of surface biophysics [Amiro et al., 2006; Rogers et al., 2013], 

terrestrial carbon stocks [Harden et al., 2000; Turetsky et al., 2011], and emissions of black 

carbon [Martin et al., 2006; Preston and Schmidt, 2006; Flanner et al., 2007; Akagi et al., 2011]. 

To reduce uncertainties in fire-climate feedbacks and allow more accurate prediction of future 

change, more information is needed to understand how meteorological factors influence the 

amount and composition of pyrogenic emissions.  

 Weather and climate strongly influence fire dynamics in boreal forests on time scales of 

hours to decades [Johnson, 1996]. Ambient weather conditions control lightning ignition 

probability [Latham and Schlieter, 1989; Nash and Johnson, 1996; Anderson, 2002] and fire 

spread rates [Sedano and Randerson, 2014] through their influence on convection, fire weather, 

and fuel moisture. The moisture content of fine surface fuels rapidly responds to variations in 

vapor pressure deficit over a period of hours or days, whereas the moisture content of deeper soil 

layers responds to the cumulative effects of precipitation and evapotranspiration over the course 

of the fire season [Van Wagner and Pickett, 1985]. In permafrost areas, soil moisture is also 

regulated by heat inputs that influence thaw rates of the active layer [Lawson, 1986]. The 

likelihood of deep burning, high levels of fuel consumption, and enhanced carbon emissions are 

sensitive to the moisture levels of deeper layers [Kasischke et al., 1995; Turetsky et al., 2011; 

Veraverbeke et al., 2015]. 

Climate and weather variability influence the energy release during combustion and the 

depth of burning in organic soils [Nash and Johnson, 1996; Turetsky et al., 2011], and as such 

govern the amount and composition of trace gases emitted from fire. Flaming combustion is 

responsible for the more highly oxidized gas emissions such as CO2, H2O, NOx, SO2, and black 

carbon, whereas smoldering combustion produces most of the CO, CH4, non-methane volatile 
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organic compounds, and primary organic aerosol [Akagi et al., 2011]. Smoldering and flaming 

combustion often occur simultaneously during a fire, and smoldering fires often exist as residual 

burning after a flaming fire front has moved through a particular area. Flaming combustion likely 

account for most of the fire spread under hot and dry conditions whereas smoldering fires move 

more slowly, often in more humid conditions, but may contribute to combustion losses over 

longer intervals [Akagi et al., 2011; Turetsky et al., 2015]. Variables such as fuel moisture 

content and wind speed can influence the quantity of biomass consumed during either flaming or 

smoldering combustion phases [Akagi et al., 2011; French et al., 2014]. Anderson et al. [2015], 

for example, found that integrating fire weather conditions into a carbon emissions model 

increases the spatial and temporal variability of the emissions time series. Although the influence 

of weather on fire behavior and spread rate is well established in boreal ecosystems [Alexander, 

1982; Van Wagner and Pickett, 1985; Abatzoglou and Kolden, 2011; Sedano and Randerson, 

2014], quantitative models linking weather with emissions and emission factors are currently 

lacking. In this context, new modeling approaches and atmospheric trace gas observations are 

needed to improve our understanding of how the composition of boreal fire emissions may 

respond to new extremes in fire weather. 

 Several approaches exist for estimating carbon emissions from fires. One paradigm is the 

Seiler and Crutzen [1980] approach whereby emissions are estimated as the product of area 

burned, fuel loads, the fraction of fuels combusted, and emission factors for different gas species 

that relate trace gas production to a fixed amount of consumed biomass. In boreal forests, this 

approach has been used extensively, along with advances in remote sensing, to estimate 

emissions [French et al., 2002; Kasischke et al., 2005]. Veraverbeke et al. [2015] estimated 

pyrogenic carbon consumption from relationships between field observations of carbon 
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consumption and environmental variables, including a remotely sensed indicator of burn 

severity. They also leveraged the Moderate Resolution Imaging Spectroradiometer (MODIS) 

active fire/thermal anomaly data to obtain burned area and thus carbon emissions with a daily 

time step. Major sources of uncertainty with these modeling approaches include uncertainties in 

the algorithms used to estimate the amount of carbon consumed from above- and belowground 

carbon pools [French et al., 2004; Veraverbeke et al., 2015]. Errors for trace gases and aerosols 

are likely amplified by the use of temporally and spatially uniform emission factors.   

Remote sensing also allows development of top-down models of emissions from fires 

using an approach based on fire radiative energy. Previous studies have established a relationship 

between fire radiative energy and smoke aerosol or trace gas emission rates [Wooster et al., 

2005; van der Werf et al., 2006; Kaiser et al., 2009a]. The rate at which a fire releases energy has 

a direct, linear relationship to its rate of biomass consumption [Ichoku and Kaufman, 2005; 

Wooster et al., 2005]. Multiple satellite observations per day are needed to construct a diurnal 

cycle of fire radiative power (FRP), and the integral of this diurnal cycle, fire radiative energy, is 

directly related to total emissions. Remote sensing information on the number of thermal 

anomaly detections, such as active fire counts and FRP measurements from the MODIS sensors 

on the Terra and Aqua satellites, have been used to assign spatial and temporal variability in 

emissions. For example, Wiedinmyer et al. [2011] assigned a biome-specific burned area to 

MODIS active fire detections, enabling the creation of a global daily emissions time series at a 1 

km resolution and in near real time. Similarly, Mu et al. [2011] used active fires from MODIS 

and Geostationary Operational Environmental Satellite (GOES) radiometers to redistribute 

monthly fire emissions from the Global Fire Emissions Database (GFED) to daily and 3-hourly 

resolutions.  
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Smoke modeling systems rely on the emissions models described above to simulate fire 

impacts on regional air quality [Freitas et al., 2007; Freitas et al., 2009]. For this class of model, 

fire emissions estimates can be combined with an atmospheric transport model to estimate 

regional concentrations of aerosols or trace gases [Grell et al., 2010]. The BlueSky smoke 

modeling framework uses a modular assimilation of fire information, fuel loading, fuel 

consumption informed with meteorology, and aerosol emission factors to ultimately provide 

information about aerosol concentrations and the dispersion of fire plumes [Larkin et al., 2010]. 

Environment and Climate Change Canada’s North American air quality forecast system, 

FireWork, uses near real time wildfire emissions estimates and a similar modeling framework 

that incorporates the BlueSky Fire Emissions Product Simulator (FEPS) module to provide 

regional forecasts of trace gases and aerosols [Pavlovic et al., 2016].  

 Here we examined the influence of daily meteorology on fire emissions and trace gas 

variability in interior Alaska as a part of NASA’s Carbon in Arctic Reservoirs Vulnerability 

Experiment (CARVE). In a first step, we assessed the relative importance of different 

meteorological variables and fire weather indices in explaining the temporal variability of active 

fires, fire radiative power, burned area, and emissions within the state of Alaska during the 

summer of 2013. In a second step we combined estimates from the Alaskan Fire Emissions 

Database (AKFED) with an atmospheric model to simulate continuous trace gas observations 

from the CARVE-NOAA Global Monitoring Division tower in Fox, Alaska (hereafter referred to 

as the CRV tower). We used the AKFED model because it was developed and constrained 

specifically for our region of study and because of its high spatial and temporal resolution. In our 

approach we use the Coupled Polar Weather Research and Forecasting/Stochastic Time-Inverted 

Lagrangian Transport model (PWRF-STILT) to link emissions with trace gas observations at the 
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CRV tower. This approach also allowed us to isolate contributions from individual fires to 

observed trace gas time series. To help constrain the transport model, we used CRV tower 

observations during high fire periods to estimate emission factors for carbon monoxide and 

methane, and multi-angle remote sensing observations to estimate plume injection heights. 

 

2.2  Methods 

2.2.1  Meteorological Data  

 We used daily meteorological summaries from the National Climatic Data Center 

(http://www7.ncdc.noaa.gov/CDO/cdopoemain.cmd) for three stations in interior Alaska to 

assess synoptic-scale variability in fire weather. These stations were the Fairbanks International 

Airport, Eielson Air Force Base, and Minchumina. The Fairbanks and Eielson stations were 

selected because of their close proximity to the Stuart Creek II and Mississippi fires that 

accounted for about 12% of the total burned area in interior Alaska during 2013. Minchumina 

was selected because of its proximity to a set of fires to the southwest of Fairbanks, near Denali 

National Park (Figure 2.1). At each station we extracted hourly precipitation, mean surface air 

temperature, dew point temperature, and wind speed. Hourly relative humidity for each station 

was calculated using the August-Roche-Magnus approximation with the dew point and air 

temperature time series [Lawrence, 2005]. Hourly saturation vapor pressure was calculated 

following Tetens [1930] as a non-linear function of temperature. Hourly vapor pressure deficit 

(VPD) was calculated by subtracting the actual vapor pressure from the saturation vapor 

pressure. We extracted the noon local time data for precipitation, temperature, relative humidity, 

and wind speed to compare with the fire weather indices described below. 
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Figure 2.1 (a) Map of fire characteristics in our Alaska study domain during the summer of 2013. Alaska Fire 
Emissions Database (AKFED) total carbon emissions from fires are shown in kg C per m2. (b) The daily mean of all 
PWRF-STILT footprints during a representative high fire period on 5 July 2013. In both panels, the location of CRV 
tower is denoted with a black circle, and Figure 1a the location of the Minchumina, Fairbanks International Airport, 
and Eielson Air Force Base weather stations are shown from left to right with red squares. In Figure 2.1a, the 
locations of the Stuart Creek II fire and the Mississippi fire are denoted by SC and M, respectively, major roads are 
shown as purple lines, and elevation is shown with gray shading. 
 
 We used the noon local standard time observations described above to estimate fire 

indices from the Canadian Forest Fire Weather Index System [Van Wagner and Pickett, 1985]. 

This system has three codes to characterize the moisture of fuel classes. The fine fuel moisture 

code (FFMC) is representative of fine fuels such as litter consisting of a dry weight layer 

approximately 1.2 cm deep. The FFMC attempts to capture the relatively fast drying of fine fuel 

in response to temperature, relative humidity, wind speed, and rainfall on short time-scales. It has 
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been used to indicate ease of ignition or ignition probability [Van Wagner and Pickett, 1985]. 

The duff moisture code (DMC) provides a metric for loosely packed decomposing organic 

material in surface soils 7 cm deep. The drought code (DC) represents deep compact organic 

material 18 cm deep and is an indicator of potential depth of burn. Each of these codes depends 

on a combination of temperature, humidity, wind speed, and precipitation. Three additional 

indices are derived from these codes. The initial spread index (ISI) combines wind and the 

FFMC to estimate fire weather influence on the spread rate. The build-up index (BUI) combines 

the duff moisture code and the drought code. The fire weather index (FWI) combines ISI and 

BUI to represent the energy release by the fire per unit length of fire front. In our analysis, we 

examined the ability of these indices from the Canadian Forest Fire Weather Index System that 

are aimed at capturing variability in fire spread rates. The, FFMC, ISI, and FWI indices are 

widely used by the fire management community to quantify different aspects of fire behavior and 

risk. 

2.2.2  Emission Factors  

 We used high-resolution measurements from the CRV tower during periods of high fire 

influence from the summer of 2013 to determine emission factors for our modeling analysis. A 

CO threshold of 0.7 ppm was applied to isolate periods when fires had significant influence on 

CO2 mole fraction. We estimated emission ratios by calculating the slope of CRV tower CO and 

CH4 enhancements above background (ΔCO and ΔCH4) relative to that of CO2 (ΔCO2). The Δ 

refers to CRV tower observations of trace gas mole fractions with background values subtracted. 

We applied a type II linear regression and then multiplied by a scalar to convert the molar ratio 

into grams of species emitted per kilogram of biomass burned, assuming 450 g C are emitted per 

kilogram of biomass burned [Yokelson et al., 1997; Akagi et al., 2011]. We used estimates from 
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Karion et al. [2016] to remove background levels of CO, CH4, and CO2. For CO2 we also 

estimated and removed the influence of net ecosystem exchange (NEE) associated with gross 

primary production and ecosystem respiration fluxes. CO2 anomalies originating from NEE were 

estimated by coupling the Polar Vegetation Photosynthesis Respiration Model (PVPRM) [Luus 

and Lin, 2015] fluxes with PWRF-STILT [Henderson et al., 2015] simulations at the CRV 

tower. PVPRM provided three-hourly estimates of net ecosystem exchange from high latitude 

ecosystems for regions north of 55°N.  

2.2.3 Plume Heights from the Multi-Angle Imaging Spectroradiometer (MISR) 

 The PWRF-STILT model used to quantify the influence of terrestrial net ecosystem 

exchange on CO2 variability at CRV assumes that upwind air parcels that are transported within 

the bottom half of the planetary boundary layer are subsequently modified by surface exchange. 

Fire emissions, in contrast, have the potential to be injected in fast rising plumes through the full 

boundary layer and into the free troposphere [Duck et al., 2007; Leung et al., 2007; Turquety et 

al., 2007; Kahn et al., 2008]. Here we directly measured fire plume heights to create a better 

representation of fire injection in PWRF-STILT. The MISR instrument on Terra provides 

stereographic images of clouds and plumes, enabling the retrieval of height information [Kahn et 

al., 2008]. We used the MISR Interactive Explorer (MINX) software program [Nelson et al., 

2013] to manually digitize the plume perimeters from all available imagery in Alaska during the 

summer of 2013. Plume heights were then computed by MINX for each 1 km MISR pixel in 

each perimeter, along with aggregate statistics of the mean, standard deviation, and maximum 

heights. In parallel we extracted boundary layer heights at the time of the MISR overpass from 

Modern-Era Retrospective Analysis for Research and Applications (MERRA) [Reichle et al., 

2011]. As described below in Section 2.3.3, we found the mean plume heights were 
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approximately the same as the boundary layer heights. Thus, results below defined the surface 

influence volume in STILT as extending from the surface to the top of the planetary boundary 

layer (PBL), with the assumption that the fire emissions were equally distributed within the PBL 

[Turquety et al., 2007; Kahn et al., 2008]. 

2.2.4  Active Fires, Fire Radiative Power, and the 2013 Fire Season 

 The spatial and temporal variability of active fires and fire radiative power was 

determined using fire detection observations from MODIS on NASA’s Terra and Aqua satellites 

[Giglio et al., 2003]. We specifically used the MCD14ML product and report fire detections for 

all confidence levels, because commission errors are generally low in boreal forest ecosystems. 

Observations between 58° to 71.5°N and 141° to 168.5°W were aggregated to create a daily time 

series with a 0.5° spatial resolution.  

The 2013 Alaskan fire season had levels of fire activity, burned area, and emissions that 

were somewhat below long-term means. Annual burned area from AKFED in 2013, for example, 

was 533 kha compared with a 2001-2010 mean of 655 kha per year. Similarly, carbon emissions 

were 12.7 Tg C compared with a decadal average of 18 Tg C [Veraverbeke et al., 2015]. In this 

context, it is also important to note that the year-to-year variability of wildfire emissions is 

extremely high in Alaskan forests. During 2001-2010 emissions were at a maximum in 2004 at 

69 Tg C, and were at a minimum in 2008 at 1 Tg C. 

2.2.5  Emissions Modeling   

 We compared the ability of three different fire emissions modeling approaches to capture 

variability in trace gas observations measured at the CRV tower. The three approaches were 

derived from satellite-derived observations of active fires, satellite-derived estimates of FRP, and 

daily emissions estimates from AKFED [Veraverbeke et al., 2015]. Each approach provided a 
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slightly different temporal and spatial distribution of emissions in interior Alaska. AKFED is an 

empirical model of carbon consumption with a spatial resolution of 450 m and a temporal 

resolution of one day. Measurements of pre-fire fractional tree cover, difference normalized 

burned area, elevation, and day of burning determines fuel consumption in aboveground 

vegetation and soil organic layers. The timing of carbon releases in AKFED is determined by 

assigning the timing of the closest active fire detection for each burned pixel. The AKFED model 

estimated an annual total of 12.7 Tg C of emissions within our study domain during 2013 (Figure 

2.1).  

 For the active fire emissions model, MODIS Aqua and Terra observations of active fires 

were binned each day to the resolution of our atmospheric model (0.5°).  We then applied a 

conversion scalar (SFC) to convert active fires into kg of carbon. SFC was derived as the ratio of 

the annual sum of total emissions from AKFED and the annual sum of active fires within our 

domain. With this approach, the annual sum was constrained to yield the same annual integral of 

emissions; however, the spatial and temporal pattern of emissions was determined solely by the 

spatial distribution and timing of active fires.  

 

𝐸!"   (𝑥, 𝑡) =
!!"×!"  (!,!)

!  (!)
     (2.1) 

 

where EFC is the fire emissions with units of kg C m-2 day-1 in grid cell x and at day t, SFC is the 

globally uniform scalar with units of kg C per active fire detection, FC is the sum of active fire 

detections in the grid cell each day, and A is the land surface area of each grid cell.  The FRP 

model had a similar form:  
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𝐸!"#  (𝑥, 𝑡) =
!!"#×!"#  (!,!)

!  (!)
     (2.2) 

 

where EFRP is the fire emissions with units of kg C m-2 day-1, SFRP is the globally uniform scalar 

with units of kg C per MW, and FRP is the sum of fire radiative power for all of the active fires 

in the grid cell each day. AKFED provides an output of daily fire emissions with units of kg C m-

2 day-1, and these emissions were averaged within each 0.5°grid cell of the atmospheric model. 

The daily time series of the AKFED, active fire, and FRP-derived emissions derived using these 

approaches are shown in Figure 2.2. 

 

Figure 2.2 Time series of total daily fire carbon emissions (Tg C/d) for the active fire, fire radiative power (FRP), 
and Alaska Fire Emissions Database (AKFED) modeling approaches. 
 
2.2.6  CRV Tower Observations 

 Atmospheric CO, CH4, and CO2 mole fractions during the summer of 2013 were 

measured at the CRV tower in Fox, Alaska (Figure 2.1a) using a Cavity Ring-Down 

Spectrometer (CRDS, Picarro models 2401 and 2401-m) [Karion et al., 2016]. The tower is 32 m 

in height and is located on a ridge 611 meters above sea level in central Alaska at 64.986°N, 

147.598°W. Atmospheric measurements from air drawn from 5 m, 17 m, and 32 m heights from 
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the base of the tower are averaged in 30-second increments (native measurement frequency for 

these CRDS units is approximately 0.5 Hz). In this study we used observations only from the 32 

m intake because this level had the highest measurement density, with observations for 50 

minutes out of every hour, and because this level was likely to have the smallest sensitivity to 

local ecosystem fluxes near the tower [Karion et al., 2016]. 

 The raw 30-second average measurements were processed by applying a water correction 

that was empirically determined in the laboratory prior to deployment of each CRDS unit, 

following procedures similar to those described in previous studies [Chen et al., 2013; Rella et 

al., 2013]. The CRDS instruments were calibrated using five reference tanks with mole fractions 

traceable to the WMO standard scales for all three gases, and drift-corrected using the average 

drift of two tanks (also traceable to WMO standard scales) measured every 8 hours. Total 

uncertainty (reproducibility and comparability to other NOAA network sites) of hourly mole 

fraction measurements at the site are generally <0.2 ppm for CO2, 2 ppb for CH4, and 5 ppb for 

CO (1-sigma). The measurement system at the CRV tower is described in more detail by Karion 

et al. [2016]. 

2.2.7  Atmospheric Modeling  

 STILT [Lin et al., 2007] is a Lagrangian Particle Dispersion Model (LPDM), coupled 

offline to the PWRF regional atmospheric numerical weather prediction model [Skamarock et 

al., 2005; Chang et al., 2014; Henderson et al., 2015], that computes the sensitivity - effectively 

the adjoint of the transport model - of measured atmospheric trace gas measurements to upwind 

fluxes in the form of a surface influence function (the “footprint” field; units of mole fraction / 

(µmol m-2 s-1)). We note that the spatial resolution of the PWRF model is 3.3 km over interior 

Alaska, however the PWRF-STILT footprints were evaluated on a 0.5° x 0.5° aggregated grid 
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[Chang et al., 2014]. Each footprint field is calculated by counting the number of particles 

released in a reverse-time simulation in a surface-influenced volume and the time spent in that 

volume [Lin et al., 2007]. In this study, 500 particles were released from the receptor location at 

each time step for the footprint calculations. To obtain the contribution (units of mole fraction) 

by the upwind fluxes to the observed concentration, the footprint field is convolved with an 

estimate of the upwind fluxes. Nehrkorn et al. [2013] for instance, studied the transport of CO2 

in Salt Lake City using WRF-STILT footprints in which the depth of the atmospheric layer 

influenced by surface fluxes was defined as half the depth of the PBL.  

We used PWRF-STILT footprints to determine the contribution of fire emissions to CO, 

CH4, and CO2 mole fraction observations at the CRV tower. The footprints for CRV are on a 

0.5° latitude-longitude grid with a temporal resolution of 1 hour during the day (hours 0600 to 

1800 local time) and 3 hours during the night (hours 1800 to 0600). An example of the spatial 

distribution for the daily mean of footprints for the study period is shown in Figure 2.1b. The 

footprints are multiplied by an a priori flux field, defined here as the fire emissions (EFC, EFRP), 

to quantify the mole fraction measured at the CRV tower location. To identify sensitivities to the 

injection height, the definition of the top of the surface-influenced layer in STILT was varied 

from the default of half the depth of the PBL to, respectively, 1.0 and 1.5 times the depth of the 

PBL. For each case, the flux remained the same, but the vertical resolution of the surface 

influenced volume was modified. For the 1.0 PBL case, which best matched the MISR plume 

observations, the influence of fire emissions on CRV trace gas mole fractions were reduced by 

approximately 14% relative to the model default. All other aspects of the modeling system 

follow directly from Henderson et al. [2015].  



28	  
	  

 To impose diurnal variation in the fire emissions we binned daytime (0600 to 1800) and 

nighttime (1800-0600) FRP each day in each grid cell, and assumed the relative fractions of FRP 

were proportional to emissions. Emission factors (g trace gas species (kg biomass)-1) were used 

to convert total carbon emissions to CO, CH4, and CO2 emissions. We obtained and implemented 

emission factors from the CRV tower measurements as described below.  

 

2.3  Results 

2.3.1  Influence of Variability in Daily Meteorology on Fire Activity and Emissions 

 Two distinct high fire periods occurred during the summer of 2013 in interior Alaska, as 

measured using the number of satellite-detected active fires (Figure 2.3a). The first, between day 

of year (DOY) 168 and 192, was coincident with the highest midday surface air temperatures 

(Figure 2.3b) and lowest relative humidity levels of the year (Figure 2.3c). Precipitation during 

this interval was low, with only a single significant event recorded at Fairbanks Airport and 

Minchumina on DOY 173 and several smaller precipitation days observed between DOY 180 

and 185 (Figure 2.3d). A second period of fire activity occurred between DOY 210 and 230. 

High temperatures, low relative humidity, and an absence of precipitation events also 

characterized this second period. Wind speeds were variable throughout the season (Figure 2.3e). 

After DOY 230, a series of precipitation events terminated the 2013 fire season. 

 
 To assess the influence of daily meteorology in modulating regional fire activity, burned 

area, and emissions, we conducted a regression analysis with individual daily meteorological 

variables and fire weather indices. Among the different variables shown in Figure 2.3, daily 

temperature was most strongly correlated with the different fire products, followed by relative 

humidity, precipitation, and wind speed (Table 2.1). VPD, derived from a combination of 
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temperature and relative humidity, was slightly better than temperature as a predictor for FRP 

and burned area, but had about the same level of performance for the other fire time series. The 

relatively high performance of VPD as a predictor for burned area observed here is consistent 

with earlier work indicating that VPD anomalies in interior Alaska synchronizes spread rates 

across multiple fires [Sedano and Randerson, 2014].  

 

Figure 2.3 Comparison of daily weather variables from three stations in interior Alaska, including Fairbanks 
International Airport, Eielson Air Force Base, and Minchumina. The different panels show (a) the number of active 
fires per day, (b) temperature (C°), (c) relative humidity (%), (d) precipitation (mm/d), and (e) wind speed (km/h). 
All of the variables except precipitation represent the hourly average at noon local standard time. Precipitation is the 
24 h sum. 
 

Of the 6 fire weather indices that we analyzed from the Canadian Forest Fire Weather 

Index System, FFMC, ISI, and FWI indices had the strongest relationships with the daily time 
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series of fire activity. The FFMC and ISI indices were moderately correlated with daily fire 

activity, explaining between 14 and 21% of the variance of the different daily fire time series 

(Table 2.1; Figure 2.4). FWI was the most successful predictor of all of the different fire weather 

indices examined here, capturing between 24% of the variance for FRP and 29% for burned area. 

Compared with the meteorological variables, FWI had a similar level of predictive capacity as 

VPD and temperature. 

  

 

Figure 2.4 Comparison of daily complex weather variables from Fairbanks Airport, Eielson Air Force Base, 
Minchumina, and the average. (a) The number of active fires per day. (b) Vapor pressure deficit (VPD). (c) The  
Canadian Forest Fire Weather Index (FWI). 
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Table 2.1 Pearson’s Coefficient of Determination (r2) Between Daily Weather Variables, Fire Weather Indices, and 
Time Series Fire Activitya. 

 
aAll correlations were significant at p<0.05 except for precipitation and the drought code. These daily correlations 
were computed over the period from day of year 152 to day of year 242. The weather variables we analyzed 
included temperature (T), relative humidity (RH), precipitation (P), wind speed (WS), and vapor pressure deficit 
(VPD). The fire weather indices included the fine fuel moisture code (FFMC), duff moisture code (DMC), drought 
code (DC), initial spread index (ISI), buildup index (BUI), and fire weather index (FWI). The Alaskan Fire 
Emissions Database is abbreviated as AKFED. 
 

2.3.2  Emission Factors 

 We identified six periods of significant fire influence when a synchronized enhancement 

of CO, CH4, and CO2 was observed at CRV tower during July and August. We used these 

intervals to estimate emission factors for CO and CH4 (Figure 2.5). Emission factors for CO 

ranged from 104 - 166 g CO kg-1 of combusted biomass and emission factors for methane varied 

between 6.26 – 8.96 g CH4 kg-1 biomass (Table 2.2; Figure 2.6). All six periods had high 

correlations between ΔCO and ΔCO2 (r between 0.96 and 0.99) and between ΔCH4 and ΔCO2 (r 

values ranging between 0.96 and 0.99). Averaging across these periods, the mean ΔCO/ΔCO2 

emission factor was 134±25 g CO kg-1 biomass and the mean ΔCH4/ΔCO2 emission factor was 

7.74±1.06 g CH4 kg-1 biomass. The errors associated with the final average emission factors 

were calculated as one standard deviation between the average emission factors for all six of the 

high fire periods. We used these mean emission factors in our transport model simulations of fire 

contributions to the CRV tower described below sections 2.3.4.  

   Meteorological  Fire Weather Indices 

 T RH P WS VPD  FFMC DMC DC ISI BUI FWI 

Active Fires  0.32  0.11  0.05  4e-4 0.31   0.20  0.17 0.02 0.18 0.09 0.28  

Fire Radiative Power  0.20  0.09   0.03  0.001 0.23  0.15  0.11 0.03 0.18  0.04 0.24  

AKFED Burned Area  0.28  0.12  0.04  4e-6 0.31   0.21  0.15 0.04 0.21 0.06 0.29  

AKFED Emissions  0.25  0.09 0.04  0.001  0.25   0.17 0.18 0.03 0.14 0.08 0.23  
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Figure 2.5 The original data from the CRV tower used to calculate emission ratios. (left column) July and (right 
column) August. (top row) CO (ppm), (middle row) CH4 (ppm), and (bottom) CO2 (ppm) are displayed. Background 
threshold for CO is given by dashed gray line; backgrounds for CH4 and CO2 are shown by solid gray lines. The 
time intervals used in emission ratio calculations are highlighted in color: July period 1 (pink), July period 2 
(purple), August period 1 (blue), August period 2 (orange), August period 3 (green), and August period 4 (red). 
 
 
Table 2.2 Emission ratios and emission factors (g species emitted kg-1 biomass burned) from selected observations 
during high fire periods at CRV tower. Correlations are given as Pearson’s correlation coefficient (r). 
 

 
 1. To estimate emission factors from emission ratios, we assumed that combusted biomass was comprised of 45% 
carbon [Yokelson et al. 1997; Akagi et al., 2011].   
 
 

    ΔCO/ΔCO2 ΔCH4/ΔCO2 
Date Time # Data 

Points 
Correlation  

CO (CH4) 

Emission 
Ratio 

Emission 
Factor1 

Emission 
Ratio 

Emission 
Factor 

July 5 – P1 12am – 12pm 183 0.98 (0.98) 0.158±0.002 166±2.1 0.0110±0.0002 6.62±0.12 
July 6 –P2 5am – 7pm 325 0.97 (0.96) 0.152±0.002 160±2.1 0.0104±0.0002 6.26±0.12 

August 8 – P1 10:30pm – 12am 74 0.96 (0.96) 0.122±0.004 128±4.2 0.0137±0.0005 8.24±0.30 

August 9 – P2 1:30am – 3am 96 0.99 (0.99) 0.127±0.002 133±2.1 0.0149±0.0002 8.96±0.12 
August 9 – P3 3:30am – 8:30am 443 0.97 (0.97) 0.099±0.0002 104±0.2 0.0136±0.0002 8.18±0.12 
August 9 – P4 8:30am – 10:30am 139 0.99 (0.99) 0.109±0.0008 114±0.8 0.0136±0.0001 8.18±0.06 

Mean    0.128±0.023 134±25 0.0139±0.0018 7.74±1.06 
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Figure 2.6 Relationship between ΔCO (CO observed - CO background) and ΔCO2 (CO2 observed - CO2 
background) for periods of high fire influence at the CRV tower in (a) July and (b) August. (c and d) Relationship 
between ΔCH4 (CH4 observed - CH4 background) and ΔCO2 (CO2 observed - CO2 background) is shown for the 
same two periods, respectively. 
 
 
Table 2.3 Pearson’s Correlation Coefficient (r) Between Daily Fire Emissions and Observations From CRV Towera 

 
 
 
 
 

*Significant correlations with p values <0.01. These correlations were computed using daily data over the period 
from DOY 152 to DOY 242. 
aBackground concentrations for CO, CH4, and CO2 were subtracted from CRV observations for this comparison. 
 

2.3.3  Injection Heights  

 We digitized a total of 35 individual fire plumes in our study domain during the summer 

of 2013 to extract injection heights from the MISR imagery. This set represented all of the fire 

plumes we could visibly identify from the complete set of available MISR imagery, aided by 

 Active Fire Model FRP Model AKFED 
CO hourly 0.65* 0.63* 0.68* 
CH4 hourly 0.45* 0.51* 0.42* 
CO2 hourly 0.10 0.18 0.04 
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MODIS active fire detections, between DOY 130 and DOY 270. The plumes had an average 

mean height and standard deviation of 1250 ± 551 meters above terrain and an average 

maximum height of 2480 ± 931 meters above terrain (Figure 2.7). We separated the plume and 

boundary height information into two periods corresponding to the first and second high fire 

periods visible in Figure 2.3a. The first covered the interval from DOY 168 to 192 and the 

second from DOY 210 to 230. Maximum plume heights during the first high fire period were 

significantly higher (p <0.02) than during the second period (2920 ± 636 vs. 2300 ± 980 meters 

above terrain). Mean plume heights, however, were not significantly different between the two 

periods. 

Planetary boundary layer height estimates from Modern-Era Retrospective Analysis for 

Research and Applications (MERRA) reanalysis, sampled on the same days and grid cells as the 

plume observations, had a mean of 1520 ± 450 meters.  For 20 out of the 35 plume observations, 

the MERRA planetary boundary layer was higher than the mean but lower than the maximum 

reported plume heights from MISR. Considering the relatively high level of agreement between 

planetary boundary layer and plume heights, and moderate levels of uncertainty in estimating 

both of these measures, we modified PWRF-STILT for the fire simulations so that the surface 

influenced volume extended through the full planetary boundary layer height in each grid cell 

(see section 2.2.7).   
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Figure 2.7 Daily Multiangle Imaging SpectroRadiometer (MISR) derived maximum plume heights (red squares) 
and mean plume heights (blue circles) compared with geographically and temporally matched Modern-Era 
Retrospective Analysis for Research and Applications (MERRA) boundary layer heights (black triangles). 
 

2.3.4  Modeling Fire Contributions to Trace Gas Variability 

 During the summer of 2013 there were two periods during which elevated CO and CH4 

were observed at the tower (Figure 2.8). The first period occurred from DOY 186 to 189, and the 

second period occurred from DOY 221 to 222. During the first period in July maximum trace gas 

mole fractions were 6.91 ppm for CO, 2.15 ppm for CH4, and 411 ppm for CO2. Similarly, 

during the second period in August maximum observed mole fractions were 2.57 ppm CO, 2.14 

ppm CH4, and 412 ppm CO2. As described below, the synchronized enhancement of all three 

trace gas species during these two time periods indicated that fire emissions were a driver of the 

observed variability.  
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Figure 2.8 Observations from the CRV tower (black dashed line) versus active fire approach (green), FRP approach 
(blue), and AKFED (pink) for (a) CO (ppm), (b) CH4 (ppm), and (c) CO2 (ppm). Left y axis corresponds to CRV 
tower observations. 
 
 The model simulations combining fire emissions with PWRF-STILT provided evidence 

that the two anomalously high periods of CO and CH4 at the CRV-NOAA tower were 

attributable to boreal fire emissions from interior Alaska (Figure 2.8). For AKFED, the model 

had a correlation coefficient of 0.68 with observed daily mean CO and had a high bias of 

approximately 60%. CO estimates from the model driven by active fires or FRP had similar 
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levels of correlation with the observations as AKFED (Table 2.3), although the timing of 

individual daily peaks varied among the different emissions sources (Figure 2.8a). These results 

suggest the performance of AKFED, in terms of capturing daily and synoptic variability in trace 

gas variability, was similar to more established approaches that have relied on active fires to 

capture fine temporal scale variability in emissions (e.g., Mu et al. [2011]). Our model 

simulations were able to explain a smaller amount of the variability in CH4 (Figure 2.8b), which 

is consistent with the response of widespread methane sources in lowland ecosystems of interior 

Alaska responding in parallel to the synoptic-scale variability shown in Figure 2.3 [Chang et al., 

2014]. Fires explained only a very small amount of the variability in atmospheric CO2 during the 

growing season period (Figure 2.8c). This finding is consistent with only moderate levels of fire 

emissions observed during 2013 in Alaska (12.7 Tg C) that are near the decadal annual mean (18 

Tg C) [Veraverbeke et al., 2015], and a dominant role of photosynthesis and ecosystem 

respiration in influencing surface atmospheric CO2 variability on synoptic and seasonal time 

scales in high latitude ecosystems [Luus and Lin, 2015; Karion et al., 2016].  

2.3.5  Individual Fire Contributions to Modeled Trace Gas Mole Fractions 

 The combined AKFED-PWRF-STILT model allowed us to isolate the daily contribution 

of individual fires to simulated trace gas simulations at the CRV tower. In our analysis, we 

separated contributions from the Stuart Creek II fire, which was located approximately 58 km 

southeast of the tower, and the Mississippi fire, which was located about 144 km southeast of the 

tower, from all other fires in the state. We identified the grid cells containing the individual fires 

of interest using burn perimeters from the Alaska Large Fire Database. We then masked all fire 

emissions in these grid cells to zero in AKFED, and then re-ran the convolution of AKFED and 

PWRF-STILT. The individual fire contributions were then calculated by subtracting this version 
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of the combined AKFED-PWRF-STILT model from the original simulation. The Stuart Creek II 

fire accounted for 75% of the total CO mole fraction signal from fire when integrated over the 

fire season, whereas the Mississippi fire accounted for 6% of the signal at the CRV tower – with 

most of its impact occurring during the second high fire period (Figure 2.9). Other more remote 

fires were responsible for the remaining 19% of the CO mole fractions at the CRV tower. The 

capability to link individual fires to tower observations is novel, and may allow the exploration 

of relationships between regionally varying ecosystem processes and trace gas emissions and 

composition in future work.   

 

Figure 2.9 Contributions to CO (ppm) observed at the CRV tower from individual fire events. The Stuart Creek II 
fire is shown in blue, the Mississippi fire in green, and the sum of other fires is shown in red. 

 
 
2.4  Discussion 

2.4.1  The Influence of Daily Variations in Meteorology on Fire Activity  

 Daily variability in meteorology is well known to influence many aspects of boreal fire 

behavior [Johnson, 1996]. Here we found that temperature and vapor pressure deficit were the 

most important meteorological fields to explain daily fire activity during the summer of 2013. 
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The importance of these variables has been noted in past studies at different temporal and spatial 

scales [Flannigan and Harrington, 1988; Bessie and Johnson, 1995; Duffy et al., 2005; Sedano 

and Randerson, 2014]. Monthly burned area in different Canadian provinces was shown to vary 

considerably as a function of extended periods of days with low precipitation or relative 

humidity [Flannigan and Harrington, 1988]. Duffy et al. [2005] found that June temperature was 

an important variable in explaining year-to-year variations in Alaskan burned area. VPD is an 

indicator of fire spread in boreal forest ecosystems and the sum of positive daily VPD anomalies 

is correlated with annual burned area [Sedano and Randerson, 2014]. 

 The Canadian Forest Fire Weather Index System has been used extensively to quantify 

past, present, and future patterns in fire behavior [Stocks et al., 1998; Flannigan et al., 2001; 

Bergeron et al., 2004; Bedia et al., 2015]. For example, Stocks et al. [1998] found that under a 

doubled CO2 scenario, the fire season started earlier and areas with high to extreme fire danger 

expanded across Canada and Russia. Bedia et al. [2015] found that fire weather in boreal forests 

will become increasingly sensitive to short-term climate fluctuations in a warming scenario to 

2045. We found that temperature and VPD had a similar level of predictive capacity as FWI, and 

that FWI performed better than all of the other fire weather indices. Although the Canadian 

Forest Fire Weather Index System is a useful tool for estimating future fire weather conditions, 

our results suggest other more direct weather variables, like VPD, also have the potential to 

explain variations in fire dynamics in boreal forest ecosystems. VPD has been used as a driver of 

a global scale prognostic fire model [Pechony and Shindell, 2009], and our results confirm that 

there is a strong mechanistic relationship between this variable and daily burned area and 

emissions in boreal North America. 

 



40	  
	  

2.4.2  CO and CH4 Emission Factors 

 Although recent aircraft and ground observations have reduced uncertainties in wildfire 

emission factors for individual biomes [Akagi et al., 2011], a lack of long-term time series of 

atmospheric composition data near large fire complexes limits our ability to dynamically model 

emission factors as a function of changing environmental conditions. For the boreal forest, 

relatively few direct measurements of emission factors exist, and this has led to the prescription 

of biome-invariant values in large-scale fire models, like the Global Fire Emissions Database 

[Van der Werf et al., 2010], the Fire Inventory from the National Center for Atmospheric 

Research [Wiedinmyer et al., 2011], and the Wildland Fire Emissions Information System 

[French et al., 2014]. Previous aircraft and field campaigns have led to the sampling of 23 fresh 

boreal fire plumes over the last three decades using flasks [Cofer et al., 1990; Radke et al., 1991; 

Nance et al., 1993; Cofer et al., 1998; Goode et al., 2000] and continuous flow gas analyzers 

[Simpson et al., 2011]. A synthesis of these data by Akagi et al. [2011] yielded a mean CO 

emission factor of 127 ± 45 g CO kg-1 biomass and a mean CH4 emission factor of 5.96±3.14 g 

CH4 kg-1 biomass. Here, during two high fire periods, we obtained emission factors that were 

slightly higher than the mean from Akagi et al. [2011]. Our estimates of 134 ± 25 g CO kg-1 

biomass and 7.74 ± 1.06 g CH4 kg-1 biomass suggests that the 2013 Alaskan fires may have had a 

somewhat larger relative contribution from a smoldering combustion phase. 

Our analysis suggests that continuous, high temporal resolution tower measurements of 

greenhouse gases in a high fire region can provide new information on emission factors that 

complements aircraft plume sampling. Even during a moderate fire season, we were able to 

identify six periods in which trace gas signals from individual fires were large enough to derive 

emission factors. While background CO and CH4 concentrations were relatively constant over 
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time, enabling a relatively clean separation of the anomaly caused by fires, CO2 was much more 

variable due to numerous ecosystem sources and sinks that fluctuated on diurnal, synoptic, and 

seasonal timescales. This variability makes it critical to accurately simulate and remove the CO2 

variability originating from terrestrial net ecosystem exchange using ecosystem models and 

observations from low fire periods [Karion et al., 2016]. 

Further work using high temporal resolution tower observations is necessary to 

understand environmental controls on boreal forest fire emission ratios. More observations may 

provide a way to relate emission factors to fire type (smoldering vs. flaming), weather 

variability, land and tree cover, drainage status, soil moisture, and burn severity. The modeling 

approach developed here is well suited for studying these relationships because it allows for the 

identification of trace gas contributions from individual fires. More specifically, the use of 

PWRF-STILT in future work may make it possible to link environmental and weather variables 

at the time and location of a single wildfire to greenhouse gas mole fraction anomalies observed 

at a tower. The number of days with strong fire signals was relatively low during the summer of 

2013, limiting our ability to investigate these relationships. An important next step in this context 

is to extend this analysis to the high fire seasons observed in the Canadian Northwest Territories 

in 2014 and in Alaska in 2015.  

2.4.3  Top Down Constraints on Fire Emissions Inventories 

 In past studies, active fires and FRP have been widely used to distribute fire emissions in 

space and time [Ichoku and Kaufman, 2005; Wooster et al., 2005; van der Werf et al., 2006; 

Jordan et al., 2008; Kaiser et al., 2009a], and in this study we show that AKFED had a similar 

performance to these more commonly used methods. The relationship between observed trace 

gas at the CRV tower and AKFED combined with PWRF-STILT, with a correlation coefficient 
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of 0.68, provides partial validation for AKFED. The difference and similarities among 

approaches are evident when the models are combined with PWRF-STILT to predict carbon 

concentrations at CRV tower (Figure 2.8, Table 2.3). All three approaches captured some of the 

fine-scale temporal dynamics of the fire signals as observed at the tower, however, on average, 

the signals were somewhat overestimated. Averaged over the fire season, AKFED had a positive 

bias of 60%. AKFED exhibits this bias primarily during the first fire period, whereas for the 

FRP-based model the overestimation appears mostly during the second fire period. The three 

conceptual approaches show discrete differences in fire emissions both temporally (Figure 2.2) 

and spatially (Figure 2.1). Although conceptually distinct, the models are not completely 

independent, which contributed to their fairly similar spatiotemporal dynamics. AKFED 

leverages MODIS active fire data to assign daily burned area and the FRP and active fire 

approaches essentially redistribute the total carbon emissions from AKFED in space and time 

based on the timing and locations of the MODIS active fire detections. Daily variability in 

AKFED is primarily driven by variations in burned area with a smaller influence of differences 

in carbon consumption. Likewise the number of active fires and burned area are highly 

correlated [Giglio et al., 2003], highlighting another shared characteristic of the different 

emissions time series. 

 

2.5  Conclusions   

 By combining a high-resolution fire emissions inventory with a regional atmospheric 

model, we estimated fire contributions to trace gas variability measured at a tower in interior 

Alaska. Our modeling system enabled us to isolate the contribution of individual fires to daily 

variations in trace gas mole fractions and was uniquely constrained by region-specific emission 
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factors and injection height information. We found moderate levels of correlation between 

observed and modeled CO, CH4, and CO2 concentrations from boreal fires. Differences between 

modeled and observed mole fractions can be explained by underlying uncertainties in the 

emissions inventory, transport modeling system, and our assumptions regarding the use of fixed 

emission factor and plume injection parameterizations. VPD and temperature variables had a 

similar level of correlation with daily fire time series as more complex Canadian forest fire 

weather indexes, including FWI. We found emission factors that were above average relative to 

the mean of previous studies. Further study of high-resolution CO, CH4, and CO2 tower 

measurements during a high fire year using this method could provide opportunities to estimate 

boreal forest fire emission ratios. Our analysis demonstrates the feasibility of combining high-

resolution fire emissions and atmospheric transport models to study relationships between 

meteorology and emissions. Further work building on this approach may further reduce 

uncertainties of fire-climate feedbacks in the boreal forest. 
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Chapter 3 

 

Evidence for a larger contribution of smoldering combustion to boreal forest 
fire emission factors from tower observations in Alaska 
 
Adapted from: 

Wiggins, E.B., Sweeney C., Miller J.B., Andrews A., Miller C.E., Randerson J.T. (2018), 

Evidence for a larger contribution of smoldering combustion to boreal forest fire emission 

factors from tower observations in Alaska. Journal of Geophysical Research: Atmospheres, in 

prep. 

 

3.1  Introduction 

 Boreal forest fires influence the carbon balance and climate in the Northern Hemisphere 

through a variety of pathways. Boreal forest fires initiate succession, regulate patterns of carbon 

accumulation, and directly release carbon to the atmosphere [Johnson, 1996]. One of the largest 

reservoirs of global terrestrial carbon resides in organic soils underlying boreal forests [Apps et 

al., 1993; McGuire et al., 2010], and fires in the boreal forest can consume significant amounts 

of aboveground and belowground biomass [Harden et al., 2000; French et al., 2004]. Many 

boreal forest fires are stand replacing and high energy, with enough convective power to inject 

smoke into the upper troposphere and lower stratosphere where it can be transported across the 

northern hemisphere [Forster et al., 2001; Turquety et al., 2007].  

 Emissions from boreal fires can significantly influence global and regional atmospheric 

particulate and trace gas concentrations [Wotawa et al., 2001; Kasischke et al., 2005]. Boreal 

forest fires have contributed a substantial amount of carbon-based trace gasses to the atmosphere 
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over the last 50 years [French et al., 2002]. Roughly 95% of carbon emissions from fires are 

released as CO2, CO, and CH4 [Urbanski, 2014]. Large-scale variations in burned area, fire 

severity, and depth of burn govern overall fire emissions. Annual burned area in the boreal forest 

has been increasing over the past few decades in response to rising temperatures [Gillett et al., 

2004; Kasischke and Turetsky, 2006; Veraverbeke et al., 2017]. Future climate models project 

amplification of warming at high latitudes that will likely increase fire activity and thus 

emissions in response to favorable hot and dry fire weather conditions [Flannigan et al., 2001; 

de Groot et al., 2013; Young et al., 2017]. 

 Environmental conditions at the time of combustion, including daily weather, vegetation, 

and terrain modify the composition and magnitude of emissions [Ryan, 2002; Wiggins et al., 

2016] by influencing combustion efficiency [Boby et al., 2010] and fire spread rates [Sedano and 

Randerson, 2014]. The combustion characteristics of a fire, specifically the relative contributions 

of smoldering and flaming combustion, considerably impact the chemical composition of 

emissions [Ward and Radke, 1993; Yokelson et al., 1997; Akagi et al., 2011; Urbanski, 2014]. 

Flaming combustion is more efficient at oxidizing organic matter directly to CO2 gas than 

smoldering combustion, and as a consequence, smoldering combustion produces more CO, CH4, 

and organic carbon aerosol [Ward and Radke, 1993; Urbanski et al., 2008]. Smoldering 

combustion can be defined as combustion with a modified combustion efficiency less than 0.9 

[Urbanski, 2014].  

 Flaming combustion requires the presence of organic material that burns efficiently in a 

high oxygen environment [Ottmar, 2001], and often occurs in boreal forests when fires consume 

dry aboveground fuels, including vegetation components with low moisture content, litter, and 

fine woody debris [French et al., 2004].  Smoldering is a dominant combustion phase for 
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burning of belowground biomass and larger coarse woody debris. Residual smoldering 

combustion in boreal forests can continue to occur for weeks after a flaming fire front has passed 

through, especially in areas with carbon rich organic soils [Bertschi et al., 2003].   

 Given the likelihood of enhanced boreal forest fire emissions in the future, it is 

imperative to be able to accurately quantify emissions of important trace gases including CO, 

CH4, and CO2 that affect the climate by altering the radiative balance of the planet [Kasischke et 

al., 2005], and atmospheric chemistry by means of influencing tropospheric concentrations of 

hydroxyl radical [Levine and Cofer, 2000]. Relative proportions of CO, CH4, and CO2 emitted 

from boreal fires provide clues about what phase of combustion is responsible for emissions 

[Ward and Radke, 1993].  

 The most widely used approach to quantify specific trace gas emissions from fires 

involves quantifying the amount of dominant vegetation burned by a fire and multiplying that 

amount by a scalar called an emission factor that relates the amount of a certain gas produced per 

kilogram of biomass consumed [Seiler and Crutzen, 1980]. Emission factor calculations require 

knowledge of the excess mixing ratios of a trace gas or particulate species of interest, the carbon 

budget of a fire, and the carbon content of the biomass combusted [Akagi et al., 2011]. Emission 

factors are most commonly estimated by multiplying an emission ratio by the carbon content of 

the total biomass consumed [Andreae and Merlet, 2001]. An emission ratio represents the 

amount of a gas or particle emitted relative to a reference species and can be estimated by 

calculating the slope of trace gas or particulate enhancements above background relative to that 

of a co-emitted reference species, usually CO2 or CO. The slope of a best-fit linear regression, or 

the emission ratio, can then be multiplied by the carbon content of the biomass consumed by the 
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fire to convert the molar ratio into grams of species emitted per kilogram of biomass burned 

[Yokelson et al., 1997; Akagi et al., 2011]. 

 The emission factor is often parameterized as a static scalar [Akagi et al., 2011] although 

in reality it is dynamic and responds to environmental conditions that influence the amount 

smoldering and flaming combustion and likely simultaneously regulates combustion 

completeness [French et al., 2002]. To account for this, some studies assign different emission 

factors for a given percentage of flaming or smoldering combustion that was estimated to have 

occurred in aboveground and belowground fuels [Cahoon et al., 1994; French et al., 2002; 

Kasischke and Bruhwiler, 2002].  Other studies have used more complex models to estimate 

carbon trace-gas emissions using emission factors that evolve depending on the spatial 

distribution of biomass in different vegetation types and the temporal behavior of fire based on 

fuel moisture conditions [Amiro et al., 2001].  

 There are a limited number of in-situ previous studies that have measured emission 

factors from boreal forest fires by flying aircraft nearby plumes and collecting flasks of air to be 

measured in a laboratory at a later time or measuring the trace gas and/or particulate 

concentrations in-situ using gas-sensor equipment mounted in the aircraft [Cofer et al., 1989; 

Cofer et al., 1990; Radke et al., 1991; Nance et al., 1993; Cofer et al., 1998; Goode et al., 2000; 

Simpson et al., 2011]. Limitations associated with this method of sampling include the inability 

to capture variability in emission factors stemming from changes in environmental conditions 

and afternoon-biased measurements with a short temporal and spatial range. An alternative 

approach to measuring in-situ emission factors involves using a tower equipped with a cavity 

ring-down spectrometer that continuously measures trace gas concentrations located in an area 



48	  
	  

downwind of fires. This has been done in a previous boreal forest fire study during a moderate 

fire season in Alaska [Wiggins et al., 2016].   

 In this study we used trace gas observations of CO, CH4, and CO2 from the CARVE 

(CRV) tower located in interior Alaska to derive time-weighted emission factors from boreal 

forest fires that burned during the anomalously high fire season of 2015. 2015 was the second 

largest fire season in terms of burned area since records began in 1940 with over 5 million acres 

burned [Hayasaka et al., 2016; Partain et al., 2016]. An unseasonably warm spring and earlier 

snowmelt allowed fuels to dry early in the season [Partain et al., 2016]. In mid-June, 

thunderstorms caused an unprecedented lightning event during which over 65,000 strikes in 

Alaska caused 270 individual fire ignitions on anomalously dry fuel beds over the course of a 

week [Hayasaka et al., 2016; Veraverbeke et al., 2017]. Fires continued to burn under favorable 

weather conditions until mid-July, when cool, damp weather minimized fire growth for the rest 

of the summer fire season.  

 The CRV tower captured an integrated signal of trace gas emissions from fires across 

interior Alaska during the 2015 fire season. We coupled a fire emissions inventory, the Alaska 

Fire Emissions Database (AKFED) [Veraverbeke et al., 2015] with an atmospheric transport 

model, the Polar Weather Research and Forecasting Stochastic Time Integrated Lagrangian 

Transport (PWRF-STILT) model [Henderson et al., 2015], to quantify the spatial and temporal 

variability of individual fires and their influence on CO, CH4, and CO2 at the CRV tower. Our 

tower based approach allows for an integration of emission factors through the day-night fire 

cycle and suggest the smoldering phase of boreal fires may have a higher contribution to 

emissions than previously estimated.  
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3.2  Methods 

3.2.1  CARVE (CRV) Tower Observations 

 Atmospheric CO, CH4, and CO2 mole fractions were measured at the CRV tower in Fox, 

Alaska (64.986°N, 147.598°W) during the summer of 2015 using a cavity ring-down 

spectrometer (CRDS, Picarro models 2401 and 2401m) [Karion et al., 2016]. The location of the 

tower was ideally located to sample boreal forest fires in interior Alaska (Figure 3.1). We used 

observations from air drawn from the top intake height at a height of 32m from the tower base 

because this level had the highest measurement density and the smallest sensitivity to local 

ecosystem fluxes near the tower [Karion et al., 2016]. All raw 30 s average measurements were 

calibrated according to Chen et al. [2013] and Rella et al. [2013].  

 

Figure 3.1 Fire Perimeters in Alaska during 2015 with colors representing the day of burning. The location of the 
CRV tower is denoted with a black circle.   
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3.2.2  Emission Factors and Modified Combustion Efficiency 

 We isolated periods when fire had a dominant influence on trace gas variability observed 

at CRV tower to calculate emission factors. This was achieved by first removing all data when 

the mole fraction of CO was less than 0.5 ppm. Second, we defined a 240-point (2 hour interval) 

discrete moving windows to extract CO, CH4, and CO2 mole fractions and calculate correlation 

coefficients between all three. Only periods with highly significant correlations between CO:CO2 

and CH4:CO2 (r2 > 0.80) were retained, because covariance among co-emitted species represent 

almost all carbon emissions from fires [Urbanski, 2014].  

 We calculated background mole fractions of CO and CH4 by taking an average of 

observations prior to any major fire activity in interior Alaska (DOY 170 – 172.5). We modeled 

hourly CO2 background concentrations to account for the influence of net ecosystem exchange 

(NEE) using a Bayesian approach multi-variable linear regression model trained on CRV tower 

observations during 2012, a year with little to no fire influence on trace gas variability. The 

variables used in the CO2 model include hourly observations of temperature, vapor pressure 

deficit, precipitation, day of year, latent heat flux, and hourly CO2 observations from Barrow, AK 

(Figure 3.2). Meteorological variables were acquired from the National Climatic Data Center 

Automated Weather Observing System for Fairbanks International Airport 

(http://www7.ncdc.noaa.gov/CDO/cdopoemain.cmd). This location was chosen due to its 

proximity to the CRV tower. We obtained 3-hourly latent heat flux from the NOAH2.7.1 

GLDAS/NOAH experiment 001 for version 2 of the Global Land Data Assimilation System 

(GLDAS-2) [Rodell et al., 2015]. Hourly in-situ CO2 observations from a clean air site in 

Barrow, AK were attained from the Earth System Research Laboratory Global Monitoring 

Division [Thoning et al., 2007]. 
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Figure 3.2 Panel A: 2012 CO2 observations from CRV tower (black) during a low fire year versus modeled CO2 
(green). Panel B: 2015 CO2 observations from CRV tower (black) versus modeled CO2 (red).  
 
 We estimated emission ratios by calculating the slope from a type II linear regression of 

CO and CH4 excess mixing ratios (ΔCO and ΔCH4) relative to CO2 (ΔCO2). Excess mixing 

ratios refer to observations of trace gas mole fractions with background values subtracted. 

Emission factors were calculated by multiplying the emission ratio by a scalar to convert the 

molar ratio into grams of CO or CH4 emitted per kilogram of biomass burned with the 

assumption that 450 g C is emitted per kilogram of biomass burned [Yokelson et al., 1997; Akagi 

et al., 2011].  

 We calculated modified combustion efficiency (MCE) for each emission factor period. 

Modified combustion efficiency is defined as the excess mixing ratio of CO divided by the total 

excess mixing ratio of CO and CO2 [Ward and Radke, 1993]. MCE was used to separate events 

into three categories: smoldering, mixed, or flaming. These categories reflect the dominant phase 

of combustion from fires that contributed to trace gas anomalies at the CRV tower during the 



52	  
	  

summer of 2015. Any period with an MCE less than 0.9 was considered to consist of mostly 

smoldering combustion, periods with an MCE of 0.9 – 0.91 were classified as consisting of a 

mixture of smoldering and flaming combustion, and any period with an MCE greater than 0.92 

was classified as flaming [Urbanski, 2014].  

3.2.4  Transport Modeling  

 We coupled a fire emission model, the Alaskan Fire Emissions Database (AKFED) 

[Veraverbeke et al., 2015] with an atmospheric transport model, the Polar Weather Research and 

Forecasting Stochastic Time Integrated Lagrangian Transport model (PWRF-STILT) 

[Henderson et al., 2015] to estimate fire contribution to trace gas variability from CRV tower 

observations following Wiggins et al. [2016]. AKFED models carbon consumption with a 

temporal resolution of 1 day and a spatial resolution of 450 m. We regridded AKFED to the 

same spatial resolution as the atmospheric transport model (0.5°) for the model coupling. To 

account for diurnal variability in emissions, here we imposed a diurnal cycle on daily emissions 

following Kaiser et al. [2009b], where the diurnal cycle is the sum of a constant and a Gaussian 

function that peaks in early afternoon with 90% of emissions occurring during the day and 10% 

at night.   

 The influence functions or “footprints” (ppm per µmol/m2/s) from the atmospheric 

transport model quantify upwind surface fluxes that are observed at the CRV tower at a given 

time. The footprints are on a 0.5° latitude-longitude grid with a temporal resolution of 1 h during 

hours 0600 to 1800 (day) local time and 3 h during hours 1800 to 0600 (night). Footprint timing 

and magnitude for each time period associated with an emission factor period was analyzed.  

This approach allowed us to confirm CRV tower observations represent an integration of 

emissions from multiple fires and capture variability in emissions across the diurnal fire cycle.  
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 We used the combined model to determine individual fire contributions to CO anomalies 

at CRV tower and the contribution of day and night fire emissions to CO variability at the CRV 

tower. This was achieved by calculating the total CO contribution from each individual 0.5° grid 

cell from the AKFED×PWRF-STILT combined model and utilizing the fire perimeters from the 

Alaska Large Fire Database (data provided by Bureau of Land Management (BLM) Alaska Fire 

Service, on behalf of the Alaska Wildland Fire Coordinating Group (AWFCG) and Alaska 

Interagency Coordination Center (AICC)) to identify the location of individual fires. We 

determined an individual fires contribution to CO at the CRV tower by setting all emissions in 

AKFED for a particular grid cell to zero and rerunning the model coupling with PWRF-STILT. 

The difference between the original model and the updated coupling is equal to an individual 

fire’s contribution to CO at the CRV tower. 

 

3.3  Results 

3.3.1  Emission Factors and Modified Combustion Efficiency 

 Synchronized enhancements of CO, CH4, and CO2 well above background concentrations 

were prominent in CRV tower observations from DOY 173 – 196 (Figure 3.3). We identified 23 

individual events that span about 2 hours each to calculate emission factors from the elevated 

trace gas observations (Figure 3.4; Figure 3.5; Table 3.1). CO emission factors ranged from 93 to 

267 g CO per kg biomass combusted, and CH4 emission factors ranged from 2.67 to 10.9 g CH4 

per kg biomass combusted. MCE ranged from 0.83 to 0.93. The mean CO emission factor was 

144 ± 70.4 g CO per kg biomass combusted, the mean CH4 emission factor was 5.80 ± 2.92 g 

CH4 per kg biomass combusted, and the mean MCE was 0.88. We identified a strong linear 

relationship between the CH4 emission factor and MCE (Figure 3.6). 
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 Each event was used to calculate emission factors was classified as a smoldering, mixed, 

or flaming emissions event using the MCE. We discovered 13 smoldering events, 7 mixed 

events, and 3 flaming events throughout the fire season (Figure 3.7; Table 3.2). Smoldering 

events had a mean CO emission factor of 174 ± 39 g CO per kg biomass combusted, a mean CH4 

emission factor of 7.07 ± 1.49 g CH4 per kg biomass combusted, and a mean MCE of 0.86 ± 

0.027. Mixed events consisting of both smoldering and flaming combustion had a mean CO 

emission factor of 110 ± 6.0 g CO per kg biomass combusted, a mean CH4 emission factor of 

4.59 ± 0.92 g CH4 per kg biomass combusted, and a mean MCE of 0.90 ± 0.004. Flaming events 

had a mean CO emission factor of 90.1 ± 6.6 g CO per kg biomass combusted, a mean CH4 

emission factor of 3.11 ± 0.47 g CH4 per kg biomass combusted, and a mean MCE of 0.92 ± 

0.005. 

 

Figure 3.3 CRV tower observations of CO (panel A), CH4 (panel B), CO2 (panel C), and active fire counts from 
MODIS. 
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Figure 3.4 CRV tower observations of CO (panel A), CH4 (panel B), and CO2 (panel C) with periods used to 
calculate emission factors highlighted to denote the dominant phase of combustion - smoldering (blue), mixed 
(green), and flaming (red).  

 

Figure 3.5 Panel A: Excess mixing ratios of CO (ΔCO) versus CO2 (ΔCO2) used to calculate emission factors. Red 
triangles denote excess mixing ratios taken from flaming fire signals in CRV observations, green squares show 
mixed fire signals, and blue circles show smoldering. Panel B: Excess mixing ratios of CH4 (ΔCH4) versus CO2 
(ΔCO2) used to calculate emission factors. 
 

A
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Figure 3.6 Relationship between CH4 emission factors and corresponding modified combustion efficiency (MCE).  
 

 
Figure 3.7 Examples of raw trace gas observations used to calculate emission factors for smoldering (blue), mixed 
(green), and flaming (red) dominated combustion. 
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Table 3.1 Events of elevated trace gas concentrations at the CRV tower due to fire emissions and their related 
emission ratios, emission factors (g per kg biomass combusted), and modified combustion efficiency (MCE). 
Dominant flaming combustion is denoted with an (F), mixed (M), and smoldering (S). Correlation is the r2 value. 
 

 
Table 3.2 Comparison of CO and CH4 emission factors partitioned into smoldering, mixed, and flaming 
combustion. Emission factor units are g of CO or CH4 per kg of biomass combusted. 

 
 
3.3.2  The Influence of Fires on Trace Gas Variability at the CRV Tower 

 The model simulations combining AKFED fire emissions with PWRF-STILT provided 

confirmation that the elevated trace gas signals at the CRV tower were caused by boreal forest 

fire emissions (Figure 3.8). The AKFED model had a Pearson’s correlation coefficient of 0.61 

with observed daily mean CO and had a low bias of approximately 7%. The footprints associated 

with each emission factor event also were used to determine how much of the signal was coming 

from burning on previous days and the fraction of emissions emitted during day and night 

periods. We found that 99% of the fire emissions that influenced CRV tower trace gas 

concentrations occurred within 3 days of the emission factor event at the CRV tower, with 76% 
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occurring within the first 24 hours, 22% during the next 24 hours, and 2% occurring three days 

prior to the event (Figure 3.9). Overall, 64% of the fire emissions that impacted the tower 

occurred during the day (0900 to 1800 local time) and 36% occurred at night (1900 – 0600 local 

time).  

 

Figure 3.8 CRV observations of CO (black) compared to modeled CO anomaly due to fires (red).  

 

Figure 3.9 Temporal distribution of CO anomaly at the CRV tower caused by fires, calculated by multiplying 
footprints from PWRF-STILT with fire emissions from AKFED. Only times when emission ratios were calculated 
are used in the analysis. 
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 We identified 31 individual fires that contributed to at least 1% of the CO mole fraction 

time series at CRV tower (Figure 3.10-11; Table 1.1). On average, these fires were 958 ± 29 km 

away from CRV tower. The total CO emitted from these fires accounts for 75% of the total CO 

mole fraction signal during DOY 160 – 200. The remaining CO signal originated from many 

smaller fires that were across interior Alaska. The Tozitna and Jackson fires together were 

responsible for the greatest percentage of the total CO anomaly at CRV tower, and were 

considered together for this study because of the 0.5° grid size necessary for model coupling. 

These two fires contributed 17.3 ppm of CO or 9% of the total CO anomaly. The fires that 

significantly contributed to the CO anomaly at CRV tower were not the closest fires to the tower 

or the largest fires of the 2015 fire season in terms of burned area.  

 

Figure 3.10 Total individual fire contributions to CO anomaly at CRV tower determined by convolving footprints 
from PWRF-STILT with fire emissions from AKFED. The location of CRV tower is shown as a black dot. Fire 
perimeters are shown as black outlines. 
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Figure 3.11 Panel A: Top 5 individual fire contributions to the CO anomaly at CRV tower. Black shows original 
AKFEDxPWRF-STILT model, red depicts contributions from the Jackson and Tozitna fires (grouped together due 
to both fires being in one 0.5° grid cell), green from Kobe fire, blue from Blair fire, gold from Aggie Creek fire, and 
purple from Spicer Creek fire. Panel B: Total CO anomaly from all fires that contributed to at least 1% of the 
modeled CO anomaly at CRV tower (red) compared to the original model (black). 
 

3.4  Discussion 

3.4.1 Emission Factors Derived from Tower-Based Observations 

 Emission factors provide a straightforward way to convert fire emissions into discrete 

species, such as CO, CH4, and CO2. This technique is commonly used to model emissions of 

select species and or to compare model results with in-situ or remotely sensed observations. The 

most frequently used approach to measure emission factors involves flying an aircraft through or 

near an active fire plume and collecting flasks of air for later analysis or measuring 
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concentrations in-flight using gas-sensor instruments [Goode et al., 2000; Simpson et al., 2011]. 

Flight safety protocol often prohibits flying too close to the active fire and requires all sampling 

to occur when smoke plumes are visible. As a result, emission factors derived from this style of 

sampling have mostly sampled plumes when the fire is more likely to be active and in a flaming 

combustion stage. Usually, only a few individual fires can be thoroughly sampled in an aircraft 

campaign.  

 There are limited previous studies on boreal forest fire emission factors, and almost all 

derived emission factors were determined from aircraft sampling (Table 1) [Cofer et al., 1989; 

Cofer et al., 1990; Radke et al., 1991; Nance et al., 1993; Cofer et al., 1998; Goode et al., 2000; 

Simpson et al., 2011; Wiggins et al., 2016].  In total, all previous studies combined sampled 18 

individual active fires and derived emission factors that were likely biased towards flaming fires 

that occurred in the afternoon, as a product of the sampling strategy.  A compilation of all 

previous studies yields CO emission factors that are significantly lower than the mean from this 

study and CH4 emission factors that are in agreement with this study.  

 We found 31 individual fires scattered across the entire range of interior Alaska directly 

and significantly impacted trace gas observations at CRV tower. These fires each contributed to 

between 1% and 9% of the total CO signal observed at the CRV tower, with all 31 fires 

combined explaining three quarters of the total fire signal. The remaining fire signal not 

explained by the top 31 fires can be explained by smaller contributions from other fires in 

interior Alaska. The CRV tower observations instead represent an integrated signal from 31 fires 

out of the 334 that burned in 2015. Our modeling study confirms that the entire day/night fire 

cycle was captured by anomalous trace gas observations at CRV tower that was used to calculate 

emission factors. Wiggins et al. [2016] used a similar tower-based approach to estimate boreal 
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forest emission factors during a moderate fire year, and they found CO and CH4 emission factors 

that were higher than the compiled mean from previous studies. We found a strong linear 

relationship between CH4 emission factors and MCE that has also been found in previous studies 

[Van Leeuwen and Van Der Werf, 2011; Yokelson et al., 2013; Urbanski, 2014].  

 Although Table 3.3 appears to suggest CO emission factors from boreal forest fires are 

increasing over time, it is more likely that studies using the tower approach are better suited to 

sample a more thorough representation of all the phases of combustion that can occur in boreal 

forest fires. The tower approach is not limited by the time or scale of sampling, unlike aircraft 

measurement techniques. Aircraft based emission factors are biased towards flaming fires, 

because most measurements are acquired during the afternoon when active fire plumes are 

visible. A total of 5520 30s trace gas observations from the CRV tower were used to calculate 

emission factors, significantly expanding the existing database of in-situ measurements used to 

calculate emission factors. The emission factors derived from this study provide a more robust 

estimate of the mean, and indicate that the smoldering phase and nighttime emissions of boreal 

fires have likely been underestimated in previous studies. The improved emission factors from 

this study can be used in future modeling efforts to convert carbon emissions to CO and CH4 

trace gas emissions from boreal forest fires more accurately.  

3.4.2  Relative Contributions of Smoldering and Flaming Combustion  

 Following ignition, boreal forest fires generally begin as stand replacing crown fires 

followed by smoldering combustion in organic soil layers and coarse woody debris behind the 

fire front that can continue for weeks after ignition [Bertschi et al., 2003]. This residual 

smoldering combustion could substantially contribute to trace gas emissions, but is difficult to 

detect and quantify because of low radiative power associated with this phase of combustion. In 
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the early afternoon when the atmospheric boundary layer is elevated, conditions favor the 

development and spread of fires. Because most in-situ aircraft measurements used to derive 

emission factors are collected in the afternoon, they are biased towards products of flaming 

combustion. Two previous studies sampled separate fires with smoldering, mixed, and flaming 

dominated combustion [Cofer et al., 1989; Cofer et al., 1998]. Our CO emission factors were 

significantly higher than their estimations for flaming, mixed, and smoldering fires. The CH4 

emission factors from flaming fires in this study are nearly identical to what has been found in 

these two studies, and our CH4 emission factors from smoldering and mixed combustion phase 

fires is within a standard deviation of estimates from the previous studies.  

 The majority (13/23) of the emission factor events we sampled indicate smoldering was 

the dominant phase of combustion. Only 3 of the 23 emission factor events were classified as 

consisting of mostly flaming combustion. Smoldering, mixed, and flaming emission factor 

events were measured at CRV tower during all hours of the day, and our modeling analysis 

confirms that we sampled emissions that occurred across the day/night fire cycle (Figure 3.9). 

The elevated trace gas mole fractions observed at CRV tower represent an integration of these 

different combustion phases across both time and space.  

 The relative contributions of emissions from flaming and smoldering is uncertain for 

boreal forest fires, but previous studies have assumed 80% of aboveground carbon is consumed 

in flaming combustion, 20% is consumed in smoldering combustion, and vice versa for 

belowground carbon [French et al., 2002; Kasischke and Bruhwiler, 2002]. Our results suggest 

that the smoldering phase of combustion contributes to more carbon emissions than has been 

previously estimated. As a result, it is likely that estimates of CO emissions from boreal forest 

fires have been underestimated. It is beyond the scope of this study to determine if more 
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smoldering occurred in aboveground and/or belowground combustion or if the relative 

proportions of combustion in above and belowground fuels are skewed more towards 

belowground combustion. The anomalous fire season of 2015 was exacerbated by rising 

temperatures, and could be considered representative of future fire seasons in the boreal forest. In 

the future, it is possible that overall trace gas emissions from boreal forest fires will increase with 

corresponding CO emissions that could be considerably higher than previously estimated.  

 

3.5  Conclusions 

 Our tower-based approach to calculate emission factors is a new technique that 

significantly improves our understanding of trace gas emissions from boreal forest fires. Unlike 

traditional approaches using aircraft observation, our method represents an integration of trace 

gas emissions across the day and night burning cycles and varying environmental conditions that 

are both known to considerably influence the composition of fire emissions. We discovered 31 

individual fires across interior Alaska significantly influenced trace gas variability at CRV tower 

from which our emission factors were derived from. This is comparable to the number of 

individual fires that have been sampled to calculate boreal fire emission factors in all previous 

studies combined. Our results suggest the smoldering phase of boreal forest fires contributes to 

more trace gas emissions than previously believed. Total CO emissions from boreal forest fires 

may have been previously underestimated. The tower-based emission factor method introduced 

in this study can be applied to other biomes and potentially expand in-situ emission factor 

observations in regions of interest.  
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Chapter 4 

 
Smoke radiocarbon measurements from Indonesian fires provide evidence for 
burning of millennia-aged peat 
 
 

Adapted from:  
 
Wiggins, E.B., Czimczik, C.I., Santos, G.M., Chen, Y., Xu, X., Holden, S.R., Randerson, J.T., 

Harvey, C.F., Kai, F., Liya, Y. (2018). Smoke radiocarbon measurements from Indonesian fires 

provide evidence for burning of millennia-aged peat. Proceedings of the National Academy of 

Sciences. In review.  

 

4.1  Introduction  

 During 2015, Indonesia experienced an exceptionally intense September-October fire 

season fueled by El Niño-induced drought. Emissions from the fires were substantial, increasing 

CO2 and CH4 greenhouse gases in the global atmosphere. Greenhouse gas emissions estimates 

derived from both land surface and atmospheric remote sensing observations indicate that the 

fires emitted between 0.89 and 1.5 Pg CO2-eq [Field et al., 2016; Huijnen et al., 2016; Heymann 

et al., 2017; Liu et al., 2017; Lohberger et al., 2017]– the largest regional source since the strong 

1997-1998 El Niño [Page et al., 2002; Heil et al., 2007; Field et al., 2016; Huijnen et al., 2016], 

and equivalent to about 20% of the 1 ppm positive CO2 anomaly observed at Mauna Loa during 

2015 [Betts et al., 2016]. Prevailing winds transported aerosols from the Indonesian fires to 

population centers across the Maritime Continent, reducing air quality in many cities and 

affecting the health of over 40 million people [Koplitz et al., 2016] Widespread burning from 

escaped fires across Sumatra, Kalimantan, and West Papua degraded critical habitat for 

endangered plant and animal species, including orangutans and Sumatran tigers [Posa et al., 
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2011]. Considered together, the climate, human health, and ecosystem damages of the 

Indonesian fires were substantial and widely distributed among stakeholders and regional 

communities [The World Bank, 2016; Chisholm et al., 2016; Tacconi, 2016]. This contrasts with 

the benefits accrued to the agricultural sector from land clearing and peatland drainage. 

Lowering the water table increases agricultural yield by drying near-surface peat but also makes 

peatlands flammable. The costs and benefits of these land use practices operate on different 

spatial and temporal scales, making it difficult to design effective policy and management 

solutions [Tacconi, 2016].  

 The extreme 2015 fire season was a part of a broader set of climate-human-ecosystem 

interactions across the Maritime Continent that have been evolving over a period of decades 

from rapid changes in land use [Field et al., 2009]. These interactions are unique because of the 

widespread distribution of tropical peatlands in low elevation areas that have been intensively 

deforested, drained, and further modified to support agricultural production, rendering them 

vulnerable to anthropogenic fire. Loss of forest cover in peatlands has been extensive over the 

past several decades, declining by 71% across Peninsular Malaysia, Sumatra, and Borneo 

between 1990 and 2015 [Miettinen et al., 2016] Peatland soils store between 28 and 57 Pg C in 

Indonesia alone, and far exceed aboveground carbon stocks [Page et al., 2011; Warren et al., 

2017]. The vulnerability of peat to fire increases considerably with canal construction used for 

timber extraction and plantation development [Konecny et al., 2016; Page and Hooijer, 2016], 

with drainage efforts undertaken by both large-scale industrial operators and smallholder farmers 

[Miettinen et al., 2017b]. Tropical peat becomes flammable when the water table declines, 

allowing for drying of surface layers [Usup et al., 2004]. Upon ignition, peat fires can persist for 

long periods at relatively low temperatures and oxygen levels [Page et al., 2002; Huang et al., 
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2016]. As a consequence of smoldering combustion, peat fires emit three or more times the 

amount of fine particulate matter released by deforestation fires per kg of fuel consumed [Akagi 

et al., 2011; Stockwell et al., 2016; Jayarathne et al., 2018; Wooster et al., 2018] Belowground 

burning can also make it difficult to accurately detect and quantify emissions using optical and 

thermal remote sensing techniques because of smaller post-fire surface reflectance changes, 

shielding of the surface by regional smoke plumes and haze, and smaller thermal radiance 

anomalies [Lohberger et al., 2017]. Burning in deep layers of accumulated peat modifies 

regional greenhouse gas budgets and indicates that these ecosystems no longer operate as a slow, 

sustained carbon sink in the global carbon cycle [Dommain et al., 2014; Turetsky et al., 2015].  

 Although peatland burning is well established as an important source of fire emissions 

during drought events in Indonesia, uncertainties remain with respect to contributions from 

different ecosystem and land use activities. Page et al. [2002] estimated that between 0.81 and 

2.57 Gt C, or 79-84% of total C emissions, were released from fires in drained peatlands across 

Indonesia during the 1997-1998 El Niño. For more recent El Niño events– and with the 

availability of higher quality satellite observations– non-peatland fires have been identified as an 

important emissions source, Marlier et al. [2015] for example, estimated that 38% of carbon 

emissions from forest concessions on Sumatra originated from non-peatland ecosystem types 

during the 2006 El Niño. Using high-resolution synthetic aperture radar data from the Sentinel 

1B satellite, Lohberger et al. [2017] estimated that emissions from peat accounted for only 33% 

to 45% of carbon emissions released by fires during the 2015 El Niño on Sumatra, Borneo and 

Papau New Guinea. The relatively small fraction of peat emissions in this study originates from 

the application of lower fuel consumption rates in degraded peatlands [Konecny et al., 2016] and 

near-complete combustion of aboveground biomass from primary and secondary forests. The 
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Lohberger et al. [2017] budget contrasts with other satellite remote sensing analyses that provide 

evidence for a more prominent role of peat soils as a source for emissions and fire activity during 

the 2015 fire season [Huijnen et al., 2016; Miettinen et al., 2017a; Van Der Werf et al., 2017] 

The differences in these emissions estimates highlight the need to develop independent 

constraints on the attribution of emissions among different land cover types and among above- 

and belowground carbon pools.   

 Radiocarbon (14C) measurements of carbonaceous aerosols may have the potential to 

provide independent information about the contribution of peat burning to regional fire emissions 

budgets, complementing approaches derived from satellite remote sensing and in-situ field 

measurements. The isotopic constraint comes from a unique 14C labeling of terrestrial biomass 

that has occurred over the past 60 years as a consequence of aboveground nuclear weapons 

testing [Levin and Hesshaimer, 2000] The uptake and flow of this “bomb”-derived 14C through 

plant, litter, and soil organic matter pools enables the diagnosis of carbon turnover times on 

timescales of years to decades for ecosystem [Trumbore, 2000] and aerosol samples [Mouteva et 

al., 2015]. For soil organic matter and other biomass formed prior to the bomb-era, radioactive 

decay of 14C provides additional information about carbon ages over timescales of centuries to 

millennia [Page et al., 2004] In the context of tracing the origin of smoke from Indonesian fires, 

carbonaceous aerosol originating from the combustion of aboveground biomass– as expected for 

emissions from deforestation fires or agricultural waste burning in plantations– should be bomb-

labeled. Using isotope definitions from Stuiver and Polach [1977] this means the D14C should be 

above the contemporary level observed for atmospheric CO2 (about 25±3‰ in 2015). In contrast, 

carbonaceous aerosol from older peat should have a negative D14C, reflecting the longer-term 

cumulative effects of radioactive decay in organic carbon layers deposited over a period of 
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centuries or millennia [Supiandi and Furukawa, 1986; Maloney and McCormac, 1995; Page et 

al., 1999; Page et al., 2004; Wüst et al., 2008; Gandois et al., 2014; Biagioni et al., 2015; Cobb 

et al., 2017]. 

Here we report radiocarbon measurements of carbonaceous aerosols from Singapore 

during 2014 and 2015 fire seasons, along with carbon concentration observations. We use 

additional measurements from background (low-fire) periods to remove the influence of urban 

emissions, and isolate the carbon isotopic composition of aerosols originating from fires. We use 

the isotope and aerosol concentration information to estimate the mean age of the combusted 

organic material and to distinguish among deforestation, agricultural waste burning, and peat 

sources. Satellite active fire observations and simulations from the Goddard Earth Observing 

System Chemical Transport Model (GEOS-Chem) provided a means to identify the contribution 

of emissions from key source sectors and regions to our aerosol observations. 

 

4.2  Methods 

4.2.1  Aerosol Collection and Analysis 

 We collected weekly air samples of particulate matter with an aerodynamic diameter less 

than or equal to 2.5 µm (PM2.5) at the National University of Singapore (1° 17ʹ′ 56.65ʺ″N, 103° 

46ʹ′ 16.62ʺ″E). Our sampling program spanned the September-October fire seasons of 2014 and 

2015 when PM2.5 was elevated in Singapore as compared to other background (low fire) periods. 

We defined the fire season for the purpose of this analysis as 1 September – 31 October, 

including any samples that were initiated during this period.  

Weekly samples were collected using a light-scattering photometer (ADR1500, Thermo 

Scientific) on circular 37 mm diameter quartz microfiber filters (Pallflex Membrane) over 
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intervals of 7 to 18 days with a flow rate of 0.0912 m3 air per hour. Additional daily samples 

were collected with a custom-built sharp-cut cyclone (URG) on circular 47 mm diameter quartz 

microfiber filters (Pallflex Membrane). All PM2.5 samples were analyzed for their radiocarbon 

and total carbon (TC) content at the W. M. Keck Carbon Cycle Accelerator Mass Spectrometry 

Facility at UC Irvine (Table 4.1) 

 A total of 20 weekly samples were obtained: 4 samples during the 2014 fire season 

coinciding with haze (12 Sep to 7 Nov), 11 during the 2015 low-fire urban background period 

(23 Jan to 23 Jun), and 5 during the 2015 fire season (5 Sep to 16 Oct). In addition to the weekly 

samples described above, in-situ daily aerosol samples were collected at the National University 

of Singapore over a period of 20.5 to 24.5 hours at a flow rate of 1.002 m3 air per hour. A total of 

15 daily samples were taken: 12 during the 2015 fire season (7 Sep 7 to 2 Oct) and 3 during the 

2016 fire season (2 Aug to 9 Sep) when above average precipitation associated with La Niña 

inhibited fire emissions [Van Der Werf et al., 2017] (Figure 4.1).   

 A 2.5 cm diameter punch was removed from the center of each filter. For radiocarbon and 

TC analysis, the remaining area (0.82 cm2 for weekly (37 mm) and 8.3 cm2 for daily (47 mm) 

samples) was combusted in a vacuum sealed, pre-combusted 9 mm OD quartz tube with CuO at 

900°C for 3 hours. To estimate an uncertainty for the TC measurements, we used a Monte Carlo 

approach taking into account uncertainties in the flow rate of the light-scattering photometer, 

uncertainties in the area and loading of the aerosol filters, and the accuracy of the pressure 

transducer used to measure the partial pressure of CO2. 

 The sample-CO2 was then purified and quantified on a vacuum line, reduced to graphite 

via zinc [Xu et al., 2007] or hydrogen reduction [Santos et al., 2004] and analyzed alongside 

standards and blanks for its radiocarbon content using accelerator mass spectrometry (NEC 
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0.5MV 1.5SDH-21) [Beverly et al., 2010]. We reported the data using Δ14C notation (‰) 

[Stuiver and Polach, 1977], and corrected for carbon introduced during sample collection and 

laboratory processing based on TC and Δ14C measurements of the standards and blanks. We used 

the standards and blanks to also create 1 standard deviation estimate of the Δ14C uncertainty for 

each sample in Table 4.1. For these samples, we were not near the detection limit for samples 

with low 14C mass on the Keck AMS, with the largest individual sample uncertainty estimated to 

be ± 9.3‰.  

 
Figure 4.1 Monthly area-averaged and bias-corrected surface precipitation from MERRA-2 reanalysis product for 
Borneo and Sumatra from January 2013 – December 2016. Shading highlights trends in precipitation during the 
September-October fire season during ENSO-neutral (gray), El Niño (red), and La Niña (blue).  
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Table 4.1 Appendix of aerosol observations. *Indicates correction using offset calculated between vacuum line 
yield and EA/IRMS measurements.  
 

Sample Period DOY TC (µg C/m3) TC Δ14C (‰) 

 
2014 Fall Fire Season Weekly Samples 

    
9/12/14 – 9/26/14 255 - 269 28.97 ± 1.21 -298.4 ± 1.7 
9/26/14 – 10/9/14 269 - 282 25.03 ± 1.08 -264.6 ± 2.2 
10/9/14 – 10/23/14 282 - 296 34.67 ± 1.43 -297.8 ± 2.4 
10/23/14 – 11/7/14 296 - 311 23.82 ± 1.02 -423.4 ± 1.7 

 
2015 Urban Background Weekly Samples 

    
1/23/15 – 2/3/15 23 - 34 10.03 ± 0.67 -468.3 ± 6.8 
2/3/15 – 2/13/15 34 - 44 8.16  ± 0.68 -425.7 ± 7.7 
2/13/15 – 2/23/15 44 - 54 7.97 ± 0.65 -583.4 ± 9.3 
2/24/15 – 3/5/15 55 - 64 12.40 ± 0.83 -651.0 ± 7.6 
3/5/15 – 3/20/15 64 - 79 12.44 ± 0.62 -549.5 ± 4.0 
3/20/15 – 4/7/15 79 - 97 13.48 ± 0.62 -532.2 ± 3.5 
4/7/15 – 4/22/15 97 - 112 10.81 ± 0.57 -625.6 ± 5.0 
4/22/15 – 5/5/15 112 - 125 15.07 ± 0.80  -642.4 ± 5.1 
5/5/15 – 5/22/15 125 - 142 9.53 ± 0.50 -670.7 ± 5.2 
5/22/15 – 6/2/15 142 - 153 9.83 ± 0.66 -623.8 ± 7.3 
6/11/15 – 6/23/15 162 - 174 11.26 ± 0.66 -583.5 ± 5.8 

 
2015 Fall Fire Season Weekly Samples 

    
9/5/15 – 9/16/15 248 - 259 54.38 ± 2.17 -127.2 ± 1.2 
9/16/15 – 9/23/15 259 - 266 46.57 ± 1.99 -183.5 ± 1.6 
9/23/15 – 9/30/15 266 - 273 111.29 ± 4.37 -59.8 ± 1.2 
9/30/15 – 10/7/15 273 - 280 83.99 ± 3.35 -108.7 ± 1.2 
10/7/15 – 10/16/15 280 - 289 40.84 ± 1.70 -199.8 ± 1.9 

2015 Fall Fire Season Daily Samples 
    
9/7/15 – 9/8/15 250 - 251 21.94 ± 0.86* -106.9 ± 1.2 
9/9/15 – 9/10/15 252 - 253 30.48 ± 1.20* -160.4 ± 1.1 
9/10/15 – 9/11/15 253 - 254 50.80 ± 1.98* -65.8 ± 1.2 
9/12/15 – 9/13/15 255 - 256 36.92 ± 1.45* -57.0 ± 1.2 
9/14/15 – 9/15/15 257 - 258 41.86 ± 1.63* -114.9 ± 1.1 
9/16/15 – 9/17/15 259 - 260 13.58 ± 0.56* -225.7 ± 1.1 
9/18/15 – 9/19/15 261 - 262 40.17 ± 1.57* -102.5 ±1.1 
9/21/15 – 9/22/15 264 - 265 23.78 ± 0.95* -137.3 ±1.1 
9/23/15 – 9/24/15 266 - 267 81.18 ± 3.19* -26.5 ± 1.3 
9/25/15 – 9/26/15 268 - 269 21.68 ± 0.86* -90.6 ± 1.3 
9/27/15 – 9/28/15 270 - 271 46.22 ± 1.80* -43.4 ± 1.2 
10/1/15 – 10/2/15 274 - 275 23.23 ± 0.92* -178.6 ± 1.1 
    

2016 Urban Background Daily Samples 
    
8/2/16 – 8/3/16 214 - 215 6.4 ± 0.24 -596.4 ± 3.7 
8/15/16 – 8/16/16 227 - 228 5.0 ± 0.20 -548.9 ± 4.4 
9/8/16 – 9/9/16 251 - 252 5.6 ± 0.22 -578.6 ± 4.4  
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4.2.2  Quantifying fire contributions to TC aerosol 

We used two different approaches to separate fire and background components of the TC 

aerosol samples. First, we used a Keeling Plot to compute the y-axis intercept (the fire end 

member) from a regression of Δ14C versus the reciprocal of aerosol concentration. We 

constructed the regression using all of the weekly aerosol samples during 2014 and 2015. The 

Keeling Plot approach follows the rules of isotope mass conservation as denoted in the following 

equations: 

 
 
∆!"𝐶! =   𝐶!"(∆!"𝐶!" − ∆!"𝐶!)   ∗ 1/𝐶! +   ∆!"𝐶!                             (4.1) 
 
 

where the subscript “a” denotes the mean Δ14C and total carbon concentration (C; µg/m3) of the 

aerosol sample, subscript “bg” denotes background concentrations with no fire influence, and 

subscript “f” denotes aerosols emitted by fires. We estimated the slope and intercept of this 

regression using a Model II regression that accounted for errors in both the concentration and 

isotope measurements using the gmregress routine in Matlab acquired from the MathWorks file 

exchange online site and written by Antonio Trujillo-Ortiz. 

Second, we removed the contribution of non-fire aerosol using isotope mass balance with 

the concentration and radiocarbon content of individual samples collected during a separate 

background period when regional fire emissions across the Maritime Continent were low using 

the following equation:  

 
 ∆!"𝐶! =

(∆!"!!"∗!!"!∆!"!!"∗!!")
(!!"!  !!")

                 (4.2) 
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We refer to this method as an isotope mass balance approach, where a subscript f denotes the 

Δ14C and total carbon concentration (C; µg/m3) of the fire-emitted component of an aerosol 

sample, subscript “fs” denotes a sample collected during the fire season, and subscript “bp” 

denotes a sample collected during a background period. Table 4.1 denotes the individual samples 

occurring during fire season and background periods. A distribution in which each fire season 

sample was paired with each possible background sample using equation 4.2 is shown in Figure 

4.7A. 

4.2.3 Radiocarbon box model 

 We used a simple steady state one-box model with the observed atmospheric history of 

Δ14C [Hua et al., 2013; Reimer et al., 2013] to estimate the turnover time of the combusted 

carbon that formed the fire-emitted carbonaceous aerosol. We averaged the Δ14C time series for 

northern and southern tropical regions from Hua et al. [2013] to create a mean time series of 

atmospheric composition for our equatorial study region for the years from 1950 to 2009. We 

used observations from Barrow, Alaska  (Xiaomei Xu, unpublished) to extend the time series 

from 2009 through 2015, after adjusting this time series with the mean difference (7.2 ± 2.4‰) 

observed between the Hua et al. [2013] time series and the Barrow time series during a period of 

overlap between 2003 and 2009.   

 This simple-box model provides additional evidence that the majority of the fire-emitted 

carbonaceous aerosols originated from peatland fires. For a user-specified turnover time of the 

organic carbon reservoir in the terrestrial biosphere, the model simulated the isotopic 

composition of the carbon from 10 kya before the present to the year 2015, balancing 

radiocarbon inputs in net primary production (derived from the observed atmospheric Δ14C time 
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series) with decomposition losses and radioactive decay. The model also simultaneously tracked 

flows of 12C, with the same decomposition rate constants but without radioactive decay. 

 We adjusted the turnover time in the box model until it matched the Δ14C of the fire-

emitted aerosol that we obtained from our Keeling Plot analysis using equation 4.1. This required 

a mean turnover time of over 800 ± 420 years because the Δ14C of fire-derived aerosols (-76 ± 

51‰) was considerably below the contemporary atmospheric level (25 ± 3‰). We also 

developed counterfactual end members for the expected Δ14C of agricultural waste burning and 

deforestation carbon emissions using the following approach. For agricultural waste burning, we 

estimated that economic lifetime of a wood pulp or an oil palm plantation in Indonesia is 

approximately 15 years [Tan et al., 2013]. Assuming that the trees accumulate carbon at similar 

rate over this interval, and that the coarse woody debris from the oil palm trees is then 

aggregated and burned, we assigned a turnover time of 7.5 ± 4 years to represent the mean 

lifetime of carbon atoms from this source. The turnover time for deforestation was calculated as 

an upper limit using a mean turnover time of non-agricultural forests of 55 ± 28 years 

[Whitmore, 1984; Yoneda et al., 1990; Kurokawa et al., 2003]. 

 
4.2.4  GEOS-Chem Modeling 

 To quantify the spatial and temporal variability of active fires on Borneo and Sumatra, 

we used active fire/thermal anomaly detections from the Moderate Resolution Imaging 

Spectroradiometer (MODIS) on NASA’s Aqua and Terra satellites [Giglio et al., 2003] These 

observations had a 1.1 km nadir resolution and were processed at the University of Maryland 

(Collection 5.1; MCD14ML).  

 We used the GEOS-Chem global 3-D Chemical Transport Model (version 10-01, 

www.geos-chem.org) to simulate the atmospheric transport of aerosols emitted by fires and other 
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sources. The model was forced with archived GEOS-FP meteorological fields for 2014-2015, 

which had a temporal resolution of 6 hours (3-hour for surface variables and mixing depths), a 

horizontal resolution degraded to 2° (latitude) × 2.5° (longitude), and 72 vertical layers between 

the surface and 0.01 hPa. We performed aerosol-only simulations using monthly mean OH, NO3, 

O3 and total nitrate concentrations archived from a previous full-chemistry simulation. Inputs of 

aerosol emissions to the model included anthropogenic, biofuel, landscape fire, and natural 

sources [Park et al., 2004] and were managed by the Harvard-NASA Emissions Component 

(HEMCO) [Keller et al., 2014]. GEOS-Chem used GFED4s emissions [Van Der Werf et al., 

2017], which were separated into different chemical species within the model using emission 

factors for 6 different fire types, including peat fires and deforestation fires, with the emission 

factors derived mostly from Akagi et al. [2011]. Four sets of fire emissions from GFED4s were 

used in this study. A FULL simulation included all GFED4s emissions, and in three other 

simulations GFED4s emissions were sequentially turned off over Borneo, Sumatra, and all other 

source regions.  

4.2.5  Peat radiocarbon measurements 

 We compiled peat radiocarbon measurements from cores collected in Sumatra and 

Borneo by previous studies [Anderson and Muller, 1975; Silvius et al., 1984; Supiandi and 

Furukawa, 1986; Diemont and Supardi, 1987; Shibata et al., 1997; Page et al., 1999; Page et al., 

2004; Yulianto et al., 2004; Wüst et al., 2008; Dommain et al., 2014; Gandois et al., 2014; 

Biagioni et al., 2015] (Figure 4.2). In an effort to best represent the wide range of peat 

radiocarbon, we included cores collected from both pristine and degraded peatlands and from a 

range of coastal and inland peat. We also included cores taken from a variety of locations on peat 

domes (center, edge, etc.), because the age of the peat varies as a function of its distance to the 
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center of the peat dome [Page et al., 2004]. To estimate a mean Δ14C for the top meter, we 

assumed any radiocarbon measurements reported as modern (and thus without a Δ14C) had a 

radiocarbon signature similar to the present-day atmosphere (25‰).  

 
 
Figure 4.2 (A) Radiocarbon (Δ14C) versus depth for peat cores collected and analyzed in previous studies across 
Borneo and Sumatra. These data represent both a subset of studies from a larger compilation of radiocarbon dates 
(29) that reported Δ14C as well as recently reported Δ14C values from Northern Borneo. Blue represents coastal peat 
cores collected in Sumatra, red represents coastal peat cores collected in Borneo, and green represents inland peat 
cores collected in Kalimantan. (B) Location of peat core collection corresponding to the observations shown in panel 
A. 
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4.2.6  Peatland fire contributions to carbonaceous aerosol  

 In a Monte Carlo analysis, we combined estimates of the mean and standard deviation 

uncertainty range of the Δ14C of top meter of peat (-109 ± 73‰) with model estimates of the 

mean and Δ14C of a deforestation end member (114 ± 26‰) and the observed mean and 

uncertainty of the fire-aerosol end member derived from the Keeling Plot (-76 ± 51‰) to 

estimate the fraction of carbonaceous aerosol that originated from peat. In this analysis we made 

the assumption that the deforestation end member could not be less than the contemporary 

atmospheric composition. From this analysis, we obtained an estimate of peat contribution to 

carbonaceous aerosol as 85 ± 21%. 

 

4.3 Results   

 During September and October of 2015, the highest densities of satellite detections of 

active fires were observed in South Sumatra and in the Central Kalimantan province on Borneo 

(Figure 4.3). During this period, weekly carbonaceous aerosol samples in Singapore had a mean 

concentration of 67.4 ± 29.6 µg C m-3, approximately 6 times higher than urban background 

levels measured between January and July (Figure 4.4A; Table 4.1; see section 4.2 Methods for 

the definition of the urban background). The mean Δ14C of these samples was -136 ± 57‰, 

which was considerably elevated compared to the mean of the urban background (-578 ± 78‰) 

(Figure 4.4B). Intervals with elevated carbonaceous aerosols in Singapore were synchronized 

with high numbers of satellite active fire detections on Borneo and Sumatra (Figure 4.4C). 

Atmospheric model simulations with GEOS-Chem indicated fires accounted for more than 80% 

of the total PM2.5 observed in Singapore during September and October of 2015. Sumatra was the 

most important source region, accounting for 73% of the total PM2.5 derived from fires. Within 
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Sumatra, emissions from the Global Fire Emissions Database version 4s (GFED4s) [Van Der 

Werf et al., 2017] were highest in southern coastal provinces (e.g., Figure 4.3), where there was 

considerable burning in degraded peatland forests and escaped fires in industrial pulpwood 

plantation [Miettinen et al., 2017a] Borneo accounted for another 18% of the fire aerosol 

reaching Singapore (Figure 4.4D; Table 4.2). 

 

Figure 4.3 Location (A) and timing (B) of satellite-detected active fires during the 2015 September-October fire 
season across the Maritime Continent. The satellite detections of active fires were from the Moderate Resolution 
Imaging Spectroradiometer (MODIS) MCD14ML product that combines fire detections from NASA’s Aqua and 
Terra satellites. The units of panel A are number of fire detections per 0.1° grid cell. The month with the maximum 
number of fire detections in each grid cell is shown in panel B.  
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Figure 4.4 Time series of aerosol composition and fire activity during the 2014 and 2015 fire seasons. (A) Total 
carbon concentration of aerosol samples collected in Singapore during 2014 and 2015. Samples collected during the 
2014 fire season are shown in brown, those collected during a low-fire urban background interval during the first 
half of 2015 are shown in blue, and those collected during the 2015 fire season are shown in red. (B) The 
radiocarbon content (Δ14C; with units of per mil (‰)) of the carbonaceous aerosol shown in panel A.  (C) The 
number of satellite active fire detections on the islands of Borneo (dark red) and Sumatra (red). (D) PM2.5 estimates 
from the GEOS-Chem atmospheric model with all sources (FULL) and a model simulation in which fire emissions 
were excluded (NO FIRE). Daily average PM2.5 observations from Singapore are shown in panel D with black 
circles and one standard deviation error bars. The observations represent the mean of daily PM2.5 collected from a 
site at the National University of Singapore (NUS). 
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Table 4.2 The contribution of fires to PM2.5 in Singapore estimated using the GEOS-CHEM model. The all sources 
column indicates the model simulated average daily concentration of PM2.5 during the selected period of time from 
all sources. The fire contribution column shows the percentage of PM2.5 originating from biomass burning from any 
region. The Borneo and Sumatra columns denote the percentage of PM2.5 originating from fires on each of these 
islands. 

 
 
During the previous fire season in 2014, a weaker El Niño [Hu and Fedorov, 2016] 

(Figure 4.1) triggered a similar, but smaller change in aerosol concentration and isotopic 

composition. Carbonaceous aerosol samples during September and October of 2014 had a mean 

concentration of 28.1 ± 4.9 µg C m-3, more than 2.5 times higher than measurements from the 

subsequent background period. The Δ14C of these samples (-321 ± 70‰) also was elevated 

compared to the urban background but by a lesser degree as compared to isotopic changes 

observed during the 2015 fire season. Satellite observations from 2014 showed much lower 

levels of burning across most of Sumatra and many coastal areas of southern Borneo (Figure 

4.5), while the atmospheric modeling simulations indicated Borneo fire emissions were a 

proportionally larger component of the total fire signal observed in Singapore during this period 

(Table 4.2). Together, the aerosol observations, satellite measurements, and atmospheric model 

simulations indicated that fire emissions played a smaller, but important role in modifying PM2.5 

in Singapore during September and October of 2014. 

Period PM2.5 from all 
sources 
(µg/m3) 

Total Fire     
Contribution        

(%) 

Sumatra Fires         
(%) 

Borneo   Fires         
(%) 

Other     Fires         
(%) 

Sep – Oct 2014 16.9 60.0 39.2 15.6 5.2 
Sep – Oct 2015 56.9 84.2 61.3 15.0 7.9 

Background period 
(Jan – Jul 2015) 

5.5 36.9 15.3 <1.0 21.6 
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Figure 4.5 Location (A) and timing (B) of satellite-detected active fires during the 2014 September-October fire 
season across the Maritime Continent. The methodology for constructing the figure is identical to Fig. 1 in the main 
text. Note that the color bar scale in panel A is the same as Fig 1A. 
 

We estimated the Δ14C of fire-emitted carbonaceous aerosol using a Keeling Plot 

approach [Pataki et al., 2003; Mouteva et al., 2015] to separate urban background contributions 

from our weekly observations collected during the 2014 and 2015 fire seasons (Figure 4.6A). 

From this approach, we estimated that fire-emitted carbonaceous aerosols during 2014 and 2015 

had a mean Δ14C of –76 ± 51‰ (Figure 4.6A). This estimate was similar to the mean derived 

from isotope mass balance (Figure 4.7A). The relatively large uncertainty estimate likely 

originated from temporal variation in the location and source of fire emissions during the two 
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fire seasons as well as variability in the samples used to estimate the concentration and isotopic 

composition of the urban background.  

 

Figure 4.6 (A) A Keeling Plot showing radiocarbon content (Δ14C) versus the reciprocal of aerosol total carbon 
concentration. A best-fit line derived from a Model II regression, taking into account uncertainty in both Δ14C and 
concentration, is shown in black for all of the fire season data from 2014 and 2015. The y intercept for this 
regression is -76 ± 51 ‰, and represents the isotopic composition of the fire-emitted aerosol. Brown and red lines 
denote the best fit lines for the 2014 and 2015 fire seasons, respectively. Panel B shows the radiocarbon content 
(Δ14C) of atmospheric CO2 (blue line) and model estimates of agricultural waste burning emissions (light green line) 
and deforestation (dark green line). A source with a turnover time of 800 ± 420 years (black line) was required to 
match the observed Δ14C of the fire-emitted aerosols (black circle). The error bar on the fire-emitted aerosol in Panel 
B denotes one standard deviation and was derived from the All fire regression line shown in panel A. 
 

Using Keeling Plots to separate the Δ14C of the fire-emitted carbonaceous aerosol for the 

different years, we found that the 2014 fire season had a more negative Δ14C (-158 ± 87‰) than 

the 2015 fire season (-51 ± 69‰). The Δ14C estimate of fire aerosol from 2014 was more 

uncertain because of the smaller positive concentration anomalies during the fire season, making 
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it more difficult to separate the fire aerosol component from the background. An independent set 

of 11 daily aerosol filters collected during the 2015 fire season (and obtained using a separate 

sampling protocol) also had a more positive isotopic value of the fire end member that was 

within the uncertainty range of the estimate derived from the 2015 weekly samples.  

Our estimate of the mean Δ14C of the fire-emitted carbonaceous aerosol during the 2014 

and 2015 fire seasons was significantly lower than atmospheric levels (–76 ± 51‰ versus 25 ± 

3‰; p <0.01 using a Student’s t-test on the data shown in Figure 4.7A and 4.7B). Given the 

elevated Δ14C of atmospheric CO2 over the past 60 years from nuclear weapons testing [Hua et 

al., 2013] the negative Δ14C of the fire aerosol provided evidence that most of the combusted 

organic matter was fixed during photosynthesis before the 20th century. Using a simple carbon 

cycle model to fit the Δ14C aerosol observations, we estimated that the turnover time of the 

combusted carbon was 800 ± 420 years.  

To help interpret the aerosol observations, we also used the carbon cycle model to 

estimate the Δ14C of fire aerosols if they originated solely from agricultural waste burning or 

deforestation (Figure 4.7C; Figure 4.7D). For agricultural waste burning in plantations with an 

estimated turnover time of 7.5 ± 4 years [Ismail and Mamat, 2002; Tan et al., 2013] the expected 

Δ14C in 2015 would have been 52 ± 17‰ (Figure 4.7C). Similarly, for combustion of forest 

biomass stocks with an estimated turnover time of 55 ± 28 years [Yoneda et al., 1990; Kurokawa 

et al., 2003] the expected Δ14C in 2015 would have been 114 ± 26‰ (Figure 4.7D). For 

reference, the Δ14C of tropical atmospheric CO2 in 2015 was approximately 25 ± 3‰ (Figures 

4.6B; Figure 4.7B). The significant difference in the simulated Δ14C distributions for the two 

aboveground biomass burning sources compared to the aerosols observations shown in Figure 

4.7A provided independent confirmation that deforestation and agricultural waste burning were 
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unlikely to be important contributors to the carbonaceous aerosol we measured in Singapore 

(Figure 4.7).  

 

Figure 4.7 (A) Histogram of the radiocarbon content (Δ14C) of fire-derived carbonaceous aerosols using a mass 
balance approach using all of the aerosol observations from 2014 and 2015. (B) Histogram of Δ14C value of the 
2014-2015 atmosphere using a Monte-Carlo approach with a mean of 25 ± 3 ‰. (C) Histogram of Δ14C values of 
agricultural waste burning using a Monte-Carlo approach with a mean of 55 ± 21‰ corresponding to a carbon pool 
with a turnover time of 7.5 ± 4 years. (D) Histogram of Δ14C values of deforestation related fires using a Monte-
Carlo approach with a mean of 114 ± 26‰ corresponding to a carbon pool with a turnover time of 55 ± 28 years. 
The vertical black line and gray shaded area represents the mean and standard deviation of the fire-derived 
carbonaceous aerosol derived from the Keeling Plot approach. 
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4.4 Discussion 

 The Δ14C of the fire-emitted carbonaceous aerosol, along with previous work 

documenting the Δ14C of organic soil profiles in peatlands [Anderson and Muller, 1975; 

Supiandi and Furukawa, 1986; Diemont and Supardi, 1987; Page et al., 1999; Page et al., 2004; 

Yulianto et al., 2004; Wüst et al., 2008; Dommain et al., 2011; Gandois et al., 2014; Biagioni et 

al., 2015; Cobb et al., 2017], indicated that most of the fire aerosol we measured in Singapore 

originated from burning of peat. Specifically, the mean turnover time of combusted carbon (800 

± 420 years) allowed for only a small fraction of the aerosol to originate from decadal-scale 

vegetation pools [Yoneda et al., 1990; Kurokawa et al., 2003] or surface organic soil layers 

enriched in 14C atoms from aboveground nuclear weapons testing. A larger fraction of aerosol 

emissions from aboveground vegetation would have pushed the Δ14C of fire-emitted aerosols 

above atmospheric levels (Figure 4.6; Figure 4.7). 

 Uncertainties in our turnover time estimate were consistent with the combustion of peat 

from a variety of sources and with a broad spectrum of ages. Key processes that likely influenced 

the Δ14C of the fire aerosol were 1) the amount of burning in degraded peatlands [Konecny et al., 

2016] since prior burns and peat oxidation would strip away the acrotelm and bomb-labeled 

carbon in surface layers, 2) spatial and temporal variations in the depth of the water table that 

influence the depth of burn [Konecny et al., 2016], 3) the magnitude and spatial pattern of peat 

oxidation [Miettinen et al., 2017b], 4) burning location on peat domes relative to the centripetal 

pattern of decreasing peat age towards the dome center [Biagioni et al., 2015], and 5) regional 

variations in the age structure (and thus Δ14C) of peat profiles [Dommain et al., 2011]. Together, 

these processes were likely important drivers of the large variability in our estimates of fire-

aerosol Δ14C (Figure 4.7A). Because age profiles in peat usually increase monotonically with 
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depth (Figure 4.2), to generate smoke with a mean turnover time of 800 ± 420 years, a 

substantial amount of burning had to originate from peat layers that were older than one 

thousand years.  

Aerosol Δ14C measurements may provide quantitative constraints on the composition of 

sources contributing to total carbon emissions from fires when these observations are combined 

with emission factors and peat Δ14C profiles. For example, if we assume that peat emissions 

originated from the top meter of the profile [Konecny et al., 2016] with a mean Δ14C of -109‰ 

(Figure 4.2) and that deforestation fires had a mean Δ14C of 114‰ (Figure 4.7D), then about 85 

± 21% of fire aerosol emissions originated from peat, based on a Monte Carlo analysis. This 

estimate is somewhat higher than the 61-72% estimate of the peat contribution to the fire aerosol 

load we obtained by combining the fire emissions budget from Lohberger et al. [2017] with 

recent OC emission factors [Jayarathne et al., 2018; Wooster et al., 2018] (Table 4.3). We note 

that uncertainties remain considerable with respect to appropriate regional-scale estimates of 

emission factors and estimates of isotopic composition of combusted peat, and that both the 

Lohberger et al. [2017] and GFED4s (Figure 4.8; Table 4.4) estimates of the peat fraction of 

carbon emissions are within the range of the observational uncertainty. Nevertheless, the aerosol 

radiocarbon measurements presented here provide a new and independent constraint on source 

attribution that complements remote sensing observations and highlights the critical importance 

of burning in peatland soils as a driver of El Niño smoke clouds. 
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Table 4.3 Organic carbon (OC) emission factors for peatland fires and deforestation related fires used to convert 
total fire carbon (C) emissions originating from peatland or deforestation fires to total fire OC emissions originating 
from peatland or deforestation fires. 

 
 

 

Table 4.4 Carbon and organic carbon aerosol emissions from the Global Fire Emissions Database version 4.1s for 
the islands of Borneo and Sumatra.  
 
 
 
 

 

 

 

 

 

 

 

 Peat Deforestation Source 

Total Fire C Emissions (%) 33-45 55-67 Lohberger et al. (2017) 

 
Carbon Content of Fuel (%) 59.5a,b 

 
50b 
 

Dommain et al. (2011) a 

Wooster et al. (2018)b 
Van der Werf et al. (2010)c 
 

OC Emission Factor (g/kg) 16 ± 6.8 a,b 4.95 ± 3.11c,d Jayaranthne et al. (2017)a 

Wooster et al. (2018)b   
Andreae and Merlot (2001)c 
Akagi et al. (2011)d 
 

Total Fire OC Emissions (%) 61-72 28-39 Derived from above quantities 

  
C Emissions (Tg/yr)  
2014 187 
2015 326 
  
OC Aerosol Emissions (Tg/yr)  
2014 1.8 
2015 3.2 
  
Source Composition (%)  
2014  
Peat 58 
Deforestation 39 
Agricultural Waste Burning / Other 3 
  
2015  
Peat 65 
Deforestation 32 
Agricultural Waste Burning / Other 3 
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Figure 4.8 Panel A: carbon emissions from agricultural waste burning (light green), deforestation related fires (dark 
green), and peatlands (brown) in Borneo and Sumatra from GFED4s. Panel B: organic carbon emissions from all 
agricultural waste burning, deforestation, and peatlands.  

 

 Our measurements suggest that systematic regional monitoring of Δ14C in aerosols and 

trace gases (CO and CH4) during future El Niño events may provide insight about the success of 

mitigation policy. Policies that are successful in limiting peatland fires [Murdiyarso et al., 2010; 

Chisholm et al., 2016] should simultaneously lower organic carbon aerosol concentrations and 

raise the Δ14C of these aerosols. Emission factors of CO, CH4, and organic carbon aerosols 

should also decline [Stockwell et al., 2016; Jayarathne et al., 2018; Wooster et al., 2018] 

highlighting the additional benefits for air quality and the added value accrued from 

simultaneously measuring CO2 and other trace gas anomalies at remote sites near vulnerable 
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regions [Huijnen et al., 2016]. Without improvements in land management and peatland 

conservation, we hypothesize that the Δ14C of regional fire emissions during future El Niño 

events will decrease over the next several decades as lowering water tables expose peat layers 

formed earlier in the Holocene to decomposition and combustion. 

 The Δ14C of fire-emitted aerosol during the 2014 fire season was more negative than 

during the 2015 fire season, suggesting different land areas with older peat layers were subject to 

combustion. If fires were confined to the same areas each year, the reverse would have occurred: 

the Δ14C in 2014 would have been more positive because peat deposits are age stratified and 

shallower peat, higher in Δ14C, would have burned off first. One possible explanation for the 

year-to-year difference in Δ14C relates to the strength of El Niño. El Nino-induced drought was 

weaker in 2014 (Figure 4.2). As a consequence, more burning in peatlands in 2014 may have 

been confined to areas near canal networks and regions that had previously undergone some 

degradation of surface layers and aboveground biomass pools [Yulianto et al., 2004; van der 

Werf et al., 2008b]. Analysis of aircraft	   light detection and ranging observations from Central 

Kalimantan shows that peatland fires burn more frequently (and thus deeper) in better drained 

areas near the banks of canals [Konecny et al., 2016] As a result, combusted organic material in 

2014 may have originated from deeper and older peat layers (relative to the original surface prior 

to disturbance) that were depleted in 14C. In contrast, during the very strong El Niño in 2015, a 

lower regional water table may have increased the vulnerability of more pristine areas that had 

intact aboveground and surface peat carbon pools with stronger labeling from bomb radiocarbon. 

Burning from these areas with high Δ14C may have more than offset emissions of lower Δ14C 

aerosols originating from burning near canals and other areas where previous land use had 

degraded surface peat layers.   
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The lower Δ14C of fire aerosols in 2014 may also be tied to shifts in emissions 

contributions from Sumatra and Borneo. In 2014 Borneo had a higher proportion of total active 

fire detections (Figure 4.4C) and contributed to a higher percentage of the fire PM2.5 observed in 

Singapore (Table 4.1). In some areas of Central Kalimantan peat slowed or stopped 

accumulating in the mid-to-late Holocene [Dommain et al., 2011], yielding older peat layers near 

the surface (Figure 4.3). Burning appeared more concentrated these areas (Figure 4.5), including 

areas previously degraded from canal building and fires [Yulianto et al., 2004], and thus may 

have generated smoke with more negative Δ14C. A more quantitative separation of smoke ages 

from different islands may be possible in future work, but will require a regional network of 

aerosol sampling, use of a higher resolution atmospheric model, and a spatially-explicit model of 

peat ages and recent surface losses. 

 

4.5 Conclusions 

 Here we report some of the first regionally integrated estimates of the radiocarbon 

content of smoke originating from Indonesian fires during moderate and extreme El Niño events. 

Our results indicated that the dominant source of carbonaceous aerosols during the 2014 and 

2015 fire seasons was Holocene peat from Sumatra and Borneo, and that the mean turnover time 

of a simple carbon cycle model fit to the observations was 800 ± 420 years. Our measurements 

confirm in a novel way that Indonesian fires are predominantly releasing CO2 to the atmosphere 

that has been out of contact with the atmosphere for centuries and millennia, and thus represent a 

net perturbation to the global carbon budget. The observations call into question recent fire 

budgets that suggest a significant amount of emissions originate from aboveground biomass 

pools or non-peatland land cover types. Systematic long-term monitoring of radiocarbon content 
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of fire aerosols in the future may be useful for evaluating the effectiveness of mitigation policies 

designed to protect existing peatland areas, particularly at an integrated province-to-country 

spatial scale.  Together with other recent work, our study highlights the critical dual importance 

of reducing tropical peatland fires for air quality and climate change mitigation.  

 
 
Acknowledgements 
 
We thank Shiguo Jia for assistance with field sampling. This work was supported by the US 

National Science Foundation with a graduate fellowship to E.B. Wiggins (NSF 2013172241), the 

Gordon and Betty Moore Foundation (GBMF#3269), NASA’s Carbon Monitoring System 

(CMS), Soil Moisture Active Passive (SMAP), and Interdisciplinary Science (IDS) research 

programs, the National Research Foundation Singapore through the Singapore-MIT Alliance for 

Research and Technology’s Center for Environmental Sensing and Modeling interdisciplinary 

research program, a grant from Singapore National Environmental Agency to L.E. Yu (R-706-

000-043-490), and a U.S. NOAA Climate and Global Change Fellowship to S.R. Holden.  

 

 

 

 

 

 

 

 

 



94	  
	  

Chapter 5 

Conclusions 

5.1 Summary of Results 

 In my dissertation research my goal was to improve our understanding and 

characterization of fire emissions from ecosystems vulnerable to climate and land use change. 

Within this topic I addressed a diverse set of research questions covering a wide range of spatial 

and temporal scales. My research consisted of laboratory measurements, in-situ and remote 

sensing observations, data analysis, atmospheric transport modeling, and fieldwork. I focused on 

fire emissions from vulnerable forest and peatland ecosystems in the boreal region of North 

America and in tropical Asia. My work contributes to our understanding the composition and 

transport of fire emissions and fire-weather feedbacks.  

 In Chapter 2 I studied the influence of daily weather on boreal fire activity and fire 

contributions to regional trace gas variability. Fire behavior and thus the amount and chemical 

composition of boreal fire emissions are highly sensitive to ambient and antecedent weather 

conditions [Johnson, 1996]. Most boreal fire management agencies rely heavily on fire weather 

indices, such as the Canadian Forest Fire Weather Index System, to predict fire danger in the 

near and more distant future [Lee et al., 2002]. Studies forecasting future fire danger on regional 

to global scales using climate models also tend to employ fire weather indices as a metric of fire 

danger [Flannigan et al., 2000; Wotton, 2009]. Fire weather indices are calculated using 

empirical formulas based on past and present meteorological conditions [Van Wagner and 

Pickett, 1985]. However, in my study I found two basic meteorological variables, temperature 

and vapor pressure deficit, are more highly correlated with active fire counts, burned area, fire 

radiative power, and fire emissions than commonly used fire weather indices. The fire weather 
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indices from the Canadian Forest Fire Danger Rating System were developed many decades ago 

when fire observations were limited. Revisiting the formulas from the original calculations and 

optimizing them using more recent observations from the past few decades could potentially 

improve the performance of fire weather indices. My study suggests fire managers and fire 

forecast modelers should consider using temperature and vapor pressure deficit as predictors of 

fire behavior together with the more complex fire weather indices.  

 Relationships between meteorology and fire emissions are complex and dynamic. 

Meteorology can influence fire behavior and emissions on time-scales of seconds to days [Moritz 

et al., 2012]. Although fire-weather interactions have been extensively studied in the North 

American boreal forest, there is a need to improve fire emissions models using information 

regarding how weather influences the composition and magnitude of fire emissions at a daily or 

higher resolution. In chapter 2 I also tested the feasibility of combining high-resolution fire 

emissions with an atmospheric transport model to understand the influence of fire on regional 

trace gas variability. My modeling technique allowed me to isolate individual fire contributions 

to daily variability in trace gas concentrations and was constrained by region-specific emission 

factors and injection height information. I found moderate but significant levels of correlation 

between observed and modeled CO, CH4, and CO2 concentrations. The differences between 

modeled and observed atmospheric trace gas concentrations can be explained by uncertainties in 

my use of a static emission factor, the fire emissions inventory, and atmospheric transport. This 

approach could be used in future studies to improve understanding of fire emissions and weather 

feedbacks in the boreal forest.  

 Another key element needed to quantify the impacts of fires on atmospheric composition 

is the emission factor. Emission factors are scalars used to convert the amount of biomass 
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consumed in a fire into emissions of a specific trace gas or particulate species [Akagi et al., 

2011]. The ability to model exactly what is emitted from a fire, under different environmental 

conditions, is important for understanding fire impacts on weather, climate, atmospheric 

chemistry, and human health. Unfortunately, there is large uncertainty in emission factors for 

boreal forest fire emissions due to a highly limited number of in-situ measurements. In all 

previous studies combined, only 15 individual fire plumes have been sampled to calculate 

emission factors. The limited number of previous emission factor studies in addition to potential 

biases stemming from the sampling strategy employed by previous studies creates a high level of 

uncertainty for emission factors from this biome.  

 In chapter 3 I used a novel approach to calculate emission factors from high-resolution 

tower based trace gas measurements as opposed to the traditional method of flying an aircraft 

through an active fire plume and collecting flasks of air to be measured in a laboratory at a later 

time. My approach allowed me to sample emissions from at least 31 individual fires during a 

single fire season. I expanded my methodology from chapter 2 to confirm the tower-based 

observations captured signals from fire emissions occurring throughout the day-night fire-cycle 

and integrated emissions from multiple fires under varying environmental conditions. I 

discovered a CO emission factor of 144 ± 70 g CO per kg of biomass combusted. This is much 

higher than the mean from previous studies of 127 ± 45 g CO per kg of biomass combusted 

[Akagi et al., 2011] and more variable. The mean modified combustion efficiency (MCE) from 

my study was significantly lower than the mean from previous studies. The higher CO emission 

factor and lower MCE indicates that smoldering combustion in boreal forest fires has been 

previously underestimated. The higher contribution from smoldering combustion that I 

discovered results in more emissions of less-oxidized trace gas and particulate species, including 
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CO, CH4, and organic carbonaceous aerosols. This is important because it means the fire science 

and atmospheric chemistry communities may have underestimated the effect of boreal fires on 

atmospheric composition and human health.  I focused my study on a high fire year in Alaska 

(2015) that could be considered representative of future fire years under a warming climate in the 

boreal forest.  

 My work implies that future boreal fire emissions could be much richer in CO, CH4, and 

organic carbonaceous aerosols than has been previously estimated. An increase in fire CO 

emissions indicates fires play a larger role in consuming important atmospheric oxidants, 

including the hydroxyl radical [Wotawa et al., 2001]. CH4 is a powerful greenhouse gas that 

influences the radiative balance of the atmosphere. More CH4 production means fires may play a 

larger role in regulating interannual variability and long-term trends in the atmospheric CH4 

budget [Bousquet et al., 2006]. Carbonaceous aerosols found in fine particulate fire emissions 

can impact cloud microphysical properties [Tosca et al., 2011; Chen et al., 2018], the Earth’s 

radiative balance, and human health [Pöschl, 2005]. Carbonaceous aerosols make up around 

70% of PM2.5 emitted by fires [Lighty et al., 2000; Jayarathne et al., 2018]. Worldwide, exposure 

to fine particulate matter from biomass burning causes adverse health impacts on respiratory and 

cardiovascular systems that can ultimately result in mortality [Johnston et al., 2012]. More 

organic aerosol means that these fires are likely having a larger effect on human health. 

  On the other side of the world forests and peatlands in Indonesia are becoming 

increasingly vulnerable to fire. During 2015 a massive month-long regional haze episode caused 

by fire emissions in Indonesia adversely affected millions of people and caused an estimated 

100,000 excess deaths from exposure to PM2.5 [Koplitz et al., 2016]. In this region, degraded 

peatlands collocated with agricultural waste burning and deforestation related fires are the 
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dominant sources of fire emissions [Field et al., 2009; Marlier et al., 2015]. El Niño causes 

regional drought and contributes to increased fire activity from agriculture, deforestation, and 

peatland fires [Field et al., 2016]. However, the original source of the deadly PM2.5 is unclear, 

because of difficulties in detecting smoldering combustion using remote-sensing techniques.  

 I utilized the radiocarbon signature of carbonaceous aerosols collected down-wind from 

the Indonesian fires to determine the biomass burning source of the emissions and better quantify 

total organic carbon aerosol emissions from fires. Based on the radiocarbon content of the 

carbonaceous aerosols, I determined approximately 85% of all PM2.5 emissions originated from 

the burning of degraded peatlands. Fire managers and policy makers can use my methodology to 

test the effectiveness of peatland protections put in place to mitigate future haze episodes. In 

theory, if peatland protection litigation is successful, the radiocarbon content of fire-emitted 

carbonaceous aerosols should become more positive. My work highlights the importance of 

protecting Indonesian peatlands to reduce adverse human health and climate impacts from fire 

emissions.   

 

5.2 Future directions 

 The North American boreal forest is currently experiencing rapid climate change. 

Although this forest has been a slow but stable carbon sink during the Holocene [Lynch et al., 

2004], and an important contributor to the contemporary terrestrial carbon sink [Myneni et al., 

2001; Goodale et al., 2002; Pan et al., 2011], numerous studies predict widespread temperature 

changes could lead to extreme fire danger and activity by the end of this century [Bonan, 2008; 

Balshi et al., 2009; Turetsky et al., 2011; de Groot et al., 2013]. The tropical peatlands of 

Indonesia are experiencing a similar situation for a different reason. Anthropogenic land-use 
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change has severely degraded the majority of natural peatlands in Indonesia, making them highly 

susceptible to fire [Page et al., 2009]. Both of these vulnerable regions contain substantial 

terrestrial stores of carbon that is released to the atmosphere during a fire. A shift in the fire 

regimes in these ecosystems can result in excessive carbon emissions that contribute to the long-

term buildup of atmospheric greenhouse gases. Despite the importance of fires concerning 

climate change and human health consequences, our ability to characterize fire emissions still 

requires further investigation. This includes additional in-situ field measurements, satellite based 

observations, model development and optimization, and analysis. I highlight important needs and 

next steps for each of these in the following sections.  

5.2.1 Observational Datasets 

 My dissertation research emphasizes the need for additional observational datasets on 

boreal forest and tropical peatland fires, both for understanding and modeling present and future 

fire emissions. Our understanding of the relationship between environmental conditions and 

combustion completeness could be greatly improved with studies that relate the composition of 

fire emissions to fire dynamics. Field campaigns aimed at obtaining emission factors from 

numerous fires across the landscape and during both daytime and nighttime should be conducted 

and related to ambient and antecedent weather conditions. An ideal sampling strategy would 

involve measuring trace gas and/or particulate concentrations at a high spatial and temporal 

resolution alongside measurements of environmental conditions at the same high resolution.  

 For example, this could be accomplished using high-resolution tower based trace gas and 

particulate observations coupled with environmental observations or by using wireless sensor 

networks. Wireless sensor networks generally consist of nodes, sensors, and modules that can 

collect real-time meteorological information such as temperature, humidity, and wind speed 
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along with atmospheric trace gas and particulate concentrations [Yan et al., 2016]. Disposable 

wireless sensors could also be deployed	  from	  aircraft	  near	  and	  within	  large	  fires. Empirical 

equations that define relationships between environmental conditions and combustion 

completeness could be developed from these types of observational datasets and used to improve 

our understanding of fire emissions under various environmental conditions.  

 Remotely sensed fire-related observations are improving in quality and magnitude with 

current and upcoming satellite missions from NASA and other similar agencies. The data from 

these efforts could help relate the composition of fire emissions to fire behavior and 

environmental conditions at a regional to global scale. For example, active fire detections from 

the new Visible Infrared Imaging Radiometer Suite (VIIRS) sensor have a higher spatial and 

temporal resolution than traditional active fire detections from the aging MODIS sensor and 

should be used in future studies [Schroeder et al., 2014]. The upcoming ECOsystem Spaceborne 

Thermal Radiometer Experiment on Space Station (ECOSTRESS) will measure the temperature 

of vegetation and utilize those observations to quantify drought stress [Schimel et al., 2015]. An 

improved understanding of plant responses to drought could help advance our understanding of 

fire behavior and emissions in certain ecosystems vulnerable to drought. Similarly, the Global 

Ecosystem Dynamics Investigation (GEDI) Lidar will provide high-resolution detail about the 

structure of forests in the mid-latitudes and tropics [Patterson and Healey, 2015]. GEDI and 

other similar Lidar instruments can help improve our understanding of fuel structure and likely 

improve emission estimates from fires. 	  

	   There is a need to advance satellite-based observations of smoldering fires to improve 

emission estimates of CO, CH4, and PM2.5.  It is currently difficult to detect smoldering fires 

using traditional remote sensing techniques due to their low radiative power. However, our 



101	  
	  

results suggest the smoldering combustion contribution is higher than previously estimated in the 

boreal forest and possibly in Indonesian peatlands. Landsat 8’s short wave infrared sensor and 

long wave infrared sensor are capable of detecting flaming combustion during the day and 

smoldering combustion at nighttime [Elvidge et al., 2015]. In future studies, Landsat 8’s long 

wave infrared sensor data should be used alongside traditional approaches when possible to 

include smoldering nighttime fire emissions.  

 The strong relationship between environmental conditions, fire behavior, and fire 

emissions highlighted by my research could be better quantified with remote-sensing 

observations that cover variability in these metrics over the entire day-night fire cycle. Agencies 

such as NASA should also consider launching a geostationary satellite with a high spatial and 

temporal resolution to cover the full diurnal cycle of an active fire. Fire activity increases during 

the day and decreases during the night [Kaiser et al., 2009a], but we do not have a good 

understanding of nighttime fire emissions because of the lack of satellite based observations.  

 Remote sensing is an invaluable tool for understanding the landscape source of fire 

emissions. However, in regions where the origin of fire emissions is unclear from traditional 

remote-sensing techniques, the isotopic signature of emissions can be used to quantify different 

landscape –source contributions. Relating the isotopic composition of fire emissions to their 

landscape source requires knowledge of both the isotopic signature of the observations and the 

landscape source of emissions [Pataki et al., 2003; Schuur et al., 2003; Mouteva et al., 2015]. 

Unfortunately, there are a limited number of previous studies that have measured the isotopic 

composition, specifically the radiocarbon content, of peat cores. There is a need for more 

radiocarbon-dated peat cores from the boreal forest and Indonesian peatlands. Ideally, the peat 

core would be sampled at a high resolution near the surface of the peat in order to more easily 
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translate fire-emitted aerosol radiocarbon signatures to depth of burn in peatlands. Higher 

resolution radiocarbon and emission factor sampling near and around peat areas during future El 

Niño events could also help to identify whether conservation efforts were helping to reduce 

vulnerability of deeper peats.	   

5.2.2 Models and Analyses 

 The most common approach for estimating emissions from fires involves combining 

information on burned area, fuel loading, fraction of fuel consumed, and emission factors 

(Equation 1.1) [Seiler and Crutzen, 1980]. Each of these parameters has their own unique 

limitations, biases, and uncertainty. Improving any of the parameters will increase accuracy in 

emission estimates. In the context of this dissertation research, it is important to recognize 

emission factors are dynamic and respond to environmental conditions. Further work should aim 

to implement dynamic emission factors in models by using meteorological variability to 

constrain combustion completeness. Fire emissions inventories would greatly benefit from this 

methodology applied at a high spatial and temporal resolution. 

 The research from this dissertation highlights the need to tease apart smoldering and 

flaming combustion contributions from fires. Future studies could address this issue by using 

region-specific and independent emission factors for smoldering and flaming fires to model 

emissions. The results from these studies could be compared to trace gas or particulate matter 

observational datasets to verify emission factors and constrain contributions from smoldering or 

flaming combustion. 

 More smoldering in boreal forest fires could imply burn severity is increasing. Although 

smoldering combustion consumes organic material at a lower magnitude per unit time than 

flaming combustion, residual smoldering combustion can continue for days, weeks, or even 
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months after a flaming fire front has passed through a forest. There is a need to connect 

relationships between residual, persistent smoldering combustion in the organic soil layers 

underlying spruce-dominated boreal forests and burn severity. If an increase in smoldering 

implies greater burn severity, there could be a shift in the dominant tree species of certain boreal 

ecosystem from spruce to deciduous [Johnstone and Chapin, 2006; Johnstone et al., 2008]. 

Spruce forests support the development of thick organic soil layers that can store carbon for 

hundreds to thousands of years while deciduous dominated forests do not [Johnstone and 

Chapin, 2006]. However, fires emit less carbon overall from burning in deciduous dominant 

forests versus spruce dominant forests with thicker organic soil layers [Johnstone et al., 2008]. 

There is a need to determine the relationships between the magnitude of smoldering combustion 

and burn severity in order to model future carbon storage and fire regimes in the boreal forest, 

with major implications for both climate and human health.  

 My results from chapter 4 highlight the importance of continuing to monitor the 

radiocarbon content of fire-derived aerosols in Indonesia. Steps are being taken by local 

government and international conservation groups to protect the peatlands in this region from 

deforestation, conversion to agricultural plantations, and fire [Posa et al., 2011]. If these 

protections are successful, the radiocarbon content of fire-emitted aerosols in Indonesia should 

become more enriched (more positive) as a result of less fire emissions from peatlands. This 

methodology can be used to mitigate future haze events through successful peatland protection, 

and likely reduce the high rates of mortality in Indonesia associated with exposure to excessive 

PM2.5 emissions from the burning of carbon rich peatlands. Ensuring the peatlands are protected 

from future fires will also help preserve the terrestrial carbon stores in Indonesia and reduce the 

positive feedback loop between carbon emissions from peatlands and climate change.  
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