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ABSTRACT OF THE DISSERTATION 

 

Wildfires in California’s Sierra Nevada Mountains:  

Fuels, Emissions, and Management Strategies  

by 

Audrey Odwuor 

Doctor of Philosophy in Earth System Science 

University of California, Irvine, 2023 

Professor James T. Randerson, co-Chair 

Professor Claudia I. Czimczik, co-Chair 

 

 

Over the last several decades, increasing wildfire activity across California has put the state’s 

communities and ecosystems at risk. Effective wildfire management is critical to achieving social 

and ecological goals, which include protecting public health and safety, the economy, and natural 

resources. However, wildfire management is complicated by uncertainties related to the amount 

and composition of fuels and emissions from California’s landscape fires.  

 

In this dissertation, I explored some of the challenges to wildfire management in the Sierra Nevada 

mountains of California. By investigating fire growth, weather, firefighting resources, and 

damages during the 2021 fire season in the second chapter of this dissertation, I found that broad-

scale weather caused extreme fire growth in multiple large fires at once in the Sierra Nevada, 

creating a strain on already-limited resources and influencing the magnitude and timing of 

damages from the fires. In my third chapter, I characterized the total carbon and radiocarbon (14C) 

composition of fine particulate matter (PM2.5) emissions from the 2021 KNP Complex Fire in the 
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southern Sierra Nevada. I combined these observations with a Keeling plot approach and a box 

model to estimate the mean age of fuels that were combusted. I concluded that fuel buildup over 

several decades drove emissions in the KNP Complex Fire, supporting the idea that a legacy of 

fire suppression has contributed to increased fire severity in the Sierra Nevada by promoting the 

accumulation of fuels. For my fourth chapter, I estimated fuel consumption and characterized the 

composition of fuels and PM2.5 emissions for a prescribed (Rx) fire in the central Sierra Nevada in 

2022 as part of the Smart Practices and Architectures for Rx Fire in California campaign. I found 

that larger-diameter dead fuels contributed significantly to total fuel consumption in the prescribed 

fire, indicating that prescribed fire in landscapes with similar fuel composition might result in 

elevated PM2.5 concentrations associated with the combustion of larger fuels. Further, agreement 

in the observed 14C signature of fire-emitted PM2.5 and the 14C signature estimated using my 14C 

and fuel consumption measurements provides confidence that 14C measurements of atmospheric 

PM2.5 in the background atmosphere near fire-affected areas could be used to evaluate the influence 

of prescribed fire on fuel composition. 

 

Altogether, the results of my research provide insight into the potential for large wildfires to 

overwhelm fire suppression capacity, highlight the importance of effective wildfire management, 

and identify a method by which prescribed fire can be monitored. 
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Chapter 1 

Introduction 

 
1.1. Changing drivers of fire activity in California 

Fire is a natural and critical process in many ecosystems (Andreae, 1991), but a combination of 

human activities and climate change has created conditions that many fire-adapted ecosystems and 

communities can no longer support (Bowman et al., 2009; Miller et al., 2012; Safford et al., 2022). 

Specifically, California’s coniferous forests, like those in the Sierra Nevada mountains (Fig. 1.1) 

evolved with fire. They can withstand low- to moderate- intensity fires (Miller and Safford, 2012) 

with a mean fire return interval of 12 years (van de Water and Safford, 2011).  

 

 

 
 
 
Figure 1.1. Map showing the location of the Sierra Nevada in California, USA. The Sierra Nevada 
is defined according to the US EPA Level III Ecoregions of the Continental United States. 
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Figure 1.2. Time series of annual burned area in (a) California and (b) the Sierra Nevada mountains 
of California from 1950 to 2021 using data from the California Department of Forestry and Fire 
Protection Fire Resource Assessment Program (available at: https://www.fire.ca.gov/what-we-
do/fire-resource-assessment-program) 
 

 

However, since the late 19th century, the mean fire return interval in the Sierra Nevada has 

increased to about 84 years (Safford and Van de Water, 2013), and the Sierra Nevada now 

experiences higher-severity fires (Miller and Safford, 2012), more frequent large fires (Dennison 

et al., 2014; Taylor et al., 2016), and a higher level of annual burned area (Fig. 1.2) (Miller et al., 

2012; Dennison et al., 2014; Williams et al., 2019). 

 

Long-term changes in fire regimes can be strongly linked to multiple socioecological phases, 

including Indigenous land management, depopulation of Indigenous people by Euro-American 

settlers, logging, widespread grazing and deforestation during the Gold Rush era, and, more 
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recently, the cumulative effects of fire suppression (Fig. 1.3) (Taylor et al., 2016). Each of these 

phases is characterized by different land management activities that influence fuel amount and 

structure, and, thereby, fire behavior. More recently, climate-change-driven increases in summer 

temperatures and drought stress have further modified fuel moisture levels, the length of the fire 

season, and regional fire dynamics (Abatzoglou and Williams, 2016; Westerling, 2016; Williams 

et al., 2019).   

 

Indigenous land management in the Sierra Nevada can be traced back as far as 1300 A.D. 

(Anderson and Moratto, 1996). By means of cultural burning, fires were ignited frequently for 

various reasons, including to reduce hazardous fuel loads (Anderson and Moratto, 1996; Quinn-

Davidson and Varner, 2012). These frequent, low-intensity surface fires resulted in low fuel 

continuity (i.e., less dense, more open forests) (Hagmann et al., 2021) and prevented fuel buildup 

(McKelvey and Busse, 1996). Then, the fire return interval in the Sierra Nevada was 5-50 years 

(Stephens et al., 2009; Safford and Van de Water, 2013). Low fire return intervals are associated 

with finer fuels, lower tree mortality, little accumulation of understory vegetation, and thereby, 

lower intensity surface fires (Gorte, 2009; Steel et al., 2015). 

 

In the late 18th century, during the Spanish-Mexican colonial phase following the depopulation of 

Indigenous people (Taylor et al., 2016), fire activity increased as fuels became more continuous 

with the reduction in cultural burning. Greater fuel availability led to more frequent fires and a 
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stronger relationship between fire and climate as ignition and fire spread became the limiting 

factors to fire activity (Stephens et al., 2009; Steel, Safford and Viers, 2015; Taylor et al., 2016). 

 

Following Euro-American settlement and the Gold Rush in California in the late 19th century 

(~1866-1903), fire activity returned to pre-colonial levels (Taylor et al., 2016). Logging and 

grazing accompanying population growth in the Sierra Nevada reduced fuel continuity. Therefore, 

fire activity decreased, and the relationship between fire and climate weakened as fuels became 

the limiting factor to fire activity. 

 

Fire management since the 20th century can be characterized by widespread fire suppression. Fire 

suppression policy began around 1903 (Agee and Skinner, 2005; Taylor et al., 2016). By the 1930s, 

cultural burning had essentially been banned and an aggressive fire suppression policy was applied 

to most forested ecosystems (Agee and Skinner, 2005). The widespread suppression of low- to 

moderate-intensity fires has allowed for greater fuel continuity and a buildup of fuels, including 

an increase in understory vegetation and ladder fuels that contribute to the less frequent but more 

severe wildfires that occur in today’s climate-limited regime (McKelvey and Busse, 1996; 

Stephens et al., 2009; Taylor et al., 2016; Pausas and Keeley, 2019).  
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Figure 1.3. Summary of major socioecologial shifts and accompanying changes to fire activity 
and the fire-climate relationship as described by Taylor et al. (2016) and supplemented by 
information from Anderson and Moratto (1996). 
 

 

In addition to fuel buildup from the legacy of 20th century forest management, the Sierra Nevada 

is expected to continue experiencing warmer, drier summers in the coming decades, which is 

predicted to increase both the likelihood and extent of fires (Safford and Van de Water, 2013; 

Williams et al., 2019; Gutierrez et al., 2021; Hagmann et al., 2021). Higher summer temperatures 

drive increases in vapor-pressure deficit, contributing to drier and more flammable fuels, earlier 

snowmelt, and, thereby, longer fire seasons (Westerling et al., 2006; Riley et al., 2019). During 

periods of extreme heat, drier fuels contribute to a higher probability that a wildfire ignition will 
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escape initial containment, highlighting the role of climate in increasing fire occurrence from both 

lightning and human ignition sources (Gutierrez et al., 2021). Considering expected increases in 

summer air temperatures alone and no significant changes to fire suppression or forest 

management, annual burned area is projected to increase by 59 ± 33% by the 2040s (Gutierrez et 

al., 2021). Because fuels are abundant and climate conditions are conducive to rapid fire growth, 

the area burned by wildfires in the Sierra Nevada is becoming increasingly tied to the ignition and 

rapid expansion of just a few megafires.  

 

1.2. The effects of wildfires on the environment and society 

Although California’s coniferous forests are largely fire-adapted, they are made especially 

vulnerable by today’s high-intensity crown fires that contrast with lower-intensity surface fires 

they experienced in the past. The contemporary fire regime has decreased the average size and age 

of trees and increased stand density and surface fuels in California’s conifer forests (Agee and 

Skinner, 2005; Stephens et al., 2009; North et al., 2021), thereby increasing the probability of high-

intensity fire and destabilizing landscape-scale carbon storage (Collins, Everett and Stephens, 

2011; Hurteau et al., 2019). Increased fire intensity influences vegetation composition and 

distribution in ecosystems, which impacts the habitats of sensitive plant and animal species and 

increases vulnerability to drought, disease, insects, and even greater fire intensity (McKenzie et 

al., 2004; Collins, Everett and Stephens, 2011; Goodwin et al., 2020). Specifically, larger fire-

adapted trees and some endangered endemic species like the ancient giant sequoia 

(Sequoiadendron giganteum (LINDL.) J.T. BUCHHOLZ) in old-growth forests are made vulnerable 
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by the growth of younger, smaller trees in the understory that provide ladder fuels enabling high-

intensity crown fires (Hurteau et al., 2019; Goodwin et al., 2020; Shive et al., 2022). Further, soil 

erosion following wildfires can negatively impact downstream aquatic ecosystems and water 

quality and supply (Sankey et al., 2017).  

 

The 2020 fire season burned over 17,000 km2 (4.3 million acres) of California’s wildlands, 

corresponding to an estimated 0.1 Pg of carbon dioxide (CO2) emitted, equivalent to almost 30% 

of California’s 2020 emissions (CAL FIRE, 2020; California Air Resources Board, 2020; 

California Air Resources Board, 2022). In addition to CO2, wildfires produce other gaseous 

pollutants like nitrous oxides, ozone, methane, etc., and particulate matter (PM) and its precursors 

(Akagi et al., 2011; Andreae et al., 2019). Of special concern is fine airborne PM (PM2.5), which 

encompasses most of the aerosol produced by landscape fires. Some aerosol types contributing to 

fire-emitted PM2.5 in different settings include nitrate and sulfate aerosol and mineral aerosols 

associated with combustion and the entrainment of soil particles in fire plumes (Hand et al., 2013). 

Additionally, PM2.5 has carbonaceous fractions that are commonly differentiated according to 

thermo-optical properties, from light-scattering organic carbon (OC) to light-absorbing black 

carbon (BC) (Andreae and Gelencsér, 2006), which is especially important for climate warming, 

atmospheric visibility, and public health (Bond et al., 2013; Reisen et al., 2018; Burke et al., 2021)  

 

PM2.5 is associated with increased premature mortality. At the end of the last decade, premature 

deaths due to PM2.5 exposure in the U.S. increased by an estimated 9500 persons or about $134 
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billion, 43% of which is attributed to changes in air quality within California (Clay et al., 2021). 

In addition to increased mortality, wildfire smoke exposure has been linked to increased 

respiratory-related hospitalizations and increased adverse health outcomes related to restricted 

activity and days of work lost (Kochi et al., 2010). Because wildfires often occur near highly 

populated areas, voluntary and forced evacuations can cause hundreds to tens of thousands of 

people to flee their homes, assuming safe evacuation routes and access to reliable emergency 

information (Safford et al., 2012; Tubbesing et al., 2021). The potential for smoke to affect 

communities is further influenced by the composition and concentration of pollutants, which are 

partly determined by fire processes that regulate fuel consumption (May et al., 2015; Williamson 

et al., 2016). 

 

Wildfires also negatively affect the economy. In 2021, structures damaged and destroyed during 

California’s fire season cost over $500 million (CAL FIRE, 2021a). In addition to long-term health 

effects, indirect costs of wildfires include environmental cleanup, lost business and tax revenue, 

and infrastructure repairs (Thomas et al., 2017; Wang et al., 2021). Direct costs of wildfire include 

fire suppression and property losses. In the 2020 fire season, emergency fire suppression cost 

California over $1.7 billion, almost four times the average amount spent annually by the state in 

the previous decade (CAL FIRE, 2021b). Further, over half of the federal budget for fire 

suppression is spent in California alone (Taylor et al., 2016).  Approximately 10,000 structures 

were destroyed in the 2020 fire season, and a recent study estimated that last decade, structures 

destroyed cost an average of $1 billion annually to replace, a value that is over twice as high as 
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during the previous decade and expected to continue rising as burned area increases this decade 

(CAL FIRE, 2020; Buechi et al., 2021).  

 

1.3. Fuel treatments as a wildfire management strategy 

Fuels can be reduced using mechanical treatments and/or burning. Mechanical fuel treatments 

include crown thinning, thinning from below, and mastication (i.e., grinding, chipping, etc.) 

(Stephens and Moghaddas, 2005), while prescribed burning involves intentionally applying fire to 

a landscape under certain conditions to achieve specific goals (Kalies and Kent, 2016). Depending 

on the desired outcome, trees may be thinned from the canopy before being thinned from below to 

increase canopy spacing and reduce tree density (Stephens and Moghaddas, 2005). Individual trees 

are cut down and either left as logs, masticated in place, or chipped and removed from the site for 

processing for timber products (Stephens and Moghaddas, 2005; Stephens et al., 2012). The cost 

of chipping and removing smaller trees can be prohibitive, and as a result, these trees are often left 

as logs, adding to the surface fuel load (Stephens et al., 2012). Mechanical treatments alone have 

been found to reduce fire hazard in part by lowering stand density and ladder fuels (Johnston et 

al., 2021). They are often followed by prescribed fire to enhance their effectiveness (Kalies and 

Kent, 2016). 

 

Prescribed burning can be similar to cultural burning. In more recent decades, prescribed fire 

policy was reintroduced to western U.S. forests (Stephens et al., 2012), and there is strong evidence 

that, especially when combined with mechanical treatments, it can effectively reduce fuel loads 
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and, thereby, fire intensity and severity (Stephens and Moghaddas, 2005; Stephens et al., 2012; 

Kalies and Kent, 2016; Levine et al., 2020; Johnston et al., 2021). An estimated 2.4 million ha of 

forested area in the Sierra Nevada are under high fire hazard in dire need of restoration (Levine et 

al., 2020). In California, a key management goal is to expand use of prescribed fire each year by 

a factor or ten or more (California Wildfire and Forest Resilience Task Force, 2021). The rapid and 

widespread expansion of prescribed fire will involve streamlining the review and approval process 

for burns, growing and training the state’s prescribed fire workforce, tracking burns, and 

optimizing smoke management programs (California Wildfire and Forest Resilience Task Force, 

2021).  

 

1.4. Radiocarbon as a tool for understanding fire activity  

Radiocarbon (14C) is a radioactive isotope of carbon with a half-life of about 5730 years that is 

naturally produced in the atmosphere, primarily in the lower stratosphere and upper troposphere. 

It is created when cosmic radiation interacts with nitrogen atoms in nitrogen gas. Over a period of 

several months, the 14C is oxidized to 14CO and then to 14CO2. Radiocarbon enters the biosphere 

when plants fix atmospheric 14CO2 during photosynthesis. Living biomass and emissions from its 

combustion are labeled with the 14C content of the atmosphere at the time of photosynthesis so that 

annual plants have a 14C signature closely matching the contemporary atmosphere while the 14C 

signature of perennial plants reflects the integrated atmospheric 14C content over their lifetimes.  
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The 14C content of a sample can be reported as ∆14C in units of per mille (‰), and the relationship 

between ∆14C and the widely-used fraction modern (F) measurement is shown in equation (1), 

where y is the year of 14C sampling (in this dissertation, 2021 and 2022); F is the 14C /12C ratio of 

the sample divided by 95% of the 14C /12C ratio of the oxalic acid I (OX-I) standard measured in 

1950 (14C /12COX1 = 1.176 ± 0.010 × 10−12 ) corrected for mass-dependent fractionation; 8267 years 

is the mean lifetime of 14C; and 1950 is the reference year: 

 

 
∆!"𝐶 = $𝐹	 ×	𝑒

!"#$%&
'()* − 1+ × 1000               (Eqn. 1.1) 

 
 
 
The 14C/12C measurements collected via accelerator mass spectrometry are normalized to a 

common δ13C so that differences in ∆14C do not reflect isotopic fractionation (Stuiver and Polach 

1977). 

 

Atmospheric ∆14CO2 has changed considerably over the past 70 years (Fig. 1.4) because of the 

Earth system’s response to the production of “bomb” 14C from aboveground nuclear weapons 

testing during the late 1950s and early 1960s (Nydal, 1963; Levin et al., 2010). This bomb carbon 

approximately doubled the number of 14C atoms of Northern hemispheric CO2 but was rapidly 

diluted by mixing throughout the biosphere since the cessation of aboveground nuclear weapons 

testing. Dilution by fossil fuel emissions, which are essentially 14C-free, now controls the decline 

in atmospheric 14C content. For the period from 1950 to present day, the age of a plant (e.g., fuel) 

is determined by comparing its 14C content to atmospheric ∆14CO2. 
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Figure 1.4. Time series of atmospheric radiocarbon content (14CO2) for the Northern hemisphere 
derived from observations by Hua et al. (2022; for the region from about 45ºN to the position of 
the summer intertropical convergence zone) and X. Xu (personal communication, 2021; from Pt. 
Barrow, AK, USA). The 14CO2 in the atmosphere is taken up during photosynthesis along with 
13CO2 and 12CO2. As a result, organic matter produced after the 1950s contains some degree of 
bomb-derived 14C, and these samples are considered “modern.” Plant biomass is labeled with the 
14C/12C ratio of the atmosphere at the time of fixation, and as this plant material cycles through the 
biosphere, this 14C signature is retained, although it is slowly modified by radioactive decay. 
 

 

1.5. Organization of dissertation  

This research aims to understand some of the challenges to wildfire management in California’s 

Sierra Nevada and enhance our understanding of the different fuel types contributing to emissions 

for both prescribed and wildland fires. 
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In Chapter 2, I investigated the relationships among wildfire growth, weather, firefighting 

resources, and damages during California’s 2021 wildfire season to highlight some of the 

challenges to fire suppression in the Sierra Nevada mountains (Odwuor et al., in prep). To do this, 

I analyzed a satellite-derived dataset of active fire line length and burned area (Liu et al., in review) 

and data on firefighting resources and damages from reports maintained by the U.S. National 

Incident Management System. I focused my analyses on the Dixie, Caldor, and KNP Complex 

Fires, three of the largest fires that occurred that year, but compared them to the 8 other largest 

2021 fires. In this study, I found that fires in the Sierra Nevada responded to similar broad-scale 

weather, synchronizing fire growth. Further, the number of structures destroyed responded to 

increases in fire growth, creating a strain on firefighting resources, but the KNP Complex Fire, 

which burned through more forested, less populated areas, received fewer firefighting resources 

per unit active fire line length. I also identified three periods of greatest stress to firefighting efforts, 

which corresponded to the destruction of two towns and the threat of destruction of another. The 

results from Chapter 2 suggest that climate contributes to fires that are harder to contain, straining 

already-limited firefighting resources and emphasizing the need for fuel treatments to manage 

wildfires.  

 

I further investigated the 2021 wildfire season in Chapter 3 by characterizing the composition of 

fire-emitted PM2.5 from KNP Complex Fire to estimate the mean age of combusted fuels (Odwuor 

et al., 2023). I first collected fire-emitted PM2.5 samples from smoke downwind of the fire over a 

period of 26 hours. Then, I measured the total carbon and 14C content of the samples and used a 
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Keeling plot approach combined with a steady-state, one-box ecosystem model to determine the 

mean ∆14C and age of the combusted fuel. I found that the mean age of combusted fuels in the 

KNP Complex Fire was about 40 years, suggesting that the legacy of fire suppression contributed 

to high fire intensity by promoting the accumulation of fuels over several decades and providing 

insight into the influence of fuel composition on the composition of fire-emitted PM2.5. 

 

In Chapter 4, I estimated fuel consumption and characterized the composition of emissions and 

fuels in a 2022 prescribed fire in the central Sierra Nevada mountains to further constrain the 

influence of fuel composition on emissions. I conducted inventories of surface fuels to estimate 

mass consumed by difference before and after the fire. In addition to measuring the total carbon 

and 14C content of fire-emitted PM2.5 following the methods used in Chapter 3, I also measured the 

∆14C of surface fuels collected before the fire for direct comparison with the ∆14C of PM2.5 

emissions. Here, I found that the combustion of larger-diameter fuels contributed significantly to 

total fuel consumption and PM2.5 emissions. Further, the 14C signature of PM2.5 estimated from the 

fuel consumption and ∆14C measurements in this study was similar to the observed ∆14C of fire-

emitted PM2.5.  The findings from this chapter help us constrain fuel consumption and composition 

during prescribed fire and understand its influence on PM2.5 emissions. Further, these results 

suggest the potential for our methods to evaluate the effectiveness of prescribed fire.  
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In Chapter 5, I summarize my conclusions from this research, explore the broader implications of 

these findings for wildfire management, and propose future study directions, including field and 

laboratory techniques in this area of research.   
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Chapter 2 

Investigating the progression of large wildfires and allocation of firefighting 
resources during the 2021 California wildfire season  

 
Odwuor, A., Liu, T., Delgado, A., Randerson, J.T., and Czimczik, C.I. 
 
 
2.1. Introduction 

Over the last several decades, wildfire activity, including burned area, the occurrence of large fires, 

and fire severity has increased across much of California (Dennison et al., 2014; Williams et al., 

2019; Keeley and Syphard, 2021). In part due to rapid population growth in the wildland urban 

interface, California is experiencing unprecedented losses of life and property from wildfires 

(Radeloff et al., 2018; Keeley and Syphard, 2021; Marks-Block and Tripp, 2021). Firefighting 

efforts by federal government agencies such as the USDA Forest Service and National Park Service 

and state agencies like the California Department of Forestry and Fire Protection (CAL FIRE) aim 

to protect life, property, and natural resources. Specifically, CAL FIRE is tasked with maintaining 

California’s resilience against wildfires and responding when wildfires occur. The CAL FIRE 

budget for fire prevention and protection and resource management in 2021-2022 had increased 

by almost five times since 2005, reaching approximately $3.8 billion, including $800 million for 

emergency fire suppression (California Legislative Analyst’s Office, 2022). Emergency fire 

suppression expenditures, typically associated with large wildfires that exceed CAL FIRE’s 

containment capacity, have more almost quadrupled in the last decade (CAL FIRE, 2021a). These 

costs rival federal expenditures of approximately $4.4 billion for fire suppression across the entire 
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country in 2021 (National Interagency Fire Center, 2023), half of which is spent on fighting fires 

in California (Taylor et al., 2016).  

 

The 2021 fire season burned over 10,000 km2 (2.5 million acres) across California and is second 

only to the 2020 fire season in terms of annual area burned (CAL FIRE, 2021b). Specifically, over 

12% of the Sierra Nevada burned in 2021, compared to an annual average of less than 1% for the 

period from 1950-2020 (CAL FIRE, 2023). The 2021 fire season occurred during the hottest 

summer recorded in California and was preceded by two years of below average precipitation and 

early spring snowmelt (Taylor et al., 2022). 

 

With limited personnel and equipment and competing priorities, agencies tasked with fire 

protection must decide how to best allocate resources for effective fire suppression. Many fires 

can occur simultaneously across various landscapes and socioeconomic regions, threatening life, 

property, and natural resources. In 2021, 3560 structures were destroyed, contributing to losses of 

over $500 million (CAL FIRE, 2021b). Three firefighters died in the 2021 fire season, while the 

2020 fire season resulted in at least 33 fatalities (CAL FIRE, 2020, 2021b). The California Air 

Resources Board (2022b) estimates that almost 0.09 PgCO2 were emitted by 2021 fires, equivalent 

to approximately 25% of the state’s total 2020 CO2 emissions (California Air Resources Board, 

2022a), and the National Park Service reports that the 2020 Castle and 2021 KNP Complex Fires 

killed 13-17% of the endangered ancient giant sequoia trees of the southern Sierra Nevada (Shive 

et al., 2023). 
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In this study, we analyzed the relationships among fire growth, weather, firefighting resources, and 

damages during the 2021 California wildfire season. Specifically, we analyzed active fire line 

length, burned area, and personnel deployed for the 11 largest 2021 fires. Further, we quantified 

the relationships among temperature, vapor pressure deficit (VPD), wind speed, active fire line 

length, burned area, structures threatened, and structures destroyed throughout the course of the 

2021 Dixie, Caldor, and KNP Complex Fires, which accounted for 50% of 2021 burned area. We 

also compared these relationships for the Dixie, Caldor, and KNP Complex Fires to the number of 

personnel, engines, and helicopters deployed to investigate how firefighting resources were 

allocated when wildfires occurred simultaneously or with little temporal separation. We expected 

to observe more resources devoted to the Caldor Fire, whose final area was smaller than the Dixie 

Fire but burned closer to more highly-populated areas.  

 

2.2. Methods 

2.2.1. Study fires 

We focused our analyses on the Dixie, Caldor, and KNP Complex Fires partly because they were 

three of the largest fires in 2021 and co-occurred within the Sierra Nevada region. Further, the 

Dixie and Caldor Fires grew simultaneously during our study period. The KNP Complex Fire 

ignited within four days after the Dixie and Caldor Fires reached their final sizes, but during that 

time, containment was incomplete and considerable resources and personnel remained dedicated 

to these earlier fires. 
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The Dixie Fire, the largest 2021 fire and the second-largest fire ever recorded in California, began 

on 13 July and was 100% contained by 25 October mainly via CAL FIRE efforts. The fire burned 

3898 km2 (963,309 acres) primarily on federal lands and was the first wildfire in California’s 

history to exceed $500 million in fire suppression expenditures (Taylor et al., 2022). 

 

The Caldor Fire burned 898 km2 (221,835 acres) across 3 counties between its ignition on 14 

August and containment on 21 October. CAL FIRE and the U.S. Department of Agriculture Forest 

Service were primarily responsible for fire suppression efforts. It became only the second fire in 

recorded history to cross the Sierra Nevada mountains (Sion et al., 2023). The Caldor Fire was 

responsible for over 1000 structures destroyed, similar to the Dixie Fire, despite being about 75% 

smaller in total burned area (CAL FIRE, 2021b). 

 

Over its course from 10 September to 16 October, the KNP Complex Fire burned 357 km2 (88,307 

acres). The National Park Service was primarily responsible for the KNP Complex Fire 

suppression efforts, which occurred mainly on forested land in Sequoia and Kings Canyon 

National Parks. The fire burned through groves of the endangered giant sequoia (Sequoiadendron 

giganteum (LINDL.) J.T. BUCHHOLZ), killing an estimated 3-5% (Stephenson and Brigham, 2021; 

Odwuor et al., 2023). 

 

We also analyzed fire growth and personnel for eight additional 2021 fires listed in Table 2.1. 
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Figure 2.1 shows the area of the Dixie, Caldor, and KNP Complex Fires relative to the eight other 

2021 fires analyzed in this study and the Sierra Nevada region.  

 

 

 
 
 
Figure 2.1. Map showing the final perimeters of the 2021 California wildfires. The Dixie, Caldor, 
and KNP Complex Fire final fire perimeters depicted by the green, blue, and red shaded areas, 
respectively, are derived from the GOES-Observed Fire Event Representation (GOFER) data 
product (Liu et al., in review). Specifically, the GOFER-W data product, derived from GOES-
West active fire detections, was used in our analysis. Final fire perimeters for all other 2021 fires 
are shown using historical fire perimeter data from the CAL FIRE Fire Resource and Assessment 
Program (CAL FIRE, 2023).   
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Table 2.1. Summary table of the 2021 fires analyzed in this study ordered from smallest to largest 
area burned. Area burned was derived from the CAL FIRE 2021 Wildfire Activity Statistics (CAL 
FIRE 2021b). 
  
 

Fire 

Area 
burned 
(km2) 

Dixie Fire 3898 
Monument Fire 903 
Caldor Fire 898 
River Complex Fire 807 
Antelope fire 589 
McFarland Fire 496 
Beckwourth Complex Fire 428 
Windy Fire 395 
McCash Fire 384 
KNP Complex Fire 357 
Tamarack Fire 278 
Total 9433 

 

 

 

2.2.3. Fire growth 

Hourly active fire line length and burned area for the 2021 fires were obtained using the GOES-

Observed Fire Event Representation (GOFER) dataset (Liu et al., in review). The GOFER 

algorithm derives hourly perimeters of large fires using GOES satellite detections of active fires 

after correcting parallax effects in complex terrain and using a set of optimized parameters derived 

from comparison with higher resolution imagery (Liu et al., in review). The GOFER-W dataset, 

derived from GOES-West satellite detections, was used in this analysis. Daily active fire line length 
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was defined as the concurrent active fire line length from the GOFER-W dataset at 1 pm local 

time. The concurrent active fire line length represents the sum of perimeter segments that overlap 

with active fire pixels in the same hour and are actively burning (and potentially spreading into 

new areas). We also calculated daily burned area growth as the increase difference in burned area 

from midnight on the day of interest and midnight on the following day.  

 

2.2.4. Climate 

Mean temperature, VPD, and wind speed data for the Dixie, Caldor, and KNP Complex Fires were 

derived from the ERA5-Land reanalysis data product, the fifth generation of European Centre for 

Medium-Range Weather Forecasts atmospheric reanalysis of the global climate (Hersbach et al., 

2020). Data were obtained at an hourly, 0.1º x 0.1º resolution and represented the average of grid 

cells overlapping with the active fire line within a 5 km buffer. To compare with the 1 pm active 

fire line length and daily burned area, daily we also extracted daily climate variables at 1 pm local 

time.  

 

2.2.5. Resources 

Data for the number of personnel, structures threatened, structures destroyed, engines, and 

helicopters were obtained from the Incident Command System Incident Status Summary Form 209 

(ICS-209 report), reports prepared by the U.S. National Incident Management System to capture 

regular information about incident development and response (St. Denis et al., 2023). Because the 

reporting intervals and times of ICS-209 reports are irregular, ranging from 1 to 24 h, we 



 

28 
 
 

 

 

interpolated data from the ICS-209 reports to hourly time resolution using the interp1 function in 

Matlab. Daily data were defined as the values for each variable observed at 1 pm local time. The 

total number of engines and helicopters are reported as the sum of all engine and helicopter 

categories in the ICS-209 reports. The number of structures threatened is estimated as the number 

of potentially threatened by the fire within the next 72 hours using currently available information 

and the number of structures destroyed is defined as those damaged beyond repair. 

 

2.3. Results 

We found that the Dixie Fire was actively growing at the time the Caldor Fire began and that the 

KNP Complex Fire began growing about 2 days after the Dixie Fire and reached its final fire size 

and 2 days after the Caldor Fire reached its final fire size (Fig. 2.2). Concurrent expansion of the 

Dixie and Caldor Fires occurred for approximately 23 days between 15 August and 6 

September. Neither the Dixie Fire nor Caldor Fire had reached full containment when the KNP 

Complex Fire began.  

 

We observed an apparent influence of the start of a new fire on the resources assigned to existing 

fires that were being actively managed (Fig. 2.2b). As the number of personnel rapidly increased 

with the growth of the Caldor Fire by 13 times between 15-31 August, the number of personnel 

assigned to the Dixie Fire decreased by about 50%. During this period, the Dixie Fire, which had 

been burning for approximately 27 days nearly doubled in size, increasing from approximately 

2860 km2 on 15 August to 4110 km2 on 31 August. The number of personnel assigned to the Dixie 
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and Caldor Fires decreased sharply as more personnel were deployed to the KNP Complex Fire 

beginning 12 September.  

 

 

 
 
 
Figure 2.2. Cumulative burned area and total personnel for the Dixie, Caldor, and KNP Complex 
Fires. (a) Cumulative burned area derived from the GOFER-W data product at an hourly 
resolution. (b) Total personnel derived from the Incident Command Summary (ICS) Form 209 at 
variable time resolution (1 to 24 h). 
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Stress on the availability of fire suppression resources during this period is also evident from 

comments made by incident command for the Caldor and Dixie Fires and recorded in the ICS-209 

reports. For the Caldor fire, comments include: 

 

"The organization is stretched due to staffing shortages supporting other incidents. This 

combined with the complexity of this incident, there is a critical concern for diminishing 

ability to assure firefighter and public safety." 

 

"Steep and rugged terrain, critically dry fuel conditions, and lack of adequate resources 

have presented control challenges, limiting the ability for direct attack." 

 

 

For the Dixie Fire, incident commanders noted the strain on resources: 

 

"Fire continues to rapidly spread through communities challenging crews in the WUI 

[wildland urban interface] setting with shortage of overhead and suppression resources." 

 

 

Even though the fires were separated by hundreds of kilometers, fire weather was highly 

synchronized across the region. Daily mean surface air temperature variability was correlated 

between the Dixie and Caldor fires with a Pearson correlation coefficient of 0.97. Daily VPD was 
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also highly correlated for these two fires with a correlation coefficient of 0.85 (Fig. 2.3). Wind 

speed had a lower (but still highly significant) correlation of 0.61. 
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Figure 2.3. Climate variables and burned area growth for the Dixie, Caldor, and KNP Complex 
Fires. (a) Mean temperature, (b) vapor pressure deficit (VPD), and (c) mean wind speed derived 
from fifth generation European Centre for Medium-Range Weather Forecasts atmospheric 
reanalysis of the global climate. Data shown are values for 1pm local time. (d) Burned area growth 
calculated as the difference between midnight burned area from GOFER-W data product for each 
date and the following date.  
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In response to the synchronized fire weather, daily fire growth covaried across the Dixie and 

Caldor Fires. During their period of overlap, daily fire growth was correlated at a level of 0.97. 

Both fires experienced periods of rapid expansion on 16-17 and 29-30 August (Fig. 2.4a, b). The 

first interval occurred during a period of high VPD and mean wind speed, and the second period 

corresponded to a more moderate peak in fire weather. Active fire line length also appeared 

synchronized across the two fires, particularly near the end of the overlap period (after a period 

extremely rapid growth for the Caldor Fire).  

 

Day-by-day estimates of structures threatened provide insight about the proximity to the fire front 

to the wildland urban interface and the potential for fire growth from the available weather forecast. 

A comparison across fires reveals several features (Fig. 2.4c, d). First, the threat of the Caldor Fire 

to the community of South Lake Tahoe is visible with the high number of structures threatened 

between 29 August and 10 September. Second, the more remote terrain surrounding the KNP 

Complex Fire in the Sequoia and Kings Canyon National Parks is consistent with the low number 

of structures threatened compared to the other two fires. Third, structures threatened did not seem 

to be a particularly effective variable in explaining structures destroyed. This may be expected as 

a consequence of a successful fire suppression strategy and the more temporally integrated nature 

of the modeling system used to predict this variable.   
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Figure 2.4. Fire growth and structures threatened and destroyed for the Dixie, Caldor, and KNP 
Complex Fires. (a) Burned area growth calculated as the difference between midnight burned area 
from GOFER-W data product for each date and the following date. (b) Active fire line length from 
GOFER-W data product at 1pm local time. (c) Cumulative number of structures threatened from 
ICS form 209 at variable time resolution (1 to 24 h). (d) Number of structures destroyed per day 
calculated from ICS Form 209 cumulative structures destroyed averaged to daily resolution. 
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Days with a high number of structures destroyed were closely tied to intervals of rapid daily fire 

growth and tended to occur closer to the time of ignition than to the time of final fire size. The 

dates with greatest structures destroyed roughly coincided with the destruction of Greenville by 

the Dixie Fire (4 August) and Grizzly Flats by the Caldor Fire (15 August) and the approach of the 

Caldor Fire at Lake Tahoe (29 August). Structures destroyed were positively correlated with 

burned area growth for the Caldor and KNP Complex Fires and negatively correlated for the Dixie 

Fire (Fig. 2.3). We observed a lag in structures destroyed after intervals of rapid fire growth, with 

the increase in structures destroyed occurring 3-8 days after peaks in fire growth. This may be a 

consequence of reporting delays, as fire personnel must wait before safely accessing areas 

immediately behind the fire front. 

 

The number of engines and helicopters deployed to the Dixie and Caldor Fires increased sharply 

at the beginning of each fire (Fig. 2.5). The maximum number of engines observed for the Caldor 

Fire (523) nearly approached the maximum for the Dixie Fire (569). Normalized by the active fire 

line length, the number of engines per unit length active fire line was generally greater for the 

Dixie Fire. The number of engines at the Dixie Fire decreased simultaneously with increased 

engines at the Caldor Fire between 16 August and 2 September. The number of helicopters at the 

Dixie and Caldor Fires increased concurrently, with the Caldor Fire reaching a greater maximum 

number of helicopters (38) than the Dixie Fire (28), The number of helicopters per km active fire 

line length was similar for the two fires (Fig. 2.6).  
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Figure 2.5. Number of engines and helicopters deployed to the Dixie, Caldor, and KNP Complex 
Fires. Number of (a) engines and (b) helicopters from ICS-209 reports.  
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Figure 2.6. Daily resources for the Dixie, Caldor, and KNP Complex Fires as a function of daily 
active fire line length. Total number of (a) personnel, (b) engines, and (c) helicopters from the ICS-
209 reports interpolated to daily resolution and plotted against active fire line length from the 
GOFER-W data product.  
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We found that the periods of greatest burned area growth, active fire line length, and personnel 

deployed for all 2021 fires observed in this study occurred around the 5th, 15th, and 30th of August, 

which we had identified as the periods of greatest fire growth for the Dixie and Caldor Fires.  
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Figure 2.7. Daily burned area, active fire line length, and total personnel for all 2021 fires analyzed 
inn this study (blue line) and the Dixie, Caldor, and KNP Complex Fires (red line) summed. (a) 
Daily burned area calculated as the difference between midnight burned area from GOFER-W data 
product for each date and the following date. (b) Active fire line length from GOFER-W data 
product at 1pm local time. (c) Total personnel at variable time resolution (1 to 24 h) from ICS-209 
reports. 
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2.4. Discussion 

In agreement with previous work on the relationship between climate and fire behavior 

(Abatzoglou and Williams, 2016; Westerling, 2016; Williams et al., 2019; Gutierrez et al., 2021; 

Brown et al., 2023), we found that daily fire growth was driven by increases in temperature and 

VPD. Synchrony between the greatest growth in burned area for the Dixie and Caldor Fires further 

suggests that fires burning simultaneously, even across different landscapes, are driven by the same 

climate variables across the Sierra Nevada, which may create challenges for the allocation of 

firefighting resources. 

 

Whereas we hypothesized that we would see a higher concentration of firefighting resources at the 

Caldor Fire, which burned through or near areas with a higher density of homes and greater 

property values, we found instead that resources were distributed relatively evenly across the two 

fires. The KNP Complex Fire had lower numbers of personnel, engines, and helicopters, which 

may be explained by the fact that this fire burned through more remote, forested area in Sequoia 

and Kings Canyon National Parks that was harder to access and had fewer structures threatened. 

Further, the KNP Complex Fire occurred toward the end of the fire season, when funding and 

staffing were more depleted. Altogether, this highlights the potential for future fire suppression 

and treatment efforts to consider weighing the value of natural resources, like the endangered giant 

sequoia, more heavily. An estimated 3-5% of giant sequoias were estimated to have been killed by 

the KNP Complex Fire (Stephenson and Brigham, 2021). We propose that multiple large fires 

occurring at once, driven by the same warm, dry, synchronized weather, create a stress on already-
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limited fire suppression resources in California that must be distributed to protect life, property, 

and natural resources. 

 

We identified the 5th, 15th, and 30th of August as the periods of greatest stress during the 2021 fire 

season, when the Dixie Fire destroyed the town of Greenville (4 August) and when the Caldor Fire 

destroyed Grizzly Flats (15 August) and approached Lake Tahoe (29 August). The town of 

Greenville, with a population of approximately 1000 people, was placed under mandatory 

evacuation orders days ahead of the Dixie Fire arrived and eventually destroyed an estimated 75% 

of structures (Kasakove, 2021). Investigative reporting found that that after an aggressive initial 

attack on the Caldor Fire, extreme fire growth in its first two days of burning caused resources to 

be extracted in an effort to maintain firefighters’ safety (Wildfire Today, 2022).Specifically, crew 

were ordered off of the fire just a few hours after fire suppression began and on the second day of 

the fire, CAL FIRE removed several hand crews and engines (Wildfire Today, 2022). In addition 

to firefighter safety, the available budget is an important factor in the availability of resources. 

 

CAL FIRE’s annual budget for emergency fire suppression (E-fund) is primarily used for 

responding to large wildfires that exceed the agency’s ability for containment using the base budget 

for fire protection (California Legislative Analyst’s Office, 2022). In some instances, CAL FIRE 

might preemptively extend staffing levels or other resources in anticipation of a more severe fire 

season. However, the majority of the E-fund expenditures in 2021 were for unplanned costs, 

meaning that wildfires exceeded CAL FIRE’s containment capacity unexpectedly during the 
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course of the wildfire season (California Legislative Analyst’s Office, 2023). One factor 

contributing to CAL FIRE’s limited capacity for wildfire response is the recent reduction in the 

availability of personnel for hand crews, which are responsible for various fire mitigation and 

suppression activities and are typically largely staffed by inmate populations. Inmate populations 

have decreased by over 25% in the last decade (California Legislative Analyst’s Office, 2021), 

resulting in a decline in staffing for hand crews. The State of California proposes to increase CAL 

FIRE’s budget to hire more professional firefighters to expand hand crews, anticipating that this 

increased staffing would primarily be used for wildfire response (California Legislative Analyst’s 

Office, 2021). However, increased staffing also implies that more wildland firefighters will be 

exposed to extreme occupational hazards. 

 

During wildfire response, wildland firefighters endure heavy physical demands (Vincent et al., 

2018) and are exposed to concentrations of many pollutants exceeding the limits deemed safe by 

the Occupational Safety and Health Administration (Rothman et al., 1991), making them more 

vulnerable to other respiratory diseases (Navarro et al., 2021) and cardiovascular disease, as well 

as certain cancers (Navarro et al., 2019). Wildland firefighters also suffer higher incidences of 

mental illness (Stanley et al., 2018). Although the State of California plans to expand staff for 

wildland firefighters, an important consideration is protecting their safety and wellbeing. In 

California, $400 million in 2021 was budgeted to improve the health and wellness of CAL FIRE 

firefighters to meet the demands of emergency fire response in a changing climate (California 

Governor’s Office, 2022).  
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Climate warming in the Sierra Nevada is predicted to continue increasing in the coming decades 

(Williams et al., 2019; Gutierrez et al., 2021). In part because of an over-abundance of fuels, the 

contemporary fire regime in the Sierra Nevada can be characterized as climate-limited, meaning 

that fuel abundance is not limiting and that fire occurrence and spread respond directly to warming 

and drying trends that influence fuel moisture and the likelihood that initial fire starts will escape 

containment (Steel, Safford and Viers, 2015; Abatzoglou and Williams, 2016). Although additional 

warming and drying are already in the pipeline from the past history of greenhouse gas 

accumulation in the atmosphere, humans can modulate the effect of climate on wildfires via fuel 

treatments like mechanical thinning and prescribed fire. There is strong evidence that, especially 

when combined with mechanical treatments, it can effectively reduce fuel loads and, thereby, fire 

intensity and severity (Kalies and Kent, 2016). We emphasize the need not just for not enhanced 

fire suppression efforts, but also for fuel treatments as means to mitigate wildfire severity and 

protect natural resources and both public and firefighter health and safety. 

 

2.5. Conclusions 

In this study, we used a satellite-derived dataset for tracking the progression of wildfires and the 

incident command forms maintained by the U.S. National Incident Management System to analyze 

the relationships among fire growth, weather, firefighting resources, and damages during the 2021 

California wildfire season. We found that broad-scale weather patterns drove growth in wildfire 

burned area, synchronizing the periods of greatest growth for the Dixie and Caldor Fires, two of 

the largest 2021 fires. The number of structures destroyed increased following periods of rapid fire 
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growth. We identified the periods of greatest stress to fire suppression efforts as the 5th, 15th, and 

30th of August, corresponding to the greatest burned area growth in the Dixie and Caldor Fires and 

highest associated number of damages. These periods also coincided with the destruction of two 

towns and the threat of destruction of another. We propose that the control by climate conditions 

on fire growth causes multiple large fires to become synchronized in their periods of extreme 

growth, creating a strain on already limited firefighting resources and resulting in the destruction 

of more structures. Our work identifies some constraints on wildland firefighting efforts, including 

staffing and competition between the protection of life and property versus natural resources, and 

highlight the need for fuel management to mitigate fire severity, thereby reducing the demand 

placed on fire suppression efforts during wildfires in a warming climate. 
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Chapter 3 
Evidence for multi-decadal fuel buildup in a large California wildfire from smoke 
radiocarbon measurements 
 
Adapted from: 
Odwuor, A., Yañez, C. C., Chen, Y., Hopkins, F. M., Moreno, A., Xu, X., ... & Randerson, J. T. 
(2023). Evidence for multi-decadal fuel buildup in a large California wildfire from smoke 
radiocarbon measurements. Environmental Research Letters, 18(9), 094030. doi: 10.1088/1748-
9326/aced17 
 
 
3.1. Introduction 

Wildfire activity in California, including area burned and occurrence of large fires, has increased 

over the last several decades, with intensifying impacts on society, the economy, and ecosystems 

(Dennison et al., 2014, Williams et al., 2019, Safford et al., 2022, Wang et al., 2021). During high 

fire years, mandatory evacuation orders force tens of thousands of people to flee their homes 

(Safford et al., 2022). Direct costs of wildfires, including fire suppression and property losses, 

have more than doubled in the last decade (California Department of Forestry and Fire Protection, 

2022a). Wildfires also incur significant indirect costs (Wang et al., 2021) related to environmental 

cleanup, lost business revenue, infrastructure repair, and health impacts. Wildfires account for up 

to half of the exposure to PM2.5 (airborne particulate matter (PM) with diameter <2.5 μm) in the 

western U.S. (Burke et al., 2021), and smoke exposure has been linked to increased respiratory-

related hospitalizations and adverse health outcomes related to restricted activity and days of work 

lost (Kochi et al., 2010, Reid et al., 2016). California’s ecosystems are also negatively affected by 

intensifying wildfires, which can weaken landscape-scale carbon storage, shift vegetation 

composition, reduce biodiversity, and threaten water supplies and other ecosystem services (Wu 

et al., 2011;, Stevens, 2017a; Foster et al., 2020). These worsening impacts motivate an urgent 
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need for research aimed at informing and evaluating wildfire management strategies in California 

and the western U.S.  

 

In the Sierra Nevada mountains of California, burned area has increased by more than seven-fold 

since the 1980s, mainly as a consequence of the cumulative effects of widespread fire suppression 

and climate change (Taylor et al., 2016; Williams et al., 2019; Gutierrez et al., 2021; Hagmann et 

al., 2021). Widespread suppression of low- to moderate- intensity fires has allowed overgrowth of 

shrubs and small trees, which compete with larger trees for resources (e.g., water) and serve as 

ladder fuels that facilitate high-intensity crown fires (McKelvey and Busse, 1996, Stephens et al., 

2009; Pausas and Keeley, 2019). In addition to fuel buildup, the region has experienced warmer 

and drier conditions that increase the likelihood of more frequent and extensive wildfires (Williams 

et al., 2019; Abatzoglou et al., 2021; Gutierrez et al., 2021; Higuera and Abatzoglou, 2021).  

 

Although California’s coniferous trees evolved with fire and can withstand low- to moderate- 

intensity fires with a return interval of about 15 years (Swetnam, 1993; Swetnam et al., 2009), they 

are vulnerable to today’s high-intensity crown fires (Shive et al., 2022). This is especially 

important to consider in old- growth forests, such as stands of the endangered giant sequoia 

(Sequoiadendron giganteum (LINDL.) J.T. BUCHHOLZ), which have experienced widespread 

mortality in recent higher-intensity fires (Shive et al., 2022). Specifically, fires like the Castle Fire 

in 2020 and KNP Complex Fire in 2021 contributed to giant sequoia mortality. The Castle Fire 

killed an estimated 10-14% of large (>1.2 m dbh) sequoias (Stephenson and Brigham 2021; Shive 
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et al., 2022). Today’s fire regime is unlike what California’s forests and communities have 

experienced in the past (Stevens et al., 2021), motivating greater investments in forest and wildfire 

management practices, including prescribed fire, to reduce fire severity (Tubbesing et al., 2021).  

 

In this study, we measured the radiocarbon abundance (∆14C) (Stuiver and Polach, 1977) of PM2.5 

emitted by the KNP Complex Fire over a 26 h sampling period, along with in situ trace gas dry air 

mole fractions and PM2.5 concentrations, which were used to validate the influence of wildfire 

emissions on variability on variability in observed PM2.5 concentrations. We then used this 

information to constrain the ages (and types) of combusted fuels and explore implications for fire 

intensity. Radiocarbon (14C) is a radioactive isotope of carbon that is naturally produced in the 

atmosphere. Still, the ∆14C of atmospheric carbon dioxide (CO2) has changed considerably over 

the past 70 years because of the Earth system’s response to the production of ‘bomb’ 14C from 

aboveground nuclear weapons testing during the late 1950s and early 1960s (Nydal, 1963; Levin 

et al., 2010). In past work, ∆14C measurements of fire-emitted PM have been used to identify the 

depth of burning in organic duff layers in boreal forest ecosystems (Mouteva et al., 2015) and the 

age of combusted peats contributing to severe haze events in Southeast Asia (Wiggins et al., 2018). 

For western U.S. wildfires, ∆14 C measurements can provide information about the size classes of 

combusted fuels because larger-diameter fuels decompose more slowly and, therefore, persist 

longer within ecosystems (Harmon, 2021).  
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We hypothesized that fire-emitted PM2.5 would be considerably enriched in 14C relative to current 

atmospheric CO2 because larger-diameter fuels incorporated 14C via photosynthesis over several 

decades when the atmosphere had higher bomb 14C values. Older fuels are associated with larger 

fuel classes that decompose relatively slowly and build up for decades if not removed mechanically 

or burned. Several methods are commonly used to assess fire severity, including the composite 

burn index (Key and Benson, 2006) and remotely-sensed indices, like the normalized burn ratio 

(Miller et al., 2009a). Measuring the ∆14C of fire emissions may complement these approaches by 

constraining the age (and therefore, size distribution) of combusted fuels. By sampling the 

atmosphere down-wind of a large wildfire, our technique also provides a means to obtain a 

regionally-integrated snapshot across actively burning areas within the fire perimeter.  

 

3.2. Methods 

3.2.1. Sampling location 

We collected PM2.5 samples and measured in situ trace gas and PM2.5 levels with a ground-based 

mobile laboratory in the town of Three Rivers, CA, USA (36.453ºN, 118.873ºW, 361 m above sea 

level) during 2–3 October 2021. We chose this sampling location to be as close to the KNP 

Complex Fire as possible without being inside a mandatory evacuation zone. This was within a 

residential community approximately 0.5 km from the town’s main road. Traffic was minimal 

because the area was under an evacuation warning. Our sampling location was about 10 km from 

two actively burning fire fronts that were located to the north and east and approximately 1000 m 

lower in elevation. The KNP Complex Fire resulted from two lightning fires (Colony and Paradise 
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Fires) that merged into one large fire on 17 September 2021 (Stephenson and Brigham, 2021). The 

fire was 100% contained on 16 December 2021 after reaching a final size of 357 km2 (88,307 

acres) (California Department of Forestry and Fire Protection 2022b). Over the course of the fire, 

it burned 18 km2 (4374 acres) of giant sequoia groves (Shive et al., 2022).  

 

Figure 3.1 shows our sampling location and the distribution of Suomi/NPP Visible and Infrared 

Imaging Radiometer Suite active fires for the 1:30 pm overpass on 2 October. The active fire line 

and outer fire perimeter for the KNP Complex Fire on 2 October are also mapped using information 

from the Fire Events Data Suite version 1 (Chen et al., 2022). This fire information is 

superimposed on an Aqua MODIS 250 m true color image displaying the spatial extent of smoke 

from the KNP Complex Fire on 2 October. The location of giant sequoia groves is also provided 

using data from the National Park Service (National Park Service and Sequoia and Kings Canyon 

National Parks, 2017). Three lines of evidence confirmed our sampling location was downwind of 

the fire and its plume: (1) elevated and covarying trace gas and PM2.5 concentrations (as described 

in Results), (2) visual inspection of the smoke cloud in Figure 3.1 and (3) back-trajectory analysis 

conducted with NOAA’s HYSPLIT model (data not shown).  
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Figure 3.1. Map showing the location of Suomi/NPP Visible and Infrared Imaging Radiometer 
Suite active fire counts (red circles), the active fire front (red line with red highlight), and fire 
perimeter (red shading) on 2 October 2021 derived using Fire Events Data Suite version 1. These 
data are superimposed on an Aqua MODIS 250 m true color image from the same day. The location 
of giant sequoia groves (tan shading) is shown using the dataset from the National Park Service. 
Our particulate matter sampling location in the town of Three Rivers, CA, USA is shown with a 
blue circle.  
 

 
Air temperature and relative humidity reported here were measured by a compact weather sensor 

(METSENS500, Campbell Scientific, Logan, UT, USA) mounted on the mobile laboratory 

approximately 3 m above ground level. The air temperature was 32.0ºC at the beginning of the 

sampling period at 3:00 pm on 2 October and declined through the evening and night, reaching a 
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minimum of 17.4ºC at 7:45 am on 3 October. The temperature rose through the morning and 

afternoon on 3 October, reaching a maximum of 27.2ºC at 2:25 pm. Relative humidity varied from 

14% to 26% over the sampling period, within the minimum observed at 3:00 pm on 2 October and 

the maximum at 26% at 10:30 am on 3 October.  

 

3.2.2. PM2.5 measurement and collection 

We measured in situ PM2.5 mass concentrations (μg PM2.5 m−3 air) using a PurpleAir PA-II air 

quality sensor with laser particle counting (PurpleAir, Draper, UT, USA) at a sampling height of 

approximately 1.2 m above ground. We analyzed the PurpleAir Channel A data, which is 

appropriate for outdoor conditions and has a 2 min resolution.  

 

Filter samples of PM2.5 were collected at an inlet height of 1.2 m above ground level using a low-

volume aerosol sampler (MiniVol Tactical Air Sampler, AirMetrics, Springfield, OR, USA) with 

a PM2.5 impactor (#202-100) over periods of 0.5–6.0 h. Sampling duration was determined 

according to concurrent PM2.5 concentration (i.e., sampling duration was inversely related to 

concurrent PM2.5 concentration). To maintain a uniform volume flow, we used ambient 

temperature and pressure to adjust the sampler’s flow rate between 4.50 and 4.75 l min−1. Samples 

were collected on 47 mm diameter quartz fiber filters (GE Healthcare Life Sciences, #1851-047). 

Before sampling, filters were pre-combusted at 500ºC for 3 h, wrapped individually in aluminum 

foil, and stored in plastic bags. Blank filters were mounted on the inside of the sampler housing 

with no active airflow and collected concurrently with 2 of the 12 PM2.5 samples (#253740 and 
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253744). After collection, filters were wrapped in aluminum foil, sealed in plastic bags, and stored 

at −20ºC. A total of 12 PM2.5 samples and 2 blanks were collected.  

 

3.2.3. Elemental and isotopic analyses of PM2.5 

3.2.3.1. Measurement of TC and radiocarbon 

Filter samples of PM2.5 were analyzed for TC concentration (μg C m−3) and ∆14C at the W. M. 

Keck Carbon Cycle Accelerator Mass Spectrometry (KCCAMS) laboratory at the University of 

California, Irvine. We focused our analysis on the ∆14C of PM2.5 because it is a criteria pollutant 

for the U.S. Environmental Protection Agency (EPA) and is associated with a wide range of 

particles generated during combustion (Andreae, 2019). Examining fuel age, PM2.5 presents 

various practical advantages: it is conveniently sampled in the field and in wildfire smoke, and its 

relatively high signal-to-noise ratio enables a clear differentiation from the background 

atmosphere.  

 

For each sample, a portion of or the entire filter (depending on estimated TC concentration) was  

sealed with cupric oxide in pre-combusted 6 mm OD quartz tubes and oxidized to CO2 at 900ºC 

for 3 h. This TC-derived CO2 was then extracted and quantified manometrically on a vacuum line, 

reduced to graphite using a modified sealed-tube zinc reduction method (Walker and Xu, 2019), 

and its ∆14C was measured via accelerator mass spectrometry alongside graphitization standards 

and blanks. The units of ∆14C are per mille (‰), and the relationship between ∆14C and the widely-

used fraction modern (F) measurement is shown in equation (1), where y is the year of 14C 
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sampling (2021); F is the 14C /12C ratio of the sample divided by 95% of the 14C /12C ratio of the 

oxalic acid I (OX-I) standard measured in 1950 (14C /12COX1 = 1.176 ± 0.010 × 10−12 ) corrected 

for mass-dependent fractionation; 8267 years is the mean lifetime of 14C; and 1950 is the reference 

year,  

 
 

∆!"𝐶 = $𝐹	 ×	𝑒
!"#$%&
'()* − 1+ × 1000               (1) 

 
 
 
The 14C data are normalized to a common δ13C so that differences in ∆14C do not reflect isotopic 

fractionation processes (Stuiver and Polach, 1977). 

 

TC and ∆14C measurements for our PM2.5 samples are reported in table 3.1. Error in TC was 

computed assuming 3% error in sampler flow rate, 0.5% error in sampling duration, and 6% error 

in our measurement of the filter area. The measured ∆14C of each sample (∆14Cmeas) was corrected 

for contamination by extraneous carbon associated with handling the filters during field and 

laboratory work using blank filters and a simple isotopic mass balance equation (equation (2)): 

 

 

∆!"𝐶#$%&'( =
∆!+*,-./×,*,-./-∆!+*01.23×,*01.23

,*,-./-,*01.23
             (2) 
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where ‘sample’ refers to the sampled filter and ‘blank’ refers to the blank filter. The mean blank 

TC concentration was 0.1 μg C cm−2, and the blank mean ∆14C was −278.6 ± 14.3‰. The error 

(err) in ∆14Csample was calculated according to equation (3):  

 

 

𝑒𝑟𝑟	𝑖𝑛	∆!"𝐶#$%&'( = 01 ,*,-./
,*/.,41-

× 𝑒𝑟𝑟	𝑖𝑛	∆!"𝐶%($#2
.
− 1 ,*01.23

,*/.,41-
× 𝑒𝑟𝑟	𝑖𝑛	∆!"𝐶/'$012

.
        (3) 
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Table 3.1. Summary of total carbon (TC) concentration and ∆14C of PM2.5 collected within the 
smoke plume of the KNP Complex Fire in Three Rivers, CA, USA. Error in TCsample and 
∆14Csample represent the propagated uncertainty in the collection of these measurements.  

 

Start  

(PDT)  

End  

(PDT)  

TCsample  

(µg C cm-2) 

TCsample  

(µg C m-3)  

∆14Csample  

(‰)  
UCI 

AMS # 

Date Time  Time   Mean  Error  Mean  Error   

2-Oct-2021 15:10  15:40  1.5 130.6 ± 8.7  -16.8 ± 6.9  253731 

2-Oct-2021 16:09  17:39  3.3 97.5 ± 6.5  -83.6 ± 5.6  253734 

2-Oct-2021 17:53  19:23  3.8 111.7 ± 7.5  -33.7 ± 4.9  253735 

2-Oct-2021 19:38  21:38  8.4 185.9 ± 12.6  34.5 ± 3.0  253736 

2-Oct-2021 21:49  23:49  18.7 392.4 ± 26.6  68.9 ± 1.9  253737 

3-Oct-2021 00:12  04:12  40.8 427.3 ± 28.7  81.0 ± 3.1  253738 

3-Oct-2021 04:24  07:24  29.0 405.4 ± 27.5  78.2 ± 1.9  253739 

3-Oct-2021 07:38  09:38  21.0 439.8 ± 29.6  76.5 ± 1.9  253740 

3-Oct-2021 09:46  12:16  28.4 475.7 ± 32.1  79.9 ± 3.8  253743 

3-Oct-2021 12:28  14:28  25.2 556.4 ± 37.6  72.8 ± 1.9  253744 

3-Oct-2021 14:43  16:13  16.9 497.1 ± 33.5  66.8 ± 2.0  253745 

3-Oct-2021 16:18  17:48  18.3 539.8 ± 36.7  43.4 ± 2.1  253746 
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3.2.3.2. Keeling plot analysis 

A Keeling plot regression analysis (Keeling, 1958; Pataki et al., 2003) allows us to estimate the 

∆14C of the wildfire PM2.5 end member, separating it from PM2.5 in the background atmosphere 

(Mouteva et al., 2015; Wiggins et al., 2018). Application of the Keeling plot equation (equation 

(4)) draws upon the linear relationship between ∆14Csample and 1/TCsample and allows for 

identification of the wildfire ∆14C end member from the regression intercept: 

 
∆!"𝐶#$%&'( = 𝑇𝐶/$21345607 × 4∆!"𝐶/$21345607 − ∆!"𝐶89'7:94(5 ×

!
,*/.,41-

+ ∆!"𝐶89'7:94(       (4) 

 
 

The 12 sampled filter measurements of 1/TC and ∆14C were fit using a geometric mean regression, 

which accounts for errors in both TC and ∆14C measurements. The regression was calculated using 

the ‘lsqfitgm’ function in Matlab developed by E. T. Peltzer at the Monterey Bay Aquarium 

Research Institute1. The standard deviation (SD) of wildfire ∆14C is the SD of the y-intercept 

calculated by the regression function. The Keeling plot approach assumes the composition of the 

wildfire end member and background atmosphere remain constant over the sampling duration. 

 

3.2.3.3. Estimation of combusted fuel mean age 

 
 

 

 

1 lsqfitgm function by E.  T. Peltzer, Monterey Bay Aquarium Research Institute 
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The mean age of the combusted fuel was determined using a steady-state, one-box ecosystem 

model forced with ∆14C of the historical atmosphere using observations by Hua et al. (2022) and 

X. Xu2. Given a user-prescribed mean age of the carbon pool, the model simulates the evolving 

∆14C of the pool from 10,000 years before present to 2021 with inputs from photosynthesis and 

losses from decomposition and radioactive decay each year. We ran the model for a range of mean 

ages (between 5 and 75 years) to simulate the ∆14C of the terrestrial carbon pool in 2021. We then 

matched the mean ∆14C of combusted fuel end member from the Keeling plot approach described 

above (section 3.2.3.2) to the mean age from the model corresponding to the closest matching ∆14C 

value. We estimated a 1σ uncertainty range for the fuel mean ages by identifying where the 

measured wildfire ∆14C end member value minus 1σ intersected the curve of ecosystem model 

predictions. This approach generated an asymmetric uncertainty range for the fuel age. 

 

3.2.4. Trace gas measurements 

Carbon monoxide (CO) and methane (CH4) dry air mole fractions were measured using a 

wavelength- scanned cavity ring-down spectrometer (G2401, Picarro, Santa Clara, CA, USA) at 

an inlet height of approximately 3 m above ground at approximately 1 s resolution. We calibrated 

measurements before and after the sampling period using two NOAA-certified air standards in 

 
 

 

 

2 X. Xu, personal communication 2022 
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compressed gas cylinders with known mole fractions of CO and CH4 that spanned the range of 

observed values. Standards were measured for approximately 5 min during the calibration period. 

Using the linear relationship between known values and values measured during the calibration 

period, we applied a two-point correction to the CO and CH4 data obtained during the sampling 

period (Hopkins et al., 2016; Yañez et al., 2022). Outliers in the data (values more than three 

scaled median absolute deviations from the median) were replaced with linear interpolation of 

neighboring, non-outlier values using the ‘filloutliers’ function in Matlab3. Measurements 

collected when cavity pressure or temperature in the instrument was unstable 

(pressure/temperature change between measurements >0) were removed. Calibrated data with 

outliers removed were then averaged to a 1 min resolution. 

 

3.3. Results 

Throughout the 26 h sampling period, CO, CH4, and PM2.5 measurements varied synchronously 

and were elevated relative to expected background levels (Fig. 3.2). CO near the beginning of the 

sampling period at 5:10 pm on 2 October was approximately 1330 ppb. CO increased rapidly at 

first and then more gradually, reaching a level of 6000 ppb around 4:30 am on 3 October (Fig. 

3.2a). CO levels varied between 6000 and 5630 ppb from 4:00 am to 11:00 am on 3 October before 

 
 

 

 

3 filloutliers function Copyright 2016-2021 The MathWorks, Inc.  
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increasing again in the early afternoon, reaching a maximum of 7890 ppb by 3:10 pm. CH4 

measurements followed a similar temporal pattern with a minimum initial dry air mole fraction of 

2090 ppb at 5:10 pm on 2 October and then increasing to a maximum of 2870 ppb at 3:10 pm on 

3 October (Fig. 3.2b). PM2.5 concentrations increased during the evening of 2 October with similar 

timing to CO and CH4. PM2.5 remained relatively constant from midnight to 6:15 am on 3 October 

(Fig. 3.2c). A minimum in PM2.5 concentration of 277 μg m−3 was observed at 7:20 pm on 2 

October and a maximum of 1330 μg m−3 was observed at 12:25 pm on 3 October. Compared to 

CO and CH4, PM2.5 had a much less pronounced rise in the early afternoon on 3 October. The 

Pearson correlation coefficients for the different trace gas and PM2.5 time series were relatively 

high: 0.99 for CO and CH4 , 0.91 for CO and PM 2.5, and 0.90 for CH4 and PM2.5. The simultaneous 

buildup of fire-emitted PM2.5 and trace gases during the evening and night of 2 October is 

consistent with a collapsing planetary boundary layer and downslope flow from the fire to our 

lower elevation sampling location, which is typical of a diurnal circulation pattern in mountain 

regions (Kuwagata and Kondo, 1989; Geerts et al., 2008). 
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Figure 3.2. Composition of the smoke plume of the KNP Complex Fire on 2–3 October 2021 in 
Three Rivers, CA, USA. Dry air mole fractions of (a) CO and (b) CH4 in ppb averaged to one-
minute resolution. (c) PM2.5 mass concentration (μg m−3) averaged to one-minute resolution on the 
left axis (blue) and total carbon (TC) mass concentration (μg C m−3) measured for samples on the 
right axis (red) with sample length represented by the length of each line along the x-axis. (d) ∆14C 
(‰) of PM2.5.  
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The trace gas and PM2.5 time series downwind of the KNP Complex Fire were also considerably 

elevated relative to expected levels in the background atmosphere. For CO, initial measurements 

at our sampling site (1330 ppb) were more than 13 times higher than the monthly average ‘clean 

air’ level of 98 ppb measured at Cape Kumukahi, HI, USA in October 2021 by the Global 

Monitoring Laboratory of NOAA’s Earth System Research Laboratory (Petron et al., 2022). For 

CH4, our initial measurement of 2090 ppb was 7% higher than the October 2021 average of 1945 

ppb at Cape Kumukahi (Lan et al., 2022). Initial PM2.5 concentrations of 460 μg m−3 far exceeded 

the limits deemed safe (35 μg m−3) and even hazardous (250 μg m−3) by the U.S. EPA (Aguilera 

et al., 2021). The high correlation among the different tracers and the elevated atmospheric 

concentrations relative to expected background levels (Akagi et al., 2011; Andreae, 2019) 

provided evidence that wildfire emissions were the dominant driver of the variations in 

atmospheric composition observed during our sampling campaign. 

 

The TC concentration of our filter samples closely tracked the in-situ optical estimates of PM2.5 

concentration and varied between 97.5 and 556.4 μg C m−3 (Fig. 3.2c). The ∆14C of TC was 

negative near the beginning of the sampling period (Fig. 3.2d), which is consistent with a 

substantial contribution from fossil emissions in the background atmosphere (Mouteva et al., 2015, 

2017). During the evening on 2 October, ∆14C increased concurrently with the rise in trace gas 

mole fractions and PM2.5 concentrations, reaching a maximum of 81.0 ± 3.1‰ for the sample 

collected between midnight and 4:00 am on 3 October. From 4:00 am to mid-afternoon on 3 

October, ∆14C values were relatively constant, varying between 66.8 ± 2.0‰ and 83.6 ± 5.6‰ 



 

65 
 
 

 

 

before declining to 43.4 ± 2.1‰ during the last sampling interval. The ∆14C of TC increased at 

higher PM2.5 concentrations, suggesting that fire-emitted PM2.5, which we expect to be enriched in 

14C, drove variability in emissions. 

 
Using the Keeling plot approach described in section 3.2.3.2, we estimated that the mean ∆14C of 

the wildfire end member was 111.6 ± 7.7‰ (Fig. 3.3). The ∆14C of emissions was enriched relative 

to the northern hemisphere atmospheric CO2 background in 2021 of −3.2 ± 1.4‰, indicating the 

combusted fuels likely accumulated over a period of many decades, during a time when the 

atmosphere was more enriched in bomb 14C (Fig. 3.4a).  

 

 
 
 
Figure 3.3. Keeling plot showing the ∆14C of PM2.5 as a function of its inverse total carbon (TC) 
concentration. The y-intercept of the regression represents the mean observed ∆14C of the 
combusted fuel in the KNP Complex Fire (111.6‰). The standard deviation of the y-axis is 7.7‰. 
The regression coefficient for the linear fit was 0.96.  
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Figure 3.4. Analysis of fuel age using a steady-state one-box ecosystem model. (a) Atmospheric 
∆14C (black line) and modeled ∆14C of combusted fuel (colored lines) over time from 1940 to 
2021. Combusted fuel ∆14C is modeled here given mean ages ranging from 5 to 75 years, 
visualized every 1 year. The black filled circle represents the modeled combusted fuel ∆14C for a 
mean age of 40 years, estimated by the model to correspond to the mean observed ∆14C of 111.6 
± 7.7‰. (b) Expected ∆14C of combusted fuel given mean ages ranging from 5 to 75 years. The 
red shading corresponds to potential mean ages that are consistent with a 1σ uncertainty on the 
∆14C of fire-emitted PM2.5.   
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To further constrain the age range of the wildfire PM2.5 emissions, we used the steady-state one-

box ecosystem model described in section 3.2.3.3, in which the mean transit time of the carbon is 

equal to its mean age. With the uncertainty range of our observed combusted fuel ∆14C (111.6 ± 

7.7‰), we attained a best-fit for fuel age of 40 years, with an asymmetrical uncertainty range of 

29–57 years, corresponding to 1σ uncertainty of the mean ∆14C (Fig. 3.4b). In 2021, a fuel class 

with a relatively young mean age (5 years) would have a ∆14C of 9.5‰, which is only slightly 

enriched relative to the contemporary atmosphere in 2021 (Fig. 3.4a). Needles and leaf litter may 

be examples of materials in this fuel class. Since these materials decompose relatively quickly, 

very little retain the high degree of bomb labeling from the 1950s and 1960s. As the age of fuels 

increases from 5 to 40 years, the predicted ∆14C of combusted fuel from the model rises to 

approximately 110.0‰. Fuels with a 40 year mean age may encompass larger- diameter woody 

detritus and other woody biomass like live shrubs and small trees. 

 

3.4. Discussion 

The diameter of woody fuels influences the length of time required for decomposition in forest 

ecosystems. Fine fuels (i.e., needles, leaf litter, and small- diameter woody detritus) decompose 

relatively rapidly over several years. In contrast, fuels with a larger diameter decompose relatively 

slowly and can remain in the understory and on the forest floor for decades (Harmon 2021). Lower-

intensity fires, including prescribed fires, typically consume only fine fuel classes because larger-

diameter fuels generally have a higher moisture content and require more energy to ignite and 

support high-intensity fires (Chuvieco et al., 2002; Gorte, 2009). High rates of energy release from 
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the consumption of large-diameter fuels, in turn, can contribute to longer flame lengths and 

increase probability that ground fires will jump into the over- story and develop into crown fires 

(Stephens et al., 2022). High-intensity crown fires are a major concern with respect to preservation 

of giant sequoias because thick bark near the base of tree makes sequoias nearly impervious to 

ground fires, yet scorch in the upper canopy can damage foliage and more vulnerable vascular 

tissues (Shive et al., 2022). 

 

Our ∆14C measurements provide evidence that the KNP Complex Fire burned through larger- 

diameter fuels, likely with a considerably higher intensity than what would be expected for surface 

fires. It is also possible that the combustion of deeper organic soil (Pellegrini et al., 2021) that has 

a similar mean age to the woody detritus in some forests (Mouteva et al., 2015), also contributed 

to emissions. However, our study does not include depth of burn measurements, which would 

allow us to apportion the relative contributions from woody detritus and soil. Still, our 

measurements are broadly consistent with previous studies documenting how the accumulation of 

fuel in California’s coniferous forests (including the buildup of shrubs, small trees, and woody 

detritus on multi-decadal timescales) con- tributes to high fire intensity (Miller et al., 2009b; 

Safford and Stevens 2017; Stevens et al., 2017b). Notably, the KNP Complex Fire led to the 

mortality of about 5900 giant sequoias, meaning that 3-5% of all giant sequoias in the Sierra 

Nevada mountains were killed or are expected to die within 5 years (Stephenson and Brigham, 

2021). This compounds giant sequoia mortality from the 2020 Castle Fire, which killed an 

estimated 10-14% of large giant sequoias (Stephenson and Brigham, 2021). The native range of 
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giant sequoias does not extend beyond the western slope of the Sierra Nevada, therefore a loss of 

approximately 15% in such a short period is a major threat to this endangered species. 

 

Fuel treatments, including mechanical thinning and prescribed fire, have historically been used to 

decrease fuel loads in forests. Legislation was recently passed in California that will expand the 

use of prescribed fire across the state with a goal of one million acres treated per year by 2025 

(California Wildfire and Forest Resilience Task Force, 2022). If they are successful, we expect 

fuel treatments to gradually reduce the mean age of combusted fuels because under- story 

vegetation and larger-diameter woody detritus should be removed (Harmon, 2021). Regional PM 

sampling during periods with prescribed fire might be an effective way to monitor the success of 

this pro- gram. Specifically, after a sustained effort, the ∆14C of combusted fuel should more 

closely match the contemporary atmosphere because finer fuel classes have younger mean ages. 

Eventually, wildfires would also be expected to have lower intensities and more closely track the 

∆14C of atmospheric CO2. 

 

Apart from evaluating the effectiveness of prescribed burning, PM ∆14C monitoring in California 

may be helpful for understanding the role of wildfire in influencing air quality across the state. For 

instance, the San Joaquin Valley of California is a serious non-attainment area for PM2.5 and other 

pollutants with adverse health effects. It often exceeds both state and national air quality standards 

for harmful pollutants (Huang et al., 2021). Pollution in the San Joaquin Valley is primarily 

anthropogenic due to both local emissions and those transported from surrounding urban areas, 
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but wildfires play a variable and often significant role in elevated pollutant levels (Schweizer and 

Cisneros, 2017; Burke et al., 2021; Frausto-Vicencio et al., 2023). Disentangling contributions to 

observed PM2.5 levels from prescribed fire, wildfire, and urban sources will be critical for creating 

effective policy to improve air quality in the San Joaquin Valley and simultaneously meet the 

State’s forest management goals. 

 

Future directions for this work include building a longer time series of observations from multiple 

fires, which will provide information about a broader range of burning conditions. The length of 

our time series was constrained by rapidly changing conditions and challenges securing a safe 

sampling location that was both near the smoke and outside of the mandatory evacuation zone. 

Future analyses should be conducted over longer sampling intervals on a variety of wildland fire 

types, including grass and shrub fires and prescribed fire, to more broadly understand the effects 

of climate, fuel, and fuel treatments on the composition of PM emissions across California and 

other fire-prone forests. Fire emissions contain many carbonaceous components (Olsen et al., 

2020), so another important research direction is to simultaneously measure the ∆14C of black and 

organic carbon (BC and OC) PM2.5 fractions and carbon-containing trace gases (CO and CO2) to 

understand better the linkages between fuel age (and type), flaming and smoldering combustion, 

and the composition of fire emissions. In past work, for example, fire-emitted EC has been shown 

to have higher levels of ∆14C than OC, likely due to a different mixture of fuels (Mouteva et al., 

2015). 
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3.5. Conclusions 

In this study, we measured the ∆14C of PM2.5 from the KNP Complex Fire and used these 

observations to infer that fuel buildup over multiple decades was a dominant contributor to PM2.5 

emissions in smoke. Our analysis is consistent with past work showing that cessation of Indigenous 

burning practices and implementation of fire suppression in the Sierra Nevada mountains are 

important contributors to recent increases in fire intensity. We also propose that our measurement 

techniques can be used to assess the efficacy of prescribed fire and other fuel treatments planned 

for California in the near future and to identify fire impacts on air quality in remote urban areas. 

Altogether, fuel management and an enhanced understanding of emissions associated with 

California’s wildfires can help mitigate their social, economic, and ecosystem impacts. 
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Chapter 4 

Large-diameter dead fuel classes as drivers of PM2.5 emissions from prescribed fire 
in California 
 
Odwuor, A., Welch, A. M., Czimczik, C. I., Randerson, J.T., Xu, X., York, R., and Banerjee, T. 
 
 
4.1. Introduction 

Over the last several decades, large wildfires in western North America have increased in 

frequency and become more destructive, threatening public health and safety, the economy, and 

ecosystems (Abatzoglou and Williams, 2016; Brookes et al., 2021; Safford et al., 2022). Increasing 

fire activity in western forests is often attributed to the cumulative effects of climate warming 

(Williams et al., 2019; Gutierrez et al., 2021; Hagmann et al., 2021) and management practices 

during the 20th century that emphasized fire suppression (Kalies and Kent, 2016; Keeley and 

Syphard, 2019; Foster et al., 2020; Prichard et al., 2021). Together, a suite of climate and land use 

changes have contributed to a change in forest structure, including a higher tree density and drier 

fuels, which promote more severe wildfires (Pausas and Keeley, 2019; Prichard et al., 2021). 

 

In California, much of the increase in forest fire severity and burned area has been observed in the 

Sierra Nevada mountains. Once characterized by frequent, low-intensity surface fires, many 

forests in the Sierra Nevada now experience unprecedented high-severity, stand-replacing crown 

fires (Steel, Koontz and Safford, 2018; Levine et al., 2020; Odwuor et al., 2023). Shrubs and 

shade-tolerant species in the understory not removed mechanically or burned can outcompete 

larger, fire-tolerant species (Pollet and Omi, 2002). Increases in understory vegetation combined 
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with the accumulation of coarse woody debris and other dead fuels on the forest floor provide for 

greater horizontal and vertical fuel continuity and longer flame lengths that, in turn, allow fires to 

burn into the crown (Pollet and Omi, 2002; Graham et al., 2004). Higher levels of tree mortality 

associated with crown fires (Hantson et al., 2022) threaten regional carbon stocks (Wang et al., 

2022), and endemic species, such as the endangered giant sequoia (Sequoiadendron giganteum 

(LINDL.) J. BUCHHOLZ), which are adapted to a regime of frequent, low-intensity surface fires 

(Swetnam et al., 2009; Shive et al., 2022). Crown fires also spread faster (Levine et al., 2020), 

making them more difficult to contain, and increasing damages in nearby communities (Brown et 

al., 2023).  

 

Recent extremes in fire behavior observed in western North America provide strong motivation 

for ramping up management efforts to reduce fuel build up and limit fire intensity. Key strategies 

in this context include expanded use of mechanical fuel treatments and prescribed fire (Prichard et 

al., 2021). Mechanical fuel treatments include crown thinning, thinning from below, and 

mastication (Stephens and Moghaddas, 2005) while prescribed burning involves intentionally 

applying fire to a landscape under specific conditions to achieve specific goals (Kalies and Kent, 

2016). Prescribed burning is commonly used in conjunction with (after) mechanical treatments 

(e.g., burning of logging slash). When used on its own, prescribed burning can be similar to cultural 

burning, commonly practiced by Indigenous people during the pre-settlement era in California 

(Gorte, 2009; Taylor et al., 2016; Marks-Block and Tripp, 2021) to mitigate wildfire hazard, 

enhance habitats and natural resources, and meet cultural needs (Anderson and Moratto, 1996; 
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Marks-Block and Tripp, 2021). After Native American depopulation in the Sierra Nevada in the 

late 18th century and the subsequent colonization by Euro-American settlers (Taylor et al., 2016), 

prescribed burning became essentially banned and aggressive fire suppression policy was applied 

to all forests (Agee and Skinner, 2005; Stephens and Moghaddas, 2005). In more recent decades, 

prescribed fire policy was reintroduced to western U.S. forests (Stephens et al., 2012) and there is 

strong evidence that, especially when combined with mechanical treatments, it can effectively 

reduce fuel loads and, thereby, fire intensity and severity (Kalies and Kent, 2016; Prichard et al., 

2021). In California, a key management goal is to expand use of prescribed fire each year by a 

factor or ten or more (California Wildfire and Forest Resilience Task Force, 2021). However, 

prescribed burning is not appropriate for all forests, including moist mixed-conifer stands with 

thin-barked species, and is less feasible in remote areas (Pritchard et al., 2021). Further, prescribed 

fires require adequate personnel (Quinn-Davidson and Varner, 2012) and they produce smoke that 

can negatively impact visibility and endanger both local and remote ecosystems and communities 

(May et al., 2015), creating barriers to its widespread implementation.  

 
The impact of prescribed fire smoke on human health depends on a variety of factors, including 

fire intensity and smoke transport, which is strongly influenced by meteorological conditions 

(Williamson et al., 2016; Huang et al., 2023). Smaller, lower-intensity surface fires, like prescribed 

fires, are typically associated with cooler temperatures and more stable atmospheric conditions 

that reduce the ability for smoke to disperse, thereby increasing the risk of smoke exposure for 

local communities (Williamson et al., 2016; Reisen et al., 2018). However, prescribed fires in the 

U.S. are sometimes conducted during periods of low- to moderate steady winds to encourage 
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smoke dispersal (Reisen et al., 2018), but these conditions also promote larger, more intense fires, 

a greater risk of escape, a longer burn, and more emissions that can be transported farther and 

impact larger populations (Williamson et al., 2016). When planning a prescribed fire, land 

managers must consider both the ecological and social objectives of the treatment, which often 

require tradeoffs for smoke exposure (Schweizer et al., 2019). 

 

The potential for smoke to affect communities is further influenced by the composition and 

concentration of pollutants, which are determined in part by fire processes that regulate fuel 

consumption (May et al., 2015; Williamson et al., 2016). Prescribed fires, like wildfires, are often 

characterized by incomplete combustion which results in the production of gaseous pollutants like 

nitrous oxides, ozone, methane, etc. and particulate matter (PM) and its precursors (Akagi et al., 

2011). Previous work has found that prescribed fires during the wildfire season are less efficient 

than wildfires (i.e., are characterized by a higher proportion of smoldering combustion) and 

produce more emissions (Urbanski, 2013). Of special concern is fine airborne PM (PM2.5), which 

is a major component of wildfire smoke and especially impactful for climate, air quality and 

visibility, and public health (Reisen et al., 2018; Burke et al., 2021). A significant component (20-

50%) of PM2.5 is carbonaceous aerosol (Hand et al., 2012; Ahangar et al., 2021), which is 

commonly differentiated according to thermo-optical properties into light-scattering organic 

carbon (OC) and light-absorbing black carbon (BC) (Andreae and Gelencsér, 2006). BC can 

reduce atmospheric visibility and negatively impact air quality (Bond et al., 2013). High-

temperature flaming combustion, commonly seen in uncontrolled wildfires, is linked to the more 
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complete consumption of fuels and rapid production of gaseous pollutants, but also more BC 

(Andreae and Gelencsér, 2006; Williamson et al., 2016). Lower-temperature smoldering typical 

of prescribed fires and associated with the combustion of larger fuel classes tends to result in less 

complete fuel consumption, longer burn duration, and more particulate pollution with lower 

BC/OC ratios (Bond et al., 2013; Williamson et al., 2016). 

 

In this study, we characterized the composition of fuels and emissions for a prescribed fire in the 

Sierra Nevada mountains of California. Specifically, we focused on a prescribed fire at the 

Blodgett Forest that was conducted as part of a Smart Practices and Architectures for Rx Fire in 

California (SPARx) field campaign. We measured the amounts of different fuel classes before and 

after the prescribed fire to calculate fuel consumption. We also measured the radiocarbon content 

(mean age, reported in ∆14C) of different fuel classes and PM2.5 to understand how different fuels 

contributed to observed emissions. We hypothesized that the organic soil horizons (needle litter 

and duff) and small-diameter surface fuels would dominate the fuel load and total fuel 

consumption and that this would be reflected in the ∆14C of PM2.5, which we expected to represent 

the average of the ∆14C of contemporary atmospheric carbon dioxide (CO2) over the past one to 

two decades. 

 

4.2. Methods 

4.2.1. Study site 
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Prescribed fire was applied to a 10-acre (0.05 km2) unit (Fig. 4.1) within the University of 

California Blodgett Forest Research Station (Blodgett Forest), located near Georgetown, CA, USA 

(38.91ºN, 120.06ºW). Blodgett Forest spans 4000 acres (16.2 km2) and is a mid-elevation (1200-

1500 m) mixed-conifer second-growth forest with some portions of oak forest and shrubland 

(Levine et al., 2020). Tree species are dominated by white fir (Abies concolor (GORD. & GLEND.) 

LINDL. EX HILDEBR.), incense cedar (Calocedrus decurrens (TORR.) FLORIN), sugar pine (Pinus 

lambertiana DOUGLAS), ponderosa pine (P. ponderosa LAWSON & C. LAWSON), Douglas-fir 

(Pseudotsuga menziesii (MIRB.) FRANCO), and black oak (Quercus kelloggii NEWBERRY) 

(Stephens and Moghaddas, 2005). The median fire return interval in this area was approximately 

13 yr (8-15 yr; Stephens and Collins, 2004; Foster et al., 2020) before the implementation of 

widespread fire suppression in the early 20th century. Due primarily to the legacy of fire 

suppression and intensive logging, much of the forest has moderate to high canopy cover, high 

tree density, younger trees, fewer large trees, and heavy fuel loads (Stephens and Moghaddas, 

2005; Foster et al., 2020). 
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Figure 4.1. Map of the unit at the Blodgett Forest Research Station where a prescribed burn 
occurred in May 2022. Each number enclosed in a white circle (not to scale) represents one of the 
unit’s four plots (Plot 2, 9, 10, 14). On 14 May, the initial ignition occurred to the northeast of plot 
2, with subsequent ignitions occurring in strips between the northeastern and southwestern 
boundaries of the unit. The fire burned from 14-15 May. 
 

 

4.2.2. Prescribed fire 

The fire was ignited using a strip-head ignition pattern on 14 May 2022 at approximately 11:20 

am local time (PDT) with a standard forestry drip torch and a diesel-gasoline mix. Ignitions began 
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at the highest elevation point (Plot 2; Fig. 4.1) and continued northwest downhill to the lowest 

point (Plot 14) in a strip pattern, with strips ignited between the northern and southern boundaries 

of the plot. Occasionally, dot ignitions were employed according to fuel conditions and fire 

behavior. Active flaming continued until 14 May at approximately 5:45 pm and smoldering 

occurred for the remainder of the sampling duration on 15 May. 

 

4.2.3. Field observations of fuels and PM2.5 

4.2.3.1. Fuel inventory and collection 

To estimate fuel loads and consumption, we collected measurements of fuels at each of four plots 

located within the experimentally burned unit (Fig. 4.1) before and after the fire. The plots were 

established by R. York to measure forest composition and biomass. Each plot contained two 10 m 

long transects separated by 60º. We used a line-intersect method to measure woody detritus along 

each of these transects for a total of eight transects measured (two per plot). To estimate needle 

litter and duff consumption, we measured duff layer thickness at 1 m increments along each 

transect prior to and after burning and also established two side-by-side 1 × 1 m quadrats at each 

plot.  

 

To estimate consumption of small and large diameter dead fuels, we measured the diameter of 

each piece of woody detritus that intersected each 10 m transect before and after the fire. We 

recorded the number of pieces of fuel before and after the fire to report the total number and 

percentage of pieces consumed. We converted the number of pieces of woody detritus to a volume 
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and mass using the line-intersect equations from van Wagner (1968) and assuming an average 

wood density of 0.4 g cm-3 for western conifers (Meier, 2015). We calculated consumption as the 

difference in woody detritus mass before and after the fire.  

 

We separated woody detritus mass and fuel consumption estimates according to fuel classes 

defined by the U.S. National Fire-Danger Rating System dead fuel moisture classification system 

(Deeming et al., 1977). The fuel classes are defined by the number of hours (timelag) required for 

a fuel to respond to changes in precipitation, relative humidity, and temperature, which is 

proportional to its diameter. With this system, 1-hour fuels have diameters (d) less than 0.25 in (d 

< 0.6 cm), 10-hour fuels have diameters between 0.25 and 1.0” (0.6 ≤ d < 2.5 cm), 100-hour fuels 

have diameters between 1.0 and 3” (2.5 ≤ d < 7.6 cm), 1000-hour fuels have diameters between 3 

and 8” (7.6 ≤ d < 20.3 cm).  

 

To quantify duff load and consumption, we collected needle litter and duff from one of the two 1 

m2 quadrats per plot before and after the fire. The material was dried at 55°C to constant mass, 

weighed, and consumption and combustion completeness was calculated by difference. We define 

combustion completeness as the percentage of the fuel mass that was consumed. To provide 

additional information on needle litter and duff consumption, we also measured the depth of the 

organic horizons along each transect before and after the fire and estimated consumption by 

difference (Fig. 4.2a, b). We used a tile probe to measure organic horizon depth in cm at every 1 
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m along the transect. To do this, we vertically inserted a tile probe until we felt resistance, which 

we assumed to be the beginning of the mineral soil.  
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Figure 4.2. Photos taken at the Blodgett Forest Research Station during a prescribed fire in May 
2022. Photos at the top show a transect (a) before and (b) after the fire (Plot 2). By comparing the 
before and after photos, it is evident that most of the pinecones and smaller-diameter dead fuels 
were consumed. Bottom photos show (c) active flaming in plot 14 of the unit on 14 May 2022 and 
the (d) AirMetrics Tactical Air Sampler with PM2.5 impactor mounted on top (right), with a 
PurpleAir PA-II sensor secured to its back. 
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We also collected fuel samples to determine the ∆14C of each fuel type (see Section 4.2.4). Needles, 

duff, and 1- and 10-hour woody fuels were obtained from the 1 m2 quadrats, and 100-hour fuels, 

pinecones, and live grass and shrub leaves at each plot outside the transects. All fuel samples were 

stored in a refrigerator. 

 

4.2.3.2. PM2.5 measurement and collection 

We continuously monitored PM2.5 concentrations before, during, and after the prescribed fire. In 

situ PM2.5 mass concentration (μg PM2.5 m-3 air) was measured at an inlet height of approximately 

1.2 m above ground with a PurpleAir PA-II air quality sensor, which collects measurements via 

laser particle counting at a two-minute time resolution (PurpleAir, Draper, UT, USA). We 

analyzed the PA-II Channel A data, which is appropriate for outdoor conditions. 

 

To characterize the PM2.5 isotopic composition, we collected filter samples of PM2.5 by relocating 

the sampler to follow the active flaming fire front (Fig. 4.2c). We used an AirMetrics Tactical Air 

Sampler (AirMetrics, Springfield, OR, USA; Fig. 4.2d) with a PM2.5 impactor (#202-100) 

following the methods described in Odwuor et al. (2023) and summarized here. The flow rate of 

the sampler was adjusted between 4.50 to 4.75 liters per minute (lpm) according to ambient 

pressure and temperature conditions to maintain a uniform volume flow. We collected samples on 

quartz fiber filters with a loaded area of 11.95 cm2 (GE Healthcare Life Sciences, #1851-047). The 

filters were pre-combusted at 500°C for 3 hours, wrapped individually in aluminum foil, and stored 

in plastic bags prior to sampling. A blank filter was mounted on the inside of the sampler housing 
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with no active air flow to collect background PM simultaneously with the PM2.5 sample. After 

collection, filters were wrapped in aluminum foil, sealed in plastic bags, and stored at -20°C. A 

total of 11 PM2.5 samples and 2 blanks were collected for durations ranging from 1.2 to 12.1 h. 

Blanks were collected concurrently with samples AMS #270187 and 270190 (Table 4.1). 
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Table 4.1. Summary of total carbon (TC) concentration and radiocarbon content (∆14C) of PM2.5 
collected on 12-15 May 2022 within the smoke plume of a prescribed fire at the Blodgett Forest 
Research Station in Georgetown, CA, USA. Uncertainty in TCsample and ∆14Csample represent the 
propagated uncertainty in the collection of these measurements. All samples were measured in 
2022. Values denoted by an asterisk (*) are derived from elemental analysis. 
 
 

Start Date 
(PDT) 

End Date 
(PDT) 

Sample 
duration 

(h) 

TCsample 
(µg cm-2 

filter) 

TCsample 
(µg m-3 air) 

∆14Csample 

(‰) 
TCsample 
(µg m-3 
air)* 

TNsample 
(µg m-3 
air)* 

UCI 
AMS # 

   Mean Mean Uncer-
tainty Mean Uncer- 

tainty 
   

12-May 00:10 12-May 07:00 6.7 0.8 3.2 0.3 -167 25 NA NA 270183 

12-May 11:40 12-May 18:40 7.0 0.6 1.9 0.3 -513 47 NA NA 270184 

12-May 19:37 13-May 07:37 12.1 0.9 2.0 0.2 -261 20 NA NA 270185 

13-May 08:03 13-May 20:03 12.0 1.1 2.8 0.3 -263 19 NA NA 270186 

14-May 11:11 14-May 13:11 2.0 136.2 2869.1 202.6 97 2 2984.6* 37.4* 270187 

14-May 13:12 14-May 14:24 1.2 51.8 1813.6 129.9 124 3 570.5* 14.3* 270188 

14-May 14:25 14-May 15:48 1.4 28.0 837.7 59.8 143 4 309.0* 3.5* 270189 

14-May 15:49 14-May 17:59 2.1 27.7 550.6 39.4 151 4 341.6* 1.9* 270190 

14-May 19:10 14-May 21:32 2.4 3.5 56.1 4.3 74 6 NA NA 270195 

14-May 21:32 15-May 06:31 9.0 9.8 44.8 3.2 82 3 NA NA 270196 

15-May 06:32 15-May 11:12 4.2 16.5 162.7 11.7 88 2 NA NA 270197 

NA = not applicable 
 
 

 

4.2.4. Laboratory analysis of fuels and PM2.5 samples 

To prepare fuel samples for ∆14C analysis, each sample was first dried at 55ºC to constant mass 

(48 h to 35 d) and then homogenized (i.e., ground) using the following methods: Grass samples 
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were cut using shears. Shrub leaves, pinecones, and organic horizons were ground using a Wiley 

mill (Thomas Scientific, Swedesboro, NJ, USA) with a 20-mesh sieve, coffee grinder (Black and 

Decker, New Britain, CT, USA), and universal mill (IKA Works Inc, Wilmington, NC, USA) with 

hard metal cutter (part no. 0000521800), respectively. Woody fuels were homogenized using a 

combination of shears, Wiley mill, coffee grinder, universal mill, and a hacksaw. Smaller-diameter 

pieces were first cut with shears and then ground in Wiley mill or coffee grinder. Larger-diameter 

pieces were first cut radially with a hacksaw and then ground with the coffee grinder or universal 

mill. The sawdust from cutting was also collected. For longer pieces, a part (1-3 cm width) was 

first cut and then homogenized. Approximately 4 mg of each sample was used for 14C analysis. 

 

For each sampled PM2.5 filter, a portion (1.5 cm2) was first analyzed for carbon and nitrogen 

elemental composition with an elemental analyzer (EA, NA 1500 NC, Thermo Scientific, 

Waltham, MA, USA). The remaining filter area (9.9 cm2) was used for 14C analysis. Blank filters 

were not analyzed using EA and the entire filter area (17.3 cm2) was used for 14C analysis. 

 

Radiocarbon samples were analyzed at the W. M. Keck Carbon Cycle Accelerator Mass 

Spectrometry (KCCAMS) laboratory at the University of California, Irvine. All samples were 

sealed with 60 mg cupric oxide in pre-combusted 6 mm OD quartz tubes and oxidized to CO2 at 

900°C for 3 h. The evolved CO2 was purified on a vacuum line and converted to graphite using a 

sealed-tube zinc reduction method for the fuels (Xu et al., 2007) and modified method for the 

PM2.5 filter samples (Walker and Xu, 2019). Samples were measured with accelerator mass 
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spectrometry with a measurement uncertainty of < 3‰ from processing standards and blanks. 

The data are reported as Δ14C, which is corrected for isotope fractionation, so that differences 

reflect changes in mean age (Odwuor et al., 2023). By convention, Δ14C  ≥ 0‰ indicates carbon 

assimilated by photosynthesis since 1950 and < 0‰ indicates carbon assimilated before 1950. 

 

To account for extraneous carbon introduced during filter handing in the laboratory and field, the 

measured ∆14C of each filter (∆14Cmeas) was corrected using blank filters and a simple isotopic 

mass balance equation (Eqn. 4.1): 

 
∆!"𝐶#$%&'( =

∆!+*,-./×,*,-./-∆!+*01.23×,*01.23
,*,-./-,*01.23

             (Eqn. 4.1) 
 
 
where “sample” refers to the sampled filter and “blank” refers to the blank filter. The mean blank 

TC was 0.3 μg C cm−2 with a ∆14C of -192 ± 89‰. The uncertainty (unc) in ∆14Csample was 

calculated by propagating the standard deviation (SD) of filter ∆14C measurements according to 

Eqn. 4.2: 

 

𝑢𝑛𝑐	𝑖𝑛	∆!"𝐶#$%&'( = )* )*!"#$
)*$#!%&"

× 𝑒𝑟𝑟	𝑖𝑛	∆!"𝐶%($#.
+
− * )*'&#())*$#!%&"

× 𝑒𝑟𝑟	𝑖𝑛	∆!"𝐶,'$-..
+
       (Eqn. 4.2) 

 
 
4.2.5. Estimation of PM2.5 and combusted fuel composition 

4.2.5.1. Bottom-up estimation of fire-emitted PM2.5 radiocarbon content 

To estimate the ∆14C of the smoke produced by combustion of these fuels (∆14CPM2.5, predicted), we 

first multiplied the mean ∆14C of each fuel class (∆14Csample) by its estimated mass consumption 
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(mass consumedsample), producing an isoflux for each fuel class. For 1000-hour fuels, since ∆14C 

was not measured, we assigned a mean value computed using the steady-state one box ecosystem 

model described in section 4.2.5.3 for a mean age of 50 yr. We then divided the sum of the isofluxes 

by the total fuel consumption to estimate the ∆14C of PM2.5 (Eqn. 4.3): 

 

∆!"𝐶;<(.#,&4(792>(7 =
?	(∆!+*/.,41-	×		%$##	250#6%(7/.,41-)

>5>$'	%$##	250#6%(7
            (Eqn. 4.3) 

 
 
 
4.2.5.2. Keeling plot analysis for PM2.5 filters 

Using a Keeling plot fit with a Model-II regression (Keeling, 1958; Pataki et al., 2003), we 

estimated the mean ∆14C of the combusted fuel from the PM2.5 TC and ∆14C measurements 

(Mouteva et al., 2015; Wiggins et al., 2018; Odwuor et al., 2023). We first assume that the mass 

and ∆14C composition of each sampled PM2.5 filter represents a different mixture of two 

endmembers, fire (i.e., combusted fuel) and the background atmosphere. This approach assumes 

that the combustion source and background do not change during the course of sampling. 

 

The Keeling plot equation is derived from the linear relationship between ∆14Csample and 1/TCsample. 

The fire ∆14C end member is identified as the y-intercept of the geometric mean regression 

computed for the 11 sampled filter measurements of 1/TC and ∆14C. The regression was calculated 
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using the ‘lsqfitgm’ function in Matlab developed by E. T. Peltzer at the Monterey Bay Aquarium 

Research Institute4.  

 

4.2.5.3. Estimating the mean age of combusted fuels 

The age distribution of each fuel class was estimated by calculating its mean ∆14C and standard 

deviation and linearly matching these years to the corresponding set of years on the on the time 

series of atmospheric ∆14CO2 (Table 4.2). 

 

  

 
 

 

 

4 lsqfitgm function by E. T. Peltzer, Monterey Bay Aquarium Research Institute. 
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Table 4.2. Summary table of measurements for each fuel type collected at the Blodgett Forest 
Research Station on 12-15 May 2022. Uncertainty in pre-burn fuel load, post-burn fuel mass, and 
fuel mass consumed per fuel type is represented by the standard deviation (SD). Uncertainty in the 
total pre-burn fuel load, post-burn fuel mass, and mass consumed (bolded values) is the 
propagated uncertainty for each fuel type. The ∆14C of needles, 1-, 10-, and 100-hour fuels is the 
mean of all samples per fuel type measured in the laboratory and corresponding ages reported were 
estimated by direct comparison to the historical record of atmospheric ∆14CO2. Because ∆14C of 
1000-hour fuels was not measured, it was modeled using a one-box steady-state ecosystem model 
assuming a mean age of 50 yr. 
 
 

Fuel Type Diameter 
(cm) 

Pre-burn 
(g m2) 

Post-burn 
(g m2) 

Consumed 
(g m2) 

∆14C 
(‰) 

 Age 
(yr) 

  Mean SD Mean SD Mean SD % Mean Uncer-
tainty  

Needles   311 112 135 106 176 54 57 9 2 5 

1-hour <0.635 15 7 3 3 13 7 82 55 9 14-17 

10-hour 0.635 - 
2.54 165 66 108 68 56 72 34 65 20 13-21 

100-hour 2.54 - 
7.62 1158 277 653 542 451 381 39 215 46 34-40 

1000-hour 7.62-
20.32 1893 1980 1028 963 865 1202 46 107 NA 50 

Total   3542 2003 1926 1112 1561 1264 NA NA NA NA 

NA = not applicable 
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To estimate the ∆14C and age of the 1000-hour fuel class, we used a steady-state one-box 

ecosystem model forced with a time series of historical atmospheric ∆14CO2 from observations by 

Hua et al. (2022) from 1950 to 2019 for 30ºN to 60ºN and by X. Xu5 from 2003-2021 at Pt. Barrow, 

AK, USA. The model sets the 14C composition of net primary production equal to the atmospheric 

record. Losses from the ecosystem carbon pool (i.e., combusted fuel) are assumed to be first order 

and only due to decomposition and radioactive decay and controlled by a single turnover time 

parameter. For this system, we assume that the turnover time is equal to the mean age of the carbon 

pool. Given a user-prescribed mean age of the carbon pool, the model simulates the evolving ∆14C 

of the pool from 10,000 yr before present to 2021 with inputs and losses each year. Here we ran 

the model for a prescribed mean age of 50 yr to simulate the ∆14C of the 1000-hour fuel class in 

2021.  

 

4.3. Results 

4.3.1. Fuel consumption  

We estimated that total consumption for all surface fuels was 1561 ± 1264 g m-2 (Fig. 4.3; Table 

4.2). Much of the uncertainty in this estimate originates from the consumption of large-diameter 

dead fuels, with 24% and 69% of the uncertainty originate from the uncertainty of the 100- and 

1000-hour fuels, respectively.  

 
 

 

 

5 X. Xu, personal communication 2022. 
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Figure 4.3. Box and whisker plots of (a) mass consumed and (b) radiocarbon content (∆14C) of 
fuel classes burned during the prescribed fire at the Blodgett Forest Research Station on 14 May 
2022. The central mark in each box represents the median value and the top and bottom whiskers 
are the 25th and 75th percentiles, respectively. Outliers are not shown, but one exists for 1000-hour 
fuel mass consumption at 3613 g m-2. The consumption of live biomass and pinecones and the 
∆14C of 1000-hour fuels was not quantified. 
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Needle litter and duff comprised one of the most continuous layers in the fuel bed at the 

experimental forest. From our four 1 m2 quadrats, the mass on the forest floor was 311 ± 112 g m-

2 prior to burning. The fire consumed about 57% of this pool, yielding a fuel consumption for this 

layer of 176 ± 54 g m-2 (Fig. 4.4).  

 

 

 

 
 
 
Figure 4.4. Mass of needle litter pre-burn (total height of bar), post-burn (size of green bar) and 
consumed (size of grey bar) for the prescribed fire observed in this study. 
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The consumption of fine dead woody fuels, estimated using the line-intersect method, varied 

considerably as a function of fuel class. 1-hour fuels on the forest floor contributed only modestly 

to the total fuel load, with a pre-fire density of 15 ± 7 g m-2. The fire consumed nearly all of these 

fine fuels (82%), yielding a contribution to fuel consumption of 13 ± 7 g m-2.  

 

Ten-hour fuels had a larger pre-fire pool size (165 ± 66 g m-2) but a lower level of combustion 

completeness (34%), yielding a fuel consumption of 56 ± 72 g m-2. Consumption for larger dead 

fuel classes was 451 ± 381 g m-2 for 100-hour fuels and 865 ± 1202 g m-2 for 1000-hour fuels (Fig. 

3a). Combustion completeness ranged from 34% to 82% across all surface fuels, with the lowest 

combustion completeness observed for larger fuels and highest for finer fuels (Table 4.2). 

 

We also estimated the number of pieces of each dead moisture fuel class consumed. The percentage 

of pieces consumed was generally greater than the combustion completeness (by mass). In general, 

a greater number of pieces was consumed for smaller fuel classes, but percentage consumption 

varied across fuel classes: 11 ± 9 pieces (73% of pre-fire mass) for 1-hour fuels, 9 ± 11 pieces 

(44% of pre-fire mass) for 10-hour fuels, 5 ± 5 pieces (51% of pre-fire mass) for 100-hour fuels, 

and 1 ± 1 pieces (38% of pre-fire mass) for 1000-hour fuels.  

 

From tile probe measurements, we observed a mean duff depth consumed of 3.2 ±1.0 cm (Table 

4.3). 
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Table 4.3. Summary table of duff depth measurements collected in 4 plots (Plot 2, 9, 10, 14) within 
a 10-acre unit at the Blodgett Forest Research Station on 12-15 May 2022. 
 
 

Site Pre-burn Post-burn Consumed 
 cm % 

Plot 2 7.9 5.6 2.4 37.3 
Plot 9 12.3 8.9 3.4 38.1 
Plot 10 8.4 5.9 2.5 44.5 
Plot 14 11.0 6.4 4.6 43.7 
Mean 9.9 6.7 3.2 45.1 

 

 

4.3.2. Fuel ∆14C measurements and expected PM2.5 ∆14C composition 

The mean ∆14C of the fuel types (live to 100-hour fuels) ranged from -6.1‰ to 215.0‰. Live fuels 

and pinecones had the lowest observed ∆14C. Live grasses had a ∆14C of -6.1 ± 1.6‰ that was 

close to atmospheric levels in 2021 (-3.2 ± 1.4‰). Pinecones had a similar isotopic composition 

(-0.7 ± 2.5‰). For live shrub fuels, we measured 0.6 ± 2.1‰. Fuels became more enriched with 

increasing diameter among dead fuels (Fig. 4.3b). We estimated that the mean ∆14C was 9 ± 2‰ 

for the needle liter and duff, 55 ± 9‰ for 1-hour fuels, 65 ± 20‰ for 10-hour fuels, and 215 ± 

46‰ for 100-hour fuels. The corresponding fuel ages for the organic horizon, 1-, 10-, and 100-

hour fuels are approximately 5, 14-17, 13-21, and 34-40 yr, respectively (Table 4.2). We assigned 

a mean ∆14C of 107‰ to 1000-hour fuels, computed using the steady-state one-box ecosystem 

model assuming a mean age of 50 yr. Using the ∆14C values and consumption for each fuel class 

in a bottom-up approach, we estimated a value of 125‰ for the fire-emitted PM2.5. 
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4.3.3. PM2.5 and TC concentrations and isotopic composition 

Before the fire was ignited, PM2.5 concentrations were relatively low, ranging from 0 to 40 µg m-

3 between 12 May at 12:17 am and 14 May 11:30 am (Table 4.1; Fig. 4.5a). Following ignition, 

PM2.5 levels began to rise around 11:30 am on 14 May, reaching a maximum of 3000 µg m-3 around 

12:28 pm on 14 May before declining through the afternoon and into the evening of 14 May. 

Although low in comparison to the afternoon of 14 May, PM2.5 concentrations overnight oscillated 

between 1 µg m-3 and 845 µg m-3 until the end of the sampling period around 11:12 am on 15 May 

while the fire was still smoldering. The 24-hour average PM2.5 burden ranged between 1.8 µg m-3 

for the pre-ignition period to 347.3 µg m-3 during the active flaming period of the fire. 
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Figure 4.5. Time series measurements of PM2.5 during a prescribed forest fire: (a) In situ PM2.5 
mass concentration (left axis, blue) and total carbon (TC) mass concentration of PM2.5 (right 
axis, red) and (b) corresponding ∆14C signatures of PM2.5.  
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TC concentrations closely tracked optical PM2.5 measurements, ranging from 1.9 µg C m-3 to 3.2 

µg C m-3 during the period before the fire was ignited around 11:20am (Fig. 4.5a). After ignition, 

TC concentrations were very high, ranging from 44.8 µg C m-3 for the sample collected from 9:32 

pm on 14 May to 6:31 am on 15 May to 2869.1 µg C m-3 for the sample collected from 11:11 am 

to 1:11 pm on 14 May. Our data suggests that the PM2.5 burden was dominated (60-100%) by 

organic carbon during the fire.  

 

Radiocarbon signatures of TC were lower before the fire and became more enriched and relatively 

constant after the fire was ignited (Fig. 4.5b), ranging from -513 ± 47‰ to -167 ± 25‰ before the 

fire, and 74 ± 6‰ to 151 ± 4‰ during the fire. 

 

Using the Keeling plot approach, we estimated the mean ∆14C of combusted fuel to be 122 ± 22‰ 

(Fig. 4.6), corresponding to a mean fuel age of 45 yr with a range of 27-62 yr computed using the 

steady-state one-box ecosystem model. This is within the error of ∆14C computed using the bottom-

up approach (125‰). 

  



 

105 
 
 

 

 

 
 
 
Figure 4.6. Keeling plot showing the relationship between the ∆14C signature and the total carbon 
(TC) mass concentration of PM2.5 collected during a prescribed forest fire. The y-intercept of the 
regression represents the mean observed ∆14C signature of the combusted fuel (122 ± 22‰, R2 = 
0.97).  
 

 

4.4. Discussion  

In this study, we combined measurements of fuel 14C composition and consumption with the 14C 

composition of fire-emitted PM2.5 to characterize the smoke burden associated with a prescribed 

forest fire in California’s Sierra Nevada mountains. This represents the first study to directly 

compare the ∆14C signature of fuels to that of fire-emitted PM2.5 for California forests – an 

approach commonly used to understand wildfire (Gustafsson et al., 2009; Mouteva et al., 2015; 

Wiggins et al., 2018; Odwuor et al., 2023). 
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Few studies have quantified fuel consumption during prescribed fires at Blodgett Forest 

(Kauffman, 1989; Stephens and Moghaddas 2005; Levine et al., 2020; York et al., 2022), 

California’s Sierra Nevada mountains (Knapp et al., 2005; Keeley and McGinnis, 2007; Walker 

et al., 2006; Cansler et al., 2019;), and other western North American forests (Prichard et al., 2017; 

Agee and Lolley, 2006; Hunter et al., 2011). Further, while prescribed burning was the only 

treatment studied here, most previous work combined burning with mechanical treatment. 

 

Other studies of prescribed fire in the Sierra Nevada, are typically focused on the combination of 

mechanical thinning and prescribed fire (Walker et al., 2004; Knapp et al., 2017; Cansler et al., 

2019). For other forests of the western United States, studies typically observe a combination of 

mechanical and prescribed fire treatments (Brown et al., 1991; Agee and Lolley, 2006). One study 

by Prichard et al. (2017) only applied fire treatment and found that while litter and duff dominated 

pre-fire fuel loading across the experimental site, larger-diameter woody debris constituted a 

significant portion of pre-fire fuel loading at some locations within the site. They also estimated a 

combustion completeness of about 50% (Prichard et al., 2017).  

 

In this study, the combustion completeness of ground and surface fuels reported here (44%) closely 

matches the average value observed (45%) across 3 burns that occurred over 14 yr in a recent study 

of prescribed fire at Blodgett Forest (Levine et al., 2020). For the most recent burn in 2017 (8 yr 
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elapsed since the previous burn), Levine et al. (2020) observed a mean combustion completeness 

of only 29 ± 31%. In our study, approximately 3 yr had elapsed since the last prescribed burn.  

 

We observed the greatest percent consumption in the organic horizon and 1-hour fuel classes, 

whereas Levine et al. (2020) observed the greatest consumption in organic horizon and 1000-hour 

fuels. While we expected organic horizon and smaller diameter (1- and 10-hour) fuels to dominate 

the fuel load, we observed relatively small fuel loads for these finer surface fuels (14% of total) 

compared to previous studies (56-85%) (Kauffman and Martin, 1989, Levine et al., 2020) and to 

larger-diameter (100- and 1000-hour) fuel loads in this study (86%). One possible reason for the 

discrepancy in O-horizon fuel load and consumption might be the time elapsed between burns. 

Our study observed the first prescribed fire at the site in only 3 yr, while the most recent prescribed 

fire observed by Levine et al. (2020) occurred approximately 8 yr after the last burn, allowing 

more time for the accumulation of finer surface fuels.  

 

In our study, 1000-hour fuels represented approximately 53% of the surface fuel load, compared 

to only 30% observed for the most recent fire in the study by Levine et al. (2020) and 30% by 

Kauffman and Martin (1989). Further, we observed a greater contribution from larger-diameter 

fuels (1372 ± 1263 g m-2) to total fuel consumption (1561 ± 1264 g m-2). While we did expect 

some accumulation of large-diameter fuels at this site, what we observed was greater than previous 

studies at Blodgett Forest. Whereas larger fuels (e.g., 1000-hour fuels) are typically slow to ignite, 

requiring high intensity fire that is often sustained by combustion of smaller-diameter fuel (Gorte, 
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2009), we found that a large portion (46%) of the 1000-hour fuels were consumed in the prescribed 

fire. It is likely tree mortality induced by prolonged drought in the Sierra Nevada (2012-2015; 

Goulden and Bales, 2019; Kim et al., 2022) contributed to the accumulation of larger-diameter 

fuels via the input of fuels but also by constraining fuel moisture.  

 

We assume that larger fuel classes are older and have been incorporating carbon over a greater 

lifetime, which is reflected in the ∆14C measurements of our fuel samples and PM2.5 filters. From 

our 14C-based assessments, we estimated a mean age for fuels combusted in the prescribed burn of 

45 years, further supporting the notion that larger-diameter dead fuels contributed significantly to 

total fuel consumption and emissions. Further, we observed agreement between the expected ∆14C 

of fire-emitted PM2.5 computed using the ∆14C and consumption estimates for different fuel classes 

(125‰) and the observed ∆14C of emissions from the Keeling plot approach (122 ± 22‰). This 

indicates that the fuel composition is reflected in the isotopic composition of PM2.5 emissions and, 

therefore, we suggest that burning of smaller-diameter fuels would result in ∆14C of fire-emitted 

PM2.5 that more closely matches the contemporary atmosphere because we found that smaller-

diameter dead fuels generally had lower ∆14C values (Fig. 4.7). 
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Figure 4.7. Atmospheric ∆14CO2 (black line). Each shaded region represents the distribution of 
∆14C values measured for each fuel type and for fire-emitted PM2.5 (mean ± SD). The age 
distribution of each fuel class was estimated by matching the ∆14C distribution to the 
corresponding set of years on the on the time series of atmospheric ∆14CO2. 
 

 

Regional patterns in particulate matter concentrations in the western U.S. have been associated 

with fire activity (Hand et al., 2013). While fuel composition partially influences the composition 

and concentration of emissions, the impact of those emissions on public health is also determined 
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by smoke transport, the duration of smoke exposure, and the number of people who are exposed, 

particularly those with underlying health conditions (Williamson et al., 2016). As smoke is 

transported, PM2.5 undergoes chemical and physical transformations to produce secondary 

particulates (Akagi et al., 2011), so the impact of PM2.5 on a regional scale is further influenced 

by the species it interacts with downwind of the fire. However, our study was limited to the 

observation of primary fire-emitted PM2.5, rather than secondary particulates. Lower intensity fires 

are associated with more immediate local effects, as the height at which smoke is injected into the 

atmosphere (i.e., plume injection height) is typically lower, preventing the large-scale dispersion 

of smoke and encouraging the concentration of pollutants over small areas (Williamson et al., 

2016; Reisen et al., 2018). However, higher intensity fires typically have a higher plume injection 

height and would have greater effects on remote communities (Williamson et al., 2016). Further, 

PM2.5 from wildfires has been shown to have a more significant impact on remote communities, 

in part because of the absence of other major sources of PM2.5 (Ahangar et al., 2021). Larger fuels 

contribute primarily to fire intensity, whereas smaller fuels contribute mainly to fire spread (Gorte, 

2009). Therefore, we might expect the sustained use of prescribed fire to result in lower intensity 

fires and more local effects, but initially we expect higher intensity fires with more impact on 

remote communities initially with the consumption of larger fuel classes. 

 

The consumption of larger fuel classes is typically associated with smoldering combustion (Fig. 

4.8; Williamson et al., 2016). Previous studies have found that the majority of fuels (72%; 

Kauffman and Martin, 1989) are consumed during the smoldering phase of a prescribed fire. 
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Although all landscape fires (e.g., wildfires, prescribed fires) are characterized by incomplete 

combustion, smoldering is characterized by less complete combustion than flaming, is promoted 

by densely packed fuels and larger fuel diameters (Williamson et al., 2016), and is associated with 

higher levels of PM2.5 (Akagi et al., 2011; Reisen et al., 2018). Therefore, we expect more PM2.5 

emitted during the smoldering phase of combustion, when most of the larger-diameter fuels are 

consumed.  

 

 
 
 
Figure 4.8. Downed sugar pine trunk smoldering (a) on 14 May 2022 and (b) on 15 May 2022. 
 

 

Although we initially expected litter and smaller-diameter fuels to dominate the fuel load and total 

fuel consumption, our findings that larger-diameter dead fuels contributed significantly to 
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emissions during this prescribed fire can be useful for understanding better the effects of prescribed 

fire on smoke composition. 

 

4.5. Conclusions 

Based on our findings from this prescribed burn at Blodgett Forest, we conclude that as prescribed 

fire becomes widespread across the state, larger fuels classes will initially dominate  the fuel load,  

and carbonaceous PM2.5 concentrations will be greatly elevated due to smoldering combustion. 

We propose that mechanical thinning could help reduce the input of large-diameter fuels over time 

by removing smaller trees that compete with larger trees, so that fewer large trees die, and that the 

removal of saw logs and/or mastication could further reduce 1000-hour fuel loads. Evidence 

suggests that when combined, mechanical treatments and prescribed fire have the greatest effect 

on reducing fire severity (Stephens and Moghaddas, 2005; Stephens et al., 2012; Kalies and Kent, 

2016; Prichard et al., 2021). As larger fuels are removed mechanically and/or by prescribed fire, 

smaller-diameter fuels, which are largely consumed during flaming combustion, will then 

dominate the fuel load and PM2.5 concentrations in smoke will decrease. Further, because we found 

that smaller-diameter dead fuels generally had lower ∆14C values than larger-diameter fuels, we 

expect ∆14C of fire-emitted PM2.5 to be lower and more closely match atmospheric ∆14CO2 with 

repeated applications of prescribed fire, reflecting the combustion of younger, smaller fuels. This 

represents the first direct comparison of fire-emitted PM2.5 isotopic composition to a bottom-up 

estimate from fuel ∆14C and consumption, and agreement in the findings between these two 

assessments suggests that our methods have the potential to allow the monitoring of fuel 
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consumption using PM2.5 ∆14C measurements as the used of prescribed fire is expanded across 

California.  
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Chapter 5 

Conclusion 

 
5.1. Summary of results 

The goal of my dissertation was to explore fuel consumption and its influence on emissions in 

California’s Sierra Nevada mountains. I accomplished this by combining field and laboratory 

techniques, centered around radiocarbon (14C) analyses of fuels and fire-emitted fine particulate 

matter (PM2.5), to estimate fuel consumption for wildfires and understand the influence of fuel 

composition on emissions in wildfire and prescribed fire. 

 

In Chapter 2, I analyzed the relationships among fire growth, climate variables, firefighting 

resources, and damages from wildfires to better understand some of the challenges to fire 

suppression in California. Specifically, I aimed to investigate the drivers of fire growth in the Sierra 

Nevada when multiple large fires occur at once and understand how this influences the allocation 

of firefighting resources and damages from fires. I found that wildfires occurring simultaneously 

in the Sierra Nevada responded to similar broad-scale weather patterns, resulting in synchronized 

growth between the Dixie and Caldor Fires, two of the largest wildfires during California’s 2021 

fire season. The greatest damages from fires occurred shortly after the instances of greatest fire 

growth. Further, resources were allocated similarly across the the Dixie and Caldor Fires, 

suggesting that already-limited resources are spread even farther, rather than concentrated, in 

response to extreme fire growth in fires burning across different socioecological landscapes. 

However, the KNP Complex Fire, which burned through more forested area and threatened fewer 
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structures but more natural resources, received fewer firefighting resources This provides insight 

into some of the challenges to fire suppression efforts to protect life, property, and natural 

resources when multiple large fires burn simultaneously, highlighting the need for fuel 

management strategies as climate conditions become more conducive to extreme fire behavior. 

 

In Chapter 3, I measured the total carbon and 14C composition of fire-emitted PM2.5 in the 2021 

KNP Complex Fire to estimate the mean age of combusted fuels and better understand the 

influence of fuel composition on fire-emitted PM2.5. I observed a mean age of 40 years for the fuel 

combusted in the fire, suggesting a significant contribution from larger dead fuel classes, which 

accumulated over multiple decades, to PM2.5 emissions. These findings support previous work 

suggesting that the legacy of fire suppression in California has contributed to increased fire 

severity in the Sierra Nevada by allowing fuel accumulation over several decades.  

 

In Chapter 4, I estimated fuel consumption and characterized the composition of PM2.5 emissions 

and fuels for a prescribed fire in the central Sierra Nevada mountains to further understand the 

influence of fuel composition on the 14C composition of PM2.5 from landscape fires. From my 

ground-based fuel inventories, I found a significant contribution from larger dead fuel classes to 

total fuel consumption, which was also reflected in the 14C composition of fire-emitted PM2.5 

estimated from a Keeling plot approach. This suggests that larger dead fuel classes may contribute 

significantly to PM2.5 emissions during initial applications of prescribed fire in landscapes with 

similar fuel composition, resulting in elevated concentrations of PM2.5 that is associated with 
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combustion of larger-diameter dead fuels. I also measured the 14C composition of different fuel 

classes and combined it with my estimates of fuel consumption to calculate a bottom-up estimate 

of fire-emitted PM2.5. This represents the first comparison of the observed 14C composition of fire-

emitted PM2.5 in California to the 14C composition of fire-emitted PM2.5 estimated using 14C 

measurements of actual fuels combusted. Agreement between in fuel mean ∆14C and age inferred 

from these different approaches suggests that these methods can effectively be used to monitor 

fuel consumption in prescribed fires.  

 

My work helps us better understand the influence of fuel composition on emissions in landscape 

fires in the Sierra Nevada, which is critical to quantifying the impacts of wildfires and fuel 

treatments. Together, these chapters conclude that fuel accumulation in the Sierra Nevada 

contributes to fires that are harder to contain and that we can infer fuel consumption from the 14C 

composition of fire-emitted PM2.5.Further, these methods have the potential to help evaluate the 

effectiveness of prescribed fire, reducing a barrier to its rapid and widespread implementation so 

that we can effectively manage fuels as a control on fire severity in a warming climate. 

 

5.2. Future research directions 

5.2.1. Radiocarbon analyses of other carbonaceous PM2.5 fractions 

In this work, I focused my analyses on PM2.5 not only because of its relevance to air quality and 

public health concerns, but also because, compared to many other species found in smoke, it is 

relatively easy to sample, requiring only a short sampling duration to collect sufficient mass, and 
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it easier to prepare for 14C analysis. We were able to collect massive enough PM2.5 samples to 

analyze total carbon (TC) for 14C but not enough to split TC into its organic carbon (OC) and black 

carbon (BC) fractions. However, OC and TC have very similar ages in heavy smoke because TC 

is composed primarily of TC (Mouteva et al., 2015). BC is especially important for public health 

concerns (Reisen et al., 2018; Burke et al., 2021), so understanding the influence of fuel 

composition specifically on the 14C of BC could be helpful for further quantifying the effects of 

landscape fires on public health. Further, BC is typically associated with flaming combustion 

(Andreae and Gelencsér, 2006), therefore analyzing the fractions of PM2.5 separately could help 

strengthen the linkages among fuel composition, combustion phase (e.g., smoldering versus 

flaming), and emissions. Future work in this research area should therefore include radiocarbon 

analysis not only of TC, but also of other carbonaceous components of PM2.5 including OC and 

BC. 

 

5.2.2. Collecting PM2.5 samples using a higher volume aerosol sampler 

As outlined in Section 5.2.1, one of the main advantages to measuring the TC of PM2.5 is that 

sufficient mass can be sampled over a short duration. Further, one of the limitations to splitting 

sampled PM2.5 into its carbonaceous fractions is the mass collected. While our methods allow 

extraction and 14C analysis of TC quantities as small as 2 µgC and particularly because TC 

typically comprises only a small fraction of BC, more massive samples must be obtained to 

perform OC/BC analyses. Smaller samples are also associated with larger uncertainties in 14C 

analysis, so larger samples confer the additional advantage of reducing measurement uncertainty. 
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While samples could be collected over a longer period of time with the low-volume aerosol 

sampler used in these studies, this can result in samples that represent a mixture of different 

sources, rather than just the fire. I propose that a high-volume aerosol sampler would be more 

effective for collecting larger samples. Currently available high-volume aerosol samplers are more 

costly and less portable, but could be especially useful with sufficient planning and access to an 

adequate power supply. 

 

5.2.3. Sampling a fire from multiple locations simultaneously 

In Chapter 3 of this dissertation, PM2.5 was collected using a sampler at a stationary location for a 

period of 26 hours. In Chapter 4, the sampler was relocated over the course of the fire. In both 

cases, only one sample was collected at a time. We assume that the observed PM2.5 represents a 

mixture of the background atmosphere and the wildfire endmember (combusted fuel). The Keeling 

plot approach, which is used to estimate the mean ∆14C of the combusted fuel, assumes that these 

sources remain constant. The strong correlation observed for the Keeling plot regressions in 

Chapters 3 and 4 give us confidence that the background and combusted fuel actually remained 

constant over the course of sampling, but this could be further verified by measuring the 14C of 

PM2.5 and applying the Keeling plot approach to samples collected at multiple sites downwind of 

the fire simultaneously. Additionally, analyzing the OC and BC fractions separately as proposed 

in Section 5.2.1, could confirm that the OC/BC ratio does not change (significantly) during smoke 

transport, further suggesting that selection of a sample site downwind of the fire is the main 
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requirement for collecting representative samples of the fire and that transport distance does not 

influence observations. 

 

5.2.3. Extending methods to other forested ecosystems  

In addition to collecting more samples over the course of a fire and sampling from multiple 

locations, sampling in different types of forested ecosystems could help elucidate the differences 

in the relationships between fuel composition and emissions for other parts of California that 

experience wildfire. The work in this dissertation was focused on the dry mixed-conifer forests of 

the Sierra Nevada, but other important fire-prone ecosystems in California include the conifer 

forests of the San Gabriel and San Bernardino Mountains (Southern California mountain ranges) 

and the moist-conifer forests of the coastal mountain ranges. Wildfires are a pervasive event across 

the state, and understanding the impacts of the legacy of fuel suppression on fuel composition and 

emissions in the Sierra Nevada is a key part of mitigating the effects from wildfires, but more work 

should be done to further quantify the relationships between fuels and emissions for the rest of the 

state.  

 

5.2.4. Systematizing ground-based fuel inventories to complement 14C analyses  

An important consideration for interpreting the ∆14C of fire-emitted PM2.5 is that more enriched 

∆14C signatures like those observed in Chapter 3 and 4 can be associated with both larger fuel 

classes and older material in the organic soil layer of forested ecosystems. Unless the area was 

burned frequently (which consumes the deeper organic soil horizons and lowers the mean age of 
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the more shallow organic horizons; Pellegrini et al., 2021), we must assume that organic horizons 

were consumed in the KNP Complex Fire along with larger dead fuel classes. However, for 

Chapter 3, we were limited in our ability to apportion fuel consumption between large dead fuel 

classes and organic soil layers because we did not collect depth of burn measurements. In Chapter 

4, we did collect depth of burn measurements, but we were unable to confidently convert depth of 

the organic layers consumed to a mass of fuel and estimate its contribution to observed PM2.5 ∆14C, 

as we did with other fuel classes. Additionally, our mass consumption estimates for larger fuel 

classes were associated with large errors, which could be avoided by collecting more samples in 

the field. Future work using these methods should consider a more systematized approach for 

sampling fuels in the field to bolster mass consumption estimates and 14C analyses.  

 

5.2.5. Monitoring the ∆14C of PM2.5 from repeat applications of prescribed fire  

Lastly, I propose that these methods be applied to repeat applications of prescribed fire to 

understand the relationship more thoroughly between fuel composition and fire-emitted PM2.5 and 

further enhance estimates of fuel consumption.  

 

In this work, I propose that the ∆14C of PM2.5 emissions from prescribed fire should decreased as 

larger fuel classes are removed from the landscape. However, as described in Section 5.2.4, the 

contribution from the combustion of organic soil layers remains uncertain without estimates of the 

mass of fuel corresponding to the depth of organic layers burned. If future fires burn through 

landscapes with fewer large dead fuels on the surface but PM2.5 remains the same, this might 
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suggest that organic soil combustion is significant to emissions in a way that my work has not been 

able to investigate.  

 

The State of California recently invested $1.5 billion to enhance forest health and resilience to 

wildfire, including funding to increase the capacity of the California Department of Forestry and 

Fire Protection to respond to wildfires but also for expanding fuel treatments like mechanical 

thinning and prescribed fire. With the improvements to my methods proposed in this Section 5.2, 

I believe that they can help reduce one of the barriers to the rapid and widespread 

implementation of prescribed fire, which is a means to evaluate its effectiveness. Another barrier 

to this expansion is an understanding of the air quality and public health implications of 

prescribed fire. My methods may allow us to better understand the fuel sources of fire-emitted 

PM2.5, and therefore the composition and expected concentrations of this pollutant. Overall, I 

hope that these methods can be a useful complement to ground- and satellite-based approaches 

for estimating fuel consumption and understanding its influence on emissions in wildfire and 

prescribed fire across California. 
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Appendix A 

PM2.5 Sampling Procedure Using MiniVol Tactical Air Sampler  
 

Adapted from MiniVol Tactical Air Sampler (TAS) manual (available at: 
https://d3pcsg2wjq9izr.cloudfront.net/files/1356/download/311370/4.pdf) by A. Odwuor (December 
2023) 

 

Materials  

• Tripod  

• MiniVol sampler and parts  

o Charged battery pack 

o Inlet assembly  

o Filter holder  

o Filter cassette 

o PM2.5 impactor 

o PM10 impactor 

o Impactor adaptor 

• 47 mm diameter quartz fiber filters, pre-combusted at 500ºC for 3 h and stored in clean 

aluminum foil envelopes inside zippered plastic bags 

• Small forceps 

• Deionized (DI) water 

• Compressed air duster 

• Kimwipes 
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• Aluminum foil  

• Computer and spreadsheet software 
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Preparing the sampler  

1. Mount sampler on tripod. 

2. Place charged battery pack in sampler. Record the number of the battery pack. 

a. The sampler comes with 2 battery packs. 

3. Set the real-time clock  

a. DAY SET: Hold down the CLOCK button and press the WEEK button until the 

correct day appears at the top of the display.  

b. TIME SET (Hour): Hold down the CLOCK button and press the HOUR button 

until the display indicates the correct hour. You may have to cycle through the 

hours twice to obtain the proper AM or PM (on the left side of the display). 

Seconds will automatically reset to zero.  

c. TIME SET (Minutes): Hold down the CLOCK button and press the MIN button 

until the display indicates the correct minutes. Seconds will automatically reset to 

zero.  

4. Calculate flow rate according to the following equation:  

 

𝐼#& =	
5.0 × :𝑃$2>𝑃#>7

× 𝑇#>7𝑇$2>
) − 𝑏C5'

𝑚C5'
 

 

where Isp = flowmeter set point, liters/minute (lpm) 
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Pstd = standard atmospheric pressure, 760 mmHg 

Tstd = standard temperature, 298 K° 

Pact = actual ambient pressure, mmHg 

Tact = actual ambient temperature, K° 

mvol = the sampler’s calibration slope, supplied by the MiniVol Portable Sampler 

NIST Traceable Flow Calibration” that came with the sampler 

bvol = the sampler’s calibration intercept 

This ensures that actual flow rate is maintained at 5 lpm. 

5. Set flow rate on sampler by slowly turning the Flow Rate Adjustment Knob until the air 

flow is set at the desired level. 

6. Record ambient conditions and set flow rate for each sample in spreadsheet. See Fig. A1 

for example of spreadsheet fields. 
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Installing the filter for sampling 

All filter handling should be done while wearing latex gloves and on clean surfaces covered in 

aluminum foil. Make note of which filter holder assembly is being used (the sampler comes with 2 filter 

holder assemblies). 

1. First clean forceps, inlet assembly, impactors and adaptor, and entire filter holder except 

for the mesh screen of the filter cassette using DI water and Kimwipes. Dry using duster. 

2. For mesh screen in filter cassette, dry using duster only. 

3. Using forceps, place pre-combusted quartz fiber filter in the filter cassette on top of clean 

mesh screen. Limit contact with the filter to its edge. Avoid bending or folding filter. 

4. Re-assemble filter cassette and place in filter holder according to Fig. A2. 

5. Assemble inlet, impactors, and filter holder according to Fig. A2. 

6. Attach filter assembly to MiniVolTM. The fully assembled sampler is shown in in Fig. A3. 

7. Ensure that foil envelope and plastic bag are labeled with the sample ID. 

a. Select a descriptive but concise sample ID, ideally including the sample location or 

campaign, sequential number, date, and sample length.  

8. Record sample information in spreadsheet.  
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Figure A1. Suggested fields for spreadsheet for collecting sample information. 
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Figure A2.  Filter holder assembly and inlet for sampling (from MiniVol TAS manual)  
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Figure A3. MiniVol sampler fully assembled and mounted on tripod. 
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Installing a blank filter (field blank) 

1. Open foil envelope containing filter along one edge. 

2. Place foil envelope in zippered plastic bag and leave bag open. 

3. Secure plastic bag to the inside of the sampler door using tape. 

4. Record blank filter information in spreadsheet. 

 

Collecting a PM2.5 sample 

1. Set the desired sample start (power-on) and end (power-off) times 

a. Press the PROG button once. 1ON will appear near the lower left corner of the 

display indicating that the  

b. Press the HOUR and MIN buttons to enter the power-on time for the first cycle.  

c. Press the WEEK button to select the desired day.  

d. After you have entered the power-on time and date for the first cycle, press the 

PROG button. 1OFF now appears on the display to indicate that the power-off time 

for the first cycle is ready to be programmed. Repeat steps 2a-c to enter the 

desired power-off time.  

 

2. Place the sampler in “Auto” mode by pressing the “ON/AUTO/OFF” button twice (until 

the bar is above the "AUTO" legend). The sampler will turn on at the desired time and the 

sample will be collected until the programmed end time. 

3. Record sample start time, battery elapsed time, and intended sample length in spreadsheet. 
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Removing the sampled filter 

1. Make sure that the sampler is off before removing filter holder assembly and inlet. 

2. Unscrew filter holder and remove filter cassette. 

3. Using clean forceps, remove filter from filter holder cassette. Replace in its original foil envelope. 

4. Store sampled filters in foil envelopes inside zippered plastic bags in the freezer until analysis. 

5. Record sample end time, flow rate, battery elapsed time, ambient conditions, and total run time in 

spreadsheet.  

6. Once all samples have been collected, clean entire inlet and filter assembly, cover in aluminum 

foil, and store in a plastic bag until next use.  

 

MiniVol storage and maintenance  

Do not store sampler with battery pack in place.  

Replace O-rings as necessary (at first signs of wear). 

Refer to manual for further maintenance and service instructions. 

 




