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Abstract

Wildfires in Canada significantly impact atmospheric chemistry and public health.

Biomass burning produces carbon monoxide (CO), nitrogen dioxide (NO2), and formalde-

hyde (HCHO), and can lead to ozone (O3) formation. The research in this thesis uses

a 1-D advection model and the Gaussian-flux method to calculate enhancement rates

of CO, HCHO, and NO2 for Canadian boreal forest wildfires from the summers of

2023, 2024, and 2025 using satellite data.

Enhancement rates for each species were calculated along the length of the plume

using single-overpass TROPOspheric Monitoring Instrument (TROPOMI) measure-

ments and MODerate resolution Imaging Spectroradiometer (MODIS) fire radiative

power (FRP). The spatial variation of enhancement rates as a plume aged downwind

was analysed and results were compared to data provided for three fires from the

summer 2019 Fire Influence on Regional to Global Environments and Air Quality

(FIREX-AQ) campaign. Spatial variations confirmed CO emission primarily from

the fire centre, with HCHO and NO2 primarily resulting from secondary formation

in the plume.

Enhancement ratios of vertical column density enhancements for 26 boreal wildfire

plumes were examined for each species and were within margins of error of previous

research using in-situ measurements. Analysis of spatial and temporal variations

of HCHO/NO2 ratios provided insight into potential changes in surface-level ozone

formation as the plume aged downwind. These results can help evaluate chemical
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transport modelling of species evolution within a wildfire plume using TROPOMI

data.

Lastly, the diurnal variation of CO emission rates was studied for 38 fire plumes as

they aged. Using plume age to convert emission rates to local emission, TROPOMI

data were consistent with similar changes in fire intensity observed in Geostationary

Operational Environmental Satellite (GOES) FRP over the diurnal cycle of a fire

from smouldering to flaming phases. Temporal changes in emission rates also showed

strong correlation with variation in GOES FRP, which could provide a novel way to

calculate diurnal changes in emission coefficients with a single TROPOMI overpass.
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Chapter 1

Motivation

1.1 Canadian Wildfires

Wildfires are an increasing topic of concern. As anthropogenic-induced climate change

continues to increase surface temperatures (e.g., Chen and Dong, 2019; Michail et al.,

2019; IPCC, 2023), Canada is experiencing increased severe weather, including both

droughts (Kirchmeier-Young et al., 2019) and climate-change-induced extreme weather

resulting in increased lightning risk (Veraverbeke et al., 2017). These increasingly

fire-prone landscapes increase the likelihood of wildfires in the future (Bowman et al.,

2017), with fires in Canada setting several records in the last few years, such as the

British Columbia fires of 2017 that burned 1,216,100 hectares (ha) (12,161 square

kilometres) of land (Province of British Columbia, 2023). Figure 1.1 from Natural

Resources Canada (NRCan, 2025a) shows the total amount of Canadian land cover

burnt by wildfires from 1972 to 2024. In the summer of 2023, record-breaking wild-

fires burned in Quebec, Alberta, and British Columbia, having a significant impact

on the atmosphere of the Northern Hemisphere (Zhang, S. et al., 2024; Flood et al.,

2025b; Zhang, Q. et al., 2025). The 2023 wildfire season had 834 large fires exceed-

ing 200 ha, which is 2.5 times the 1986 to 2022 average, and had 60 fires exceeding

50,000 ha. These 60 large fires, up from seven in the same period in the previous

year, were responsible for 73% of the total area burned in 2023 (Jain et al., 2024).

According to CAMS (2023), 2023 produced the largest annual emissions of carbon in

1



CHAPTER 1. MOTIVATION 2

Figure 1.1: Map of the total land cover in Canada burned from 1972 to 2024, with data from NRCan
in red and the Canadian National Fire Database (NFDB) in orange (NRCan, 2025a).

the 21 years of data from the Copernicus Atmosphere Monitoring Service (CAMS)

Global Fire Assimilation System (GFAS) with 160 megatonnes of carbon emissions,

by the end of June 2023. The Intergovernmental Panel on Climate Change (IPCC),

to lower the warming caused by carbon dioxide (CO2), recommends caps, or upper

limits, to the cumulative CO2 emissions from anthropogenic sources, often called the

carbon budget (Rogelj et al., 2016). From May to September 2023, the total carbon

emissions from Canadian wildfires was comparable to anthropogenic emissions from

most large nations, at 647 Tg of carbon emitted (Byrne et al., 2024).

Wildfires have increased in intensity in Canada in recent years. Figure 1.2, using

data from NRCan Fire Monitoring, Mapping, and Modelling (M3) data set (NRCan,

2025b), shows the total area burned for each year from May to September for 2012 to

2025. The September totals from 2023 to 2025 each exceeded those of the previous

ten years and, in the case of 2023 and 2025, the total area was larger than the totals

of the previous years within the first two months. Looking at total area burned by

year since 1983 (Figure 1.3), 2023 and 2025 both exceeded the totals for all prior
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Figure 1.2: The total area burned in Canada from May 1 to September 30 for 2012 to 2025, using
aggregated data from NRCan (NRCan, 2025b). Data provided for 2025 go to September 21.

seasons, with the total area burned by the 2023 wildfires at 17.3 million ha, which

is 42% of the total area burned in Canada over the 10 years prior. That season

had fires 3.8 and 2.4 times larger (in total area) than the two largest fire seasons in

the prior two decades, with 2014 and 1995 having 4.608 and 7.106 million ha total

area burned, respectively (CIFFC, 2025b). The 2025 wildfire season continued this

pattern, becoming the second-worse wildfire season on record. Fires burned across

the country and were particularly massive in Manitoba and Saskatchewan, resulting

in a total of 8.8 million ha burned across Canada, as of September 12, which is larger

than the province of New Brunswick (CIFFC, 2025a). Models predict that annual

area burned will increase, especially in Western Canada (Boulanger et al., 2014), so

developing methods to quantify the wildfire emissions in plumes using remote sensing

is important for understanding the environmental impact of wildfire seasons and their

contribution to the carbon budget and air pollution.

Wildfires result in substantial biomass burning that produces many by-products,

such as particulate matter of diameter < 2.5 µm (PM2.5), nitrogen monoxide (NO),

nitrogen dioxide (NO2), carbon monoxide (CO), and volatile organic compounds

(VOCs), such as formaldehyde (HCHO), depending on the burning phase of the fire
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Figure 1.3: The total area burned, in hectares, in Canada per year, for the whole year, using data
from the Canadian Interagency Forest Fire Centre and NRCan (CIFFC, 2025a). Data provided for
2025 go to September 21.

(e.g., smouldering or flaming) (Andreae and Merlet, 2001; Andreae, 2019). These

compounds can have significant impacts on public health, with PM2.5, CO, and NO2

leading to cardiovascular and respiratory disease, and HCHO being a known carcino-

gen (Raub, 1999; Chen et al., 2007; Zhu et al., 2017; Matz et al., 2020; Xue et al., 2023;

Flood et al., 2025a; Zhang, Q. et al., 2025). Figure 1.4 from Zhang, Q. et al. (2025)

shows the global impact of increased PM2.5 concentrations from the 2023 Canadian

wildfires, derived from a combination of a chemical transport model, MODIS aerosol

optical depth, global emission fire inventories, and machine learning. The Canadian

Council of Ministers of the Environment’s (CMME) Canadian Ambient Air Qual-

ity Standards (CAAQS) handbook sets the maximum PM2.5 concentrations to an

annual average of 8.8 µg/m3 (CMME, 2025). Figure 1.4(a/b) shows annual concen-

trations exceeding those values for the majority of Canada in 2023, with some regions

exceeding the 24-hour-averaged limit set by the CMME CAAQS of 27 µg/m3. New

methods for analysing wildfire emissions using satellite data are needed for better
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Figure 1.4: Global map showing: (a) the global annual mean of PM2.5 concentrations for the
2023 Canadian wildfires; (b/c/d) the regional annual mean (weighted by population) of PM2.5
concentrations for Canada, the USA, and Europe, respectively; (e) the global percentage of the
annual mean from Canadians wildfires in 2023 to total fire-related PM2.5 concentrations; (f-h)
the regional percentage of the annual mean PM2.5 exposure for Canada, the USA, and Europe,
respectively. Data retrieved from a combination of chemical transport models, global fire emission
inventories, satellite aerosol optical depth, and machine learning. Image from Zhang, Q. et al.
(2025).
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understanding of how the emitted species evolve in wildfire plumes to determine the

global impacts of biomass burning (Griffin et al., 2024). While the majority of ad-

verse health impacts are within the first few kilometres of the fire core where aerosols

and buoyant lift dominate (Akagi et al., 2011; Paugam et al., 2016), long-range trans-

port of plumes is also associated with adverse health impacts (e.g., Matz et al., 2020;

Magzamen et al., 2021; Hahn et al., 2021; Mahsin et al., 2022; Gao et al., 2023; Flood

et al., 2025a; Zhang, Q. et al., 2025).

1.2 Fire Dynamics

Combustion occurs when available fuel chemically ignites and consists of two primary

phases: smouldering and flaming (Akagi et al., 2011; Andreae, 2019; Liu et al., 2022).

Loosely packed or sparse fuels such as shrubs in shrublands, tree canopies in forests,

or surface-level smaller combustibles like grass, leaves, or small twigs, are primarily

consumed during the flaming phase due to an abundance of oxygen necessary to

support flaming (Liu et al., 2022). Smouldering is common in more densely packed

fuels such as organic soils and decaying logs (Liu et al., 2022). During any sufficiently

large fire, both the smouldering and flaming phases can occur at the same time

(Andreae, 2019). Figure 1.5 shows photos that demonstrate (a) a fire with both phases

where flaming dominates, (b) a fire with both phases where smouldering dominates,

and (c) a fire where only smouldering occurs. In boreal forests, 90% of emissions

come from the burning of deep-ground fuels such as peatland soils (van der Werf

et al., 2010; Thompson and Waddington, 2014). The efficiency of fuel combustion

varies based on multiple factors such as the time of day, total fuel availability, and

type of fuel. Combustion efficiency is at its highest during initial ignition, resulting

in the flaming phase dominating. As fuel is consumed, the efficiency decreases and

the fire transitions into smouldering, as seen in Figure 1.6.

Diurnal variability also exists in the transitions between flaming and smouldering.

During the night, the smouldering phase dominates. This is due to local temperature

inversions at night causing air flow to be more stagnant, reducing the supply of oxy-
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Figure 1.5: Photos showing (a) the flaming and smouldering of surface fuels where the flaming phase
dominates, (b) flaming and smouldering of large fuels such as logs and surrounding grass and foliage
where the smouldering phase dominates, and (c) short- and long-term smouldering occurring in the
combustion of a large log. Figure from Liu et al. (2022).

gen to the fuel and limiting combustion propagation (Wallace and Hobbs, 2006). The

smouldering phase has lower combustion efficiency, which results in higher PM2.5

emission compared to the flaming phase (Andreae, 2019). The temperature inversion

at night also prevents heat and smoke from fires rising as high as they do during

the day. The increased particulate matter and smoke trapped due to inversions and

stagnant air creates nucleation points for moisture to collect and can generate a super-

saturated air mass called a superfog (Achtemeier, 2006; Engelhart et al., 2012). This

warm, smoky, moist air further prevents flaming from occurring. During the day, as

the sun heats the surface, smoke can rise higher in the atmosphere as the temperature

inversion rises, surface moisture decreases, and wind flow increases, giving more oxy-

gen for combustion. This leads to an increase in flaming and fire activity, typically in
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the afternoon (Wallace and Hobbs, 2006; Andreae, 2019; Liu et al., 2022). Whether

a fire is in the flaming or smouldering phase affects which species are emitted from

biomass burning.

Figure 1.6: A visualisation demonstrating the concept of the changes in combustion efficiency over
time and total fuel consumed for a large fire with abundant fuel (red dotted line), a small fire with
localised temperature inversions and minimal combustion (orange dotted line), and a low-intensity
prescribed fire (grey dotted line). As fuel is consumed, combustion efficiency decreases and the fire
transitions into the smouldering phase. Figure from Liu et al. (2022).

1.3 Chemistry

1.3.1 Carbon Monoxide

One of the by-products of biomass burning, CO, plays an active role in tropospheric

ozone (O3) and CO2 production. CO is mostly produced in the smouldering phase

of biomass burning (Andreae and Merlet, 2001; Andreae, 2019). The long average

lifetime of wildfire CO, typically two weeks (Yurganov et al., 2011; R’Honi et al.,

2013; Whitburn et al., 2015), with some research showing lifetimes of one to two

months (e.g., Yurganov and Rakitin, 2022), means it is capable of long-distance travel,

allowing it to have an impact on public health on locations far beyond the source of

the fire. Its long lifetime also makes it a good indicator of both the source of the

fire and the trajectory of wildfire smoke (e.g., Viatte et al., 2013; Lutsch et al., 2016;
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Figure 1.7: A map adapted from Copernicus Sentinel-5P Mapping Portal showing the average
CO total column volume mixing ratio averaged from June 1 to August 31, 2023, with greater
concentrations in red, using TROPOMI data (ESA, 2023, 2025). Note: Image slightly modified from
source to increase size of legend.

Yamanouchi et al., 2020; Magaritz-Ronen and Raveh-Rubin, 2021; Schneider et al.,

2021; Wizenberg et al., 2023) and comparing other species against CO allows for a

better understanding of co-emission and dilution in the plume (e.g., Goode et al.,

2000; Simpson et al., 2011). Figure 1.7, which shows the CO column volume mixing

ratio from June 1 to August 31, 2023, demonstrates how this species produced in fires

in Western Canada can be transported and impact much of North America.

CO can react with naturally-occurring and biomass-produced atmospheric hy-

droxyl radicals (OH) (Equation 1.1a) to produce CO2. This reaction creates free hy-

drogen (H) that reacts with oxygen (O2) (Equation 1.1b), through a tertiary reactant

(M), to produce a peroxyl radical (HO2), which then reacts with NO to produce NO2

(Equation 1.1c). NO2 is capable of photodissociating into NO and a highly-reactive

oxygen atom (O(1D)) (Equation 1.1d). This oxygen atom, through a tertiary reac-

tion, combines with O2 to produce O3. The net reaction consumes two O2 to produce

CO2 and O3 (Equation 1.1e), in the presence of nitrogen oxides (NOx = NO2 + NO)

in the atmosphere, increasing the atmospheric and health impacts due to wildfire

smoke (Fowler et al., 2008; Wan et al., 2023). Since CO is produced primarily in the

smouldering phase and is the leading sink for tropospheric OH (Fowler et al., 2008),
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emission ratios of species versus CO are an effective proxy for observing combustion

efficiency to distinguish smouldering and flaming combustion (Andreae and Merlet,

2001; Akagi et al., 2011; Andreae, 2019) and serve as a way of understanding wildfire

impacts on atmospheric chemistry. There are a number of studies on tropospheric

CO using ground and satellite-based measurements to observe the impacts of CO on

public health (e.g., Flood et al., 2025a,b) and the environment (e.g., Warner et al.,

2010; Zhao et al., 2011; Konovalov et al., 2016; Lutsch et al., 2016; Adams et al.,

2019; Lama et al., 2020; Wizenberg et al., 2021; Rowe et al., 2022; Wan et al., 2023;

Griffin et al., 2024).

CO + OH −−→ H + CO2 (1.1a)

H + O2 + M −−→ HO2 + M (1.1b)

HO2 + NO −−→ NO2 + OH (1.1c)

NO2 + hν −−→ NO + O (1.1d)

O + O2 + M −−→ O3 + M (1.1e)

NET : CO + 2 O2 −−→ CO2 + O3 (1.1f)

1.3.2 Nitrogen Dioxide

Nitrogen dioxide, which has been shown to be a photodissociative (Uselman and Lee,

1976; Schinke et al., 2008) secondary by-product of nitrogen monoxide (NO) emis-

sion in the flaming phase of a fire (Akagi et al., 2011; Andreae, 2019), has also been

shown to be an important indicator of nitrous acid (HONO) production in wildfires.

After direct emission from combustion sources, HONO is capable of reversibly transi-

tioning between NOx species (NO2 + NO), in the presence of light (Vasudev, 1990)

and a tertiary molecule (Equations 1.2a and 1.2b) (Roberts et al., 2020; Fredrickson

et al., 2023). HONO can be produced by reactions involving NOx and atmospheric

water (Equations 1.2c and 1.2d). A sequence of three reactions results in a net reac-

tion between HONO and HO2 that creates two tropospheric OH radicals (Equation
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1.3d) that greatly affect near-field atmospheric chemistry (Fredrickson et al., 2023),

including O3 production.

Termination of the cycle for the production of O3 involves the loss of NO2 through

reactions with OH radicals to produce nitric acid (HNO3) (Jacob, 1999; Lin and

Cheng, 2007). During the night, however, OH abundance is diminished due to no

sunlight for photodissociative reactions. At night, NO2 is oxidised by surface-level O3

to produce dinitrogen pentoxide (N2O5). Both HNO3 and N2O5 are stable molecules

with lifetimes of weeks and days, respectively, and serve as reservoirs for NOx (Jacob,

1999). These two by-products, however, quickly photodissociate back into NO2 during

the day (Lin and Cheng, 2007).

Reactions for reversible transition between HONO and NOx:

HONO + hν −−→ OH + NO (1.2a)

NO + OH + M −−→ HONO + M (1.2b)

NO + NO2 + H2O −−→ 2 HONO (1.2c)

2 NO2 + H2O −−→ HONO + HNO3 (1.2d)

Net formation of OH from HONO:

HO2 + NO −−→ NO2 + OH (1.3a)

NO2 + hν −−→ NO + O (1.3b)

HONO + O −−→ NO2 + OH (1.3c)

NET : HONO + HO2 −−→ NO2 + 2 OH (1.3d)

Although NO2 is primarily emitted by anthropogenic sources, biomass burning

contributes an average of 15% of the annual NO2 budget (Denman et al., 2007) and

there is rapid interconversion between NO and NO2 (Roberts et al., 2020). Despite

NO2 being a short-lived species, with an average lifetime of just two hours (Mebust

et al., 2011; Griffin et al., 2021), NOx has a number of reservoirs, including HONO
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and organic nitrates like peroxynitrates (ROONO2) and alkyl nitrates (RONO2), with

longer lifetimes that can lead to long-range transport (Mebust et al., 2011; Fischer

et al., 2014; Zhang, J. et al., 2020; Jin et al., 2021; Fredrickson et al., 2023). It

also reacts with peroxyacetyl radicals (CH3C(O)O2) that are produced through the

oxidation of VOCs with OH, to create a compound that is meta-stable with NO2

called peroxyacetyl nitrate (PAN) (Zhang, J. et al., 2020; Jin et al., 2021; Fredrickson

et al., 2023). PAN can photodissociate and release NO2. PAN has an average lifetime

of one month, but that lifetime doubles for every 4 K temperature decrease, meaning

the higher in the troposphere it is formed, the longer the lifetime (Fischer et al., 2014).

These reservoirs can transport NO2 long distances into cities much further away from

the wildfire, further increasing local NO2 levels, with possible public health impacts

(Alvarado et al., 2010). There are numerous examples of satellite and ground-based

measurements expanding our understanding of tropospheric NOx and its growing

impact on the environment (e.g., Adams et al., 2019; Jin et al., 2021; Griffin et al.,

2021; Acdan et al., 2023; Wan et al., 2023).

1.3.3 Formaldehyde

Formaldehyde can be a primary emission product of biomass burning and is also

a secondary product of VOC oxidation chains (Equations 1.4a - 1.4d, with VOC

represented as RH and bolding highlighting dependencies on compounds discussed in

the research in this thesis). Hydrogen species (HOx = OH + HO2 + RO2), where RO2

are peroxyl radicals such as CH3O2 [a by-product of methane (CH4) and OH radicals],

are also capable of producing O3 through reactions of VOCs with OH (Equation 1.4k)

(Uselman and Lee, 1976; Vasudev, 1990; Finlayson-Pitts and Pitts Jr, 1993; Martin

et al., 2001; Pope et al., 2005; Schinke et al., 2008; Roberts et al., 2020). The net

reaction production of this chain has a single VOC consume eight O2 to produce CO,

four OH radicals, and four O3. HCHO has been used as a proxy for OH abundance

and reactivity and for VOCs, which are abundant in boreal forest soil and plants

(Mäki et al., 2019; Isidorov et al., 2022). HCHO is one of only a few VOCs capable

of being observed from satellites and HCHO columns have been used to investigate
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other VOC emissions, such as isoprene (Fu et al., 2007; Millet et al., 2008; Stavrakou

et al., 2009; Marais et al., 2014; Kaiser et al., 2018). HCHO can also be an indicator

of OH as OH shows similar variability, increasing linearly as HCHO concentrations

increase (Valin et al., 2016; Wolfe et al., 2019).

RH + OH −−→ R + H2O (1.4a)

R + O2 + M −−→ RO2 + M (1.4b)

RO2 + NO −−→ RO + NO2 (1.4c)

RO + O2 −−→ HCHO + HO2 (1.4d)

HCHO + hν −−→ HCO + H (1.4e)

H + O2 + M −−→ HO2 + M (1.4f)

HCO + O2 −−→ HO2 + CO (1.4g)

3× : HO2 + NO −−→ NO2 + OH (1.4h)

4× : NO2 + hν −−→ NO + O (1.4i)

4× : O + O2 + M −−→ O3 + M (1.4j)

NET : RH + 8 O2 −−→ CO + 2 OH + 4 O3 + H2O (1.4k)

1.3.4 Formaldehyde-Nitrogen Ratios

Satellites are limited in their ability to observe surface-level O3 fluctuations due to the

greater abundance of stratospheric O3. Studies have shown that HCHO/NO2 tropo-

spheric column ratios (formaldehyde-nitrogen ratios or FNRs) are a good indicator of

surface-level O3 production in the lower atmosphere, with measurements of this ratio

indicating VOC- or NO2-concentration dependence (Sillman, 1995; Jin et al., 2020;

Acdan et al., 2023). Figure 1.8, taken from Jin et al. (2020), shows the probability of

O3 levels exceeding 70 parts per billion by volume (ppbv) as a function of FNR. Jin

et al. (2020) compared the in-situ measurements of O3 by the US Air Quality System

(AQS) from 1996 to 2016 to HCHO/NO2 tropospheric columns from the three satel-
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lite instruments, the Global Ozone Monitoring Experiment (GOME), the SCanning

Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY)

and the Ozone Monitoring Instrument (OMI), for seven metropolitan areas, for the

same period. From Figure 1.8, in the NO2-sensitive regime (FNR > 4.1), where

NOx concentrations are low and HOx concentrations are high, the probability of O3

production increases linearly with NOx, while high-HOx suppresses O3 production

through HOx + HOx reactions. In the VOC-sensitive regime (FNR < 3.2), where

NOx is abundant and HOx is scarce, O3 production increases linearly with increasing

VOC concentrations, with high-NOx suppressing O3 through NOx + HOx reactions

(Sillman, 1999; Millet et al., 2008). The regime between 3.2 and 4.1 is referred to

as the “Transition Zone” (the brown-green shading in Figure 1.8) and is where O3

probability scales linearly with both NOx and VOC tropospheric columns. It can be

seen from the figure that the transition zone showed changing dependency on both

NO2 and HCHO column increases as the dependency transitioned between NO2 and

HCHO. There are few studies looking at wildfire FNRs from satellite data, but air-

craft campaign measurements have examined the evolution of O3, NO2, and VOCs in

wildfires.

ARCTAS and BORTAS

The NASA Arctic Research of the Composition of the Troposphere from Aircraft

and Satellites (ARCTAS) campaign in 2008 made measurements of biomass burning

plumes in central Canada, with the spring and summer campaigns being referred to as

ARCTAS-A and B, respectively (Alvarado et al., 2010; Singh et al., 2010). Meanwhile

the BOReal forest fires on Tropospheric oxidants over the Atlantic using Aircraft and

Satellites (BORTAS) campaign, conducted in two phases, measured emissions from

boreal forest wildfires in eastern Canada in summer 2010 (phase A) and summer 2011

(phase B) (Parrington et al., 2012; Palmer et al., 2013). Parrington et al. (2013) anal-

ysed aircraft measurements of CO, NO2, and O3 from ARCTAS-B, BORTAS-B, and

a NASA aircraft campaign in summer 1990 over northern and western Alaska called

the Atmospheric Boundary Layer Experiment (ABLE 3B) (Harriss et al., 1994). They
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Figure 1.8: Probability of O3 production exceeding 70 ppbv plotted as a function of OMI HCHO/NO2
tropospheric column ratios for seven American cities from 1996-2016. The vertical dashed lines indi-
cate the maximum of the fitted curve (first number in legend) for each city, with black representing
all selected cities. Vertical shading is the range of the highest 10% of fitted probability curve (in
brackets in the legend), and two standard deviations are in parentheses, in the legend, and repre-
sented as coloured shading on each curve. Figure from Jin et al. (2020).

used acetonitrile (CH3CN) volume mixing ratio threshold of 150 parts per trillion by

volume (pptv) as a metric of biomass burning following Palmer et al. (2013) who

determined that CH3CN is predominantly emitted from biomass burning and is pri-

marily removed from the atmosphere through reaction with OH and through uptake

by oceans, with a lifetime of about 25 days (Bange and Williams, 2000; Parrington

et al., 2013; Palmer et al., 2013). Parrington et al. (2013) established a threshold of

150 to 300 pptv of CH3CN as an indicator of moderate to low aerosol emissions from

wildfires and > 300 pptv as high aerosol emissions.

Parrington et al. (2013) also examined the formation of O3 by comparing it to

CO mixing ratios in ppbv from the BORTAS-B measurements (Figure 1.9). The

photochemical age was calculated by taking the natural log of the ratio of propane

(C3H8) to ethane (C2H6), assuming a constant average OH concentration of 2 x 106

molec/cm3, as C3H8 reacts with OH to produce a less reactive C2H6. The details

of how the photochemical age was determined are found in Parrington et al. (2013).

Figure 1.9(a) shows that measurements with the highest CH3CN mixing ratios (typ-
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Figure 1.9: Relationship between O3 and CO mixing ratios from the BORTAS-B campaign. The
black diamonds represent medium to low aerosol (CH3CN < 300 pptv), the red diamonds represent
high aerosol (CH3CN > 300 pptv), and the green circles represent Flight B626. (a) O3 plotted as a
function of CO with linear fits for each population of data points. (b) Enhancements of O3 relative
to CO versus photochemical age, which was calculated from the ratio of the ln(C3H8/C2H6). Figure
from Parrington et al. (2013).

ically younger air masses with photochemical ages of 2 to 4 days) suggest a slight

increase in O3 production compared to measurements with moderate CH3CN (typi-

cally a photochemical age of > 4 days), while moderate CH3CN had an increased O3

production compared to the higher aerosol and Flight B626. It is worth noting that

Flight B626 was separated from the rest of the results as measurements were made

at a lower altitude than the other flights (less than 1.5 km). The observed differences

between these measurements suggests an an increase in O3 production as the plume

ages. This is observed in Figure 1.9(b) which shows an increase in the enhancement

(background subtracted, given the background of clean air mixing ratios) ratios of

O3 to CO as a function of photochemical age, in days. This relationship is further

examined by looking at the enhancement difference between O3 and CO as a function

of their enhancement ratios, with respect to photochemical age for both BORTAS-B

[Figure 1.10(a)] and ARCTAS-B [Figure 1.10(b)]. For photochemical ages less than

4 days, O3 enhancements are typically smaller than CO enhancements (log10(∆O3 -

∆CO) < 0 and ∆O3/∆CO <1), while air masses with photochemical ages greater

than 4 days show O3 enhancements becoming greater than the CO enhancements.

Examining the dependence of O3 formation on NOx concentrations, Parrington

et al. (2013) first defined NOy as the surrogate species for all reactive and oxidised

nitrogen species in an air mass, including NOx, and then defined NOz as the photo-
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Figure 1.10: Scatter plot of the log of the difference between O3 and CO enhancements as a function
of their enhancement ratio for the (a) BORTAS-B and (b) ARCTAS-B campaigns. The data are
filtered by photochemical age, determined from ln(C3H8/C2H6). Figure from Parrington et al.
(2013).

oxidation products of reactive nitrogen species (=NOy – NOx). The enhancement

ratios of Ox to NOz (the ozone production efficiency) were compared to NOx mixing

ratios for daytime and nighttime high and low aerosol measurements, with B626

included separately, in Figure 1.11(a). There is a clear difference between nighttime

and daytime measurements, with nighttime showing higher mixing ratios for both high

and low aerosol conditions. The large range of NOx, but relatively little change in the

enhancement ratios for high aerosol conditions (showing a lack of NOx conversion to

O3) suggests that high aerosol conditions (younger plumes closer to the source) are in

the VOC-sensitive region, while low aerosol conditions show the reciprocal trend,

suggesting older plumes further from the source are in the NOx-sensitive regime.

Figure 1.11(b) compares O3 mixing ratios as a function of the ozone production

efficiency for the BORTAS-B, ARCTAS-B, and ABLE 3B campaigns. Parrington

et al. (2013) conclude that there is a distinct difference between these relationships

for each campaign. However, all three demonstrate a similar trend in the increase of

O3 production with production efficiency, which is dependent on NOx and suggests a

correlation of O3 production with NOx.
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Figure 1.11: (a) Scatter plot of ozone production efficiency (ΔOx/ΔNOz) as a function of NOx
mixing ratios from the BORTAS-B campaign for the nighttime low and high aerosol (hollow black
and red diamonds, respectively), the daytime low and high aerosol (solid black and red diamonds,
respectively), and Flight B626 (green circles). (b) Scatter plot of O3 mixing ratios as a function of
ozone production efficiency for the BORTAS-B (black diamonds), ARCTAS-B (red upward triangles),
and ABLE 3B (green downward triangles). Figure from Parrington et al. (2013).

FIREX-AQ and Model Data

The NASA and National Oceanic and Atmospheric Administration (NOAA) FIREX-

AQ was a campaign in summer 2019 that provided in-situ measurements of trace

gas and aerosols from wildfires and prescribed burns in the western United States

(Warneke et al., 2023). Robinson et al. (2021) combined model O3 data with in-

situ FIREX-AQ measurements of NO2 and HCHO. In Figure 1.12(a/b), taken from

their paper, O3 concentrations and O3 dilution to CO were plotted as a function of

reaction time for fires observed in the evening and afternoon. Robinson et al. (2021)

showed that O3 production from biomass burning is five times higher than non-fire

production in urban areas (not shown in the figure) and that afternoon fires produce

twice as much O3 in half the time as evening fires. Figure 1.12(c) presents the ratio

of the rate of removal of NOx by reaction with HOx (Ln) to total loss (Q), which is

loss due to Ln and HOx self-removal (HOx reactions with other HOx species, such

as in Equations 1.4a to 1.4j) (Lr), with Q = Ln + Lr as a function of reaction time.

This shows that afternoon fires rapidly transitioned from the VOC-sensitive to the

NOx-sensitive regime, downwind, within an average of 26 minutes, whereas evening

plumes transitioned into the NOx-sensitive regime more slowly than afternoon fires,

taking twice the time as afternoon fires.
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Figure 1.12: Figure from Robinson et al. (2021) showing (a) modelled O3, modelled with the Frame-
work for 0-D Atmospheric Modelling, with volume mixing ratios over all modelled fires averaged by
the time of day sampled, (b) modelled normalised (background-subtracted) excess O3 dilution to
CO averaged by time of day sampled (shading represents one standard deviation), (c) ratio of NOx
lost to reaction with HOx radicals (Ln) to total HOx loss (Q) which is HOx self-radical loss (Lr)
plus Ln all plotted as function of reaction time for afternoon and evening fires. Panel (c) shows the
VOC- and NOx-sensitive regions as solid and dashed lines, respectively.

These results suggest that using satellite data with overpasses in the afternoon,

such as the TROPOspheric Monitoring Instrument (TROPOMI) on the European

Space Agency (ESA) Sentinel-5P satellite (Veefkind et al., 2012; NASA, 2024b), with

local overpass time of 13:30, could be used to predict O3 formation probability from

FNRs. Ozone concentrations have been linked to severe health issues like respiratory

failure, heart disease, and increased mortality (Hu and Yang, 2024; Hua et al., 2025),

asthma in children (Koumpagioti et al., 2025), and causes damage to crops and plant

life (Zhang, G. et al., 2024; Nowroz et al., 2024). Understanding how surface-level O3

evolves from wildfires is important for public health.

1.4 Limitations in Wildfire Emissions Analysis

CO, HCHO, and NO2 emissions from wildfires can be measured during field campaigns

(e.g., Yokelson et al., 2007; Alvarado et al., 2010; Lindaas et al., 2021; Stockwell

et al., 2022) and controlled laboratory experiments (e.g., McMeeking et al., 2009;

Roberts et al., 2020). Laboratory fires cannot, however, accurately recreate variables

such as size, flaming and smouldering fractions, fuel moisture, and structural and

meteorological characteristics that are typical of large-scale wildfires (Mebust et al.,

2011). Ground-based and aircraft measurement campaigns are limited in their ability
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to get emissions estimates close to the source, due to Temporary Flight Restriction

zones, are often limited to select locations at specific times of the year, and may

provide limited spatial coverage (Griffin et al., 2021). Satellite measurements can

close the data gap for fires that are unreachable or unmeasured by campaigns or

unreproducible in a laboratory control burn.

Modelling of surface-level O3 with transport models tends to overestimate O3

abundance, with models struggling to accurately simulate downwind plume ageing

and the effects on O3 formation (e.g., Singh et al., 2012; Fiore et al., 2014; Zhang et al.,

2014; Baker et al., 2016, 2018; Zhang et al., 2020; Bourgeois et al., 2021; Tang et al.,

2022; Lin et al., 2024). There are large uncertainties in partitioning reactive nitrogen,

with PAN and organic nitrates in smoke typically underestimated in chemical models,

both of which are necessary for modelling NOx sources and sinks (Arnold et al., 2015;

Cai et al., 2016). When examining O3 production dependence on NOx and VOCs,

models can underestimate VOCs due to plume dilution, which emphasises a need

for better VOC emission inventories or that there is missing secondary production

in the model (Lin et al., 2024). Analysing HCHO, NO2, and FNRs using satellite

measurements could provide better emission estimates on the rates of change of these

species as a plume ages downwind, information that can be used to evaluate model

simulations.
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1.5 Thesis Overview

1.5.1 Scientific Objectives

The primary objectives of the research in this thesis are as follows:

1. To determine the temporal and spatial variations of CO, HCHO, and NO2 in

the downwind direction of wildfire plumes and examine how they evolve as

the plume ages for 2019 FIREX-AQ fires and the 2023 Canadian boreal forest

wildfires.

2. To calculate downwind formaldehyde-nitrogen ratios for Canadian boreal forest

wildfires from the summers of 2023 and 2025 and examine the downwind tran-

sitions from a NOx-sensitive to a VOC-sensitive regime of surface O3 formation

probability.

3. To evaluate the diurnal variability of single-overpass TROPOMI CO emission

rates and compare them to fire radiative power derived from satellite observa-

tions.

1.5.2 Methods

Research in this thesis uses data from TROPOMI on the Sentinel-5P (S-5P) satellite

(Veefkind et al., 2012; NASA, 2024b) for trace gas columns, and the Moderate Resolu-

tion Imaging Spectroradiometer (MODIS) (Kaufman et al., 1998; Giglio et al., 2021)

on NASA’s Terra and Aqua satellites and Geostationary Operational Environmental

Satellites (GOES) (Menzel and Purdom, 1994) for fire radiative power (FRP). The

Gaussian-flux method developed by Mebust et al. (2011), Adams et al. (2019), Griffin

et al. (2021), and Griffin et al. (2024) is used to calculate enhancement rates in met-

ric tonnes per hour (t/h) and background-subtracted tropospheric vertical column

densities (molec/cm2) from TROPOMI CO, HCHO, and NO2 data. The European

Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 reanalysis is used to

get wind speed and direction, and the TROPOMI aerosol layer height data product
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is used to determine the plume height. Using these methods, this research focuses on

understanding the evolution of CO, HCHO, and NO2 within wildfire plumes. Satel-

lite observations of these species can provide broader spatial coverage compared to

targeted aircraft campaigns. Satellite instruments in sun-synchronous orbits, such as

TROPOMI and MODIS, and geostationary orbits, such as GOES, can provide daily

global coverage of wildfires. Developing new ways to evaluate how trace gases evolve

in the downwind smoke plume using satellite data is important for understanding the

atmospheric chemistry occurring within the smoke and filling the gap in ground-based

and in-situ observations.

1.5.3 Contributions

This work in this thesis is novel research led by Tadhg Hearne, but utilises a method

developed by Mebust et al. (2011), Adams et al. (2019), Griffin et al. (2021), and

Griffin et al. (2024). Additional contributions are described below.

The research in Chapter 3 was done by Tadhg Hearne with code provided by

Debora Griffin of Environment and Climate Change Canada (ECCC). The project

was developed by Tadhg Hearne with input from Debora Griffin, Chelsea E. Stock-

well of the NOAA, and Kimberly Strong. Data from the FIREX-AQ campaign,

provided by Chelsea E. Stockwell, was generated by Alan Fried, Jeff Peischl, Ilann

Bourgeoi, and Chelsea E. Stockwell. GOES FRP was provided by Debora Griffin

using code developed by Sarah Toshiko Moser. Help with getting the code running

on the servers was provided by Joseph Hung.

The research in Chapter 4 was done by Tadhg Hearne with input provided by

Debora Griffin and Kimberly Strong.

The research in Chapter 5 was done by Tadhg Hearne and was based on future-

work suggestions in Griffin et al. (2024). Input on analysis was provided by Kimberly

Strong and Debora Griffin. GOES and MODIS FRP was provided by Debora Griffin.

GOES FRP was collected using code developed by Sarah Toshiko Moser.
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1.5.4 Thesis Outline

The structure of this thesis is as follows:

Chapter 1 describes the motivation for this thesis, including the necessary back-

ground into the atmospheric chemistry analysed in this work, a brief overview of the

work, and the scientific objectives.

Chapter 2 details the satellite and other datasets used in this work, as well as the

theory behind the Gaussian-flux method and the adjustments made to extend the

method to HCHO, beyond its application to NO2 and CO in previous research. The

uncertainties and limitations of the Gaussian-flux method can also be found in this

chapter.

Chapter 3 presents research comparing the Gaussian-flux method enhancement rates

using TROPOMI data to data from the summer 2019 FIREX-AQ in-situ campaign

for CO, HCHO, and NO2. The research then analyses the evolution of CO, HCHO,

and NO2 TROPOMI-derived enhancement rates downwind as a function of distance

and plume age for seventeen wildfire plumes in Canada’s boreal forests from summer

2023.

Chapter 4 presents a research study into the NOx- and VOC-sensitive regimes for O3

production in the downwind direction and as a function of plume age for 26 wildfire

plumes from Canada’s boreal forests in the summers of 2023 and 2025, applying the

Gaussian-flux method to TROPOMI measurements.

Chapter 5 details research into the diurnal variability of CO using data from single

TROPOMI overpasses and comparing observed emission rates to GOES FRP for 38

wildfire plumes fro the 2023 and 2025 Canadian wildfires.

Chapter 6 provides the conclusions and summary of the results presented in this

thesis and suggestions for future work.



Chapter 2

Datasets and Methods

This chapter introduces the datasets used in the research discussed in Chapters 3

through 5. The details of each dataset are followed by the consolidation of the theory

behind, and a detailed explanation of, the Gaussian-flux method used in the studies

within the aforementioned chapters including: modifications to the method from

previous literature and the limitations of the method for analysing CO, HCHO, and

NO2. Finally this chapter breaks down the uncertainties that exist with the method,

including random and systematic uncertainty associated with the TROPOMI CO,

HCHO, and NO2 data products.

2.1 Datasets

2.1.1 TROPOMI

The research in this thesis utilises TROPOMI CO total column, HCHO tropospheric

vertical column, NO2 tropospheric column, and aerosol layer height (AER_LH) data

products. TROPOMI is a nadir-viewing instrument on the ESA S-5P sun-synchronous

satellite that has four spectrometers in the ultraviolet (UV), visible (VIS), near in-

frared (NIR), and short-wave infrared (SWIR) (Veefkind et al., 2012). TROPOMI is

the latest iteration of a series of spectrometers from GOME launched 1995 onboard

ESA’s second European Remote Sensing Satellite (ERS-2) (Eisinger and Burrows,

24
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1998; Koelemeijer et al., 2003) to SCIAMACHY launched in 2002 onboard ESA’s

Envisat, to GOME-2 launched in 2006 onboard the ESA Meteorological Operational

satellite-A (MetOp-A) (Callies et al., 2000), and finally OMI launched in 2004 on

the NASA Aura satellite (Levelt et al., 2006), which until TROPOMI provided the

best horizontal resolution among other instruments of its class (Fioletov et al., 2013).

TROPOMI has better spatial-temporal coverage and higher spatial resolution com-

pared to its predecessors, making it possible to distinguish single plumes with a pixel

resolution of 7 x 7 km2, which was later increased in resolution to 7 x 5.5 km2 for

SWIR and 5.5 x 3.5 km2 for all remaining spectral bands after August 6, 2019 (ESA,

2024f; NASA, 2024b). The S-5P satellite overpasses around 1:30 p.m. local time, and

with TROPOMI having a swath of 7 x 2600 km2 (for SWIR, and 5.5 x 2600 km2 for

other spectral bands after August 2019) per 1 second of flight, it provides near-daily

global coverage (Veefkind et al., 2012). As the satellite moves, the instrument mea-

sures each wavelength on a two-dimensional detector for ground pixels extending 7

km (for SWIR). After 1 second, a new measurement is started (Figure 2.1). Due to

the size of the swath, high-latitude regions, like Canada, may have more than one

orbital overpass a day.

The four spectrometers on TROPOMI provide a wider spectral range than previ-

ously available from its predecessor, OMI. The UV and visible spectral bands cover

270 to 500 nm, with the NIR and SWIR bands covering 675 to 775 nm and 2305 to

2385 nm, respectively. Spectral resolution varies from 1 nm for UV to 0.25 nm for

SWIR, with the resolution of the remaining bands at 0.5 nm. TROPOMI also has

extended the wavelength range of the NIR and SWIR bands compared to OMI. The

NIR covers the oxygen A-band (758 to 770 nm) providing more information on cloud

pressure and cloud fraction, while the SWIR band includes 2.3 µm, allowing for the

observation of CO and CH4 (Veefkind et al., 2012). Figure 2.2 shows how the spectral

ranges of TROPOMI compare to the OMI, SCIAMACHY, and GOME instruments.

TROPOMI has also been shown to have an improved signal-to-noise ratio compared

to OMI and SCIAMACHY by as much as a factor of 2 to 5 (Veefkind et al., 2012). For

the summer 2019 fires examined in Chapter 3, the Level 2 (L2) reprocessed (RPRO)
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Figure 2.1: A schematic of the TROPOMI swath for the SWIR spectral band (7 km changes to 5.5
km for all other bands after August 6, 2019). Each wavelength observed by TROPOMI is shown
linearly with dark-grey squares. In 1 second, a spectrum is measured by a two-dimensional detector.
After each second, a new measurement is started in the across-track direction. Image from Veefkind
et al. (2012).

high-resolution version 2.4 data product was used. For fires in the 2023 to 2025 fire

seasons examined in Chapters 3, 4, and 5, the L2 offline (OFFL) version 2.5 data

product was used for all species and AER_LH, as RPRO data was not available at

the time of the research conducted in this thesis.

Total column CO is retrieved from the SWIR spectra, at 2.3 µm, using the Short-

wave Infrared CO retrieval algorithm, by the Netherlands Institute for Space Re-

search (SRON) (Borsdorff et al., 2018, 2019). These retrievals have been validated

with ground-based (Borsdorff et al., 2019) and satellite-based observations (Martínez-

Alonso et al., 2020), both demonstrating precision error below 10%. Validation against

Total Carbon Column Observing Network (TCCON) and Network for the Detection

of Atmospheric Composition Change (NDACC) measurements showed TROPOMI

CO total columns had a high bias of about 10% (Sha et al., 2021; Griffin et al., 2024;

ESA, 2024b). The vertical sensitivity of TROPOMI to the CO profile, quantified by
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Figure 2.2: TROPOMI spectral ranges compared to the OMI, SCIAMACHY, and GOME instru-
ments. Image from Veefkind et al. (2012).

the averaging kernel (with 0 being poor sensitivity and 1 being ideal sensitivity), is

close to 1 within the boundary layer for cloud-free conditions (Schneising et al., 2020;

Griffin et al., 2024). This sensitivity decreases with increasing cloud fraction due

to the wavelength of CO retrieval. This can be seen in Figure 2.3(a) from Veefkind

et al. (2012) where they plot a typical CO averaging kernel by altitude divided by ge-

ometrical thickness, as a function of increasing cloud fractions for a cloud at altitude

of 4-5 km with an optical thickness of 20. This limitation prevents retrieval of CO

enhancements from fires during cloudy days or in areas having considerable upwind

smoke.

Formaldehyde tropospheric vertical columns are retrieved from UV-VIS spectra

(325-360 nm) using differential optical absorption spectroscopy (DOAS) by the Royal

Belgian Institute for Space Aeronomy (BIRA-IASB) (De Smedt et al., 2018). The

HCHO data product shows a overall agreement, within defined mission parameters,

with ground-based NDACC and OMI satellite data, with a positive bias of +32%

and low uncertainty due to random errors over clean areas (<2.5x1015 molec/cm2),
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Figure 2.3: Examples of TROPOMI vertical sensitivity for (a) CO and (b) HCHO retrievals. Panel
(a) from Veefkind et al. (2012) shows a CO averaging kernel (Ac) divided by geometrical thickness
(∆z) of the corresponding model layer as function of altitude for different geometrical cloud fractions
(fc) and for a cloud of optical depth 20 located between 4 and 5 km. Sensitivity below the cloud de-
creases as cloud fraction increases. Panel (b) from Lambert et al. (2024) plots a typical total column
HCHO averaging kernels, AK, for Fourier Transform Infrared (FTIR) spectrometer (blue), Multi
Axis Differential Optical Absorption Spectroscopy (MAX-DOAS) retrieval (green), and TROPOMI
(red).

and a negative bias of -30% over polluted areas (>8x1015 molec/cm2) (ESA, 2024d;

De Smedt et al., 2018). A typical averaging kernel of HCHO from Lambert et al.

(2024) (Figure 2.3(b)) shows the TROPOMI averaging kernel as a function of altitude,

in red. TROPOMI shows high sensitivity to HCHO at the typical plume height of a

wildfire plume of 800 hPa (roughly 2 km) (Griffin et al., 2020), with values greater

than 1.

Due to the combined effect of Rayleigh and Mie scattering, satellite retrieval

sensitivity to HCHO in the boundary layer is limited. Compared to other UV-VIS

absorbers, such as NO2, absorption signatures of HCHO are weaker, causing the

satellite retrievals to be sensitive to noise and prone to error. As such, negative

total columns are often observed in the TROPOMI HCHO data product. In boreal

forests, which often have large background HCHO concentrations due to an abundance

of VOCs, calculated enhancement rates can have a slight negative bias due to the

subtraction of high background HCHO concentrations. While negative total columns

were filtered from analysis, background HCHO values and noise along the length of

plumes could cause overestimation of emissions. Due to background subtraction, these
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Figure 2.4: Examples of TROPOMI vertical sensitivity for NO2 retrievals. Douros et al. (2023) show
the mean TROPOMI averaging kernel logarithmically for rural France (black squares) and the city
of Paris (black diamonds) averaged for the whole month of (a) January and (b) July as it changes
with altitude (km), with unity shown as a dashed line.

contributions to the results in this thesis are negligible compared to enhancements,

but a slight overestimation is possible.

NO2 tropospheric columns are retrieved from the UV-NIR spectra (405-465 nm)

by the Royal Netherlands Meteorological Institute (KNMI) using the DOMINO algo-

rithm also used for the OMI (van Geffen et al., 2019; Van Geffen et al., 2020). NO2 tro-

pospheric columns agree within mission-defined parameters with ground-based data

and OMI NO2 data, with OFFL and RPRO both showing biases of -29%, which

is better than the mission requirement of < 50% bias, for the tropospheric product

(Van Geffen et al., 2020; ESA, 2024e; Lambert et al., 2024). TROPOMI vertical sen-

sitivity to NO2 can be seen in the mean averaging kernels from Douros et al. (2023)

as a function of altitude (km) for rural France and the city of Paris in the months of

January (Figure 2.4(a)) and July (Figure 2.4(b)). TROPOMI NO2 sensitivity is at

unity near 2 km in the summer time, when wildfire activity is greatest, and sensitivity

increases below 2 km during the winter.

Lastly, the TROPOMI AER_LH data product was used in the research in this

thesis to determine the average plume height for the enhancement rate calculations.

The AER_LH algorithm was developed by KNMI for estimating plume heights by

taking advantage of absorption by the O2 A-band. The O2 A-band has a very distinct
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spectral absorption band at 760 to 761 nm. Aerosol layers in the atmosphere reduce

backscattered solar radiation, due to the scattering of the aerosol layer, leading to

a reduction in the absorption. Aerosol layer mid-height is then estimated by com-

paring measurements to a simplified, single-aerosol layer model simulation of the O2

A-band reflectance on optimal, cloud-free conditions. The final height reported is the

difference between the top and bottom pressure of the uniform scattering layer with

constant thickness of 50 hPa. AER_LH is more robust over dark surfaces like sea

and oceans (Nanda et al., 2019; Griffin et al., 2020; de Graaf et al., 2022).

The AER_LH data product uses a different method for retrieval than other in-

struments capable of observing the altitude of smoke plumes, such as the Multi-angle

Imaging SpectroRadiometer (MISR) and the Cloud-Aerosol Lidar with Orthogonal

Polarisation (CALIOP). AER_LH is systematically lower compared to MISR aerosol

plume height by about 600 m, caused mostly by the difference in algorithms and

sensitivity of the instruments. When compared against CALIOP, TROPOMI bias

depends on plume thickness. TROPOMI plume height is biased lower by 2.1 km for

thin smoke (<1.5 km), while the mean bias for thick plumes (>1.5 km) is lower by 0.68

km. This difference decreases to only 50 m for the layer height of very thick plumes

(>3 km) (Griffin et al., 2020). Both are within the 100 hPa mission requirement for

uncertainty due to systematic effects (ESA, 2024a; de Graaf et al., 2022). Wildfires

from forests, such as those analysed in this thesis, often have very thick plumes com-

pared to fires from other sources such as agriculture or grassland (Griffin et al., 2020),

resulting in low overall uncertainty in plume height estimation. AER_LH variability

is large due to cloud contamination and surface effects. To adjust for this, extensive

cloud screens allowed for 50% of pixels to be within 1 km of CALIOP’s weighted ex-

tension height. Accounting for the expected bias, this is within the required 50 hPa

uncertainty due to random effects (Griffin et al., 2020; de Graaf et al., 2022; ESA,

2024a).
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Figure 2.5: A diagram demonstrating the S-shaped flight path of the FIREX-AQ DC-8 aircraft as it
performed cross-sectional transects along the length of a wildfire plume to measure emissions. Image
from Stockwell et al. (2022).

2.1.2 FIREX-AQ

In Chapter 3, the method used in this thesis is evaluated by comparing to enhance-

ment rates derived from FIREX-AQ CO, HCHO, and NO2. FIREX-AQ was a cam-

paign led by NOAA and NASA in the summer of 2019 that utilised ground-, aircraft-,

and satellite-based instruments to observe trace gas and aerosols from wildfires and

prescribed burns (Warneke et al., 2023). The research in Chapter 3 utilises measure-

ments made aboard the DC-8 aircraft, where the typical sampling approach consisted

of cross-sectional transects of the fire plume initiated near the fire centre and contin-

uing downwind, similar to the diagram shown in Figure 2.5 from Stockwell et al.

(2022).

HCHO was measured by both the In Situ Airborne Formaldehyde (ISAF) in-

strument and the Compact Atmospheric Multispecies Spectrometer, as detailed in

Gkatzelis et al. (2024). NO2 was measured by the NOAA Chemiluminescence in-

strument (Bourgeois et al., 2022) and CO with a Differential Absorption Carbon

Monoxide Measurement (DACOM) instrument (Sachse et al., 1987; Warner et al.,

2010).

Total carbon enhancement rates were estimated for each aircraft plume transect

using methods outlined in Stockwell et al. (2022). Briefly, vertical profiles of aerosol



CHAPTER 2. DATASETS AND METHODS 32

extinction measured by NASA’s Airborne High Spectral Resolution Lidar (Hair et al.,

2008) were scaled to estimate a spatial distribution of total carbon from the ratio of all

in-situ carbon measurements to in-situ aerosol extinction. A total carbon flux was es-

timated through each lidar pixel area by applying horizontal wind speeds and then in-

tegrating through the height and width of each plume transect (aircraft entry to exit).

The mass enhancement rate of CO, HCHO, and NO2 was determined as the product

of the total carbon enhancement rate (g/s), the in-situ enhancement ratio relative to

total carbon, and the molar mass to carbon atomic mass ratio. These calculations fol-

low equations outlined in Stockwell et al. (2022). The derived rates ideally represent

emissions at the fire source, where the time of emission was calculated from wind speed

and sampling distance downwind. Uncertainties varied by fire from ∼20% to 60%, but

are likely higher for more reactive species including HCHO and NO2, which can be

rapidly produced or lost during transport and prior to aircraft sampling. Data from

FIREX-AQ are publicly available (https://csl.noaa.gov/projects/firex-aq/data.html).

2.1.3 MODIS

For the method used in this thesis, wildfire locations are found using MODIS FRP,

which is the rate of biomass combustion (in MW). MODIS instruments are on board

NASA’s Terra and Aqua satellites, which each have two overpass times of 10:30

a.m./p.m. and 1:30 a.m./p.m. local time, respectively, providing thermal anomaly

Level 2 hotspot detection products MOD14 for Terra and MYD14 for Aqua. Due to

the diurnal variability of wildfires, at the time of a 1:30 p.m. TROPOMI overpass,

fire activity is typically increasing, so FRP values from Aqua that are closer to the

TROPOMI overpass time are used for determining fire centres. MODIS provides near

real-time detection of hotspots by detecting fires using an algorithm that employs in-

frared spectral channels at 4 and 11 µm with 1-km spatial resolution. These thermal

anomalies are clustered together within a minimum summed FRP of 1 GW, within

a 5-km radius. FRP for each fire pixel is provided via an empirical relationship with

brightness temperatures of the 4-µm band (Kaufman et al., 1998; Griffin et al., 2024).

MODIS is limited in its ability to detect fire hotspots during cloud cover and for



CHAPTER 2. DATASETS AND METHODS 33

small fires (under 1000 m2). Sensitivity studies giving theoretical average standard

error associated with the relationship between the brightness temperatures of the 4-

µm band report ±16%, which is greater for smaller fires and reduced for energetic fires

(Kaufman et al., 1998). Validation of FRP using the Bi-spectral InfraRed Detection

(BIRD) satellite found that the two instruments agree on FRP values within 15% but

MODIS underestimates less intense radiating fire pixels, which are not detected by

the algorithm, by 46% (Wooster et al., 2003; Mebust et al., 2011).

To reduce the uncertainty of detection and false alarms, the MODIS L2 product

provides a detection confidence value as a percentage to help distinguish between a

low-, nominal-, and high-confidence fire detection (Giglio et al., 2021). To reduce

uncertainty due to cloud cover or false alarms, FRP values that had a detection

confidence of greater than 85% were used in this work to determine fire centres, which

would classify as a fire mask pixel class of high confidence fire, land or water. FRP

values whose coordinates are closest to the NASA’s Earth Observing System Data

and Information System’s (EOSDIS) Worldview-observed fire centres were selected

for this research, in the case of fire plumes with many hotspot detections in a cluster.

FRP averages, however, were calculated by averaging MODIS FRP from Terra and

Aqua with overpasses within a few hours of the TROPOMI overpass.

2.1.4 GOES

NOAA’s GOES satellite series are geostationary weather satellites with coverage over

the United States and Canada. The GOES-R series consist of four satellites, GOES-

R, -S, -T, and -U, called GOES-16, -17, -18, and -19, in orbit. GOES-16, launched

in 2016, was positioned at 137°W and GOES-17, launched in 2018, was positioned

at 75°W (referred to as GOES West and East, respectively), replacing GOES-14 and

GOES-15. GOES-16 and -17 were later replaced by GOES-18 and GOES-19 in 2022

and 2024, respectively, with GOES-16 being kept as a primary back up for GOES-

East and -West (NOAA, 2023). Figure 2.6 shows the history of the GOES series,

including the satellite poised to replace GOES once the current R-series reach the

end of their operational lifetime, the Geostationary Extended Observer (GeoXO) set
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Figure 2.6: A history of the GOES satellite series. From the early GOES-1 launched in 1975 to
the current satellites, from GOES-16, launched in 2016 (currently a primary backup), to GOES-19,
launched in 2024, to the GeoXO slotted to replace the GOES series in 2032. Image from NOAA
(2025).

to launch in 2032 (NOAA, 2025). The GOES-R series satellites have multiple instru-

ments, but this research focuses primarily on the Advanced Baseline Imager (ABI)

by Harris Corporation and the FRP/hot spot Fire Detection and Characterisation

(FDC) product (Schmidt et al., 2013; Sullivan, 2020). The FDC, prior to 2019, pro-

vided FRP every 15 minutes with a resolution of 3 km. After 2019, the FDC provided

FRP every 10 minutes with a resolution of 2 km for the full-disk scan sector of the

satellite (NOAA, 2023; Hall et al., 2023).

GOES FRP is used in the research in Chapters 3 and 5. In Chapter 3, FRP from

GOES-16 was used to compare the method’s satellite-derived enhancement values

against FIREX-AQ enhancements, while GOES-18 was used for the 2023 fires (GOES-

17 data was only available for the 2019 NewMexico fire). In Chapter 5, FRP from

GOES-16 and GOES-18 are used for fires in 2023, with no GOES-17 data, and GOES-

18 and GOES-19 are used for fires beyond 2024. FRP from GOES is limited in its

ability to observe small, cool fires, with FRP values less than 50 MW (Roberts and

Wooster, 2008), largely due to the coarser spatial resolution than other instruments
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like MODIS, and in its ability to detect fire hotspots during cloud cover. Due to these

limitations, the FDC product may not contain FRP values for all times. Additionally,

as the GOES series are geostationary satellites, FRP retrievals lose accuracy at large

viewing zenith angles (VZA) (Li et al., 2019). Due to this, both GOES West and East

satellite data are used, if available, for each fire for increased accuracy of comparison

to enhancement values.

2.1.5 ECMWF ERA5

For wind speed and direction at the TROPOMI aerosol layer height, ECMWF ERA5

wind data were utilised. The ERA5 reanalysis dataset, which provides an hourly

output with a resolution of 0.25° x 0.25°, was used for u- and v-wind components at

1000 to 300 hPa in 50-hPa steps (Hersbach et al., 2020). Wind speed and direction

were extracted for the altitude of the plume determined by the AER_LH product for a

specific fire location, which has been found to be a good proxy for the average height of

a fire plume (Griffin et al., 2019). If no good quality AER_LH was available for a fire,

a default of 2 km (800 hPa) was used for the height (Griffin et al., 2020). This method

for finding the appropriate wind field altitudes has been used in satellite-derived NOx

and CO emissions from biomass burning to successfully improve accuracy (Griffin

et al., 2021, 2024). The uncertainty of ERA5 wind speed data is approximately 0.5

m s-1 for 95% confidence interval (Gualtieri, 2022). The average wind speed obtained

across all three species and all observed fires was 8.8 m s-1, with 0.5 m s-1 uncertainty;

for this reason a 6% wind speed uncertainty is assumed.

2.1.6 ESA Land Cover Product

The Global Monitoring of Essential Climate Variables project, known as the ESA

Climate Change Initiative (CCI), provides land cover state and seasonality data

(Plummer et al., 2017). It is based on the delivery of climate variables from vari-

ous collection, calibration, and validation methods (ESA, 2024c).

The CCI Land Cover (LC) product is broken up into categories: LC state and
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Figure 2.7: A sample image of the CCI LC product viewer map for Canada’s Central and Western
provinces. Each colour pixel indicates a different land type, with greens representing different tree
covers, yellows and oranges representing shrubbery, herbaceous cover, and grasslands, and blues
representing water, to name a few. Needleleaved tree cover are indicated in dark greens. For a
complete list of all land types and their colours, see ESA (2017) and ESA (2022).

LC seasonality (Bontemps et al., 2012; ESA, 2024c). LC state comprises land-cover

features that are stable and do not change over time and are independent of any

sources of temporary or natural variability, while LC seasonality encompasses observ-

able variables such as open water presence, burned area occurrence, snow coverage,

and green vegetation phenology that relate directly to temporal or natural variability.

Annual LC maps are available that provide a 300-m spatial and 1-year temporal res-

olution using data from the Medium Resolution Imaging Spectrometer (MERIS) full

resolution/reduced resolution, Satellite Pour l’Observation de la Terre - Vegetation

(SPOT-VGT), Advanced Very High Resolution Radiometer (AVHRR), and Project

for On-Board Autonomy - Vegetation (PROBA-V), with the water body product be-

ing derived from the Envisat Advanced Synthetic Aperture Radar (ASAR) archives.

These maps use the United Nations Food and Agriculture Organisation Land Cover

Classification System (LCCS) (Di Gregorio, 2005), which is compatible with other

land cover products such as the Global Land Cover 2000 (GLC2000) (Bartholome

and Belward, 2005; European Commission, 2025) product and GlobCover 2005/2009

(Arino et al., 2007; Team et al., 2011). Global LC maps are currently available from

1992 to 2022 (ESA, 2017). Figure 2.7 shows a sample image from the CCI LC map
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2022 for Central and Western provinces of Canada. Since the research in this thesis

focuses on fires in the boreal forests of Western Canada, the ESA CCI LC land types

that fall into the LCCS category of “tree cover, needleleaved, evergreen” with either

the condition of closed (>40%) or closed to open (>15%) was used when selecting

fires to calculate enhancement rates.

2.2 Gaussian-Flux Method

2.2.1 Flux Method Theory

The following is a theoretical derivation for equation used to calculate emission rates

and enhancement rates in this thesis, described by Griffin et al. (2024) (Griffin24),

which is adapted from methods developed by Mebust et al. (2011) (Mebust11), Adams

et al. (2019) (Adams19), and Griffin et al. (2021) (Griffin21), and is henceforth re-

ferred to as the Gaussian-flux method. Mebust11 utilises OMI NO2 vertical column

density (VCD) to calculate the total mass emitted by each fire by converting aerosol

optical thickness (AOT) to NO2 column mass density (Ichoku and Kaufman, 2005).

To select a fire, Mebust11 draws a rectangular box around a cluster of MODIS FRP

hotspots (Figure 2.8) and makes the box large enough to encompass the plume in

order to account for dispersion. (Note: for the derivations below, some variables and

coordinates have been changed from the original source methods, for consistency. See

the original publications for their derivations.)

The total NO2 mass emitted (in kg), given a downwind direction of y, is calculated

as

MNO2 = (YNO2,f
− YNO2,b

) · AR (2.1)

where YNO2,f
is the NO2 column obtained from averaging all OMI columns within

rectangular area AR, YNO2,b
is the background NO2 column for 60 days before and

after the fire averaged within AR, with MODIS FRP pixels removed, and AR is the

regional area of the box. The standard deviation on MNO2 is
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Figure 2.8: A rectangular box drawn over OMI tropospheric NO2 column densities (molec/cm2) with
MODIS fire detections (red plus symbols) and North American Regional Reanalysis wind vectors
(black arrows) for a Nevada wildfire observed by Mebust11 on August 25, 2008. Figure taken from
Mebust et al. (2011).

σMNO2
= (σNO2,f

− σNO2,b
) · AR (2.2)

where σNO2,f
and σNO2,b

are the standard deviations of the column and background,

respectively.

The time it takes for the species to clear the box, the clear time, is tc =
dc
ωy

(sec-

onds), where dc is the distance from the centre of the rectangle (defined at the average

position of all fire pixels within the fire) to the end of the box in the wind direction,

and ωy is the wind speed downwind, taken from the North American Regional Re-

analysis (NARR). The standard error of dc is 2 km (twice the resolution of MODIS),

for small fires, and is the standard error associated with measuring the fire’s centre,

for larger fires. The percent standard error of tc is defined as the percent standard

error of dc. The mass enhancement rate (MER) is then MER = MNO2/tc, with a

standard error of 30%, between 15% and 46% as reported in Wooster et al. (2003).
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Mebust11 then develops a 1-D advection model that assumes: ωy is constant over

the dependent axis, horizontal diffusion and vertical diffusion can be neglected, and

first-order kinetics, with rate constant k (s-1) and lifetime τ = 1/k. The concentration

as a function of distance follows a 1-D, point source, diffusion model,

C(y) = C0 exp
(
− t

τ

)
= C0 exp

(
− k

ωy

y

)
(2.3)

where C0 is the concentration (kg/km in the 1-D model) immediately over the source

and the age of the smoke is t = y
ωy

(in s). To get the total mass emitted (in kg),

Equation 2.3 is integrated from the centre to the edge of the box, y0, along the wind

direction,

MNO2 =

∫ y0

0

C(y)dy = C0

∫ y0

0

exp
(
− k

ωy

y

)
dy

= C0
ωy

k

[
1− exp

(
− k

ωy

y0

)]
. (2.4)

Taking the clear time to be tc =
y0
ωy

(where dc = y0) and considering that C0y0 is the

total mass (in kg) without decay, then the initial MER is MERinit = C0
y0
tc

. With

the definition of the rate constant in terms of lifetime, the total mass can be defined

from Equation 2.4 as

MNO2 = MERinitτ [1− exp (−ktc)] (2.5)

MERmeas = MERinit
τ

tc

[
1− exp

(
−tc
τ

)]
(2.6)

where Equation 2.6, the measured MER, is obtained by dividing both sides of Equa-

tion 2.5 by the clear time, tc.

Adams19 expanded on this method by considering a 3-D Gaussian model where

horizontal diffusion and vertical diffusion cannot be neglected. It is worth noting that

Adams19 derives this method using molecules as the unit and later converts to mass.

The following derivation uses that approach to maintain the same units as Adams19,

and then converts molecules to mass at the end. A Gaussian model for a plume trav-

elling downwind, in direction y, has a molecular concentration (molec/cm3) given by
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C(x, y, z) =
E

2πuϵxϵz
· exp

[
−
(

x√
2ϵx

)2
]
· exp

[
−
(

z√
2ϵz

)2
]
· e−y/τu, (2.7)

where τ is lifetime (s), u is wind speed (m/s), E is the rate of molecular emission

(molec/s) and ϵx and ϵz are constants of diffusion (m2/s) in the crosswind (x) and

vertical (z) directions (Stockie, 2011). This equation represents the steady-state

advection-diffusion equation, with no deposition, constant wind, and constant dif-

fusion coefficients, assuming diffusion is neglected downwind.

To convert this into a VCD (molec/cm2), Equation 2.7 is integrated over z from

the surface to the top of the troposphere to get:

V (x, y) =
E√

2πuϵx(y)
· exp

[
−
(

x√
2ϵx(y)

)2
]
· e−y/τu. (2.8)

Integrating across the crosswind direction, x, gives a 1-D molecular line density

(molec/cm) as

L(y) =
E

u
· e−y/τu. (2.9)

Total mass m (kg), which is obtained by converting molecules to kg using molec-

ular mass n = Mm/NA, the ratio of the molar mass of the species Mm (kg/mole) to

Avogadro’s number NA (molec/mole), can be attained by integrating Equation 2.9

from the source to the edge of the box, yc, in the downwind direction

m = n

∫
L(y)dy = n

E

u

∫ yc

0

e−y/τudy

= n
E

u
τu(1− e−yc/τu) = nEτ(1− e−tc/τ ), (2.10)

which can be rearranged as

E =
um

n
∫ yc
0

e−y/τudy
=

m

nτ (1− e−tc/τ )
, (2.11)

where tc is the clear time, defined similarly to Mebust11 as tc = yc/u and E is in units

of kg/s (as metric tonnes per hour, t/h). Equation 2.11 is the fundamental equation
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used for the calculation of emission rates, in this research. Equation 2.11 was used

to calculate emission rates or enhancement rates depending on the species being

observed. Which term is used to describe Equation 2.11 and why will be discussed

in the relevant chapters. Emission rates and enhancement rates also need to account

for background, which is discussed in the following section.

2.2.2 Gaussian Method and Application

The Gaussian-flux method uses Equation 2.11 as the fundamental equation to cal-

culate enhancement and emission rates. Griffin21 and Griffin24 expanded on the

methods of Mebust11 and Adams19, discussed in Section 2.2.1, by replacing one

rectangular area by a series of boxes of 4-km length from the fire centre to 150 km

downwind. The width of the box, in the crosswind direction, is set to encompass

the plume and the widths chosen will be discussed in the Section 2.3. Figures 2.9

and 2.10(a) are visual demonstrations of how enhancement rates are calculated us-

ing a modified photo, for instructional purposes, taken of the FIREX-AQ Horsefly

Fire on August 6, 2019 (Wyatt, 2019) in a side-view and a top-down view taken

from EOSDIS Worldview, respectively. The following steps explain how fire plume

enhancement rates are calculated using the flux method developed by Griffin21.

• A cluster of MODIS FRP hotspots is found for the target fire, and the fire

centre (transparent red line in Figure 2.9) is determined (see Section 2.3).

• TROPOMI AER_LH is used to determine the average aerosol height for the

plume. If aerosol data are not available for the plume, the plume height defaults

to 2 km (800 hPa), the average height of a plume (as detailed in Section 2.1.1,

Griffin21, and Griffin24). This is demonstrated in Figure 2.9 as the blue box,

where the upper and lower bounds of the aerosol height data are indicated and

the blue dashed line represents the average aerosol height.

• ERA5 data are then used to determine the wind direction and speed (indicated

by the solid, unidirectional white arrow on Figures 2.9 and 2.10(a)) for that

height.
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Figure 2.9: An annotated photo of the Horsefly Fire on August 6, 2019 demonstrating how the
Gaussian-flux method is calculated from the side-view (y,z) direction, where the x-direction is out of
the paper. Note: The photo and segments are not to scale. These are approximations for illustrative
purposes only. Original photo by Wyatt (2019).

• The plume is then rotated around the fire centre until the majority of the plume

faces the downwind, y, direction (black arrows on Figures 2.9 and 2.10(a)).

• In Mebust11, the background was calculated as the average of all tropospheric

VCDs over the study area within the (x,y) box for 60 days before and after the

first observation of the hotspot, with MODIS FRP pixels removed. Griffin21

analysed different backgrounds for this method and found that taking the back-

ground between 20 and 50 km upwind provided the best results (see limitations

in Section 2.4 for HCHO limitations for this method). ∆VCDs were created by

subtracting this background from VCDs calculated using Equation 2.8.

• The plume is not always pointing in the ERA5-determined wind direction due

to errors and lack of precision in ERA5 data. To ensure that the plume is

correctly rotated towards the downwind direction, a Gaussian distribution is

added over the ∆VCDs (Griffin24), which determines the centre of the plume

and corrects the initial ERA5 rotation to ensure the plume is downwind. Figure



CHAPTER 2. DATASETS AND METHODS 43

(a) (b)
Figure 2.10: (a)A top-down [(x,y) direction] image of the Horsefly Fire on August 6, 2019 (NASA,
2024a), with annotation demonstrating the Gaussian-flux method calculations, and (b) a heat-map
of TROPOMI CO ∆VCD enhancements from the same fire using the Gaussian-flux method. Boxes
are to scale in both figures.

Figure 2.11: Two panels from Griffin24 Figure 1 that show the (b) Gaussian distribution across the
∆VCDs (molec/cm2) for CO of a 2019 New Mexico fire and (c) the centre of the Gaussian plume
for each 4-km segment (blue dot) with three standard deviations (blue line) from each fit.

2.11(b) shows a Gaussian distributed across the ∆VCDs of TROPOMI CO for a

2019 New Mexico fire from Griffin24. The centre of each Gaussian distribution

in the 4-km integration segments is shown in Figure 2.11(c) as blue dots, with

the blue lines representing three standard deviation. This is used to determine

the true centre of the plume for the correction of the ERA5 rotation. This three-

sigma correction is also capable of translating the fire centre in the horizontal

(x) direction to ensure the majority of plume is in the centre of the boxes. The

downwind direction, after correction, is seen in Figure 2.10(a) as the dashed

blue line.
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• Adams19 used an exponential curve fit plotted against the line density as a

function of the downwind direction, Equation 2.9, to determine the trace gas

lifetime. Griffin21 found that the best lifetime for NO2 was 2 h. The TROPOMI

overpass occurring at 1:30 p.m. local time, when fire activity is typically increas-

ing, will impact any attempt to estimate the lifetime of short-lived species like

NO2 and HCHO with the method used in Adams19. Lifetimes, as a result, were

set to the typical values for each species: 2 h for NO2 (Mebust11, Griffin21), 6

h for HCHO, and 336 h (2 weeks) for CO (Yurganov et al., 2011; R’Honi et al.,

2013; Whitburn et al., 2015).

– The lifetimes of NO2 and CO were determined to be the best for the

method, from the the listed references, and fall within accepted lifetime

ranges. HCHO has a typical photochemical lifetime of 4 to 5 hours (De Smedt

et al., 2015; Stavrakou et al., 2015) with analysis in-situ measurements

showing photolysis lifetimes of over 8 hours (Liao et al., 2021). For this

reason a lifetime between these observations, of 6 hours, was selected.

• Equation 2.11 is then applied for each 4-km long box, where 0 is the start of the

box on the up-wind side, and it is integrated to the end of the box, 4 km down-

wind, yc, demonstrated as a series of white dashed arrows in Figures 2.9 and

2.10(a) for each box downwind up to 150 km. This provides the enhancement

or emission rates, depending on the species analysed, for each 4-km segment

along the plume, allowing us to observe the change of enhancements downwind.

2.3 Enhancement Rate Calculation and Adjustments

The method above was used to determine: (1) the CO, HCHO, and NO2 enhance-

ment rates of the Shady, Horsefly, and Williams Flats fires during FIREX-AQ (three

plumes) and nine Western Canada fires in the summer of 2023 (sixteen plumes) in

Chapter 3; (2) the HCHO, NO2, and CO enhancement rates and FNRs for nine wild-

fires (fourteen plumes) in Western Canada in 2023 and seven wildfires (twelve plumes)
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in 2025 from Central and Western Canada in Chapter 4; and (3) the CO emission

rates of 27 wildfires from 38 plumes between 2023 to 2025 during Central and Western

Canada’s summer wildfire season in Chapter 5. Some fires have multiple TROPOMI

overpasses due to the high latitude of some fire locations.

HCHO concentrations are usually not as concentrated in the centre of the plume

as the other two species and so it can be difficult to fit a Gaussian distribution across

the plume. Therefore, the Gaussian distribution downwind correction for HCHO

(dwd) and the horizontal adjustment to the fire centre (xdir) were often incorrect.

The method used in this thesis corrects for these issues and, therefore, differs slightly

from how the method was used by Griffin21 and Griffin24 (Section 2.2.2). The exact

method for determining fire locations and the selection of downwind directions and

widths also differ from their method. A description of how data were collected for

the fires studied is given below and is summarised in the flowchart in Figure 2.12.

1. Using NASA Worldview maps NASA (2024a) and MODIS FRP data, fires are

located for FIREX-AQ and the western provinces of Canada.

• To avoid contamination from other plumes of upwind fires, fires are only

selected if they are upwind of other fires.

• To ensure fires are selected from boreal forests, only fires in land types

Tree cover, needleleaved, evergreen, taken from ESA CCI LC Product, with

canopy at either closed (>40%) or closed to open (>15%) are selected.

2. Once a fire is located, the coordinates for MODIS FRP hotspots, with detection

confidence ≥85%, near the most upwind portion of the plume are selected as

the fire centre.

3. Enhancement rates are calculated using the Gaussian-flux method described in

Sections 2.2.1 and 2.2.2, applying Equation 2.11 for CO, HCHO, and NO2.

4. Not all plumes have well-formed Gaussian distributions of ∆VCDs and so the

Gaussian will not fit properly. This causes the subsequent downwind correction,

dwd, and x-position offset correction, xdir, to be incorrect for some species of
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Figure 2.12: A flowchart summarising the step-by-step process for calculating enhancement rates,
using the Gaussian-flux method, for the FIREX-AQ summer 2019 and Western Canada summer
2023 fires.

the same fire, most often HCHO. To correct for this, the following actions are

taken:

• The species that has the best Gaussian distribution fit provides a more

accurate dwd correction and xdir adjustment. The original rotation of the

best-fit species is added to the dwd to get a total rotation in degrees. The

dwd adjustment for the other two species is manually set so that the total

rotation is the same for all three species.

– Due to CO emissions being more prominent in the hottest part of the

fire (highest FRP), the CO ∆VCDs are located and the fire centre

coordinates are occasionally manually adjusted to within the upwind

portion of the plume with the highest CO values, similar to Figure

2.10(b), deviating a bit from the exact fire centre coordinate locations
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of Step 2.

• The width of the box is expanded manually to encompass all three species

contained in the plume, deviating from the 3σ determination of width in

Griffin24. As NO2 and CO enhancements are usually more centralised in

the plume, with higher concentrations toward the centre of the plume

downwind, the boxes are typically expanded to a width that includes

HCHO ∆VCDs. This width is then standardised for the remaining species.

The width can also be adjusted to contain asymmetric plumes that are not

perfectly straight due to crosswinds. This also ensures that horizontal dis-

persion is equally accounted for, for all three species.

– Widths do not exceed ±50 km from the fire centre.

– Widths are prevented from being expanded into nearby fire sources.

Some horizontal dispersion is lost in these cases, but fires with addi-

tional fires sources too near by are filtered, as will be discussed in the

next section.

• Enhancement rates are then calculated again, with the new, adjusted dwd

and xdir parameters for all three species.

• Any fires that have additional fire sources within 150 km directly downwind

from fire centre have the data from the secondary source excluded from

any data being used for plotting and analysis. This causes some of the

plume data in the results section to not extend the full length of 150 km.

The calculated TROPOMI enhancement and emission rates are compared to the

downwind direction, plume age, and emission time for each plume. An approximated

plume age is calculated at the location of each enhancement rate by dividing the

location of the enhancement rate (in km) by the wind speed (in km/h) averaged

from the fire centre to 150 km downwind of the plume. The plume age is used to

back-calculate emission times by subtracting plume age (in hours) from TROPOMI

overpass time (in UTC).
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2.4 Limitations of the Gaussian-Flux Method

The Gaussian-flux method has a number of limitations. It does not work for fires

that fall into any of the following categories and so such fire plumes were filtered

from the results: fires with large background columns; areas with large amounts of

ambient HCHO; plumes that exceed 150 km in length or 50 km in width; fires that

have nearby fire sources in the crosswind direction; fires with secondary downwind

sources; initial wind corrections significantly >15°; and fires with plumes shorter than

10 km downwind.

Fires with large background VCDs, such as those that have fire sources within

20 to 50 km upwind, increase the background concentrations and make discerning

the plume difficult or cause ∆VCDs and enhancement rates to be underestimated.

Generally, if fires have background VCDs greater than 0.5 x 1019, 0.6 x 1016, and 0.6

x 1016 molec/cm2 for CO, HCHO, and NO2, respectively, this is an indicator that a

large fire source is further upwind. This is a bigger issue for longer-lived species like

CO. Fires burning in Quebec in summer 2023, for example, may have greater CO

due to fires burning in Alberta. These chosen numbers are not hard limits and fires

can be assessed case by case. Fires were selected with backgrounds that allowed for

observation of a distinct plume profile.

Some land types, such as boreal forests, have a lot of naturally occurring HCHO

due to reactions of VOCs. This ambient HCHO affects measurements due to the

sensitivity of concentrations near the boundary layer from dispersion (Section 2.1.1).

Absorption signals are weaker for HCHO and so concentrations may be negatively

biased. Plume areas with large concentrations of surrounding background HCHO

should be filtered if background concentrations are a significant component of HCHO

measurements. Failure to do so may underestimate HCHO enhancements. Addition-

ally, plumes that exceed 150 km in length stretch the capabilities of this method.

Analysis of plumes longer than 150 km is possible, but crosswind dispersion often

affects these plumes the further downwind they are observed, especially for species

that exist throughout the width of the plume, such as HCHO. These would cause the



CHAPTER 2. DATASETS AND METHODS 49

width to be extended, but widths that are larger than 50 km from the source break

the assumption of a point source for the 1-D advection model in the Gaussian-flux

method.

Longer plumes and wider plumes also increase the chances of encountering a sec-

ondary source. Fires that have nearby fire sources in the crosswind or downwind

direction can lead to enhancement rates being overestimated, down-plume, as en-

hancement rates will include the contributions from the other fire. Secondary fire

sources that are closer than 50 km in the crosswind direction (width) can be avoided

by adjusting the width to remove the secondary source, as long as the plume from

the second source is distinguishable enough to remove completely. Fires that have

secondary sources and are >50 km downwind can be removed from data analysis,

unless they are contained within the plume of the fire being investigated. In this case,

the source fire cannot be analysed with this method as this violates the assumption

of a point source.

As the Gaussian-flux method uses a Gaussian distribution to provide additional

downwind rotation correction, too large of a rotation can affect the results. Initial

wind corrections much greater than 15° can cause convergence issues and can violate

the requirement of steady-state flow. Initial Gaussian correction refers to the down-

wind correction of the species that has the best Gaussian fit. Fires were selected to

reduce this dwd rotation correction to the plume’s direction for the best-fit species to

as close to <15° as possible. Those species for which a Gaussian distribution could

not be fitted (see Section 2.3) had their initial rotations corrected to match the best-

fit species and this number did, on occasion, exceed 15°. The overall initial Gaussian

correction of the plume, however, did not exceed an additional 10°.

Lastly, fires with a plume shorter than 10 km downwind push the limit of the

ability to observe down-plume fluctuations in enhancement rates. Using the Gaussian-

flux method to analyse enhancement rate changes in the plume to assess chemical

formation or decay of different species will not provide quality data for fires this

small. The flux method used to calculate total emissions, such as in Griffin24 and

Griffin21, are not affected by this limitation.
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There were a number of fires, due to the latitude of the fire, that had more

than one TROPOMI overpass (usually two, but occasionally three). The additional

overpasses did not always produce good quality data. Sometimes cloud cover or thick

aerosol affected data results, especially for HCHO, which already has a low absorption

signal and so is most susceptible to dispersion and scattering. For this reason, some

overpasses showed good data for two species but not the third. The good data for

the two species of the same orbit were kept and the third species was filtered out.

Additionally, some orbits did not provide good data for any species or only one and

so were filtered while the other orbit is kept. Orbit numbers are included in plotted

data, for reference.

2.5 Uncertainties

The Gaussian-flux method uncertainty was calculated as 34% for CO by Griffin24 and

28% for NO2 emission estimates by Griffin21. For consistency with for all species, in-

cluding HCHO, the larger of the two is assumed for this study: 34%. This method

uncertainty is assumed to ensure no underestimation of errors. The wind speed ran-

dom error was calculated in Section 2.1.5 as 6% from Gualtieri (2022), with Griffin24

reporting a 20% wind altitude uncertainty.

For TROPOMI CO total columns, Sha et al. (2021) report a high bias of +10%

and Rowe et al. (2022) report an averaging kernel correction of +6%. Taking the

random uncertainty (34% for the method, 6% for wind speed, and 20% for wind

altitude) summed in quadrature gives a total random uncertainty of 40%. Summing

that in quadrature with the averaging kernel correction and satellite VCD bias, gives

a total uncertainty of 42% for CO.

For NO2 and HCHO, the method random error is also taken as 40%, as calculated

above. With NO2 having a -29% tropospheric bias (Van Geffen et al., 2020; ESA,

2024e; Lambert et al., 2024) for tropospheric columns, the systematic error summed

in quadrature with the random error of 40% gives a total uncertainty of 49% for NO2.

HCHO has a negative bias over polluted areas, such as the boreal forests observed in
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Table 2.1: Uncertainties in the enhancement rates derived for each species. All values in each
uncertainty type are summed in quadrature for totals, while Total Uncertainty is a quadrature sum
of Total Random and Total Systematic.

this study, of -30% (De Smedt et al., 2018; ESA, 2024d). Summing this systematic

bias with the random error gives a total uncertainty of 50% for HCHO. More details

about the uncertainties and systematic biases are in Section 2.1.1. These results are

summarised in Table 2.1.

2.6 Important Definitions

Table 2.2 provides the terms for all important values calculated and analysed in

Chapters 3, 4, and 5. The units, relevant equation for calculating it (if applicable),

and a brief definition are provided for each term.
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Table 2.2: Relevant terms for calculated and retrieved values analysed in this thesis, their units,
relevant equations, and definitions. N/A stands for “not applicable.”



Chapter 3

Summer 2023 Canadian Boreal

Forest Wildfires: An Analysis of

CO, HCHO, and NO2 Downwind

Enhancement Rates

This chapter looks at the downwind enhancement rates of CO, HCHO, and NO2 in

wildfire plumes. The first goal was to validate the Gaussian-flux method enhancement

rates against three wildfires studied during the summer 2019 FIREX-AQ in-situ cam-

paign, using enhancement rate data provided by Chelsea E. Stockwell of the NOAA,

with a method detailed in Stockwell et al. (2022), and total CO emissions data pro-

vided by Debora Griffin, using the method detailed in Griffin24, for the FIREX-AQ

wildfires Shady, Horsefly, and Williams Flats. The enhancement rates for CO, HCHO,

and NO2 were then calculated for sixteen plumes from nine wildfires in Western Cana-

dian boreal forests during the summer of 2023. The evolution of these enhancements

in the downwind direction and as the plumes aged were examined to observe chemical

production and evolution in the plume and any dependencies of maximum enhance-

ment rates on FRP. ∆VCD enhancement ratios were also examined against plume

age for HCHO/CO, NO2/CO, and HCHO/NO2 to further evaluate chemical dilution

53
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and production of these species. This work has been reviewed by all co-authors and

has been submitted for review to the Journal of Geophysical Research: Atmospheres

(Hearne et al., 2025b), and the corresponding data have been published in Hearne

et al. (2025a), at https://doi.org/10.5683/SP3/2RRB4Q.

3.1 Datasets and Methods

This work uses the TROPOMI CO total column, HCHO tropospheric vertical column,

and NO2 tropospheric column data products to calculate enhancement rates, with

the AER_LH data product being used to determine plume height. The MODIS

MOD14 and MYD14 FRP data products from Terra and Aqua, respectively, were

used to determine fire centre for fires and to determine average FRP for each fire.

The ECMWF ERA5 wind data product was used to get wind speed and direction

at the AER_LH determined plume height or at 2 km (800 hPa) if plume height was

unavailable. The GOES FDC FRP product, from GOES-16 and GOES-17, was used

when observing diurnal effects of the FIREX-AQ summer 2019 fires. The CCI LC

product was used to ensure wildfire fuel was coming from boreal forest land types.

For more information on these datasets and their uses, see Chapter 2.

Lastly, this research uses the FIREX-AQ dataset discussed in Section 2.1.2. Of

the fires sampled by the DC-8 (a full list can be found in Warneke et al. (2023)),

the flights in Table 3.1 are for fires that are within a few hours of one TROPOMI

overpass. Shady (RF07), Horsefly (RF12), and Williams Flats (RF13) wildfires were

selected for their distinct, downwind plume shapes.

https://doi.org/10.5683/SP3/2RRB4Q
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Table 3.1: Wildfires from NOAA’s DC-8 FIREX-AQ summer 2019 campaign flights that are within
a few hours of TROPOMI overpass times. For each date, the following information is provided:
the FIREX-AQ-designated name and fire code, the initial and final aircraft transect times, the
coordinates of the fire centre, the TROPOMI overpass orbit number and time of overpass. All times
are in UTC. Greyed out fields indicate no second orbit was observed. The highlighted fires were
fires that showed the most distinguished plume and were able to be analysed by this method. Note:
End times that cross midnight are on the next date.

This research follows the methods described in Sections 2.2 and 2.3, with details on

the limitations and uncertainties found in Sections 2.4 and 2.5, respectively. Griffin24

used the Gaussian-flux method to calculate emission rates for CO, which is a stable

species emitted directly from fires, with limited secondary production as is expected

for HCHO and NO2. Since rates in this chapter are estimated for species that can

be both directly emitted and secondarily formed, these estimates are referred to as

enhancement rates for all species, but they could also be referred to as net formation

rates.

3.2 Enhancement Rates for FIREX-AQ

To assess the Gaussian-flux method for deriving enhancement rates, calculated en-

hancement rates were compared with estimates for fires from the NOAA FIREX-AQ

summer 2019 campaign. The method requires a reasonably distinct, downwind plume

that can be contained in a Gaussian fit. For this reason, the fires Shady (RF07),
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Horsefly (RF12), and William Flats (RF13), orbit 9412, from Table 3.1 were selected.

These fires worked best for this method and also demonstrate the application of the

method to fires of different shapes and sizes. Figure 3.1 shows the output of the

satellite-derived ∆VCDs plotted along the downwind y-direction for Shady (row a),

Horsefly (row b), and Williams Flats (row c) fires for CO, HCHO, and NO2, as out-

lined in Section 2.3. Each fire demonstrates the variability of the wildfire plumes

shapes and sizes as well as variability of background levels, especially in regards to

HCHO. The abundance of background HCHO in boreal forests can be seen in the

retrievals. The widths of the boxes were defined to encompass the plumes, while

reducing background HCHO. Other secondary fire sources of HCHO can be seen in

Williams Flats (Figure 3.1 row c). This has been accounted for in the data through

reduction of box length.

Enhancement rates were calculated for these three fires along the length of the

plumes, downwind, limiting secondary fire emission sources, as shown in Figure

3.2(a,c,e), Figure 3.2(b,d,f), and Figure 3.3 for the Shady, Horsefly, and Williams

Flats fires, respectively. Emission estimates for CO for all three fires were provided

by Griffin24 (blue-dashed lined) and CO, HCHO, and NO2 enhancement rates were

provided by Stockwell et al. (2022). Rates were calculated with different lifetimes, τ ,

for HCHO and NO2 to analyse the impact of lifetime on enhancement rates. The life-

times used for each species were 336 hours, for CO, 1.5, 3.0, and 6.0 hours for HCHO,

and 1.0, 2.0, 4.0, and 6.0 hours for NO2. Each figure caption provides the time of

the TROPOMI overpass on that day as well as the FIREX-AQ measurement start

time (the time of the first plume transect sampling by the aircraft) and end time (the

final plume transect) in UTC. End times that are past midnight 00:00 UTC are on

the following day. Note that the times of the TROPOMI and in-situ measurements

differ by two or three hours.

Diurnal variability of a fire could impact emissions over several hours as the

TROPOMI overpass at 1:30 p.m. local time is typically when fire intensity is increas-

ing. Aircraft enhancement rates were estimated as the integrated vertical distribution

from in-situ plume transects, which differs from the satellite-method integrating hor-
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Figure 3.1: Spatial distribution heatmaps of the satellite-derived CO, HCHO, and NO2 ∆VCDs, for
the FIREX-AQ fires Shady (row a), Horsefly (row b), and Williams Flats (row c). ∆VCDs are in
units of molec/cm2.

izontally in 4-km increments. Therefore, the enhancement rate average (red-dashed

line), one standard deviation (red-shaded area), and the upper and lower enhance-

ments observed (blue-shaded area) for calculated emission times (not transect times),

which were calculated by subtracting the plume age from the transect time, two hours
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Figure 3.2: Satellite-derived enhancement rates for (a,b) CO, (c,d) HCHO, and (e,f) NO2 for the
FIREX-AQ Shady (a,c,e) and Horsefly (b,d,f) fires versus estimated plume age and downwind direc-
tion, dy, for assumed lifetimes, τ . TROPOMI overpasses were at 20:37 and 20:13 UTC for each fire,
respectively, with aircraft sampling occurring between 22:25-3:50 UTC and 22:26-0:53 UTC, respec-
tively. The average aircraft-derived rates are also shaded as a red, dashed line with ± 1 standard
deviation shown in red and the full range shaded in blue. Aircraft rates are only shown when the
emission time was expected to be within two hours of a TROPOMI overpass. For CO only (a,b),
satellite-derived rates from Griffin24 for these two fires are indicated by dashed blue lines, with a
total uncertainty of 57% (not shown). Error bars represent reported uncertainty for each species in
Table 2.1.

before and after TROPOMI overpass time are compared, in the downwind direction,

to the results as a function of distance and plume age. Two hours was selected as

the threshold for calculated emission times to ensure comparison of FIREX-AQ rates
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Figure 3.3: Satellite-derived enhancement rates for (a) CO, (b) HCHO, and (c,d) NO2 for the
FIREX-AQ William Flats fire versus estimated plume age and downwind direction, dy, for assumed
lifetimes, τ , similar to Figure 3.2. Overpass was at 19:55 UTC with aircraft sampling occurring
between 23:03-3:00 UTC. Plot (d) is zoomed in so that the details of the NO2 enhancement rates
can be seen clearly. Same shading and error bar conventions as Figure 3.2 Note: The FIREX-AQ
(represented as FireX) average and Griffin24 CO values nearly overlap in Panel (a) making it difficult
to distinguish them.

closer to TROPOMI overpass times to limit diurnal variable effects.

The average enhancement rates of the FIREX-AQ data being generally larger

than the calculated values in this research is largely due to FIREX-AQ sampling

occurring a few hours later than TROPOMI. When looking at the wide range of the

enhancement rates, it is possible to further observe the diurnal differences between

FIREX-AQ transect and TROPOMI overpass times by plotting the enhancement

rate versus emission time, seen in Figures 3.4 and 3.5, for the Shady/Horsefly and

Williams Flats fires, respectively. Emission times, like those for FIREX-AQ, were

calculated by using the plume age in hours, taking the TROPOMI overpass time,

and subtracting the plume age from the overpass. This effectively flips enhancement

rates Figures 3.2 and 3.3 on the x-axis as enhancement rates go backward in time.

To observe the diurnal nature and its affect on emissions, all available GOES-16 and
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GOES-17 FRP data are plotted for the time window of both observation methods.

While HCHO and NO2 can be secondarily formed in a fire, their respective estimated

enhancement rates generally increase with fire intensity since they are also directly

emitted compounds. It can be seen from Figures 3.4 and 3.5 that from the time of

TROPOMI overpass (the furthest right blue data point) is when FRP is starting to

increase, leading to larger FIREX-AQ enhancement estimates.
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Figure 3.4: Calculated enhancement rates versus emission time (in UTC) for (a) CO, (c) HCHO,
and (e) NO2, for the FIREX-AQ Shady fire and (b) CO, (d) HCHO, and (f) NO2 for the Horsefly
fire. TROPOMI enhancement rates from the Gaussian-flux method are in blue, with FIREX-AQ
enhancement rates provided in orange. τ is the lifetime used for calculations of each species. FRP
from GOES 16 (GEOS East) and 17 (GOES West) are shown as purple and green triangles, respec-
tively. The grey dashed line shows the start of the next day. Error bars represent the uncertainty
of each species as reported in Table 2.1.
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Figure 3.5: Calculated enhancement rates versus emission time (in UTC), same as Figure 3.4, for
the FIREX-AQ William Flats fire. Error bars represent the uncertainty of each species as reported
in Table 2.1.

Figures 3.2 and 3.3, along with Figures 3.4 and 3.5, generally demonstrate con-

sistency with FIREX-AQ calculated enhancement rates. All three fires are, within

30 km downwind and allowing for uncertainty, comparable with the single-emission

estimates for CO provided by Griffin24. Calculated enhancement rates are also ac-

cordant with FIREX-AQ ranges and within one standard deviation of the average at

various points downwind, within uncertainty, for all three fires except for Horsefly’s

CO. NO2 enhancement rates for Williams Flats are greater near TROPOMI overpass

time, but Figure 3.5 shows that these rates are aligned with in-situ measurements

across all measurements. These results demonstrate consistency with FIREX-AQ in

situ enhancement rates and Griffin24 CO single-emission-rate estimates. The variable

lifetimes used for enhancement rates of HCHO and NO2 did not have a significant

impact on how well the results correlated with FIREX-AQ and Griffin24. Therefore,

the lifetimes for HCHO and NO2 were chosen as 6.0 h and 2.0 h, respectively, to
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align with lifetimes used by Adams19, for HCHO, and the best lifetime determined

by Griffin21, for NO2.

Griffin24, while demonstrating the Gaussian-flux method, used a 2019 fire in New

Mexico that fit the Gaussian profile very well as an example of an ideal plume that

fits a Gaussian functions without significant background concentrations. For further

validation of calculated results, the enhancement rates for this fire (details of the

fire can be found in Table 3.2) were examined for each species in Figures 3.6 and

3.7. Figure 3.8(e), taken from Griffin24, shows a similar CO profile to Figure 3.7(a)

downwind, for the New Mexico fire, with enhancement rates near 500 t/h near the

source of the fire and rates near 150 t/h at 100 km matching the calculated results of

this study, within uncertainty.

Figure 3.6: Heatmap of the satellite-derived TROPOMI CO, HCHO, and NO2 ∆VCDs, for the 2019
New Mexico fire used in Figure 1 of Griffin24 (see Table 3.2). ∆VCDs are in units of molec/cm2.

These four fires (Figures 3.2, 3.3, and 3.7) demonstrate the versatility of the

method for determining the down-plume enhancement from fires with plumes having

various spatial distributions. The biggest issue with the HCHO analysis, which can

be seen in the satellite heatmaps (Figures 3.1 and 3.6), is that HCHO can be found

throughout the plume and typically does not match a Gaussian profile. CO and NO2,

unlike HCHO, are found primarily in the centre of the plume in a distribution some-

times similar to Gaussian. There are some benefits to this, however. Because HCHO

appears throughout the plume, this allows for an observable means to determine the

shape of the plume itself, with some uncertainty due to noise, helping reduce the
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Figure 3.7: Calculated enhancement rates versus downwind direction and plume age for the 2019
New Mexico fire found in Figure 1 of Griffin24 for the species (a) CO, (b) HCHO, and (c) NO2,
with uncertainties from Table 2.1 indicated by the error bars. Different lifetimes, τ , are shown for
calculated enhancement rates.

ambiguity of crosswind diffusion when defining the plume width. A pattern of where

the enhancement rates occur in the plume, for each species, will be explored in greater

detail in the following section.
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Figure 3.8: A figure demonstrating the method for CO emissions of the 2019 NewMexico fire taken
from Griffin24. Panel (a) shows longitude-latitude unmodified TROPOMI VCDs, (b) shows a Gaus-
sian fit in the crosswind direction for each 4 km box for 40 km downwind, (c) is the peak x0 with
three standard deviations shown as blue dots and bars, respectively, (d) provides Gaussian-corrected
VCDs for each 4 km box with three standard deviations, (e) is the enhancement rate as a function
of distance downwind (Correction: figure says downwind direction is x, but it should be y), and (f)
is the enhancement rates from (e) but projected as time since emission.

3.3 Western Canadian Wildfires

3.3.1 Enhancement Rates

This study of the 2023 Canadian wildfires focuses on the western provinces of Canada

where there was no significant wildfire source upwind. All fires were selected based

on the CCI Land Product classification of needleleaved evergreen during the 2023

summer fire season: nine fires were selected, with sixteen plumes being analysed by

this method. The fires are named by their approximate location near geographic

landmarks and their corresponding TROPOMI overpass orbit numbers, if applica-

ble for multiple overpasses. The naming convention for these fires and the details

of the dates and fire centre locations can be found in Table 3.2. The ∆VCDs and
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enhancement rates for each plume were calculated for CO, HCHO, and NO2. Some

fire plumes do not extend the full 150 km, to remove either background interference

or secondary sources. Additionally, not all orbits, despite multiple orbits being some-

times available, provided usable data as some plumes were indiscernible or obscured

due to limitations in the method that are discussed in Section 2.4.

The downwind enhancement rates for each plume for each species were plotted and

normalised by their respective maximum values in Figures 3.9 and 3.10 as a function

of downwind direction and plume age. Rates were normalised to allow for visual

comparison of each species as they evolve in the plume because rates often differed

by orders of magnitude from each other. The maximum enhancement rates used for

normalisation of each species are given in the legend. Average FRP was calculated

from MODIS, which has overpass times of 10:30 a.m./p.m. and 1:30 a.m./p.m. local

time on Terra and Aqua, respectively. As the TROPOMI overpass is near 1:30 p.m.

local time, these FRPs are usually from Aqua, however, due to the high latitude of

some of the fires, there are occasionally additional overpasses from Terra within a few

hours of Aqua. To account for all the FRP data available, FRP was averaged from

values obtained within three hours of a TROPOMI overpass to limit diurnal affects

on FRP. The exceptions to this were the EntiakoParkBC and FoxMountainNWT as

there were no MODIS FRP values for the days of the TROPOMI overpass, which

were July 11, 2023 and July 8, 2023, respectively. The FRP for the EntiakoParkBC

fires is averaged from all FRP near the TROPOMI overpass on the following day (July

12, 2023). Meanwhile, the FRP for the FoxMountainNWT fires is averaged from the

next closest MODIS overpass, which was 10:30 p.m. local time on the previous day

(July 7, 2023) by Terra, as there are no Terra or Aqua FRP available on the day of

TROPOMI overpass or the following day. EntiakoParkBC and FoxMountainNWT

FRPs are therefore only estimations of fire intensity and are subject to diurnal effects.

The FRPs for these two fires are only provided to help gauge the intensity of the fire

and are not included in analysis of FRP data.

Looking at each panel in Figures 3.9 and 3.10, a noticeable pattern can be observed

regarding the CO, HCHO, and NO2 enhancement rates. CO is directly emitted by the
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Figure 3.9: Enhancement rates of CO (yellow), HCHO (red), and NO2 (blue) versus downwind
direction and plume age for the first eight of sixteen total plumes from fires in Western Canadian
boreal forests during summer 2023. For each plume, the enhancement rates have been normalised
by the maximum enhancement rate for each species. The maximum enhancement rate used for
normalisation is provided in the legend, as well as the averaged FRP for the fire within a few hours
of overpass time. The naming convention for the fires can be found in Table 3.2.

fires and rates show dependence on FRP, with dilution occurring further downwind.

NO2, however, shows enhancements starting further down the plume than the fire

centre. This suggests NO2 is rapidly formed in the plume. NO2 is a secondary by-

product of NO, which are produced in the flaming and smouldering phase, respectively

(Roberts et al., 2020), before being converted to other nitrogen products downwind.
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Figure 3.10: Same as Figure 3.9 for the remaining eight of sixteen plumes from fires in Western
Canadian boreal forests summer 2023. Note: EntiakoParkBC fires had no FRP data for the day of
the fire so FRP averages are taken from FRP data within a few hours of the TROPOMI overpass on
the following day. FoxMountainNWT_o29714 and _o29715 did not have FRP values within three
hours of overpass time (19:31 and 21:10 UTC, respectively). For these fires, FRP average was taken
from the next closest MODIS overpass with FRP data (05:53 and 07:31 UTC, same day in UTC).

HCHO also appears as a secondary emission in the plume, but this generally

takes place after rates of NO2 begin to decline. The HCHO enhancement rates vary

and even increase at times along the plume even with the continued decrease of

NO2, suggesting that a secondary source of HCHO exists in the plume, which can

be formed from VOC oxidation. It is clear from these plots that HCHO is more
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prominent further down the plume, while ∆VCDs (Figure 3.1) suggest that it also

expands in the cross-wind direction, downwind. This suggests that concerns regarding

atmospheric and health impacts of downwind HCHO should be focused on the plume

further from the source.

These downwind changes in NO2 and HCHO can also be examined with respect

to the age of the plume, calculated by using the location from the fire centre and the

average wind speed. The age of the plume, added to Figures 3.9 and 3.10, provides in-

sight into the evolution of species within a plume, using TROPOMI. Given the plume

age, it is clear that species with shorter lifetimes, such as NO2 and HCHO, should

decrease as the plume ages, downwind, if there were no secondary formation. NO2

emission rates increasing as the plume ages away from the fire centre shows NO2 as a

secondary by-product, with rates seemingly decreasing within a few hours. HCHO en-

hancements fluctuating, as the plume ages, indicates a secondary source in the plume,

from VOC oxidation chains, with minimal contribution due to background HCHO.

The downwind relationships between species observed in the Canadian wildfires are

also observable in the non-normalised enhancement rate plots of the Griffin24 New

Mexico and FIREX-AQ fires (Figures 3.2, 3.3, and 3.7).

3.3.2 Enhancement Ratios

These enhancement rates along the length of the plume indicate the change in con-

centration as the plume ages. The rates, however, are insufficient, on their own, to

confirm secondary production in the plume. Rates show concentration differences

in each segment, but these differences might reflect changes in emissions, fire in-

tensity, or dilution. Secondary formation in the plume is better observed through

species enhancement ratios (EnhR) NO2/CO, HCHO/CO, and HCHO/NO2 of down-

plume ∆VCDs, using the Gaussian-flux method. The downwind enhancement ratios

(∆VCD/∆VCD) for each plume can be plotted for each of the EnhRs mentioned as

a function of plume age as seen in Figures 3.11, 3.12, and 3.14. Not all plumes had

overlapping enhancements for the species being observed; these plumes were excluded

from EnhR plots.
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Figure 3.11 demonstrates the evolution of HCHO ∆VCD in the plume by ratio-

ing it against a stable species like CO to account for physical dilution as the plume

is transported. Two fires had CO ∆VCDs at very nearly background levels, causing

very large ratios (DeaseLakeBC and FoxMountainNWT_o29714) that were filtered

out. The average slope of the all slopes calculated for each fire shown in Figure

3.11 was 1.25x10-2 (± 5.77x10-3) per hour (h-1) with the same average of all slopes

adjusted for bias of 7.79x10-3 (± 3.61x10-3) h-1 with the term in the brackets being

the standard error of the mean (SEM; note that all ± terms on the average slopes

below also refer to the standard error on the mean). The bias-adjusted average slope

was calculated by adding or subtracting the bias for each species ∆VCD (Section

2.5) prior to calculating the slope for each fire. All fires show a positive slope as the

plume ages, indicating that HCHO is formed from processes within the plume, after

accounting for dilution. These HCHO/CO EnhRs showed moderate correlations, with

five fires having R2 > 0.50 and an average R2 of 0.40 for all fires. A number of studies

have investigated the composition of wildfire plumes in boreal forests. Goode et al.

(2000) and Simpson et al. (2011) estimate EnhRs for various species measured via

aircraft for boreal forest fires in Alaska and Canada, respectively. Goode et al. (2000)

and Simpson et al. (2011) determined an average HCHO/CO EnhR of 2.14x10-2 and

1.75(±0.3)x10-2, respectively. The results from this study show an average EnhR of

1.58x10-2 (± 4.77x10-3), which is within uncertainty of Simpson et al. (2011). Several

HCHO/CO EnhRs for each fire plume are also within the same range of Goode et al.

(2000) and Simpson et al. (2011), with ratios increasing as the plume ages.

Down-plume concentration relationships of NO2 versus CO are examined in Figure

3.12. NO2 also had three fires (MaxhamishLake11_o29331, MaxhamishLake13, and

EntiakoParkBC_o29757) with single, near-background data points causing extremely

large EnhRs that were filtered out. The majority of plumes show a negative slope

as the plume ages, with an overall average slope across all plumes of -2.13x10-4 (±

1.35x10-4) h-1 with an average adjusted to account for bias (Section 2.5) of -1.35x10-4

(± 8.53x10-5) h-1. This EnhR showed an average of 1.22x10-3 (± 1.98x10-4) and a

weaker correlation with plume age compared to HCHO/CO with average R2 of 0.23.
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Figure 3.11: Enhancement ratios of TROPOMI HCHO and CO ∆VCDs downwind of fifteen plumes
(with MaxhamishLake11_o29332 omitted as it does not have HCHO data) of nine boreal forest
wildfires in Western Canada during summer 2023. The “Avg Ratio” in the legend is the average
EnhR for each fire. Correlations are plotted without systematic bias being added or removed for each
species (Section 2.5 Table 2.1), however, the average slope, which is the average of the slopes from
all fires, is provided with bias adjustment as “Bias-Adjusted Avg,” in the figure. The uncertainties
reported for the Avg Slope, Bias-Adjusted Avg, and Avg Ratio are the SEM.

Seven plumes had correlation coefficients higher than average, and one plume showing

an R2 of 0.84 with a negative slope. The normalised maximum enhancement rates

(Figures 3.9 and 3.10) show how NO2 concentrations initially increase further along

in the plume than CO, before being consumed. This pattern can also be observed in

Figure 3.12, with the average slope being negative, showing NO2 being higher than

CO, before being consumed.

Calculated NO2/CO EnhRs are comparable to Goode et al. (2000) (1.57x10-3 with

NOx in the form of NO) and Simpson et al. (2011) (5.6(±0.3)x10-3 ppbv/ppbv with

NOx in the form of NO2) within the same order of magnitude as the average EnhR of
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Figure 3.12: Enhancement ratios of TROPOMI NO2 and CO ∆VCDs (background-subtracted en-
hancements) downwind of sixteen plumes from nine boreal forest wildfires in Western Canada during
summer 2023 plotted the same way as Figure 3.11. The y-axis has been limited to 0.006 to allow all
slopes to be visually distinguishable. The uncertainties reported for the Avg Slope, Bias-Adjusted
Avg, and Avg Ratio are the SEM.

1.22x10-3 (± 1.98x10-4) across all fires in this work. Anderson et al. (2023) employed

another method using TROPOMI data to analyse the change of total emission ratios

of HCHO and NO2 with CO over the lifetime of a series of fires in California, Oregon,

and Washington, showing that EnhRs had larger values at the start of the fire and

dropped off exponentially as the fires aged (Figure 3.13(a) taken from Anderson et al.

(2023)). The calculated values in this work are consistently within the upper and lower

range they observed for NO2/CO with 1.01x10-3 (± 1x10-5) and 2.34x10-4 (± 1x10-6)

for the upper and lower range, respectively, with some of their EnhRs exceeding ours.

The down-plume relationship between HCHO and NO2, with HCHO increasing

while NO2, decreases can be seen in the EnhR relative to plume age, with all fires
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Figure 3.13: Figure taken from Anderson et al. (2023) showing their results for analysing the diurnal
change of a series of fires in California, Oregon, and Washington. Their panels show: (a) ∆NO2/∆CO
over time, (b) the average FRP versus days from start, (c) ∆NO2/∆CO as a function of average
FRP, and (d) ∆HCHO/∆CO as a function of time.

showing a positive slope as a plume ages. Figure 3.14 shows that HCHO increases

along the length of the plume, relative to NO2. An average slope of 12.1 (± 3.45)

h-1 with a bias-adjusted average of 12.0 (± 3.40) h-1 was observed. These EnhRs

show strong correlations, with nine fires having R2 > 0.50. The average EnhR is 15.4

(± 2.80), with an average R2 of 0.49. Figures 3.11, 3.12, and 3.14 demonstrate how
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the Gaussian-flux method, applied to TROPOMI (or satellite) data, can be used to

provide insight into the chemical evolution of various species along the length of the

plume as the plume ages.

Figure 3.14: Enhancement ratios of TROPOMI HCHO and NO2 ∆VCDs, plotted the same way as
Figure 3.11 for fourteen plumes (with with MaxhamishLake11_o29332 not containing HCHO data
and EntiakoParkBC_o29757 having no HCHO/NO2 overlap). The y-axis has been limited to 500
to make slopes to be visually distinguishable. The uncertainties reported for the Avg Slope, Bias-
Adjusted Avg, and Avg Ratio are the SEM.

The maximum enhancement rates of CO, HCHO, and NO2 for the fires shown

in Figures 3.9, and 3.10 are plotted as a function of the averaged FRP in Figure

3.15, for each species. Maximum enhancement rates were examined for any corre-

lation between calculated enhancement rates and observed FRP averages. Higher

fire activity (higher FRP) should show increased maximum enhancement rate for all

species as high fire activity leads to increased flaming and smouldering (Section 1.2).

Maximum enhancement rates, instead of averages, were selected since CO and NO2
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show strong peaks near the fire centre but rates rapidly decrease to near background

levels, affecting averages. Maximum enhancement rates better demonstrate CO and

NO2 dependencies. The fire plumes for EntiakoParkBC and FoxMountainNWT were

removed from this analysis as there were no MODIS FRP values for the day of the

overpass. CO shows a strong correlation with a positive slope of 22.33 t/h·MW, and

R2 of 0.87. HCHO and NO2 also have positive linear correlations, but with lower

R2 of 0.36 and 0.49, respectively. The larger correlation for CO demonstrates that

CO is a better proxy for FRP than secondarily formed species like NO2 and HCHO.

It can be seen from all three plots that larger maximum enhancement rates require

greater FRP, but large FRP does not always equate to larger maximum enhancement

rates. While larger FRP results in more biomass being burned, allowing for more

species production, and boreal forests have an abundance of carbon and VOCs stored

in the soil and fallen brush (Akagi et al., 2011; Simpson et al., 2011; Mäki et al.,

2019; Isidorov et al., 2022), the age of the fire can also affect the amount and type

of biomass available. A larger sample of fires would provide more information about

correlations between CO, HCHO, and NO2 enhancement rates and FRP.
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Figure 3.15: Maximum enhancement rates, for fires analysed in Figures 3.9, and 3.10, as a function of
MODIS daily-averaged fire radiative power (FRP) for (a) CO, (b) HCHO, and (c) NO2. Maximum
enhancement rates show a positive linear relationship with FRP for all three species, with CO
showing the strongest statistical correlation of R2. The error bars indicate the enhancement rate
uncertainties for each species reported in Table 2.1.

3.4 Conclusions

This study analysed down-plume enhancements of CO, HCHO, and NO2 by applying

the Gaussian-flux method to fires from the 2019 FIREX-AQ in-situ campaign and

to wildfires in Western Canada during summer 2023. The Gaussian-flux method

enhancement rates for three FIREX-AQ wildfires, Shady, Williams Flats, and Horsefly

fell within the calculated enhancement rate ranges provided by Stockwell et al. (2022),

at various points in the downwind direction, for all three species, except Horsefly CO.

The method also provided CO enhancement rates that matched CO single-emission

estimates from Griffin24 within the first 30 km, accounting for uncertainty. The

calculated results of this study were generally smaller than the FIREX-AQ in-situ

results, largely due to increasing fire activity as the in-situ data were collected a few

hours after the TROPOMI overpass. This assumption was verified with GOES FRP.
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Analysis of different lifetimes for enhancement rate calculations for HCHO and

NO2 showed that maintaining typical lifetimes of six hours and two hours for HCHO

and NO2, respectively, did not significantly alter the calculated enhancement rates

compared to FIREX-AQ. Enhancement rates were also determined for a 2019 New

Mexico fire studied by Griffin24. The enhancement rates calculated in this study

showed a similar downwind profile, matching those observed in Griffin24, within

uncertainty. The Gaussian-flux method demonstrated effectiveness in determining

downwind enhancement rates, for distinguishable plumes, so long as a Gaussian dis-

tribution can be fit for at least one species.

Downwind enhancement rates were calculated for nine fires in Western Canada

during summer 2023, totalling sixteen plumes due to multiple TROPOMI orbits for

the same fire, with HCHO being observed this way for the first time. Normalising

the enhancement rates downwind to the maximum enhancement rate of each species

showed that CO is produced primarily at the source of the fire, while NO2 is formed

further down in the plume, as a secondary by-product of photochemical reactions

in the plume. HCHO was observed to start forming further down the plume than

both CO and NO2 and after NO2 enhancement rates started decreasing. This sug-

gests HCHO is being produced as a secondary by-product of VOC oxidation chains,

with possible enhancement by the abundance of VOCs present in boreal forests. En-

hancement rates for HCHO varied, and even increased, after enhancement rates for

NO2 tended to zero. These chemical changes were also observed when considering

the age of the plume for each fire observed in this study. As the plumes aged, NO2

enhancements increased for older plumes but typically decayed within a few hours,

while HCHO formed later in the plume than NO2.

To demonstrate the evolution of HCHO and NO2 in the plume, these species were

plotted as EnhRs against the more stable CO and then against each other as a function

of the age of the plume. HCHO/CO showed a moderate correlation, with positive

slopes on all plumes as they aged, further suggesting HCHO increasing in abundance

as CO dilutes. The average HCHO/CO EnhR across all plumes was 1.58x10-2 (±

4.77x10-3) (with all reported ± uncertainty being SEM), which was consistent with
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two in-situ studies of boreal wildfires in Alaska (Goode et al., 2000) and Canada

(Simpson et al., 2011) of 2.14x10-2 and 1.75x10-2, respectively, for these EnhRs. The

high standard deviation of EnhR average from this method is due to no consistent

pattern of HCHO formation observed in wildfire plumes, compared to CO and NO2.

EnhRs of NO2/CO versus plume age showed negative slopes for the majority of

fires. NO2/CO EnhRs showed weaker correlation, with a lower average R2 than

HCHO/CO. The negative slopes are largely due to large EnhRs within one to three

hours of plume age when CO enhancements started to decline and NO2 enhance-

ments were increasing until NO2 was converted into other nitrogen products down-

wind. The average NO2/CO EnhR was 1.22x10-3 (± 1.98x10-4), which is comparable

to boreal in-situ ratios from Goode et al. (2000) (1.57x10-3) and Simpson et al. (2011)

[5.6(±0.3)x10-3]. EnhRs all had positives slopes and R2 > 0.50 for nine fires. The

positive slopes of HCHO compared to both shorter lifetime species like NO2 and a

longer lifetime species CO, indicates the continued formation and general increase in

abundance, relative to NO2 and CO, of HCHO in these plumes.

Maximum enhancement rates for each fire compared to the average MODIS FRP,

from within a few hours of TROPOMI overpasses, showed a positive, linear trend for

all three species. CO showed the strongest correlation, with a positive slope of 22.33

t/h·MW and an R2 of 0.87. While HCHO and NO2 have positive correlations with

FRP, both have lower R2 of 0.36 and 0.49, respectively. A larger sample size would

be needed to more accurately analyse down-plume enhancement rates as a function

of daily averaged FRP, but these results suggest that larger the FRP, the greater the

concentration of each species within a plume.

There are a number of limitations for the Gaussian-flux method, such as the

possibility of upwind emissions affecting results, the inability to fit some plumes with

a Gaussian distribution, the inability to extend plume observations beyond 150 km

downwind due to widening plumes, and cross contamination with other source or

beyond 50 km in the crosswind direction as it violates the assumption of a point

source. Another limitation is that HCHO enhancements are not as distinguishable

in plumes due to its weaker absorption signals and sensitivity to Rayleigh and Mie
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scattering.

The Gaussian-flux method has proven to be effective at calculating enhancement

rates and EnhR changes along the length of a plume, as well as chemical evolution of

species within a plume as it ages, an analysis that is normally done with ground and

in-situ campaigns. It is also effective at providing EnhRs for wildfires to examine how

these species evolve downwind — a method typically limited to the same campaigns.

How these species evolve and are transported over long distances in the plume may

provide information relevant to understanding the public health implications in cities

that are in the path of these plumes. Future work could expand on these findings by

applying the Gaussian-flux method to fire seasons in different parts of the globe and

to explore how other TROPOMI species, such as HONO and methane, evolve in fire

plumes to help better characterise the internal chemistry of wildfire smoke.



Chapter 4

Downwind Formaldehyde to

Nitrogen Dioxide Ratios and

Implications for Surface Ozone

Production

This chapter analyses TROPOMI HCHO, NO2, and CO VCD enhancements and

enhancement rates calculated with the Gaussian-flux method, for fourteen plumes

from nine fires in the summer of 2023 and twelve plumes from seven fires in the

summer of 2025 from boreal forests in Central and Western Canada. Unlike previous

chapters, this chapter will refer to the species in the order of HCHO, NO2, and

CO as this is in the order of importance to the research being conducted. The

first objective of the research in this chapter was to observe the evolution of HCHO,

NO2, and CO emission rates downwind and compare them to the fires in Chapter

3. Then HCHO and NO2 VCD enhancements were used to observe variations in

the FNRs along the length of the plume and as the plume ages downwind. This

work has been reviewed by coauthors and will shortly be submitted for publication,

and the corresponding data have been published in Hearne et al. (2026), at https:

//doi.org/10.5683/SP3/CJLVQ6.

81

https://doi.org/10.5683/SP3/CJLVQ6
https://doi.org/10.5683/SP3/CJLVQ6


CHAPTER 4. CANADIAN WILDFIRES: FORMALDEHYDE-NITROGEN RATIOS 82

4.1 Datasets

Research in this chapter uses the TROPOMI HCHO tropospheric vertical column,

NO2 tropospheric column, and CO total column data products to calculate enhance-

ment rates and VCD enhancements, with the AER_LH data product being used to

provide plume height. The MODIS MYD14 FRP data product from Aqua is used to

determine the fire centre of the fires analysed in this chapter. Plume height was used

with ECMWF ERA5 reanalysis wind data to find the wind speed and direction at the

correct altitude of the plume. If a plume height could not be found with AER_LH,

the altitude was set to the default. To ensure boreal forest wildfires were selected,

only fires with the land types Tree cover, needleleaved, evergreen, closed (>15%) and

Tree cover, needleleaved, evergreen, closed to open (<15%) from the CCI LC product

were used.

4.2 Methods

This research focuses on 2023 and 2025 Canadian wildfires located in the boreal forests

of Central and Western Canada. Data were obtained for fourteen plumes from nine

wildfires in the Northwest Territories and British Columbia from the summer 2023

wildfires. Twelve additional plumes from seven wildfires in Saskatchewan, Manitoba,

and Alberta during the start of the 2025 wildfire season were also analysed. Fires were

given names based on their approximate geographic location and orbit, if multiple

orbits exist for the same fire. The names and coordinates for each fire can be found

in Tables 4.1 and 4.2 for the 2023 and 2025 wildfires, respectively.

The research in this chapter uses the Gaussian-flux method detailed in Chapter

2 to calculate enhancement rates and VCD enhancements for each plume. VCD en-

hancements (∆VCD), or column enhancements, are background-corrected columns,

at the determined aerosol layer height, from the TROPOMI HCHO tropospheric verti-

cal, NO2 tropospheric, and CO total column data product. The naming convention of

calling the rates in this study enhancement rates follows Chapter 3. Since HCHO and
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NO2 can be emitted from the fire but also secondarily formed in the plume, they are

more accurately enhancement rates than emission rates, enhanced after background

correction.

Lifetimes used in this study were 6 hours, 2 hours, and 2 weeks for HCHO, NO2,

and CO, respectively. Enhancement rates and ∆VCDs were calculated by subtracting

background concentrations from 20 to 50 km upwind. NO2 data values that were

close to background, resulting in unusually high FNRs, were filtered out. CO was

used, when available, to determine the fire source location, as CO is found in larger

concentrations near the source (Griffin24, Chapter 3), but were not used in FNR

calculations. FRP averages were determined using all available MODIS FRP values

that were within a few hours of TROPOMI overpass.

4.3 Results and Discussion

4.3.1 Enhancement Rates

Enhancement rates for the 2023 and 2025 fires were calculated for HCHO, NO2, and

CO as a function of downwind distance and plume age. Plume age was determined

using the location of each calculated enhancement rate, downwind, divided by the

average wind speed downwind. Enhancement rates for the 2023 wildfires used in this

chapter are available in Figures 3.9 and 3.10 and those for the 2025 wildfires can be

found in Figure 4.1. Compared to the enhancement rates from the 2023 fires shown in

Chapter 3, the 2025 fires in Figure 4.1 show similar characteristics in the downwind

direction and with plume age. CO enhancements are typically larger nearer to the

centre of the plume, while NO2 enhancements begin to appear further down the

plume as the plume ages before dropping off rapidly. HCHO enhancements typically

begin to increase as the plume ages and continue to remain high even after CO and

NO2 rates decline. For more detailed explanation and analysis of these trends, see

Chapter 3. SouthAtikakiParkMB had very stagnant air at the determined plume

height [plume altitude of 2004 m with an average of 0.61 m/s (2.18 km/h)], which
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provided unrealistic plume ages. The fire was kept for the analysis in Figure 4.1, as

it maintains a characteristic downwind (in km) plume shape, but was removed from

any future analysis related to plume age.

4.3.2 Formaldehyde to Nitrogen Dioxide Ratios

FNRs have been shown to be a good indicator for the dependence of surface O3

formation in the atmosphere on VOC or NO2 concentrations (Section 1.3.4). Jin

et al. (2020) found that VOC-sensitive formation of surface O3, where concentrations

of O3 increase linearly with increasing concentrations of VOCs, occurs at FNR values

of 3.2 and below, while NO2-sensitive formation occurs at FNR of 4.1 and above,

with FNR between 3.2 and 4.1 being a transition zone where O3 production can be

reduced by decreasing either NO2 or VOC emissions. A summary of this can be found

in Table 4.3.

Table 4.3: FNRs indicating VOC- or NO2-sensitive O3 production from Jin et al. (2020), derived
from OMI satellite data and model data.
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Figure 4.1: Normalised enhancement rates of CO (orange diamonds), NO2 (blue triangles), and
HCHO (red squares) (rearranged to match Figures 3.9 and 3.10) for twelve plumes from the 2025
wildfires as a function of downwind direction and plume age. Enhancement rates of each fire have
been normalised to the maximum rate of each species, which are shown in the legend along with the
average FRP. FRP is averaged from MODIS FRP within three hours of each TROPOMI overpass.
Naming convention in Table 4.2.
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Jin et al. (2020) primarily focused on urban environments, as did several other

FNR studies (e.g., Jin et al., 2021; Acdan et al., 2023). However, Parrington et al.

(2013) and Robinson et al. (2021) found similar correlations of surface-level O3 forma-

tion with NOx and VOCs, using in situ measurements from boreal forest campaigns

during wildfires. Robinson et al. (2021) also found that wildfires produce five times

more O3 than urban environments. One issue for boreal forests is that they often

have measurable background HCHO concentrations due to oxidation cycles of natu-

ral occurring VOCs in soil (Mäki et al., 2019; Isidorov et al., 2022). These background

concentrations, however, are usually small enough compared to wildfire HCHO forma-

tion concentrations to not have a significant impact on results, but could occasionally

cause enhancement rates and HCHO ∆VCDs to be underestimated due to background

subtractions.

∆VCD FNRs were calculated using the Gaussian-flux method for the 2023 and

2025 wildfires and plotted as a function of downwind direction in Figure 4.2 for

2023 and Figure 4.3 for 2025. These figures show that the fires from both years

start off with a high NO2 and low HCHO environment (small FNR), increasing the

probability of O3 formation varying linearly with VOC concentrations. This VOC-

sensitive regime could increase O3 production due to the abundance of VOCs in boreal

forests. However, further downwind, the majority of plumes rapidly transition to a

NO2-sensitive regime (larger FNR) and remain so for the remainder of the downwind

direction. If these plumes were transported over a NO2-rich environment, such as a

city in the day time, O3 concentrations could increase in the downwind plume. Cities

can often be in the path of wildfire smoke and these patterns may continue in the

plume beyond the distances observed in this study.
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Figure 4.2: Calculated ∆VCD FNRs versus plume age, with downwind direction on the top x-axis,
for the fourteen plumes from the 2023 Canadian wildfires. The VOC-sensitive regime (FNR below
3.2) appear as a blue box, while the NO2-sensitive regime (FNR above 4.1) is a green box. Grey
dashed lines separate the upper and lower numerical regions of the VOC- and NO2-sensitive regimes,
called the transition region. Average FRP is provided for FRP occurring within a three hours of
each TROPOMI overpass. Errors are the uncertainties detailed in Table 2.1 summed in quadrature
for HCHO and NO2. For the naming convention, see Table 4.1
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Figure 4.3: Calculated ∆VCD FNRs versus plume age and downwind direction from the twelve
plumes for the 2025 Canadian wildfires, plotted the same way as Figure 4.2. For the naming
convention, see Table 4.2. Error bars defined the same as Figure 4.2.

To better visualise consistency of VOC- to NOx-sensitive regime transitions, a

three-dimensional heatmap of all the plumes from both years can be seen in Figure

4.4(a). FNRs are plotted as a function of plume age in the lower x-axis and distance
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downwind in the top x-axis. The horizontal axis is divided into equally spaced dis-

tance bins, while the vertical axis uses logarithmically spaced bins between 0.1 and

100 (with additional bins centred at 3.2 and 4.1 added). This binning scheme provides

higher resolution for low‑ratio values—where most of the ratio values cluster—while

still covering the full dynamic range of the ratios. Each cell is coloured according to

the number of samples that fall within the corresponding bin, with warmer colours

indicating higher counts. Dashed lines (white and orange) mark the bins that con-

tain the reference ratios FNR = 3.2 and FNR = 4.1. The y‑axis is presented on a

linear scale for ease of reading, even though the underlying bin edges are logarithmic,

allowing for directly observing the absolute ratios associated with each colour band.

The heatmap shows that close to the fire source, the majority of fires are in the VOC-

sensitive regime (below the orange line) but rapidly transition into the NO2-sensitive

regime. The majority of plumes have transitioned into NO2 sensitive regime 50-80

km downwind, depending on the plume. Some plumes did not extend the full length

of 150 km, but all plumes except one (ChaseParkBC_o29332) transitioned into NO2

sensitive regime before the end of the plume.

The age of the plume indicates that across all fires, the transition starts after

the first hour and fully transitions into the NO2-sensitive regime within 2 to 3 hours

of the plume formation. This is better visualised in Figure 4.4(b), which shows a

two-dimensional histogram with FNR values binned by plume age in one-hour blocks

represented by different colours. Dashed orange and blue lines represent the bound-

aries of the VOC and NO2 regimes. (Note: binning for Figure 4.4(a) and (b) are not

related or correlated.) The majority of counts in the VOC region (FNR < 3.2) come

from plumes with an age of 0 to 3 hours. This can be seen in the legend. Counts

for 0-1 h are the highest in the ≤ 3.2 bins, with the number of counts in that region

decreasing quickly for each additional hour. The majority of counts in the FNR ≥

4.1 region are for plumes aged 3 hours and longer.

HCHO/NO2 ∆VCDs ratios were plotted against plume age in Figures 4.5 and 4.6

to examine how FNR evolves in an ageing plume, with the upper panel of Figure 4.5

being a replication of Figure 3.14. The effectiveness of this method was demonstrated
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Figure 4.4: (a) A 3D histogram heatmap of TROPOMI ∆VCD FNR values for the 2023 and 2025
wildfires as a function of downwind direction and plume age. Bins in the horizontal axis are linearly
binned, while the vertical axis uses logarithmic spacing for binning. Both x- and y-axis are presented
on a linear scale for easy reading. Dashed lines have been added to demonstrate the VOC-sensitive
(orange line and below) and NO2-sensitive (white line and above) regimes. (b) A 2D histogram
of FNR with plume age binned into one-hour blocks, each with a different colour, as seen in the
legend. The legend shows how many counts of each plume age block exist in region with FNR
≤ 3.2 (visualised as an orange dashed line) and ≥ 4.1 (visualised as a blue dashed line). The
legends for the dashed lines also show the total counts that meet the qualifications they represent.
SouthAtikakiParkMB was omitted from these results. Note: There are no similarities or correlations
in binning methods between (a) and (b).

in Chapter 3 by comparing to in-situ observations. FNRs versus plume age for the

2025 wildfires in Figure 4.6 have a similar average slope of 14.00 (± 2.18) h-1, as the

2023 wildfires with 12.14 (± 3.45) h-1, seen in Figure 4.5 and Figure 4.6, with both

uncertainties being the SEM (note, all ± uncertainties reported in this study are the

SEM). For both the 2023 and 2025 wildfires, the FNR increases as the plume ages.

The 2025 results show strong correlation, with five plumes having R2 > 0.50 and

all but one having R2 > 0.30, while the 2023 fires showed eight plumes with R2 >

0.50. Taking the logarithm of the plume age for both years, as in the lower panels

of Figures 4.5 and 4.6, shows how quickly FNRs increase after 1 hour of ageing, with

plumes then tending toward the NO2-sensitive regime. Robinson et al. (2021), using

a combination of models and in-situ data, showed that daytime fires transitioned into

sensitivity to NO2 within 30 minutes of plume ageing, twice as fast as night fires, but

both transitioned within an hour, similar to the results seen here.

Combining the measurements of three aircraft campaigns looking at boreal for-

est fires over central and eastern Canada and northern and western Alaska in the
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Figure 4.5: HCHO/NO2 ratios as a function of plume age for the fourteen plumes from nine Canadian
boreal wildfires in summer 2023. The upper panel has a linear x-axis, while the lower panel shows
the x-axis on a logarithmic scale. The centre legend has each fire colour coordinated with the linear
slope, R2, and average FNR (Avg FNR) for each linear fit. Both the upper and lower panels use the
same colour and naming scheme (see Table 4.1 for the naming convention). Correlations are plotted
without systematic bias being added or removed for each species (Section 2.5, Table 2.1), however,
the average slope, which is the average of the slopes from all fires, is provided with bias adjustment
as “Bias-Adjusted Avg,” in the top panel. The uncertainties reported for the Avg Linear Slope and
Bias-Adjusted Avg Linear Slope are the SEM.
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Figure 4.6: HCHO/NO2 ratios as a function of plume age for the twelve plumes from seven Canadian
boreal wildfires in summer 2025 plotted the same way as Figure 4.5. See Table 4.2 for the naming
convention. SouthAtikakiParkMB was omitted from these results. The uncertainties reported for
the Avg Linear Slope and Bias-Adjusted Avg Linear Slope are the SEM.
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summers of 1990, 2008, and 2010, Parrington et al. (2013) analysed the relationship

of O3 formation with CO and NO2. They found that O3 formation was greater in

older plumes with longer photochemical ages and lower aerosol concentrations than

in younger plumes with shorter photochemical ages and higher aerosol concentrations,

which are typically closer to the fire centre. Similar to the results in Figures 4.2, 4.3,

and 4.4, Parrington et al. (2013) also found that plumes with high aerosol had low

dependence of O3 formation on NOx concentrations, suggesting plumes closer to the

fire source are in the VOC-sensitive regime, while older plumes with lower aerosol con-

centrations showed stronger dependence on NOx, suggesting downwind NOx-sensitive

regime.

4.4 Conclusions

Using TROPOMI satellite observations, the Gaussian-flux method was applied to

fourteen wildfire plumes from 2023 and twelve wildfire plumes from 2025 in Central

and Western Canadian boreal forests to calculate downwind enhancement rates and

∆VCD FNRs. The majority of the 26 plumes across both years were found to initially

be in the VOC-sensitive regime of O3 production but rapidly transitioned into the

NO2-sensitive regime downwind. This was further observed by plotting HCHO/NO2

as a function of plume age. As the plumes aged, FNRs increased, creating a more

NO2-sensitive environment as NO2 ∆VCDs decreased and HCHO ∆VCDs continued

to increase in the plume. This pattern was also observed by Parrington et al. (2013)

who found, from combined measurements of three boreal forest aircraft campaigns,

that O3 formation is greater in older plumes downwind with increased O3 sensitivity

to NO2 as the plume aged.

FNR as a function of plume age for the 2025 wildfires demonstrated an increase

as the plume aged downwind, similar to the 2023 wildfires analysed in Chapter 3.

These ratios for 2025 also showed a good correlation with increasing plume age, with

six plumes having R2 > 0.50 and all but one plume having R2 > 0.30. HCHO/NO2

from the 2023 fires also showed good correlation versus plume age, with eight plumes
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having R2 > 0.50. Both the 2023 and 2025 wildfires had similar averages of all

linear slopes and average ratio across all fires with 12.14 (± 3.45) h-1 and 14.00 (±

2.18) h-1, respectively. A logarithmic plot of the FNRs with plume age from both

years showed that FNR increases rapidly after only 1 hour. A 3D histogram of FNR

versus plume age and a 2D histogram of FNR counts in one-hour bins both showed

transitions to the NO2-sensitive regime rapidly occurring with the first hour, with

nearly all fires transitioning to this regime within 3 hours. This pattern was also

observed by Robinson et al. (2021) who found, with combined modelling and in-situ

measurements, that daytime fires rapidly transition from VOC- to NO2-sensitive O3

production within 30 minutes, half as long as for nighttime fires.

As the VOC-sensitive regime is primarily near the fire centre, the O3 production

probability could increase linearly in the forest itself as boreal forests are abundant

in VOCs. As a plume ages, however, the smoke rapidly transitions to NO2-sensitive

O3 production. This could pose a health risk to the general public if boreal forest

wildfire smoke were transported over a NO2-rich environment like a city because O3

levels could increase. Research suggests biomass-burning-induced O3 production can

be up to five times higher than urban production (Robinson et al., 2021).

While previous studies of FNRs have primarily focused on urban environments,

this is the first time TROPOMI has been used to look at wildfire emissions and how

variations in downwind FNRs could give insight into possible O3 production. Unlike

previous research using in-situ data and models to analyse the transitions between

these two regimes of O3 formation in wildfires, TROPOMI data can be used to observe

the immediate impact of specific fire plumes and give a more real-time (daily) analysis

solely through satellite observations, using the Gaussian-flux method.

In this study, analysis of O3 formation using the Gaussian-flux method with

TROPOMI O3 total columns was attempted. However, tropospheric O3 enhance-

ments were not discernable in the currently available O3 data products. The Gaussian-

flux method, however, could be used for determining FNRs and their transitions

between NOx- and VOC-sensitive regime by combining atmospheric chemical trans-

port models to provide insight into how these FNRs could affect air quality further
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downwind and how continued ageing of the plume and dispersion might affect HCHO

concentrations and O3 production. This method is also not limited to boreal forests.

Any sufficiently large and well-defined fire plume could be analysed using TROPOMI

data. Considering the coverage of TROPOMI, the method allows for global observa-

tion of changes in FNRs for various biomass fuel types and fire locations where species

evolution and atmospheric conditions may differ from those found in the boreal forests

of Canada.



Chapter 5

A Diurnal Variability Study of

TROPOMI-derived CO Emission

Rates Using GOES Fire Radiative

Power

This chapter examines the variability of TROPOMI-derived CO emission rate (ER),

calculated with the Gaussian-flux method, as the plume ages downwind for 38 wildfire

plumes from 27 boreal forest fires in Central and Western Canada during the summers

of 2023 to 2025. The first goal of this study was to analyse the evolution of CO ERs

downwind of the fire centre to observe any patterns across all fire plumes using plume

age. Taking advantage of CO having an atmospheric lifetime from two weeks to two

months, plume age was used to calculate emission time of each ER by calculating

backward from the TROPOMI overpass time. The second goal was to analyse the

diurnal variability of CO within a plume as it ages by comparing these ERs to GOES

FRP at the same time, for all plumes for which FRP data were available. The

relationship between CO ERs and FRP as a function of emission time was analysed to

validate the viability of using TROPOMI to observe diurnal changes in CO emissions

using single-pass satellite data. This work is being prepared for publication.
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5.1 Datasets

Emission rates for CO were calculated using the TROPOMI CO total column product,

with the AER_LH data product providing plume height. The plume height was used

to determine the altitude for wind speed and direction data from the ECMWF ERA5

wind data product. If plume height could not be determined, the altitude used for

wind speed data was set at 2 km (800 hPa). The MODIS MYD14 FRP data product

was used from Aqua to determine the location and fire centre of wildfires. To ensure

the fires studied were in boreal forests, the CCI LC product was consulted to ensure

all fires had either Tree cover, needleleaved, evergreen, closed (>40%) or Tree cover,

needleleaved, evergreen, closed to open (>15%) land types. Lastly, GOES FDC FRP

was used to determine the diurnal changes in FRP. FRP was taken from GOES-18,

with GOES-16 providing back-up data, for fires in 2023, while FRP from GOES-18

and GOES-19 was used for fires after 2024. No GOES-17 data were available. For

more information on these datasets and their use, see Chapter 2.

5.2 Methods

5.2.1 Gaussian-Flux Methodology

The research in this chapter uses the Gaussian-flux method (described in Section 2.2)

to calculate the majority of ERs for CO, with the limitations and uncertainties of the

method found in Sections 2.4 and 2.5, respectively. Additional limitations for this

work will be discussed further in this section. Twenty-seven wildfires were selected

from Central and Western Canada during the summers of 2023, 2024, and 2025 pro-

viding 38 wildfire plumes, with several fires in the same location on different days

counted as the same fire. The names, coordinates, and details for which plumes were

studied in this work can be found in Tables 5.1, 5.2, and 5.3 for 2023, 2024, and

2025, respectively. Fires were selected for their distinct plume shape, downwind. As

the 2024 fire season was smaller in comparison to the other two years, fewer fires

were selected in this year compared to 2023 and 2025, due to limitations discussed
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in Section 2.4. Unlike NO2 and HCHO, which in previous chapters had derived rates

referred to as enhancement rates due to having atmospheric lifetimes of a few hours

and can be both emitted directly and secondarily formed, CO has a long lifetime and

is primarily emitted directly by the fire. While HCHO, produced by biomass burning

and VOC oxidation cycles (Section 1.3.3) is capable of secondarily forming CO, con-

centrations of HCHO are significantly smaller than those of CO, so the contribution

from HCHO to overall CO emission rates is assumed to be negligible. For this reason,

rates calculated for these wildfire plumes are referred to as emission rates.

Background-subtracted emission rates were calculated for each wildfire plume

along with plume age (Equation 2.11 in Section 2.2.1). Plume age was calculated

by taking the location of each ER and dividing it by the average wind speed along

the length of the plume. Local times were calculated by first taking the plume age

(in hours) and subtracting it from the TROPOMI overpass start time (in 2400 hours)

to get emission time in UTC. As CO is formed primarily in the fire itself, overpass

times were set to the location with the highest concentration of CO in the plume and

the emission times were calculated from that location. Then, the coordinates of the

fire centre were used to find the time zone in which the fire was located and emission

times were adjusted from UTC to the local time for that location. Due to the high

latitude of some fires, there were occasionally additional overpasses by TROPOMI

and some measurements for a fire were obtained before or after the typical 1:30 p.m.

local time overpass (Section 2.1.1).

Emission rates of CO as a function of local time were also compared with GOES

FRP to analyse the diurnal variability of CO emissions based on changes in FRP

throughout the day. GOES FRP data were not always available throughout the day,

due to limitations discussed in Section 2.1.4. Four of the wildfire plumes observed

(EntiakoParkBC_o29757, EntiakoParkBC_o29758, SikanniOldGrowthParkBC, and

ManigotaganLakeMB) did not have any FRP data and were removed from any anal-

ysis involving FRP, but were kept for emissions and plume age analysis.
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5.2.2 Method Modifications

Additional limitations exist for this study that were not discussed in Chapter 2 as

they arise only from this study. The Gaussian fit across the fire plume did not al-

ways provide the correct downwind adjustment. To correct for this, in previous work,

the NO2 Gaussian-corrected rotation was used for other species, such as CO. As

CO was the only species investigated in this study, wildfires for which the Gaussian-

corrected rotation did not rotate the plume accurately had the Gaussian correction

turned off (the addition to the method by Griffin24). For these plumes, calculated

ERs were based on the flux method used by Mebust11, Adams19, and Griffin21.

Eight of the 38 plumes analysed in this study fell into this category: MaxhamishLake,

MaxhamishLake13, NormanWellsNWT, DeaseLakeBC, FoxMountainNWT_o29715,

EntiakoParkBC_o29757, SikanniOldGrowthParkBC, and BesnardLakeSK26. Any

additional fires surveyed for candidacy in this study for which the flux method also

did not provide the correct downwind rotation were filtered out and not used (20

additional fires were filtered out of this study due to this condition, leaving 27 re-

maining).

5.3 Carbon Monoxide in Wildfire Plumes

5.3.1 Evolution of Emission Rates

To analyse the evolution of ERs within a plume as the plume ages downwind, rates

were calculated for all 38 plumes and plotted as a function of plume age. As each

plume would have different ER values depending on the intensity and life of the fire,

the rates were normalised by taking the maximum ER calculated for a plume and

setting all rates as a fraction of the maximum ranging from 0 to 1, for each plume

studied, as previous research has suggested the highest emissions are near the centre

of the fire (Sections 3.3.1 and 4.3.1). In Figure 5.1, all the normalised emissions are

plotted for all fires collectively against plume age, with the Figure 5.1(a) in linear

space and Figure 5.1(b) having logarithmic plume age. The maximum ER is set to a



CHAPTER 5. DIURNAL VARIABILITY OF TROPOMI CO VERSUS GOES FRP 105

plume age of zero and the downwind plume age is plotted along the x-axis for each

fire. A relative point density (kernel density estimation or KDE) was mapped on top

of the points to demonstrate the density of points at a specific location, where 1.0 is

the greatest density.

Figure 5.1: Normalised TROPOMI emission rate versus plume age plotted in (a) linear plume age
and (b) logarithmic plume age for 38 wildfire plumes from 27 boreal forest wildfires during the
2023 to 2025 summers in Central and Western Canada. The ER for each fire is normalised by the
maximum ER observed for the same fire. The relative point density is provided, with total number
of points plotted per year.

The collection of ERs as the plumes age downwind are fit with an inverse power

fit, which is the best fit for the collective data points of all fires. The more constrained

an inverse power decay is, the more of a right angle it becomes. How quickly the fit

tends to zero emissions (zero y-axis) demonstrates the change in rate of emissions

of CO as the plume ages. By allowing the plume age (x) to vary in the dominator

of the equation means there is a gradual decrease in CO emissions with some fires

tending toward zero CO emissions slower than other fires. The fit shows a moderate

relationship between ER and plume age based on an R2 of 0.51. This correlation and

the more gradual curve is affected by CO ER variation between each plume, with

some plumes having slower average wind speeds than others over longer distances,

causing longer plume ages.

Figure 5.1(a) demonstrates that the majority of CO ERs tend toward background,

low emission values within the first five hours in the plume, with logarithmic scale
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of the plume age (Figure 5.1(b)) showing emissions decreasing rapidly after one hour

with nearly all plumes reaching near zero emission of CO within the first five to

six hours. This provides further evidence that CO emissions are primarily from the

source of the fire with minimal formation in the plume, which matches literature

regarding the formation of CO from boreal forests (Andreae and Merlet, 2001; Akagi

et al., 2011; Andreae, 2019), and is demonstrated across all 27 fires and 38 plumes of

different lengths and plume ages. Using the ER as a function of plume age can also

provide information about the diurnal changes of CO emissions.

5.3.2 Diurnal Variability

The plume age can be converted into local time by considering the TROPOMI over-

pass time. As discussed in the previous section, the portion of the plume with the

largest CO emission rate is an indication of the fire centre. That location was deemed

the centre of the fire and the TROPOMI overpass time for the plume (Tables 5.1,

5.2, and 5.3) was set to that location, following the same method for each plume. As

discussed in Section 5.2, the plume age (in hours) for each ER was subtracted from

the TROPOMI overpass to get an estimated emission time, UTC. Each emission time

was then converted to local time using the coordinates of the fire to determine the lo-

cal time zone of the fire and adjusting emission times to that time zone (on a 24-hour

time scale). These ERs were then plotted as a function of local time with FRP taken

from the GOES data available for the date of each plume. Figure 5.2 for 2023, Figure

5.3 for 2024, and Figure 5.4 for 2025, show the TROPOMI ERs as a function of local

time along with FRP. FRP was not available at all times throughout the day, but it

can be seen from the figures that TROPOMI ERs follow similar patterns to those of

FRP. As the TROPOMI overpass time is nominally 1:30 p.m., emissions are typically

observed when fire activity is increasing. The rise in emissions linked to heightened

fire activity is reflected in the growing TROPOMI ER values, which correspond with

the higher FRP measurements.

Emission rates from TROPOMI also follow a similar pattern to those observed

by a study on the transition from the smouldering to flaming phase of a Canadian
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boreal forest fire. Hayden et al. (2022) flew an NRCan Convair-580 research aircraft

through a boreal forest wildfire on the Alberta/Saskatchewan border in June 2018,

with 15 instruments on board measuring 193 compounds. They were able to observe

diurnal variability in CO, among other species, by combining aircraft measurements

of CO with Canadian Forest Fire Emissions Prediction System (CFFEPS) modelled

ERs, TROPOMI CO ERs, and GOES FRP (Figure 5.5). The combined method by

Hayden et al. (2022) provides insight into how transitioning from the smouldering

phase to a period of higher activity (flaming phase) causes a sharp increase in CO

emissions. The TROPOMI results from the Gaussian-flux method show a similar

pattern over the age of the plume. A limitation to the method used in this work

is that a constant wind speed is assumed, however, wind speed and direction may

change throughout the day, leading to some dilution of CO in an aged plume. For

this reason, the method used in this study provides an approximation of observed ER

diurnal variation. Correlations exist, however, between TROPOMI ER and GOES

FRP in local time.
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Figure 5.2: Calculated TROPOMI CO emission rates (black) and GOES-16 (green triangle) and
GOES-18 (purple triangle) FRP as a function of local time (in 2400 hour clock format) for the
15 plumes from summer 2023 wildfires. Titles provide the fire name, date, and TROPOMI orbit
number for each plume.
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Figure 5.2: (continued)
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Figure 5.3: Calculated TROPOMI CO emission rates (black) and GOES-16 (green triangle) and
GOES-18 (purple triangle) FRP as a function of local time (in 2400 clock format) for the five
wildfires observed in summer 2024. Titles provide the fire name, date, and TROPOMI orbit number
for each plume.
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Figure 5.4: Calculated TROPOMI CO emission rates (black) and GOES-18 (purple triangle) and
GOES-19 (orange square) FRP as a function of local time (in 2400 clock format) for the 14 plumes
from summer 2025 wildfires. Titles provide the fire name, date, and TROPOMI orbit number for
each plume.
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Figure 5.4: (continued)
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Figure 5.5: CO emission rates from aircraft measurements, using an NRCan aircraft (red triangle),
TROPOMI (black triangle), and CFFEPS (orange dots) are compared with GOES-R FRP (grey
dots) as a function of local time for a boreal forest wildfire on the border of Alberta and Saskatchewan
over a 24-hour period, on June 24th 2018. Figure from Hayden et al. (2022).

The correlation between TROPOMI ER and MODIS FRP was observed by Grif-

fin24 by evaluating single ERs 20 km downwind of the fire source for 842 wildfires

with the broadleaved evergreen land type from GLC2000 (Figure 5.6). They were

able to calculate a linear slope of 94.718 g/MJ and a good correlation with an R2 of

0.70. To expand on their work, the diurnal ERs from the fires in this chapter were

compared against GOES FRP. To do this, each GOES FRP available from GOES-W

and GOES-E throughout a 24-hour period were used to find a derived TROPOMI

ER within ±10 minutes of the FRP and then those two data points were plotted as

ER versus FRP. If no TROPOMI ER existed, the FRP was skipped and the next

FRP in time followed the same criteria until an ER was located. Using this method

ensures every TROPOMI ER that has a FRP value within ±10 minutes is plotted

but no ER is counted twice. Both GOES-E and GOES-W were used to ensure all

available FRP was compared against TROPOMI ER, without missing any ER if pos-

sible. There were no qualifications of whether it was GOES-E or GOES-W being used,

only a FRP value was compared against an ER within ±10 minutes. Due to both

GOES estimating FRP differently, this could lead to individual calculated emission
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Figure 5.6: Single emission rates taken at 20 km downwind for 842 wildfires under the broadleaved
evergreen land type from GLC2000 plotted as a function of MODIS FRP. Figure from Griffin24.

coefficients being over- or under-estimated.

Figure 5.7 shows the ER versus FRP from the 2023 to 2025 plumes, with the red

line showing an ordinary least square (OLS) regression, which considers errors in y,

and the blue line representing a York regression fit, which, unlike OLS, considers errors

in both x and y (for more detail see York (1968)). The OLS weights by the uncertainty

in calculated ERs but assumes a precise GOES FRP, while the York regression weights

by both the 40% random error on ER (Section 2.5) and the standard deviation for the

GOES FRP data. The OLS fit has a good correlation with an R2 of 0.73 and a slope

of 73.06 (± 0.62) g/MJ, while the York regression also provided a good correlation

with R2 of 0.72 and a slope of 81.26 (± 10.79) g/MJ, with both providing the standard

error of mean as uncertainty and a 95% confidence interval (shaded area of the same

respective colour). Since the York regression considers errors in both x and y, it has a

higher uncertainty. Plumes from ChaseParkBC_o29331 and ChaseParkBC_o29332

had unusually low FRP with very high ERs, unlike other plumes. These outliers were

removed, which can be seen in grey on Figure 5.7, and omitted from the fits.

The York regression gives more weight to the dense core of points while the OLS

regression better fits the larger FRP values. The slope of each fit is the calculated

emission coefficient of CO (ECCO in g/MJ). Since Figure 5.6 from Griffin24 shows

the ECCO from fires with the classification broadleaved evergreens, it is better to
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Figure 5.7: (a) TROPOMI CO ER versus GOES FRP for all TROPOMI ERs that are within ±10
minutes of a GOES FRP measurement along the plume of each of the 38 wildfire plumes from 2023 to
2025. The grey points represent data from plumes ChaseParkBC_o29331 and ChaseParkBC_o29332
that were omitted from the fit. The red dashed line represents an OLS regression and the blue dashed
line represents a York regression, both forced through the origin. Both fits show the 95% confidence
interval with shading. Panel (b) shows a zoomed-in view of the inner region of the majority of data
points.

compare to their analysis with the GLC2000 land type Tree cover, needle-leaved,

evergreen (European Commission, 2023), which is closer to the CCI LC category Tree

cover, needleleaved, evergreen used in this research. Griffin24 observed an ECCO of

58 ± 2 g/MJ, with an R2 of 0.53. Of the 15,000 fires they measured 1418 fires
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fell into this category. To ensure they were accounting for all fires, they changed

the biome classification to the MODIS C005 Global 500 m Land Cover Type product

(MCD12C1) classification (NASA, 2025). The biome of Evergreen needle-leaved forests

was calculated to have an ECCO of 76 ± 4 g/MJ with an R2 of 0.61 for the 246 of the

total fires that now fall into this category. This is much closer to the ECCO from the

diurnal ERs calculated in Figure 5.7. While Griffin24 analysed 15,000 fires, swapping

between the two classification systems changed which fires fell within each of the

above categories, thus changing the number of fires.

The ECCO from the York and OLS regressions are slightly greater than Griffin24

due to a density of large ERs with low FRP, which can be seen in Figure 5.7 (b).

This is likely due to the limitations of GOES at high VZA (Section 2.1.4). The

theoretical basis document for GOES-R fire/hotspot characterisation (Schmidt et al.,

2013) states that GOES data are available up to 80° VZA, with the best results

at VZA < 65°. Nearly all (37 of 38) plumes exceeded the 65° threshold, with six

exceeding the viewing angle of 80° for GOES-E. No FRP was collected from GOES-

E for those six fires. GOES-W has 32 out of 38 fires with VZA > 65°, but none

exceeded 80°, with six < 65° (Figure 5.8). These higher VZAS can cause GOES to

underestimate the FRP of some fires (Li et al., 2019). This would shift the data to

the left more in Figure 5.7 and cause greater slopes, as can be seen with the York

regression that puts more weight on the core density. However, GOES, with FRP

data collected every 10 to 15 minutes, provides the best demonstration of diurnal

variation compared to other satellites like MODIS and the Visible Infrared Imaging

Radiometer Suite (VIIRS), which have only one to two overpasses a day.

The relationship between ER and FRP can be examined further by looking at ER

versus the logarithm of GOES FRP. Data in Figure 5.7 were plotted in Figure 5.9, with

the FRP on a logarithmic scale and colour mapped with plume age. Because CO ERs

in Figure 5.1 show that the majority of fire plumes have normalised CO ERs declining

to near zero within the first five hours, the plume age colour map is set between 0 and 5

hours to help better visualise what is occurring in the plume, with data points that fall

outside 5 hours coloured grey, but still considered in the fit. The red line represents
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Figure 5.8: Summary of GOES VZA for each plume observed in this study for GOES-E and GOES-
W. Red is above the 80° threshold for detection, orange is above the ideal region of > 65°, and green
is in the ideal region of below 65°.

the OLS regression from Figure 5.7, but with plumes ChaseParkBC_o29331 and

ChaseParkBC_o29332 included. There are two distinct regions in the relationship

between calculated ER and FRP. As FRP approaches 1 GW, emissions start to trend

upward rapidly, and even more beyond 1̃0 GW, showing an increased correlation of

larger ERs on stronger FRP. While CO is primarily produced during the smouldering

phase that tends to have lower FRP, in times of high activity both smouldering and

flaming can occur. This is why darker colours (younger plumes) tend to be associated

with greater FRP, while lighter colours (older plumes) tend toward smaller FRP. As

TROPOMI overpasses typically occur when fire activity is increasing (Figure 5.5),

which can be seen in Figures 5.2 through 5.4, younger plumes would see greater FRP

and CO ER, while older plumes, emitted during the smouldering phase, would have

smaller overall FRP and emissions.

5.4 Conclusions

In this work, the evolution of CO within a wildfire plume was analysed with respect to

plume age, and CO ER was compared to GOES FRP to observe patterns in diurnal

variability. ERs for each fire, derived from TROPOMI measurements and normalised

by the maximum emission of each fire, were plotted as a function of plume age, which

was calculated using location of the emission and wind speed. CO ER shows rapid
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Figure 5.9: A linear-logarithmic plot of TROPOMI CO ER versus GOES FRP similar to Figure
5.7, but with a colour map of plume age. Plume age was set from 0 to 5 hours and any ERs that
fell outside this threshold were coloured grey. The red dashed line represents the OLS regression fit
forced through the origin. Plumes ChaseParkBC_o29331 and ChaseParkBC_o29332 are included
in OLS fit.

decay following an inverse-power-law fit, with the majority of fires showing CO ERs

dropping to near background levels within the first five hours after emission. This

shows that ERs are stronger near the centre of the fire, following literature obser-

vations of CO emissions in fires (Freeborn et al., 2008; Akagi et al., 2011; Andreae,

2019; Li et al., 2020; Hayden et al., 2022). Species with secondary formation in the

plume, instead of in the fire itself, would have higher ERs further downwind, as the

plume aged. For this reason, species such as NO2 and HCHO, which demonstrate

secondary formation and have relatively short life spans, are not suitable candidates

for analysing the diurnal variability of emission. Secondary formation could inflate

emission estimates relative to FRP and the short lifetimes (including photochemical

sinks such as those of NO2) could lower emission rates estimates. Diurnal analy-

sis works best with atmospheric species that are primarily formed in the flaming or

smouldering phases of the fire and have half-lives that are significantly longer than

the typical plume age for a plume of 150 km downwind, which is often below twelve

hours.

Using the plume age and TROPOMI overpass times, ERs were plotted as a func-
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tion of the local time at the location of the fire, along with GOES FRP. GOES FRP

was taken from GOES-16, -18, and -19 depending on the date of the fire and data

availability. TROPOMI ERs showed similar trends to FRP, with rates increasing as

FRP increases. To examine the dependency of ER on FRP, ER and FRP points were

matched with a ±10 min coincidence criterion. OLS and York regression fits were

performed on the data, with the York fit showing good correlation with R2 of 0.72

and a slope of 81.26 (± 10.79) g/MJ, while OLS showed a similar correlation with an

R2 of 0.73 with a slope of 73.06 (± 0.62) g/MJ.

Griffin24 used the Gaussian-flux method to look at single ERs at 20 km downwind,

for 15000 fires of different land types. The fires that Griffin24 examined that fell under

the GLC2000 land type Tree cover, needle-leaved, evergreen had an ECCO of 58 ± 2

g/MJ for 1418 fires, with an R2 of 0.53. The MODIS classification MCD12C1 for

the biome Evergreen needle-leaved forests was then used by Griffin24, with 246 fires

falling in this classification, to calculate an ECCO of 76 ± 4 g/MJ (R2 = 0.61), which

is within a margin of error to the observed ECCO in this paper of 73.06 g/MJ from

the OLS fit. Both the York and OLS regression showed a similar order of magnitude

for the diurnal ERs calculated in this research, with both being higher than GLC2000

classifications of more fires.

The ECCO calculated in this research may be biased high with a larger slope due

to the limitations that exist with the GOES-R series for larger VZAs. The majority

of plumes were at coordinates that fell outside the literature suggested threshold of

< 65° VZA for the best results, and nearly all fell within the 80° limit of observ-

able data, with the exception of six fires for GOES-E, but no data was provided for

those fires from GOES-E. GOES could underestimate FRP for fires that fall outside

the 65° threshold, resulting in plumes with large ERs having lower FRP than they

should. While this is a limitation with using GOES-R satellites, GOES measures

FRP throughout the day shedding light on diurnal fluctuations of FRP compared to

other instruments like MODIS or VIIRS, which only provide one or two observations

a day.

Lastly, the calculated ERs were compared against a logarithmic GOES FRP with
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a colour-mapped plume age. Nearly all plumes had normalised CO ERs decrease

to zero within the first five hours, so the colours were mapped from zero to five

hours with all plume ages outside five hours coloured grey, but still included in the

analysis. The linear OLS was plotted to show this dependence. For FRP greater than

1 GW power, ERs began to increase rapidly, with the majority of the plume ages in

this region being within the first few hours of emission. As the 1:30 p.m. TROPOMI

overpasses occur when fire activity is increasing, younger plumes would have more CO

than plumes with ERs from earlier in the day when fire activity is reduced. While CO

emissions are typically largest during the smouldering phase, during times of greater

fire activity, both smouldering and flaming phases can occur, causing larger FRP to

produce more CO. This can be seen in the data.

TROPOMI has been shown, through this work, to provide a good approximation

of diurnal variability of longer-lived species like CO with a single overpass. The main

limitation of this method is that the wind speed is averaged over the length of the

plume. This assumes a constant wind speed to determine the plume age. Wind,

however, may fluctuate throughout the day by changing speed and direction. For

this reason, TROPOMI is best at providing an approximation of diurnal variability

in CO previously unavailable outside of in-situ and ground-based measurements. Fu-

ture work could expand on this research by determining the plume age using hourly

wind speed data to get a more accurate representation of the age of the plume and

comparing these results to prediction models such as CFFEPS to better validate the

emissions and help reduce the uncertainties of FRP from the GOES satellites. As

TROPOMI provides global coverage, this method could be used to observe diurnal

variations in other land types and fires from nearly any region, with expanded analysis

using prediction models.



Chapter 6

Conclusions and Future Work

6.1 Summary

Wildfires have proven to be increasingly challenging in the battle against climate

change, in recent years. Climate change has increased droughts and lightning-producing

storms, causing more wildfires, while biomass burning can emit many atmospheric

species that can lead to further climate-change-induced severe weather. This in-turn

leads to more wildfires, in a positive feedback. The atmospheric species emitted by

biomass burning can also pose a health risk to the public. Developing ways to observe

and measure how these species develop in wildfire plumes is important for understand-

ing the impact that wildfires are having on our environment and health. This thesis

focused on using TROPOMI measurements to analyse the wildfire by-products CO,

HCHO, and NO2 to investigate their emissions and evolution by addressing three

primary objectives:

1. To determine the temporal and spatial variations of CO, HCHO, and NO2 in

the downwind direction of wildfire plumes and examine how they evolve as the

plume ages for the 2019 FIREX-AQ fires and the 2023 Canadian boreal forest

wildfires.

2. To calculate downwind formaldehyde-nitrogen ratios for Canadian boreal forest

wildfires from the summers of 2023 and 2025 and examine the downwind tran-

121
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sitions from a NOx-sensitive to a VOC-sensitive regime of surface O3 formation

probability.

3. To evaluate the diurnal variability of single-overpass TROPOMI CO emission

rates and compare them to fire radiative power derived from satellite observa-

tions.

To address the first objective, project 1 (Chapter 3) focused on CO, HCHO, and

NO2 wildfire-plume enhancement rates using TROPOMI measurements. These rates

were calculated for three fires observed during the summer 2019 FIREX-AQ cam-

paign and nine wildfires in Western Canada in summer 2023, using the Gaussian-flux

method. The Gaussian-flux enhancement rates for the Shady, Williams Flats, and

Horsefly FIREX-AQ wildfires fell within the calculated enhancement rates provided

by Stockwell et al. (2022), at various points in the downwind direction, for all three

species, except Horsefly CO. Enhancement rates were generally smaller than FIREX-

AQ results due to the 1:30 p.m. TROPOMI overpasses occurring at a time when

wildfire activity is increasing, while in-situ measurements were collected a few hours

after TROPOMI overpass, as verified with GOES FRP.

Changes in species concentrations were observed as the wildfire plume aged down-

wind using a single TROPOMI overpass for each fire, with HCHO being observed

with this method for the first time. Enhancement rates show large CO enhancements

near the sources of the fires, with NO2 and HCHO primarily attributed to secondary

production, with minor contributions from primary emissions. HCHO enhancement

rates increased as NO2 rates decreased, suggesting some HCHO production due to

oxidation cycles of VOCs, which are present in boreal forests. EnhRs were analysed

as a function of plume age, showing an overall average positive slope for HCHO/CO

and HCHO/NO2 and a negative slope for NO2/CO. EnhRs suggest production of

HCHO further downwind, as the plume ages, while NO2 was rapidly produced near

the source, but was subsequently destroyed with no clear evidence of formation further

downwind. This research showed how the Gaussian-flux method using TROPOMI is

comparable to FIREX-AQ results and can be used to analyse CO, HCHO, and NO2
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evolution as a wildfire plume ages downwind.

To address the second objective, project 2 (Chapter 4) used TROPOMI mea-

surements to analyse enhancement rates and VCD enhancement FNRs downwind of

fourteen plumes from nine wildfires in 2023 and twelve plumes from seven wildfires

in 2025 in Western and Central Canadian boreal forests. Fires from 2023 and 2025

showed similar enhancement rates downwind for CO, HCHO, and NO2, consistent

with results found in Chapter 3. The majority of satellite-derived FNRs showed VOC

sensitivity for O3 production near the source of the smoke and rapidly transitioned

to NO2 sensitivity as the plume aged. This research suggests transition into NO2-

sensitive O3 formation occurs within an hour of emission, consistent with the in-situ-

and model-based study of Robinson et al. (2021). FNR as a function of plume age

showed six plumes with R2 above 0.50 and all but one plume having R2 above 0.30

for 2025, and eight plumes having R2 above 0.50 for 2023. This is the first time

TROPOMI has been used to observe wildfire down-plume FNRs, demonstrating that

this is an effective method for using FNRs to observe NO2- and VOC-sensitivity of

O3 production.

Finally, the third objective was explored in project 3 (Chapter 5). TROPOMI CO

emission rates were calculated for 38 wildfire plumes from boreal forests in Central

and Western Canada from 2023 to 2025. CO ERs as a function of plume age showed

a rapid decay and followed an inverse-power-law fit, with most plumes showing a

decline in ER within the first five hours. ERs were plotted as a function of local

time by taking the plume age, converting backward from TROPOMI overpass time,

and using the local time of each fire. TROPOMI ERs showed strong agreement with

local time GOES FRP, showing increased emissions as FRP increased, demonstrating

diurnal dependence captured in TROPOMI down-plume measurements. To verify the

dependence on GEOS FRP, ERs were plotted against GOES FRP with an OLS and

York regression fit, with the York regression accounting for the 40% random error of

the method and the standard deviation of the GOES FRP. The York regression gave

an R2 of 0.72 showing a good correlation, with a slope of 81.26 (± 10.79) g/MJ; while

the OLS regression also gave a good correlation with an R2 of 0.73 and a slope of
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73.06 (± 0.62) g/MJ.

The OLS was closest to the results of TROPOMI CO versus MODIS FRP from

Griffin24 for the 246 fires that fell within the MODIS MCD12C1 classification of

Evergreen needle-leaved forests (ECCO of 76 ± 4 g/MJ). However, both the York and

OLS regressions ECCO were higher than the 1418 fires that fell within the GLC2000

land type classification Tree cover, needle-leaved, evergreen (ECCO of 58 ± 2 g/MJ).

The ECCO of both fits may have a high bias due to the large viewing zenith angle

of the majority of high-latitude fires in Canada being primarily greater than the 65°

suggested for the best results from GOES FRP, resulting in higher ERs having lower

than FRP than they should. Examining ER against FRP showed that for FRP > 1

GW, ERs increased rapidly with FRP, with larger ERs showing greater dependence on

larger FRP within the first few hours of being emitted. This suggests that younger

plumes, which are closer to a TROPOMI overpass when fire activity is increasing,

have larger CO ERs. During a period of high activity in a fire, both the flaming

and smouldering phase can occur at the same time, increasing CO emission, which

is primarily produced in the smouldering phase. This study showed that TROPOMI

measurements can be used to examine the diurnal variability of CO emissions from

wildfire plumes.

6.2 Future Work

One option for future work that builds on all three projects would be to adapt the

Gaussian-flux method to work with the higher resolution Tropospheric Emissions:

Monitoring of Pollution (TEMPO) spectrometer, which is in geostationary orbit

above North America, and compare emission rates calculated from TEMPO verti-

cal column data products to TROPOMI emission rates. TROPOMI is also capable

of measuring other species such as methane (CH4) which is also capable of driving

surface O3 formation. While TROPOMI also measures O3, it is limited in the ability

separate tropospheric O3 from stratospheric (Mettig et al., 2021). Early research on

O3 retrieval methods with the Geostationary Environment Monitoring Spectrometer
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(GEMS), which is similar to TEMPO and Sentinel-4, has preliminarily been able to

obtain tropospheric O3 retrievals (Bak et al., 2025). Expanding the Gaussian-flux

method to potential TEMPO, GEMS, and Sentinel-4 tropospheric O3 columns could

enable comparison of FNRs to surface-level O3 emission rate variations.

Modelling of wildfire O3 emissions using transport models with resolutions of 4

to 200 km has proven difficult and typically overestimates O3 production, with many

models struggling to observe plume age affects on O3 production. The method for

analysing FNRs could be expanded to evaluate chemical transport models and provide

greater insight into the evolution of species within plumes as they age downwind.

Other than O3, there are additional species of interest in wildfire chemistry that

could be analysed with this method. Adapting the method to work with the Infrared

Atmospheric Sounding Interferometers (IASI-A and IASI-B) on board the MetOp

satellites (Clerbaux et al., 2009) along with the Cross-track Infrared Sounder (CrIS)

aboard the Suomi National Polar-orbiting Partnership (S-NPP) satellite (Shephard

and Cady-Pereira, 2015) could allow for the analysis of ammonia (NH3), which is an

important precursor to NO and subsequently NO2 formation in wildfires (Roberts

et al., 2020). The method for calculating emission rates could also be expanded

to look at NOx sinks within a wildfire plume to better understand the life cycle of

NOx species within the plume by looking at HONO with IASI (Dufour et al., 2022;

Franco et al., 2024) and TROPOMI (Fredrickson et al., 2023; Theys et al., 2025) and

PAN with IASI (Franco et al., 2018) and CrIS (Juncosa Calahorrano et al., 2021;

Payne et al., 2022; Shogrin et al., 2023). Examining these sinks of NOx could provide

information about the impact of NO2 on O3 formation further from wildfires due to

long-range transport (Zhai et al., 2024). This method would have to be adapted to

account for IASI and CrIS having a lower spatial resolution than TROPOMI.

All three studies performed in this thesis could be expanded to examine different

land types. This thesis focused mostly on Canadian boreal forests, particularly the

record 2023 and 2025 wildfire seasons, but this method is not limited to fires in

forests. It can be used to analyse various fires around the world, based on different

land types. Observing the evolution of species within the plumes from different fuel
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sources—such as grassland, broadleaved deciduous trees, eucalyptus trees, shrubland,

etc.—could provide a more robust understanding of how emission rates of different

species evolve downwind. The CCI LC product is capable of differentiating fuel types

based on geographic location of fires and allows for the expansion of understanding

on the impacts of smoke from various sources and different regions of the world from

the recent 2025 Korean and Japanese wildfires to agriculture fires in India and central

Africa.

Lastly, the diurnal variability study would greatly benefit from being compared to

model outputs such as from CFFEPS, which can provide diurnal changes in emissions

for fires being observed. TROPOMI measurements could be used as a tool for measur-

ing diurnal changes in stable species with long lifetimes, such as CO, and to validate

model emission outputs. Satellite measurement of diurnal changes in emissions are

possible with geostationary satellites, but they are limited in the area they observe.

Being able to examine diurnal variations in emission rates solely with TROPOMI and

other sun-synchronous satellites, can provide a global coverage for analysing diurnal

changes in emissions that are typically limited to laboratory measurements or intense

aircraft and ground campaigns.
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