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ABSTRACT OF THE DISSERTATION

Airborne Remote Sensing of Radical Precursors in Biomass Burning Smoke Plumes:

Emissions, Chemistry, and Radiative Transfer

by

Nathaniel White Brockway

Doctor of Philosophy in Atmospheric and Oceanic Sciences

University of California, Los Angeles, 2021

Professor Jochen Peter Stutz, Chair

Biomass burning (BB) has worsened in the Western US over the past several decades, a

trend that is expected to continue. BB emits particles and precursors of secondary organic

aerosols (SOA) and ozone. Ozone and particles are known to have adverse effects on

human health, and BB will have a larger impact on the air quality of the Western US.

HONO and HCHO are two of the major sources of radicals in BB plumes that drive the

chemistry that forms SOA and ozone.

HONO photlyzes quickly, thus providing an early source of OH radicals in smoke.

This photolysis complicates the measurement of HONO emissions, as in-situ observa-

tions are made after some photolysis has occurred. Remote sensing (RS) provides one

solution to this issue, as it can measure fresher smoke and continuously observe smoke

as it travels downwind. Unfortunately, little work has been done to understand the ra-

diative transfer (RT) of sunlight through smoke. In this thesis, a radiative transfer model

(RTM) was initialized with observations of smoke from an airborne field campaign to

understand the ability of RS to observe trace gases in smoke when data is available to
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constrain the model and how a lack of data impacts that ability.

Results from the RTM suggest a model uncertainty from observations of BB plumes

of 16.5%, and greater than 50% if more averaged assumptions are used. The impact

of HONO photolysis can also impact RS retrievals by 15% over the first 2 hours after

emission. This motivates better modelling of BB plumes for future satellite observations,

which are becoming more prevalent. A parameter called the color index may help to in-

form these assumptions. Early results of HONO to NO2 emission ratios from satellites

agree very well with the observations in this work, and RS observations suggest a high

variability of HONO emissions, even by a single fire. Modelling studies of BB plumes

must take care to accurately represent HONO emissions. The findings of this thesis moti-

vate further improvements on RT modelling of BB plumes and photolysis rates to better

account for RS observations and chemical modelling.
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CHAPTER 1

Introduction

1.1 Motivation

Wildfires continue to increase in size and frequency in the Western United States and will

have a larger impact on air quality (Westerling, 2016; McClure and Jaffe, 2018). BB emits

primary aerosols and the precursors to secondary pollutants, chiefly secondary organic

aerosols (SOA) and ozone (Crutzen et al., 1979; Jaffe and Wigder, 2012; Akherati et al.,

2020). The secondary pollutants are formed through photochemistry that occurs in BB

smoke plumes and can be transported hundreds of kilometers downwind. Both particles

and, to a lesser extent, ozone have been known to correlate with human mortality rates

due to cardiovascular and respiratory illnesses (Samet et al., 2000; Karanasiou et al., 2021).

The actual causes of this relationship are not yet fully understood, but are in part due to

oxidative stress in the body stemming from the oxidative potential of these pollutants.

The oxidative potential of BB aerosols generally increases as smoke travels downwind

due to photochemistry (Wong et al., 2019), thus resulting in more dangerous particles.

There are still many gaps in our understanding of BB smoke emissions and chemistry.

As such, the continued study and monitoring of natural BB smoke plumes is essential.

Recently, this has mainly been performed through airborne campaigns where smoke is

sampled in-situ (e.g. WE-CAN and FIREX-AQ experiments). This results in a detailed

description of smoke composition. However, our understanding of plume chemistry is
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confined to a limited range of altitudes and smoke ages, as only a finite number of plume

transects can be made. Similarly, such campaigns are costly and only a number of plumes

can be probed. Another issue is that very young smoke cannot be sampled as it is highly

convective and unsafe to fly through. Therefore, the earliest in-situ measurements often

occur in smoke that was emitted at least 15-30 minutes prior.

Passive remote sensing (RS) provides an alternative approach as it can be performed

from smaller aircraft and satellites and allows for the safe observation of younger smoke.

Measurements in the UV-Vis spectral region can be particularly useful for measuring trace

gases important to plume chemistry (i.e. formaldehyde, nitrogen dioxide, and nitrous

acid). Nitrogen dioxide (NO2) is a precursor for ozone production, and formaldehyde

(HCHO) and nitrous acid (HONO) are two important precursors for hydroxyl and hy-

droperoxyl radicals (HOx) and drive photochemistry in young smoke plumes (Peng et al.,

2020). HCHO and NO2 are routinely measured from spaceborne instruments to study ur-

ban air pollution (Zhu et al., 2017; Goldberg et al., 2021). RS observations have also been

used recently to study plume chemistry, showing the potential of these methods to mon-

itor BB plumes (Theys et al., 2020; Jin et al., 2021; Griffin et al., 2021).

Although these observations can be beneficial to quantify and study emissions and

chemistry of BB plumes, the science is young and the interpretation of RS observations is

challenging. The lack of literature and the complex radiative environment created by a

large concentration of highly absorbing and scattering particles necessitates an in-depth

analysis on the capabilities of RS observations of BB smoke.

Developments in this field are needed quickly, as climate change and other human

impacts continue to affect wildfires in the Western US. Climate change leads to rising

temperatures in much of the US and is expected to impact precipitation and snowmelt
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in the Western US which will greatly impact the frequency and size of wildfires (Ashfaq

et al., 2013). This earlier snowmelt, coupled with hotter and drier summertime conditions,

leads to a lengthening of the fire season that is predicted to continue over the coming

decades (Flannigan et al., 2013).

Coupled with these impacts are the effects of fire suppression that has dominated fire

treatment in the US for the past several decades (Parks et al., 2015). These fire suppres-

sion efforts have led to an increase in fire fuel in many forests in the Western US. Marlon

et al. (2012) has observed a "fire deficit" between the number of fires expected and ob-

served since the late 1800s due to the combined effects of fire suppression and climate

forcing from warming temperatures that would naturally cause more wildfires. Williams

et al. (2019) has seen a positive correlation between climate forcing and burn area in the

Western US since the early 1970’s, showing that drier conditions have an exponential

relationship with burn area. These impacts may be somewhat counteracted by decreas-

ing fuel growth associated with harsher conditions and the possibility that previously

burned areas will not pose as much of a risk of wildfire (McKenzie et al., 2009; Hurteau

et al., 2019). Regardless, with hotter and drier conditions, a longer fire season, and more

fuel, wildfires are expected to continue to worsen for the next several decades.

Wildfires are beginning to dominate the air quality of much of the Western US during

summertime, and this will be exacerbated with improvements in urban air quality and

worsening wildfires (Kaulfus et al., 2017). It is therefore critical to study smoke chemistry

and create more effective tools for observing smoke on a large scale. In this thesis, I will

present remote sensing observations of trace gas amounts in smoke plumes. I will discuss

what information can be gleaned from these observations and what tools are needed to

interpret them. I will then use these results to determine the ability of satellite instruments
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to make similar observations. These satellite measurements, coupled with chemical mod-

elling, could provide near real-time forecasts for the downwind air quality caused by

wildfires in the future.

1.2 Biomass Burning Smoke Quantification

Smoke is constantly diluted as it disperses and travels downwind, thus impacting aerosol

and trace gas concentrations. Therefore, trace gases are often quantified by normalizing

against a non-reactive tracer. The normalized excess mixing ratio (NEMR, also known as

an enhancement ratio) is defined as:

NEMRX/Y =
∆X

∆Y
=

[Xsmoke]− [Xbkgr]

[Ysmoke]− [Ybkgr]
(1.1)

where the background concentration is subtracted to isolate the amount attributed to BB.

In many applications, CO is used as the non-reactive tracer (Y), as it is emitted in large

quantities and is relatively non-reactive on the timescale of smoke plumes.

NEMRs are particularly useful for studying plume chemistry, as division by CO ac-

counts for plume dispersion. As a result, any changes in the NEMR as smoke travels

downwind are due to chemistry. The NEMR can also be used to quantify emissions. The

emission ratio (ER) is the NEMR before significant chemistry has occurred. Although this

can be somewhat arbitrary, in practice, the ER is generally the NEMR from observations

of the youngest BB smoke.

Similar to an ER, an emission factor (EF) is also used to quantify emissions of trace

gases from BB. The EF is defined as the mass of trace gas emitted per kilogram of dry fuel
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burned

EFX =
∆X

∆(CO + CO2)
× MWX

MWC

× CF (1.2)

which is easily calculated in laboratory studies but is more difficult to measure for natural

fires where the fuel cannot be weighed. In these cases, the mass of dry fuel burned is often

approximated using the sum of CO and CO2 along with a carbon fraction (CF) of the fuel

(∼ 0.45). The molecular weights (MW) are used to convert from concentration to mass.

This same calculation will also be used for downwind observations, in which case it is

deemed an enhancement factor (EnF).

The ER and EF can be converted to one another if the modified combustion efficiency

(MCE) is known. The MCE:

MCE =
∆CO2

∆(CO + CO2)
(1.3)

explains how efficiently a fire is burning and is a useful parameter to understand burn

conditions of a fire. A high MCE indicates an efficient, flaming fire at high temperatures

that corresponds with emission of shorter chain volatile organic compounds (VOCs),

NOx, and black carbon (BC). A low MCE (<0.9) indicates a smoldering fire that is as-

sociated with emission of longer chain VOCs with lower volatility (Sekimoto et al., 2018).

1.3 HONO and HCHO as Radical Sources

BB can produce large amounts of secondary pollutants that negatively impact human

health. Radical chemistry drives the production of secondary pollutants, chiefly ozone

and SOA, in smoke plumes. Therefore, understanding the sources of HOx radicals from

BB improves our understanding of overall plume chemistry.

HONO is perhaps the most important HOx precursor emitted from BB, as it is one of
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few sources of radicals in smoke plumes during the first hour after emission (Peng et al.,

2020). HONO rapidly photolyzes in clear-sky conditions, with a photolytic lifetime of

10-15 minutes, to produce OH radicals:

HONO + hν → OH +NO (300 nm < λ < 405 nm). (1.4)

Further downwind, HCHO plays a larger role in HOx production through similar photo-

chemistry that produces HO2 radicals:

HCHO + hν + 2O2 → 2HO2 + CO (λ < 330 nm). (1.5)

However, HCHO photolysis requires higher energy sunlight and therefore occurs more

slowly, with significantly longer lifetimes. Photolysis rates are often reduced inside BB

smoke plumes due to the extinction of light by the high concentration of particles, and

photolytic lifetimes of HONO in smoke plumes can be over an hour. Light intensity

also changes vertically in a plume. How this impacts photolysis rates has not been well

studied.

Peng et al. (2020) found that HOx production in smoke plumes was dominated by

HONO and HCHO photolysis for the first several hours after emission. In particular,

HONO photolysis accounted for the vast majority of HOx production in smoke less than

one hour old. Although HCHO and HONO may not dominate HOx production to the

extent observed by Peng et al. (2020) in all smoke plumes, this finding highlights the

impact that HONO and HCHO have on overall plume chemistry.

Measuring HONO emissions from natural fires is difficult due to its fast photolysis.

Although smoke obscures sunlight and reduces photolysis rates inside BB plumes, pho-
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tolytic lifetimes of HONO are still generally less than 1 hour and are often on the order of

30 minutes (Peng et al., 2020). Therefore, some photolysis has occurred by them time the

first in-situ measurements are taken. As a result, it is likely that many in-situ measure-

ments of HONO emissions in natural smoke underestimate the true HONO emissions.

Burling et al. (2010) found HONO to be a product of flaming emission. Therefore,

one would expect a clear relationship between HONO emissions and MCE. However,

HONO emissions are also dependant upon the nitrogen content of the fuel. When nor-

malized against the nitrogen content, HONO emissions appear to have a clearer relation-

ship with MCE (Burling et al., 2010), although this is difficult to characterize for natural

fires. For this reason, some studies (e.g. Yokelson et al. 2009) quantify HONO emissions

as ERHONO/NOx.

Due to the complex relationship between HONO emissions, MCE, and nitrogen con-

tent, as well as the fast photolysis of HONO, there is currently much uncertainty in our

understanding of HONO emissions. For observations of temperate forest (i.e. much of

the Western US), the HONO emissions from Akagi et al. (2011) and Andreae (2019) dif-

fer by 40%. This difference is relatively small compared to many of the other trace gases

measured (Andreae, 2019), but the importance of HONO to the plume chemistry makes

it important to investigate the difference.

HONO has also been proposed as an important radical source downwind through

the heterogeneous conversion of NO2. There is some experimental evidence of this reac-

tion on several different relevant particle types (Jacob, 2000; Nienow and Roberts, 2006;

Stemmler et al., 2006, 2007). Both Trentmann et al. (2005) and Alvarado and Prinn (2009)

relied on secondary HONO production to model the observed downwind ozone pro-

duction for an African Savanna fire. However, Alvarado et al. (2015) found no evidence
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of secondary HONO chemistry for a chaparral fire in California. More research is thus

needed to clarify the role of HONO in BB plumes.

1.4 Secondary Pollutant Production and Aerosol Optical Properties

Tropospheric ozone is formed via the photolysis of NO2 and the subsequent reaction of

an oxygen atom with an oxygen molecule:

NO2 + hν → NO +O(3P ) (1.6)

O2 +O(3P )
M−→ O3. (1.7)

However, NO also reacts to destroy ozone, which often occurs shortly after emission in a

BB plume. The oxidation of VOCs converts NO to NO2, thus leading to net ozone forma-

tion. As BB emits both NOx and VOCs, smoke plumes have the potential to form large

amounts of ozone (Jaffe and Wigder, 2012). This process can be limited by the availabil-

ity of radicals to oxidize VOCs. This indicates the importance of HONO and HCHO to

plume chemistry, as they drive the processes that lead to ozone formation.

The photochemistry that leads to the production of ozone in BB plumes is also depen-

dent on sunlight to produce radicals (via HONO and HCHO photolysis), recycle radicals,

and photolyze NO2. The large concentrations and optical properties of BB aerosols leads

to decreased photolysis rates further inside a plume. Alvarado et al. (2015) found NO2

photolysis rates to be depleted in the middle of a plume and even less at the bottom of a

plume. Baylon et al. (2018) found that the actinic flux of light was even more affected at

lower wavelengths. Similarly, Mok et al. (2016) found that BB aerosols in plumes could

decrease ozone production by 18%.
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As such, the availability of light in smoke plumes is important for the overall chem-

istry of the plume. Photochemistry likely occurs more quickly in the upper portions of

thick plumes where there is sunlight. Similarly, the edges of plumes are also areas of in-

creased photochemistry due to the lower aerosol concentrations and increased sunlight

relative to the center of the plume (Peng et al., 2020).

The chemistry that leads to the production of ozone in BB plumes is also responsible

for the production of SOA. Particles are directly emitted from BB and, like ozone, can be

initially depleted through particle evaporation (May et al., 2015), although the oxidation

of VOCs in smoke plumes leads to lower volatility organic compounds and particle con-

densation (Yokelson et al., 2009; Akagi et al., 2012; Majdi et al., 2019). This generally result

in increases in organic aerosol mass and particle size with plume age.

Fires burning with a lower MCE result in the emission of lower volatility organics.

As such, the mass of organic aerosols is negatively correlated with MCE (Collier et al.,

2016; Jen et al., 2019). These emissions also provide some information on the optical

properties of the aerosols. For instance, fires with a higher MCE result in higher emissions

of BC due to more complete combustion. One way to define aerosol absorption is with

an absorption Ångström exponent (AAE). The AAE is a parameter that describes the

wavelength dependence of aerosol absorption:

babs(λ) = b0(λ) · λ−AAE (1.8)

where babs is the aerosol absorption coefficient at wavelength λ and b0 is the aerosol ab-

sorption coefficient at 1 µm. A similar equation can also be used for the imaginary re-

fractive index of the aerosol (κ). BC therefore has a low AAE, as it absorbs strongly, and

roughly equally, at all wavelengths, thus resulting in a black color. Pokhrel et al. (2016) ob-
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served higher AAE associated with lower MCE. These organic aerosols emitted at lower

MCE with high AAEs are loosely defined as brown carbon (BrC). These aerosols have a

strong wavelength dependence of absorption with increasing absorption at shorter wave-

lengths.

However, the composition and optical properties of BB aerosols vary between differ-

ent fires (Moosmüller et al., 2011), and even within the same plume. The formation of

SOA and oxidation of organic aerosols leads to decreasing absorptivity with photochem-

ical aging (Forrister et al., 2015), although absorptivity can increase over short time scales

in young smoke (Hems et al., 2021). Similarly, changes in particle size with aging also

impacts aerosol optical properties. The concentration and variability of BB aerosols poses

a challenge to RS observations of BB plumes that will be investigated in this thesis.

1.5 Differential Optical Absorption Spectroscopy and UV-Vis Remote

Sensing

Remote sensing is a useful tool to study HONO emissions and chemistry, as it allows for

observations of smoke directly emitted from burning areas before significant photolysis

occurs. Flying over a plume also allows for the continuous observation of trace gases

in smoke. This is more difficult to achieve in-situ as the altitude of smoke changes as

it travels downwind. Satellites could also become a particularly useful tool to measure

HONO emissions and study the downwind evolution of HONO in smoke plumes, as

they could measure many more fires than possible in an airborne campaign.

The differential optical absorption spectroscopy (DOAS) technique is used in this the-

sis to quantify trace gases in BB smoke plumes. The same principles apply to satellite
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observations with a few minor differences. The DOAS technique utilizes the unique

narrow-band absorption features of different trace gases to quantify their amount along

a light path (Platt and Stutz, 2008). The theory is based on the Lambert-Beer Law:

I(λ) = I0(λ) · e−
∑
τi(λ) (1.9)

where I is the incoming light upon an observer, I0 is the source light, and
∑
τi(λ) is the

sum of optical depths due to Rayleigh scattering, Mie scattering and absorption, and trace

gas absorption. For trace gas absorption, the optical depth is equal to the product of the

absorption cross-section of the trace gas (σ), the concentration of the trace gas, and the

path length of the light:

τ(λ) = σ(λ) · C · `. (1.10)

For DOAS applications, I0 is a solar reference recorded by the same instrument. This

accounts for many extinction features in measurement spectra and isolates the narrow-

band differential absorption features of trace gases. Separate trace gases can then be

identified based on their unique, wavelength-dependent absorption.

A slant column density (SCD) is the sum of all molecules along the light path leading

from the sun to the observer:

SCD =

∫ L

0

C(s) ds (1.11)

and therefore accounts for the product of the concentration and path length in Equation

1.10. The differential slant column density (DSCD) accounts for the fact that the DOAS

method utilizes a measured solar reference spectrum containing some trace gas absorp-

tion:

DSCD = SCD − SCD0 (1.12)
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where SCD0 is the SCD of the solar reference spectrum. This is the main difference be-

tween satellite and airborne/ground-based remote sensing, as satellites directly retrieve

a SCD.

For each measured intensity spectrum, I(λ), a non-linear fit is performed to minimize

the sum of square differences between the logarithm of the observed spectrum and the

function:

F (λ) = ln I0(λ) +
∑

σi(λ) ·DSCDi(λ) + p(λ) (1.13)

where I0 is a measured solar reference and p is low-order polynomial to account for

Rayleigh scattering and Mie scattering/absorption to retrieve the DSCD of each ith trace

gas included in the fit.

Although SCDs and DSCDs can be helpful in quantifying trace gas amounts, they are

dependent upon the light path that led to the observer (Equation 1.11). The light path is

affected by several parameters, such as measurement geometry, surface albedo, aerosol

extinction, and wavelength. It is therefore beneficial to quantify trace gases as a vertical

column density (VCD)

V CD =

∫ TOA

0

C(z) dz. (1.14)

which is the sum of all molecules in a vertical column from the surface to the top of the

atmosphere (TOA), and is therefore only dependent on the vertical distribution of the

trace gas.

The SCD and VCD are related through the air mass factor (AMF):

SCD(λ) = V CD · AMF (λ) (1.15)

which accounts for the enhancement of the light path length compared to the vertical.
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In most applications, the AMF is calculated using a radiative transfer model (RTM) to

account for how light reaches the observer (Section 2.3).

RS observations in the UV-Vis have become an invaluable tool to study the atmosphere

(Wagner et al., 2008), and first examples of application of this technique to BB plumes have

been reported (Theys et al., 2020; Jin et al., 2021; Griffin et al., 2021). The most common

viewing geometry for trace gas monitoring from air and space is in the nadir (Figure

1.1). Other measurement geometries will also be used in this thesis, but the nadir is the

primary focus.

Instruments viewing BB plumes in the nadir measure sunlight scattered by atmo-

spheric particles, air molecules, and the ground. The light path can be summarized as

follows (Figure 1.1): Sunlight passes through the atmosphere, where it undergoes extinc-

tion by gases and particles. This light then enters the highly scattering/absorbing BB

plume. Inside the plume, light undergoes multiple scattering on different particles, as

well as absorption by trace gases and particles. The light leaving the plume then travels

again through the atmosphere to be detected by a suitable spectrometer.

In this application, the zenith reference largely accounts for trace gas absorption above

the aircraft, although this is imperfect due to the path length differences stemming from

the different viewing geometries. From Figure 1.1, we can also see that the light path

length through a plume is only a fraction of the total path length from the sun to the

observer. However, trace gas concentrations in a young smoke plume can be two orders

of magnitude larger than background air, thus dominating the DSCD signal.

The quantitative impact on this DSCD signal depends on light path lengths, both in-

side and outside of the smoke plume. Solar and measurement geometry largely control

background light path lengths and also impact light penetration in a plume. If the solar
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Figure 1.1: Sunlight travels through the atmosphere, into and through the plume, and
up toward the instrument. Trace gas absorption inside the plume is the primary focus,
but several other radiative transfer effects, listed in the figure, occur inside smoke plumes
making this determination difficult.

zenith angle (SZA) is less than 70◦, i.e. high sun, then light paths through a plume are

much more dependent upon the amount and optical properties of the particles. Properly

accounting for these effects is necessary to accurately quantify the amount of trace gases

in the smoke. Accomplishing this requires accurately modeling the radiative transfer (RT)

through a smoke plume.

1.6 Radiative Transfer

In most DOAS applications, RTMs are required to calculate AMFs, and thus VCDs (Hen-

drick et al., 2006; Wagner et al., 2007; Frieß et al., 2019). The RTM is used to determine the

light path length through the atmosphere. This, coupled with information on the vertical

distribution of a trace gas, helps determine the AMF. The AMF calculation is dependent

upon the vertical profile shape of a trace gas, as light path lengths change with altitude

through the atmosphere. Therefore, the location of the trace gas affects the SCD and the
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AMF, meaning different trace gases have different AMFs for the same observation due to

their different vertical profiles. As a result, it is more helpful to consider a box air mass

factor (BAMF) in this thesis.

Similar to an AMF, a BAMF describes the light path length enhancement through dis-

crete levels of the atmosphere. The BAMF is simply a function of the radiative transfer

through the atmosphere, and is therefore unaffected by trace gas profile shapes. The SCD

and BAMF are related through:

SCD =
n∑
i=0

BAMFi · Ci(h) ·∆hi (1.16)

where Ci(h) is the trace gas concentration profile and ∆hi is the height of the ith altitude

level of the atmosphere from the surface (0) to the top of the atmosphere (n). This is

simply a numerical approximation of Equation 1.11, where the product of the BAMF and

∆h account for the light path length through each level of the atmosphere.

The BAMF is particularly useful, as it describes the instrument sensitivity to each layer

of the atmosphere. A larger BAMF signifies a longer light path length through a certain

layer of the atmosphere. Therefore, the trace gases in that layer will have a larger im-

pact on the observed DSCD, resulting in larger instrument sensitivity to that layer. The

BAMF is affected by all radiative transfer processes in the atmosphere such as viewing

geometry, solar geometry, location of scatterers/absorbers, etc. BAMFs can even be 0 for

the levels of the atmosphere below a thick plume. The BAMF can be coupled with ob-

served DSCDs and information on the vertical profile of the trace gas to determine the

VCD. This information on the trace gas profile can come from a climatology, chemical

modelling, observations, or optimal estimation retrieval.
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The quantitative interpretation of DSCDs and SCDs emerging from aircraft and satel-

lite DOAS observations is one of the main challenges in UV-Vis remote sensing. Typically,

RTMs are used to simulate AMFs, BAMFs, and/or SCDs and DSCDs based on environ-

mental conditions, i.e. sun and viewing geometry, temperature and pressure profiles,

aerosol extinction profiles, etc., as well as the vertical trace gas concentration profiles

(Baidar et al., 2013; Meier et al., 2017; Zhang et al., 2020; Lorente et al., 2017). However,

the RT, and therefore UV-Vis RS in general, in BB plumes presents unique challenges that

have, thus far, not been discussed in detail in literature.

BAMFs decrease with decreasing altitude through a smoke plume as particles obscure

sunlight. This results in decreased sensitivity of RS to trace gases lower in the plume.

Compared to a clean-air observation with the same DSCD, an observation of smoke

would require higher concentrations of a trace gas inside the plume to create the same

DSCD, due to this decreased measurement sensitivity. A further complication stems from

the fact that the areas of decreased instrument sensitivity are co-located with the highest

trace gas concentrations. Therefore, accurately accounting for the RT through a plume is

essential to accurately quantifying trace gases in the plume.

Several properties of BB smoke complicate the RT through the plume, chiefly that

smoke particles are highly scattering/absorptive. It is therefore crucial to properly ac-

count for the amount and specific optical properties of the smoke aerosols to understand

how light travels through a plume. However, many properties of BB aerosols are highly

variable.

As smoke ages, particles generally grow due to accumulation and condensation which

affects the optical properties of the aerosols (Alvarado and Prinn, 2009; Hennigan et al.,

2011). Oxidative processes on the surface of aerosols can also affect the optical proper-
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ties of aged particles. Fires emit, and plumes contain, varying amounts of BC and BrC

aerosols, which are highly absorptive in the UV-Vis wavelength range and greatly impact

how light travels through a plume (Pokhrel et al., 2016). Further complicating this issue is

that BrC is a loose definition, and there is a wide range of wavelength dependent absorp-

tion of these aerosols (Saleh et al., 2018). Few studies of BrC consider wavelengths below

400 nm, again adding uncertainty to UV-Vis remote sensing (Chakrabarty et al., 2010;

Saleh et al., 2013; Pokhrel et al., 2016). Besides the large variability of the aerosol optical

properties, atmospheric dynamics are also a source of BB plume variability. As smoke

travels downwind, it can change altitude and disperse vertically and/or horizontally

All of these effects introduce uncertainty and make RS observations dependent on the

unique RT environment of the particular observation. These impacts must be understood

in order to interpret RS data of BB plumes. One major focus of this thesis is determining

how effectively these processes can be accounted for in RS observations. Once it is clear

that smoke plumes can be effectively modelled, a RTM will be used to quantify trace gases

in BB smoke plumes based on RS observations. This thesis will also consider the ability

to model RS observations of a BB plume if not all information on aerosol properties and

plume geometry is known. These findings can help improve future satellite observations

of BB plumes.

1.7 FIREX-AQ

Data presented in this thesis comes from the FIREX-AQ field campaign performed in the

the summer of 2019. The goal of this project was to measure trace gases and aerosols

in biomass burning smoke via aircraft to better understand BB emissions and chemistry.

Many research groups operated roughly 30 instruments on board the NASA DC-8 aircraft,
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including in-situ and remote sensing instruments. There were other ground-based and

aircraft instruments associated with this project, but this thesis will only use data from

the DC-8.

Figure 1.2: Flight tracks and location of Western wildfires from the FIREX-AQ campaign.

FIREX-AQ was split in two halves. The first half focused on wildfires in the Western

US and operations were based out of Boise, Idaho. The second half was based out of

Salina, Kansas and focused on small agricultural fires in the Southeastern US and one

prescribed burn in the Florida panhandle. In all, 23 separate flights were flown, including

3 transit flights. Figure 1.2 shows the flight paths with each flight plotted in a different

color. The black diamonds indicate the location of each wildfire observed during the first

half of the campaign.

The flight path for all Western wildfires and the Blackwater River State Park prescribed
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Figure 1.3: A typical flight plan for observing a Western wildfire.

burn were generally the same. Figure 1.3 shows the usual aircraft flight path for a wildfire

measurement strategy during the campaign. The aircraft first overflew the plume, flying

from downwind past the fire. During this plume overpass, the LIDAR remotely observed

the location and altitude of the smoke. The aircraft then descended and flew perpendic-

ular to the direction of the smoke plume. The aircraft first flew upwind of the fire, to

measure background aerosol and trace gas concentrations, and then through the smoke,

working its way downwind. This pattern was often repeated several times, if possible.

The RS data presented here will primarily focus on plume overpasses. In-situ observa-

tions during in-plume transects will be used to constrain the RTM and to compare with

RS observations.
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1.8 Science Questions

• Will UV-Vis remote sensing of biomass burning plumes offer new information?

RS of BB plumes offers an exciting opportunity to study the emission and chemistry

of radical precursors that can drive the downwind photochemistry in plumes Theys

et al. (2020). However, little work has been done to understand the uncertainties

associated with these observations. The first goal of this thesis is to determine the

ability of RS to observe trace gases in BB plumes.

• What are the emissions of HONO in biomass burning plumes?

The emission of HONO by biomass burning is of prime importance for down-

wind chemistry, as emitted HONO provides a source of OH radicals early in smoke

plumes. HONO is difficult to measure in-situ, leading to differences in HONO emis-

sion calculations (Akagi et al., 2011; Andreae, 2019; Peng et al., 2020). This thesis will

quantify HONO emissions to study these differences. Further, RS observations will

be used to study downwind HONO chemistry and possible secondary formation.

• What is the ability of satellites to measure biomass burning plumes?

The first goal of this study is to determine how well RS can retrieve trace gases with

the aid of several other instruments on board the same aircraft. However, satellite

RS must make assumptions to account for the lack of in-situ observations. The third

goal of this thesis is to determine how accurately satelltie observations can represent

BB plumes without reliable support data.
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1.9 Thesis Outline

In Chapter 2, the RS instrument used for this work will be introduced. The other instru-

ments on board the DC-8 during FIREX-AQ will also be discussed. Perhaps most im-

portantly, the RTM used will be introduced, followed by an in-depth description of how

the model was initialized to represent BB plumes. Chapter 3 will discuss the analysis

techniques used to interpret RS data. This chapter will explain how VCDs were calcu-

lated from RS data and how the RS data was used to calculate HONO emissions from BB

burning.

Results from the analysis of raw RS observations, e.g. HONO emissions, will be shown

in Chapter 4. Emission observations will be compared to other sources. This will be fol-

lowed by a discussion of HONO chemistry in the plumes based on RS observations. Re-

sults from RTM calculations are examined in Chapter 5. Future observations of BB plumes

from satellites will rely on similar RTM calculations, so much of this chapter is focused

on understanding the RTM results and the implications they have for RS observations.

The results from the previous two chapters are summarized and investigated in Chapter

6, and future studies will be motivated.
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CHAPTER 2

Instrumentation and Tools

2.1 Mini-DOAS

2.1.1 Instrument Details

The data used in this thesis was gathered by the UCLA mini-DOAS (Stutz et al., 2017),

a passive airborne remote sensing instrument. The instrument consists of three indepen-

dent telescope/spectrometer combinations that measure in the UV-Vis, visible, and near-

IR wavelength ranges, seen in Figure 2.1. The telescopes had a 0.25◦x1◦ field of view and

viewed in the forward direction at any angle between the nadir and zenith, depending

on the geometry of the aircraft and smoke plume. Although the visible spectrometer can

measure glyoxal and NO2 in smoke plumes and the near-IR spectrometer can measure

CO2 which may provide information on the chemistry of smoke plumes, this thesis will

focus on data from the UV-Vis spectrometer.

The DC-8 is the third aircraft that the mini-DOAS has flown on and had the longest

distance between the instrument and the telescopes. As such, new, roughly 20 ft long

fiber optic cable bundles were installed. The UV-Vis fiber bundle consisted of 6 200 µm

quartz fibers arranged linearly to maximize light throughput while maintaining spectral

resolution.

Light from the fibers was fed to an Ocean Optics QE65000 spectrometer that measured
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Figure 2.1: Schematic of the mini-DOAS instrument. Three independent telescopes (left)
viewed in the forward direction and fed light to spectrometers measuring in the UV-Vis,
visible, and Near-IR wavelength ranges.

scattered sunlight from roughly 300-380 nm with a resolution of 0.5 nm FWHM. The spec-

trometer box, and fiber cable connectors, were vacuum sealed, as seen in Figure 2.1. The

spectrometer box was temperature regulated in an ice water bath that was filled with

roughly 50% ice and 50% ice water an hour before takeoff of each flight. Temperatures

generally rose less than 2 ◦C over the duration of a flight, so temperature and pressure

had little influence on the spectral structure of the spectrometer.

Lastly, the UV-Vis telescope included a HOYA 340 UV bandpass filter to reduce spec-

trometer straylight. This filter added specific spectral characteristics to the measured

spectra that will be discussed later.
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2.1.2 Measurement Technique

Observations of smoke plumes were generally recorded with 5 second time resolution us-

ing an auto-exposure algorithm which maintained the detector signal at 50% of its maxi-

mum. Over dense smoke plumes, the exposure time was capped at 5 seconds.

Figure 2.2: Common mini-DOAS observation geometries to observe BB smoke plumes.

The typical viewing geometry for a Western wildfire depended on where the aircraft

was located in relation to the plume as well as the plume geometry. For the plume over-

passes, shown in Figure 1.3, the mini-DOAS observed the smoke in the nadir (Figure

2.2A). During these times, the LIDAR instrument concurrently measured aerosol extinc-

tion profiles in the nadir, albeit with different temporal resolution.

After the plume overpasses, the aircraft performed in-plume transects (Figure 1.3).

During these transects, the mini-DOAS often measured smoke in a limb or near-limb

geometry (Figure 2.2B) in order to maximize light path lengths through the smoke. How-

ever, in several instances, the smoke was very optically thick and light throughput be-

came an issue. To guarantee that the mini-DOAS received enough light, the instrument

observed smoke with a zenith-viewing geometry (Figure 2.2C). This was rather common

for transects through young smoke before significant dispersion occurred, starting after

Flight 7.
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The viewing strategy for agricultural fires in the Southeastern US similarly depended

on plume geometry. Some fires measured during this half of the campaign were large

enough to observe in the same pattern as the Western wildfires (Figures 1.3 & 2.2). One

particular example was a prescribed burn in the Blackwater River State Park on August

30th, 2019 in the Florida panhandle. This fire was extensively studied by the DC-8.

Figure 2.3: DC-8 forward view camera snapshot of a small agricultural fire from August
21, 2019. The DC-8 would fly once crosswind through the plume (shown here), and once
in the direction of the wind (from left to right on this figure).

However, many fires, e.g. Figure 2.3, were too small to measure with this strategy.

Many of these fires were the purposeful burning of specific agricultural plots. As such,

they produced little smoke that dispersed quickly, as can be seen in Figure 2.3. To observe

these small plumes, the DC-8 flew at a low altitude (∼ 1000 ft), flying in the direction of

the wind through the smoke and turning to fly through the smoke perpendicular to the

wind (shown in Figure 2.3). Ideally, the mini-DOAS would measure these plumes in a

near-nadir geometry to quantify emissions. However, this generally allowed for only

one observation causing a small margin of error. As a result, these plumes were often

measured in the limb/near-limb.
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2.1.3 Solar Reference Spectra

The choice of reference spectra during this campaign was very important to reduce the

impact of background trace gas absorption and minimize the impacts of changing solar

geometry. Reference spectra ideally had a similar solar geometry, similar flight altitude,

no influence from biomass burning, and a zenith viewing geometry. These specifications

made the spectral analysis and RT interpretations considerably easier. This is particularly

important for NO2 retrievals in order to avoid stratospheric influence on the retrieved ab-

sorption. To further reduce observational uncertainties, reference spectra were co-added,

ideally for over a minute of observation.

To meet these stated requirements, zenith spectra were often gathered for several min-

utes preceding a plume overpass (Figure 1.3). Similarly, the first transect upwind of the

fire was often used to record zenith spectra for the in-plume transects. In some cases, there

was not enough time to record zenith spectra before a plume overpass so clear-sky nadir

observations were used as references which makes properly accounting for background

trace gas profiles more important. Similarly, some in-plume transects ladders lasted sev-

eral hours to observe dispersed smoke well downwind of a fire. To account for this, some

in-plume transect flight segments were split in half, utilizing a zenith reference upwind

of the fire and a zenith reference downwind of a plume.

2.1.4 Spectral Pre-processing

All observed scattered-sunlight spectra were corrected for offset and dark current and

had a 20-order low-pass binomial applied to them, after co-adding in the case of the solar

references. Lastly, all reference spectra recorded while the aircraft had a roll (horizontal
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tilt) of greater than 5◦ are disregarded from co-adding. Similarly, any measured spectra

with a roll greater than 5◦ are removed from the analysis.

2.1.5 DOAS Theory and Fit

The DOAS theory was used to retrieve DSCDs from measured spectra (briefly described

in Section 1.5). The primary focus of this study is the measurement and quantification

of HCHO, HONO, and NO2 in biomass burning plumes. O4 measurements can also be

helpful to determine the distance between the aircraft and the smoke plume. The LI-

DAR instrument on board the aircraft makes O4 measurements unnecessary, but these 4

species can all be retrieved in the same fit range. The fit routine and trace gas absorption

cross-sections used to retrieve these species are listed in Table 2.1. All trace gas reference

spectra were pre-convoluted based on Hg lamp observations and high altitude zenith

measurements in order to apply a wavelength dependent instrument function. Due to

the smoothing of the observed spectra, all mini-DOAS uncertainties listed are 3 times

the fit retrieval uncertainty. One hope of this study was the retrieval of SO2 and HCHO

further into the UV, but this was not feasible for reasons described below.

This fit routine results in very good sensitivity to HCHO, HONO, and NO2 in BB

smoke plumes. For observations of young, thick smoke, the median fit uncertainty for

these three species was roughly 15% for HCHO, 12% for HONO, and 17% for NO2. This

high sensitivity can be seen in Figure 2.4, which shows an example retrieval of HCHO,

HONO, and NO2. This figure shows the fit result for each absorption-cross section along

with the residual added to the fit. It is clear that the spectral structures of these three

gases are easily observed in this observation of a young smoke plume. For this case, the

relative fit uncertainty for HCHO, HONO, and NO2 was 9%, 7%, and 12%. Also shown
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Figure 2.4: An example DOAS fit retrieval of a smokey spectrum. This spectral analysis
shows good sensitivity to HCHO, HONO, and NO2 with a low fit residual. Also shown
(top) is the log of the measurement spectrum and reference spectrum. This shows that
the observed spectrum received considerably less light at low wavelengths compared to
the reference due to absorption by the smoke plume.
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FIT PARAMETER DETAILS
Fit Range 334.6-370.8 nm
Polynomial 4th order
Ring Spectra 3
Zenith Spectrum
O4 293 K Thalman and Volkamer (2013)
NO2 280 K Voigt et al. (2002)
O3 283 K & 243 K Gorshelev et al. (2014)
H2O Rothman et al. (2010)
HONO Stutz et al. (2000)
HCHO Calvert et al. (2000)

Table 2.1: DOAS fit parameters to retrieve DSCDs of HONO, HCHO, and NO2. This
routine is also used to retrive O4 DSCDs, but those are not used in this work.

in this figure is the solar reference spectrum, which was recorded just 15 minutes before

the measurement spectrum, thus reducing the fit uncertainty of the trace gases.

2.1.6 Color Index

The strong wavelength dependent extinction observed in smoke plumes (Figure 2.4, top)

motivated the use of a parameter called the color index (CI). In this nadir observation

of BB smoke, measured intensities were considerably lower at smaller wavelengths com-

pared to the reference spectrum, which was also observed in the nadir in this case. The

CI is defined as the ratio of incident light at two different wavelengths:

CI =
I(360nm)/I0(360nm)

I(340nm)/I0(340nm)
. (2.1)

Intensities at 340 and 360 nm were used to cover the area of highest HONO and HCHO

absorption. The ratio is also normalized against a clean-air spectrum (I0) to account for

the spectral structure of the HOYA 340 UV bandpass filter.
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The CI is sensitive to wavelength-dependent extinction along the light path leading

to the telescope. The CI was independently calculated for each plume overpass which

covers a sampling time of roughly 15 minutes. Therefore, for SZA less than 80◦, Rayleigh

scattering has little impact on the color index. Similarly, the impact of surface albedo

wavelength dependence appeared to be small in this wavelength range. The dependency

of BB smoke on the CI will be investigate and used to constrain RTM calculations.

2.1.7 Sulfur Dioxide Retrievals

As stated earlier, one hope of the study was to use mini-DOAS observations to measure

SO2 in BB smoke plumes. SO2 is less reactive than the other species in question and could

therefore act as a tracer species. Unfortunately, the main absorption features of SO2 are

below 315 nm. After considerable effort, it was deemed that the mini-DOAS could not

utilize these wavelengths to measure SO2 in smoke for reasons affecting the intensity of

light received by the instrument. Up to five measurement spectra were co-added in an

attempt to increase signal-to-noise, but without success.

The main issue is the wavelength-dependent absorption of BrC in smoke plumes,

which has a large impact at 315 nm. As a result, there was not enough light for the mini-

DOAS to consistently and accurately observe SO2 in the measured spectra (Figure 2.5).

However, there were clear-sky and optically thin smoke observations that provide hope

that a more sensitive instrument may be capable of measuring SO2 in select BB plumes.
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Figure 2.5: Example mini-DOAS zenith measurement spectrum (blue) inside an optically
thick plume and the zenith reference (orange) recorded in clear-sky. Also shown is the ab-
sorption cross section for SO2 (bottom). SO2 must be observed at wavelengths below 315
nm, where this specific spectrum recorded hardly any incoming light. The wavelength
dependent extinction seen in the top plot make this wavelength range difficult to use.

2.2 FIREX-AQ Instruments and Analyses

There were several instruments on board the NASA DC-8 aircraft, seen in the external

view of the aircraft (Figure 2.6) and the internal view which shows the numerous instru-

ment racks inside the DC-8. Many of these instruments are relevant to the research in

this thesis, and the instruments used are listed in Table 2.2. These were used to constrain

RTM calculations and interpret mini-DOAS observations. Instrument/analysis descrip-

tions, usage, and available references are outlined below. All data described here, and

from other instruments not used in this work, are publicly available at: 10.5067/SUBOR-

BITAL/FIREXAQ2019/DATA001.
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INSTRUMENT NAME / ANALYSIS MEASUREMENT(S)
DIAL High Spectral Resolution LIDAR Aerosol Extinction Profiles

BB Plume Shape
Langley Aerosol Research Group Particle Size Distributions
Experiment (LARGE) In-situ Aerosol Extinction & Scattering
Aerosol Optical Properties (AOP) In-situ Aerosol Extinction & Scattering
Compact Atmospheric Multispecies HCHO Mixing Ratios
Spectrometer (CAMS)
Airborne Cavity Enhanced Spectrometer HONO Mixing Ratios
(ACES) NO2 Mixing Ratios
Differential Absorption Carbon monOxide CO Mixing Ratios
Measurement (DACOM) CO2 Mixing Ratios
Charged-coupled device Actinic Flux Trace Gas Photolysis Rates
Spectroradiometers (CAFS)
Meteorological Measurement System Atmospheric and Location Variables
(MMS) e.g. Temperature, Pressure, etc.
Fire Location & Wind Speed Smoke Age
Meteorology backtracing Smoke Age
Fuel2Fire Fuel Type Classification
MODIS/ASTER Airborne Simulator Fire Radiative Power
(MASTER)
Visible and IR Cameras

Table 2.2: A list of instruments on board the NASA DC-8 and analyses from the FIREX-AQ
field campaign.
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Figure 2.6: External and internal view of the NASA DC-8 aircraft show the numerous
other instruments on board (left image courtesy of NASA).

2.2.1 DIAL/HSRL

Aerosol extinction profiles were taken from the differential absorption LIDAR/high spec-

tral resolution LIDAR (DIAL/HSRL) instrument(Hair et al., 2008) at 532 nm using the

measured LIDAR backscatter coefficient and LIDAR ratio, both of which have a vertical

resolution of 30 meters. This study utilized the 10 second measurements of these pa-

rameters as opposed to the reported 60 second extinction profiles. This may add some

uncertainty, but the largest uncertainty is due to the actual parameter variability of the

LIDAR ratio, and 60 seconds is too coarse of a resolution for our observations.

In several overflight measurements of thick plumes, the LIDAR backscatter coefficient

was saturated (Figure 2.7 Left). This means that there was no data for the bottom por-

tion of the plume because the extinction was so high that light could not penetrate the

plume. This has little impact on RT modelling, because for instances in which the LIDAR

instrument saturated at 532 nm, our measurements near 350 nm are also not sensitive to

that portion of the plume. This data was filled in to produce input data for the RTM, ac-
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Figure 2.7: An example of the effect of filling in missing LIDAR data for the second over-
pass of the Shady fire on July 25th. Many observations are missing below the plume due
to instrument saturation (left). The right plot shows the LIDAR profile after missing data
were filled in.

count for the total aerosol optical depth (AOD), and determine trace gas vertical column

density.

To fill in this missing data, extinction profiles from the geographically nearest in-

plume transect (within 1 hour of the overflight measurement) were used to fill in extinc-

tion data at any missing altitudes. This data was then interpolated horizontally. If there

were still missing data points in the profile, the existing profile was fit with a Gaussian

shape and missing data was filled with these values. The impact of this method can be

seen in Figure 2.7 where the original, saturated LIDAR data is shown on the left and the

filled extinction data is shown on the right. This process seems to reasonably fill in lofted

data, although the column of rising smoke is still not resolved.
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2.2.2 LARGE

Particle size distributions (PSDs) are particularly important for the definition of aerosol

optical properties for RT modelling. PSDs were determined from laser aerosol spectrom-

eter (TSI model 3340) 1 hz measurements at ambient temperature and humidity with

diameters from 100 nm to roughly 5 microns, measured by the Langley aerosol research

group experiment (LARGE). These observations were used to calculate log-normal par-

ticle size distribution parameters for smoke aerosols, boundary layer aerosols, and free

tropospheric aerosols. The particle sizes covered by this instrument are the most opti-

cally relevant for UV-Vis remote sensing observations. Extinction data from the LARGE

team was also used along with other sources depending on data availability.

Figure 2.8: An example particle size distribution fit of young smoke. Smoke PSDs were
fit with a log-normal bimodal distribution. The first mode (orange) is meant to capture
the distribution for radii larger than the peak, so greater than ∼ 0.1µm in this case. The
second mode (green) accounts for the difference between the observation and this first
mode. The R2 of this method was regularly above 0.99.

An example PSD is shown for all young (<15 minute smoke age) smoke measure-
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ments of the Shady Fire in Idaho on July 25th, 2019 (Figure 2.8, Blue). The PSDs were

consistently well explained with a bimodal, log-normal fit with a major mode near 100

nm (Orange), and a second mode near 60 nm (Green) radius. The combination of these

modes (Red) is a nearly perfect fit of the PSD in this case.

2.2.3 AOP

1 hz data from the AOP team (Langridge et al., 2011; Lack et al., 2012) was used to create

background profiles of ambient aerosol extinction (Section 2.3.3). Extinction and absorp-

tion data at 405 nm were also used to calculate smoke single scattering albedo (SSA) and

determine the BC content to include in RTM runs.

2.2.4 CAMS

The compact atmospheric multi-species spectrometer (CAMS, Richter et al. 2015) used

mid-IR laser spectroscopy to measure HCHO mixing ratios at 1 hz resolution. This data

was used to constrain a background HCHO profile for the RTM as well to compare with

mini-DOAS observations.

2.2.5 ACES

We used the airborne cavity enhanced spectrometer (ACES, Min et al. 2016) 1 hz data for

observations of HONO and NO2. As with HCHO, ACES was used to create background

atmosphere profiles of HONO and NO2 and to compare with mini-DOAS observations.
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2.2.6 DACOM

The differential absorption carbon monoxide measurement (DACOM, Warner et al. 2010)

instrument was very important to calculate emissions from in-situ instruments and mini-

DOAS data. DACOM measurements of CO and CO2 were necessary to calculate NEMRs

(Equation 1.1) and EFs (Equation 1.2) for various trace gases using in-situ data.

2.2.7 CAFS

The charged-coupled device actinic flux spectroradiometers (CAFS, Shetter and Müller

1999) instrument was valuable for understanding the photochemistry of smoke plumes,

as it measured actinic fluxes at a 1 hz resolution. Actinic fluxes were combined with

absorption cross-sections to produce photolysis rates for several trace gases, including

HONO, NO2, and HCHO. Although not directly used to interpret mini-DOAS data or

constrain RTM calculations, CAFS data was still very helpful for modelling photolysis

rates and filtering in-situ observations for photochemically young smoke.

2.2.8 MMS

Data from the meteorological measurement system (MMS, Chan et al. 1998) was impor-

tant to constrain atmospheric parameters, like temperature and pressure, and were espe-

cially important for flight altitude data.

2.2.9 Smoke Age

In order to interpret mini-DOAS data (e.g. the rate of chemical changes), it is important to

quantify the age of the observed smoke. This is also important in order to compare mini-
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DOAS and in-situ data, as the overpass and in-plume data are not gathered concurrently.

One method to determine the smoke age is by simply using the distance from the fire

and the mean wind speed at the smoke altitude. This is a simple calculation, is easily

implemented, and can be used for both in-plume and overpass observations. As such, all

use of smoke age with remote sensing observations will utilize this method of determin-

ing smoke age. Similarly, any comparison of remote sensing and in-situ data will utilize

this smoke age calculation for in-situ observations as well so as not to introduce bias.

However, there is a more advanced smoke age calculation available for in-plume ob-

servations that utilizes the HYSPLIT back trajectory modelling. This method is helpful as

it can account for changing wind speeds throughout the plume as well as the plume rise.

Perhaps the most important feature of this calculation is that it allows for changing plume

age through a transect of the smoke. This is useful to determine if each observation of a

transect was subject to the same photochemistry. This smoke age calculation was used to

determine emissions from in-situ data and to filter in-situ data to account for changing

chemistry.

2.2.10 Fuel Burned

The fuel burned by each fire was useful for interpreting HONO emissions and compar-

ing them to other works. The fuel burned was determined by the Fuel2Fire group using

several sources of data (Soja et al., 2021), starting with the fuel characteristic classification

system (FCCS, Prichard et al. 2019). FCCS is a tool to catalog the different flora species

with a 30 m resolution. This dataset is combined with fire detections from VIIRS observa-

tions coupled with diurnal variability determined from GOES observations. This results

in a daily estimate of the area burned and carbon emitted by different fuel types.
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2.2.11 MASTER

The MODIS/ASTER Airborne Simulator (MASTER) is an instrument that uses thermal

radiation bands to spatially resolve the fire radiative power throughout the burning area

(Hook et al., 2001). This is helpful to determine the state of the burning for the areas of

the fire measured during mini-DOAS overpasses.

2.2.12 Cameras

As with most remote sensing campaigns, camera data from the aircraft was invaluable.

Videos (e.g. Figure 2.3) were used to study oddities in mini-DOAS data. For instance,

the convection from many fires created pyrocumulus clouds above a fire, which often

lowered trace gas DSCDs in mini-DOAS data due to lower sensitivity to the plume itself.

The nadir camera on the DC-8 was very helpful to locate these pyrocumulus observations.

Similarly, the nadir IR camera was used to determine the location of the fires at the time

of the overpass in order to determine the smoke age of mini-DOAS observations.

2.3 Radiative Transfer Model: VLIDORT-QS

As discussed in Section 1.6, a RTM is needed to account for the numerous optical proper-

ties of a BB plume in order to interpret mini-DOAS data. Considering the large variability

of BB smoke plumes and the effect on mini-DOAS observations, the RTM needed to be

run for each individual measurement. As such, the RTM used in this study needed to

be computationally fast. Monte Carlo RTMs (e.g. McArtim, Deutschmann et al. 2011),

are very accurate but also very computationally expensive. For this reason, this study

utilized VLIDORT, which my research group has found agrees with McArtim to within
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1%.

An accurate simulation of the mini-DOAS measurements during the FIREX-AQ cam-

paign required a RTM with fully spherical ray-tracing capability for both single-scattering

(SS) and multiple-scattering (MS) radiative processes to explain the measurement sensi-

tivity to different layers of the atmosphere. The VLIDORT-QuasiSpherical (VLIDORT-QS)

vector RTM (Spurr, In Progress) is based on the 2015 2.7 version of the VLIDORT code

(Spurr, 2006; Spurr and Christi, 2019) and was specifically designed and developed for

the interpretation of airborne limb scanning measurements. In order to include the contri-

bution of the sphericity of the atmosphere to the signal, the code implements a multi-shell

model, with multiple optically uniform layers, extending from the surface to the top of

the atmosphere, allowing RT simulation for different solar geometries, elevation angles,

and altitudes.

The versatility of VLIDORT-QS allowed for the model to be used for any realistic

measurement geometry used throughout the campaign. Similarly, The state of the atmo-

sphere, the location and amount of aerosols, and the optical properties can be easily up-

dated for each model run, which is particularly beneficial for this application. A python

wrapper was used to set the solar and viewing geometry, surface albedo, background

atmosphere profiles, aerosol profiles, and aerosol optical properties for each observation

externally to avoid recompiling VLIDORT-QS for each model run and save computational

time.

In order to properly simulate the signal traveling in a curved atmosphere, the radiative

transfer equation (RTE) is separately solved for the SS and MS component for each ray

path segment, i.e. for each layer defined by the model. For each segment, the SS source

term is evaluated by integrating the RTE using a Gauss-Legendre quadrature scheme de-
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fined by a finite number of points of abscissa and weights which allow the code to define

a set of optical thickness values for that segment. The radiation field is then calculated in

a recursive manner, propagating these source terms from the ray path origin, depending

on the viewing geometry, to the observer in a fully spherical atmosphere.

For the MS term, the code first implements the standard VLIDORT code for each seg-

ment to generate a set of discrete-ordinate solutions for the RTE for each quadrature point

in that segment in a plane-parallel scenario. The MS source term is subsequently derived

utilizing the quadrature scheme used in the SS case for a fully spherical atmosphere, thus

integrating the source function in a full spherical geometry.

2.3.1 Size-Resolved Mie Code

To properly represent the radiative impacts of BB plumes, RTM calculations must include

the impacts of background aerosols and BB aerosols. Further, calculations must be able

to capture the variability of BB aerosols, i.e. changes in size, composition, etc. In order to

accomplish this, a size-resolved Mie code was coupled with VLIDORT-QS to account for

the optical properties of the aerosols.

The size-resolved Mie code allowed for a trimodal PSD, although in this case only

bimodal and monomodal distributions were used. The Mie code utilizes a log-normal

PSD

P (r) = e
−(ln r

r0
)2/2(lnσ)2

/r (2.2)

and takes the mean radius (r0) and standard deviation (σ) as inputs for each PSD mode.

The modes are then weighted based on their particle number concentrations (an example

is shown in Figure 2.8). The Mie code was run for measurement wavelengths between 300
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and 380 nm, with 10 nm resolution, as well as for 400 nm and 1 µm. Refractive indices for

several aerosol types were also used (Section 2.3.3).

For each aerosol PSD with a given refractive index at a certain measurement wave-

length, the mie code calculates aerosol scattering and extinction cross-sections and aerosol

scattering moments, which can be used to determine the scattering phase function of the

aerosols. These results are calculated for a normalized PSD with the amount of aerosols

controlled separately in the RTM. This code was specifically created for compatibility

with VLIDORT-QS and runs separately. It was therefore used each time aerosol optical

properties were updated for individual RTM calculations.

2.3.2 VLIDORT-QS Output

2.3.2.1 Radiances & Slant Column Densities

VLIDORT-QS was run for a model grid of 78 discrete layers from the surface to 43 km

altitude, with 100 m resolution for the lowest 5 km and broader spacing approaching the

TOA.

One output of VLIDORT-QS is an incident radiance upon the observer. Therefore, the

Lambert-Beer law (Equation 1.9) can be used to calculate trace gas SCDs by running the

RTM with and without a respective absorber. We can adjust the Lambert-Beer equation:

I(λ) = I0(λ)
∑
SCDi(λ)·σi(λ)+τr(λ)+τm(λ) (2.3)

where τr and τm are the impacts of Rayleigh and Mie scattering. Equation 2.3 is the basis

for the DOAS fit (Section 2.1.5).

This new representation of the Lambert-Beer law shows how VLIDORT-QS can be
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used to model SCDs, by running the model with (I) and without (I ′) an absorber:

SCD(λ) =
−1

σ(λ)
log

I(λ)

I ′(λ)
. (2.4)

This same process can be done for the solar reference observation to calculate SCD0 (Equa-

tion 1.12) and determine modelled DSCDs.

2.3.2.2 Jacobians & BAMFs

Along with radiances, VLIDORT-QS calculates trace gas or particle Jacobians, etc. Jaco-

bians quantify the change in radiance due to a change in another parameter in each layer

of the atmosphere. For trace gases, the Jacobians are defined as the change in radiance (I)

due to the change in the partial vertical column of a trace gas (D):

Ji(λ) =
∂I(λ)

∂Di

(2.5)

where the partial column (D) is the concentration times the height of layer i.

However, this parameter is not particularly useful, as the DOAS technique does not

directly rely on either of these parameters. It is much more important to define how the

DSCD or SCD changes as a function of the partial column:

∂DSCD(λ)

∂Di

=
∂SCD(λ)

∂Di

(2.6)

which are equal since the DSCD is simply offset from the SCD by a parameter (SCD0) that

does not depend on the trace gas profile of the measurement.

Using Equation 2.4, where σ and I ′ are not affected by changes in the partial column
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of the trace gas:

∂SCD(λ)

∂Di

=
∂( −1

σ(λ)
log I(λ)

I′(λ)
)

∂Di

(2.7)

=
−1

σ(λ)

I ′(λ)

I(λ)

∂( I(λ)
I′(λ)

)

∂Di

(2.8)

=
−1

I(λ) · σ(λ)

∂I(λ)

∂Di

(2.9)

we find that change in the SCD due to change in the partial column of a trace gas is

simply the modelled Jacobian normalized by the modelled radiance (I) and the trace gas

absorption cross-section (σ).

Equation 2.9 is the formal definition of the BAMF (from Equation 1.16). It should

now be obvious that Equation 1.16 is simply a numerical approximation of the integral of

∂SCD with respect to the partial trace gas column. In this way, VLIDORT-QS is used to

calculate BAMFs for each mini-DOAS observation.

The resulting BAMF explains the path-length enhancement, and thus measurement

sensitivity through each layer of the model. The BAMF does not depend on the specific

trace gas but rather on the radiative transfer that defines the light path length through a

layer in the atmosphere which affects all trace gas SCDs equally at the same wavelength.

2.3.3 Model Initialization

The model is constrained with data from other instruments on board the aircraft in order

to accurately portray the atmosphere and measurement conditions. As smoke plumes

are quite variable, many model parameters are updated for each individual observation,

resulting in unique BAMFs for each mini-DOAS observation.

44



Figure 2.9: VLIDORT-QS requires an accurate representation of the atmosphere. This
figure summarizes the data used to initialize VLIDORT-QS and the coupled size-resolved
Mie code in order to calculate intensities and Jacobians (BAMFs) for each mini-DOAS
observation.

To accurately model mini-DOAS observations, an accurate representation of the at-

mosphere was needed. Section 2.2 describes the sources of the data used to constrain

the model, but there are a few details worth noting. The data used for all VLIDORT-QS

model runs is shown in Figure 2.9. An apriori atmosphere was created based on a sum-

mertime climatology of the Western US with profiles of pressure, temperature, O3, NO2,

BrO, HCHO, HONO, and SO2 as a function of altitude. Each of these parameters was

then updated with available in-situ (non-smoke) data from throughout the flight, binned

and averaged in 50 m height intervals. These profiles were then interpolated to a 78-layer

altitude grid, normalizing against the surface altitude, with a 100 m resolution for the

lowest 5 km. The surface albedo was determined from climatology (Kleipool et al., 2008)

based on latitude, longitude, and month (generally on the order of 0.07).
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Perhaps most important is how the RTM handled aerosols. This was done by defining

the aerosol profile and the optical properties of the aerosols. VLIDORT-QS aggregated

four distinct aerosol types for each model run. The optical properties of these aerosols

were needed to calculate the aerosol radiative properties at the model wavelength as op-

posed to the measurement wavelength (e.g. 532 nm for LIDAR data).

The background aerosol profile was calculated using 532 nm aerosol extinction data

from AOP (Section 2.2.3) in the same way the trace gases were used to create a back-

ground profile. This data was used as there was less missing data compared to other

observations and it is easier to guarantee there is no influence from BB on the in-situ data.

Profiles from SAGEII climatology (NASA/LARC/SD/ASDC, 2012) were used for strato-

spheric aerosols. The BB aerosol profile was calculated by subtracting the background

aerosol profile from the 532 nm extinction data from the LIDAR instrument (described in

Section 2.2.1). Again, missing/saturated LIDAR data was filled in with in-plume LIDAR

observations and a Gaussian plume shape.

The optical properties: scattering, extinction, and phase function, were determined for

each aerosol type using refractive indices and PSDs (Section 2.2.2) with a size-resolved

Mie code (Section 2.3.1). The aerosols were split into four different types based on these

optical properties.

For background aerosols, the lower atmosphere generally consisted of larger particles.

As such, boundary layer background aerosols were separated from free troposphere and

stratosphere background aerosols as being below or above 4 km GPS altitude. Optical

properties were calculated for these two aerosol types based on their individual PSDs

and a refractive index for clean, continental aerosols (Levoni et al., 1997). The background

aerosol extinction and optical properties were held constant for RTM calculations of all
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plume overpasses from a given day.

Figure 2.10: Example particle growth for the Williams Flats fire on August 3rd, with the
number-weighted particle effective radius shown against the smoke age.

The optical properties of BB aerosols were more variable, and thus required more

consideration. First, BB particles generally grew as a function of plume age, as shown for

the Williams Flats fire in Figure 2.10, which affects their optical properties. As such, BB

particles were binned in 15 minute intervals as a function of smoke age. The Mie code

was then run for each of these PSD bins, and the optical properties were updated for each

model run depending on the age of the smoke observed.

Next is the issue of refractive indices, as smoke plumes consist of many types of

aerosols. BC was included as one type of aerosol in the smoke plumes, utilizing refractive

indices of soot (Chang and Charalampopoulos, 1990; Levoni et al., 1997). It was assumed

that the majority of the remaining aerosol is organic. As such, a refractive index of BrC

(Alexander et al., 2008) was used, with the imaginary refractive index scaled to a value of
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0.015 at 405 nm, based on observations of peat fire smoke (Sumlin et al., 2018). However,

this model setup resulted in significantly less wavelength-dependent extinction than seen

by the mini-DOAS (via the CI, Section 2.1). Wavelength-dependent absorption was thus

added to this latter aerosol type by applying a κ absorption Angström exponent (κAE)

to the imaginary refractive index below 405 nm. The κAE was determined by iteratively

updating the value until the RTM recreated the CI for the entire overflight. The κAE was

thus held constant for RTM calculations for an overpass.

Parameter RTM Representation
BC Refractive Index Mean of

Chang and Charalampopoulos (1990)
and Levoni et al. (1997)

BB Aerosol Refractive Index Alexander et al. (2008) scaled to
Sumlin et al. (2018) with κAE
below 400 nm

Background Aerosol Refractive Index Levoni et al. (1997)
Background Pressure
Background Temperature Calculated for each
Trace Gas Profiles flight and held constant
Background Aerosol Profile
Background Aerosol Optical Properties
BC Ratio Iteratively calculated and
κAE held constant for each overpass
Surface Albedo Updated for each observation using

location and Kleipool et al. (2008)
Plume Aerosol Profile Updated with LIDAR observations
BC and BB Aerosol Optical Properties PSD updated for each observation

based on plume age
Measurement Geometry Updated for each observation
Solar Geometry

Table 2.3: Summary of how each parameter is updated for RTM calculations.

The last consideration was what portion of the BB aerosol was BC. This was deter-
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mined by iteratively running VLIDORT-QS at 405 nm, updating the proportion of BC

until the modelled and measured 405 nm SSA (Section 2.2.3) agreed. The resulting ratio

(on average 13%) was then used to split the BB extinction profile from the LIDAR into BC

and remaining BB aerosols. This ratio was held constant for an entire plume overpass. It

should be noted that a 13% BC content is a relatively high value, though not unrealistic,

for biomass burning (Saleh et al., 2014). However, the RTM results are not particularly

sensitive to the BC content, where a ± 15% BC content has less than a 2% impact on

model results. Further, this method ensures that the model recreates the aerosol optical

properties at 405 nm before running the model at lower wavelengths.

To summarize (Table 2.3), the background profiles of pressure, temperature, trace gas

concentration, free troposphere/stratosphere aerosol extinction and optical properties,

and boundary layer aerosol extinction and optical properties were held constant for all

RTM calculations of a plume overpass. The proportion of BC in the smoke plume and

the κAE were iteratively derived for each plume overpass and held constant. The surface

albedo, plume aerosol profile, measurement geometry, solar geometry, and BC and BB

aerosol optical properties were updated for each mini-DOAS observation using a python

wrapper to avoid recompiling the model. The model was run at 353.5 nm which is in the

middle of our DOAS fit window (Section 2.1) and where there is strong HCHO, HONO,

and NO2 absorption resulting in unique BAMFs for each mini-DOAS observation.

2.3.4 Radiative Transfer and the Color Index

As discussed in Section 2.3.3, the CI was used to constrain the RTM calculations and

specifically, the κAE. Every other parameter besides the imaginary refractive index of BB

aerosol was well defined in the RTM, either through good apriori assumptions, data from
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the flight, or literature. When the model was used to recreate the observed CI from mini-

DOAS data, it was discovered that the CI was particularly sensitive to the κAE of the BB

aerosols.

Figure 2.11: This figure shows the imaginary refractive index for three different κAEs
(top), with the retrieved κAE for this overpass being 7.25. The bottom shows the observed
CI from the mini-DOAS for this overpass with the modelled CI using each of these κAEs,
and displaying the sensitivity of the CI to the input κAE.

An example is shown in Figure 2.11 for the second overflight of the Shady Fire on July

25th, 2019. The imaginary refractive index (κ) is shown for three different κAE scenarios

(Top). The lower plot shows the impact of these κAEs on the modelled CI and how they

compare to the mini-DOAS measured CI. For this overflight, a κAE of 7.25 gave the best

agreement. However, a κAE of 7.25 leads to a slight overestimation of the CI early in the

plume and slight underestimation later in the plume. This could indicate an increasing

κAE as a function of smoke age in this fire, either from changing emissions or chemical

changes, such as particle growth, aerosol oxidation, and aerosol coating. However, the
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associated uncertainties are too high to confirm these explanations. As such, a single κAE

was used for each overpass, but this should be an area of future study.
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CHAPTER 3

Analysis Methods

3.1 Trace Gas Profiles

Knowing the profile shape of retrieved trace gases is crucial to accurately quantifying

their amounts in the smoke plume. The reason for this, as will be discussed in depth

below, is the changing sensitivity of the mini-DOAS through a smoke plume. For nadir

observations, the mini-DOAS was most sensitive to the top of a BB plume, with sensitivity

decreasing with altitude as more light is occluded by smoke the further into a plume.

As this area of rapidly changing instrument sensitivity is also where we expect rapidly

changing concentrations, it is necessary to accurately account for both factors.

HCHO and aerosols are co-emitted by BB, and both undergo relatively slow chem-

istry early in smoke plumes. Generally, both HCHO and aerosols are slowly formed in

BB plumes. At the same time, HCHO is photolyzed, with lifetimes on the order of hours

inside smoke plumes. Consequently, aerosol extinction is a good tracer for HCHO con-

centrations. Therefore, the 532 nm aerosol extinction data from the LIDAR can be used to

represent the profile shape of HCHO in young BB plumes.

One example to confirm this assumption is seen in Figure 3.1. The top plot shows the

comparison of HCHO (from CAMS) and 532 nm aerosol extinction (from AOP) for an in-

plume transect of 3 hour old smoke. In this case, there is near perfect agreement between
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Figure 3.1: This figure shows the relationship between trace gases (blue) and aerosol ex-
tinction (orange) for a transect of 3 hour old smoke. The shape of HCHO and aerosol
extinction (top) are nearly identical. However, the relationship with HONO (bottom) is
much poorer due to photolysis in the first part of the transect.

HCHO and aerosol extinction hours after emission and after some photochemistry has

occurred. For over 265 in-plume transects of Western wildfires, like the one showed in

this figure, the mean R2 between HCHO and 532 nm extinction was 0.944 with no depen-

dence on plume age. This signifies that the LIDAR aerosol extinction profile is an accurate

representation of the HCHO vertical plume profile for all smoke ages.

The bottom plot shows an example where the aerosol extinction is not a good tracer

for a trace gas, in this case HONO. The first half of the plume was the "sunny side" with

higher photolysis rates, and the HONO horizontal profile changes with respect to aerosol

extinction. Clearly, some other representation of the vertical plume profile is needed for

HONO.
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3.2 Chemical Model

HONO and NO2 undergo quicker chemistry than HCHO due to their with particularly

fast photolysis. If the photolysis was constant through the plume, then the aerosol extinc-

tion profile could still be used to represent the profile shape of HONO and NO2, as only

the profile shape is needed for the interpretation of DOAS data. However, one would

expect the photolysis rate of a trace gas to change drastically as a function of altitude

through an optically thick BB plume due to less light penetrating deeper into the smoke.

Therefore, a more advanced representation of HONO and NO2 is needed for the inter-

pretation of mini-DOAS data. For this research, the platform for atmospheric chemistry

and vertical transport in one-dimension (PACT-1D) chemical model was used to study the

photochemistry of HONO in biomass burning plumes. The model is described in Tuite

et al. (2021) where the HONO chemistry mechanisms were confirmed with observations

from a 2010 study. It has since been applied to model the chemistry of BB plumes, which

will be discussed in an upcoming manuscript and thesis.

The chemical model is not the focus of this study, so it will not be described exten-

sively. Further, only two mini-DOAS plume overpasses have been modelled with PACT-

1D thus far. However, these results can still inform future remote sensing studies.

3.3 Photolysis Rates

Perhaps most important for HONO chemistry in a BB plume is the altitude dependence of

the photolysis rate. To accurately represent the photolysis rate in PACT-1D, VLIDORT-QS

was used to model the vertical distribution of HONO photolysis rates (jHONO).

Unfortunately, actinic fluxes are not an output of VLIDORT 2.7, although this has since
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been implemented in VLIDORT 2.8 and is currently being studied. As a result, VLIDORT-

QS was run for an array of viewing zenith and azimuth angles and integrated to calcu-

late a normalized actinic flux at 341.7 nm, in the middle of a HONO absorption peak.

VLIDORT-QS was initialized as discussed in Section 2.3.3, and this pseudo actinic flux

was calculated for each LIDAR observation from the first half of the campaign and com-

pared to 10 second average jHONO values (from CAFS, Section 2.2.7). This comparison is

done to ensure that the VLIDORT-QS pseudo actinic flux is an accurate parameterization

of observed jHONO values.

Figure 3.2: Model results comparing the observed HONO photolysis rates to VLI-
DORT-QS model results show good agreement between the two.

The resulting actinic flux calculations can be seen on the y-axis of Figure 3.2 compared

to 10 second average in-situ jHONO values. For these 3649 observations, VLIDORT-QS

predicts the HONO photolysis rate with a R2 of 0.784, a fit slope uncertainty of 0.24%, and

a standard deviation between the fit and measurements of 2.87×10−4 s−1. For simplicity,

this modelling utilized more averaged values than the BAMF calculations. Similarly, in-

plume actinic flux calculations are highly dependent upon the overhead AOD, making
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filling in missing LIDAR data even more important. These sources of uncertainty could

be reconsidered to find better model agreement with observed jHONO values. However,

this first attempt confirms that VLIDORT-QS can account for changes in photolysis rates

and be used to study those changes.

After confirming that VLIDORT-QS can represent jHONO rates, it was used to deter-

mine the vertical variability of jHONO rates through a BB plume. The RTM was initialized

(Section 2.3.3) for a thick (532 nm AOD = 2.28) and thin (AOD = 0.92) Gaussian plume

and run at a 50 m vertical resolution from 100 m altitude to 4.5 km. The resulting pseudo

actinic flux profile shape was then used to create a jHONO profile parameterization.

As the jHONO profile is dependent upon the shape and optical thickness of the plume,

it was important to create a parameterization that was easily adapted to any situation.

Further, PACT-1D relied on in-situ data from in-plume transects that took place just after

the fire overpass, so it was important that the parameterization recreated the observed

jHONO values from these transects. The resulting photolysis parameterization was based

on a bidirectional sigmoid function to account for upwelling and downwelling radiation:

J(z) = Jdwn(z) + Jup(z) (3.1)

Jdwn(z) =
Jt − Jmin

1 + e(z′−z)/F
+ Jmin (3.2)

Jup(z) =
Jb

1 + e(z−z”)/F
(3.3)

where the variables are explained in Table 3.1. However, these equations have three un-

known parameters (z′, z”, and F ) and can therefore not be solved with just one in-situ

data point.

To account for this, the equation was linearized between the top of the plume and the
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Parameter Description
J(z) jHONO at altitude z
Jdwn(z) Downwelling component of J(z)

Jup(z) Upwelling component of J(z)

Jt J(z) at the top of the plume
Jmin Minimum jHONO rate
z′ Offset altitude where J(z) = (Jt + Jmin)/2

F Factor to control slope of the photolysis profile
Jb(z) J(z) at the surface
z” Offset altitude for upwelling radiation

Table 3.1: Variable descriptions for Equations 3.1, 3.2, and 3.3.

measurement location to solve for z′ and F . It was then assumed that the plume aerosol

extinction is symmetric around its peak, which is a approximately the case for a modelled

plume, and solve for z” based on the downwelling parameters.

z′ =
zt − z

Jt − J(z)
(Jm − J(z)) + z (3.4)

where Jm = (Jt − Jmin)/2 (3.5)

z” = zb + zt − z′ (3.6)

F =
z′ − z

log( Jt−Jmin

J(z)−Jmin
− 1)

(3.7)

For these equations, z′ is the midpoint of the downwelling sigmoid function, z” is the

midpoint of the upwelling sigmoid function, and F controls the rate of change of these

sigmoid functions.

Throughout the campaign, we found that upwelling radiation consistently accounted

for 20% of clear-sky jHONO values. Therefore Jb is 20% of the clear-sky jHONO value and

Jt is 80%. Similarly, Jmin also must be specified, ideally based on observations.

For validation of this approach, the photolysis profile was modelled with VLIDORT-
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Figure 3.3: Modelled photolysis rates and parameterization results for an optically thick
(top) and thin (bottom) plume.

QS for observations of the Shady Fire on July 25th, 2019 and a Gaussian plume shape.

For this example, Jt was set to 1.8× 10−3 s−1, indicating clear-sky HONO photolytic life-

times of roughly 7.5 minutes, based on overpass jHONO observations. Jmin was set to

1.4 × 10−4 s−1 based on the lowest in-plume observations of this plume. J(z) and z were

chosen based on normal in-plume observation altitudes near the center of the plume. The

resulting parameterization can be seen for two different scenarios in Figure 3.3.

This parameterization represents the vertical photolysis profile from VLIDORT-QS

and accounts for the changing dynamics of the plume, as it represents both thick and

thin smoke. For the thick plume case (top), the model and parameterization do not agree

at the surface. This is because VLIDORT-QS is a 1D model, and cannot resolve upwelling

radiation that did not first have to pass through the smoke plume. Similarly, the model

and parameterization do not agree above the plume where jHONO slowly increases from
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Jt to Jt + Jb. However, capturing the rates inside the smoke is more important, and both

cases show good agreement inside the plume, confirming that this is an accurate and

easily adaptable parameterization and was therefore implemented in PACT-1D.

3.4 Vertical Column Density Retrieval

While SCDs and DSCDs provide useful information on the amount of trace gases in

smoke plumes, they are also dependent on light path lengths both inside and outside of

a plume. It is thus preferable to convert them to concentration profiles or plume vertical

column density (VCD), i.e. the vertical integral of a trace gas concentration profile inside

a plume. Conversion of a SCD/DSCD to a VCD depends on the shape of the vertical

trace gas concentration profile. This is especially true for BB plumes, where the trace gas

profile exhibits very large change from the top to the center of the plume. Consequently,

an accurate description of the plume shape is necessary for the VCD retrieval.

As discussed in Section 3.1, the LIDAR aerosol extinction profile is a good representa-

tion of the HCHO profile, as both are co-emitted and undergo relatively slow chemistry.

The LIDAR profile thus accounts for plume dispersion and can be used to describe the

shape of the HCHO profile in mini-DOAS observations. The LIDAR profile does not work

well for photolytic trace gases (i.e. HONO and NO2), where it is expected that the shape

of the vertical profile changes due to increased photolysis at the top of the plume (Section

3.2) and chemical model calculated profiles must be used.

Once the plume shape (S) has been determined, mini-DOAS observations can be used

to derive a concentration profile, a VCD by integrating this retrieved profile, or a max-

imum trace gas mixing ratio in the plume. All three representations will be shown, al-
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though they are all variations of the same retrieval.

The concentration profile can be described as the sum of the background concentration

profile (MR0) and the plume concentration profile:

MR(z) = MR0(z) +MR · S(z) (3.8)

where the plume shape is normalized to a mean of 1 over the plume altitudes. This ap-

proximation is used to solve for the mean plume mixing ratio (MR), the plume concen-

tration profile (the product of MR and S), and the VCD (the integral of the concentration

profile).

The approach to calculate these parameters from DSCDs is based on a combination of

Equations 1.12 and 1.16:

DSCD =
TOA∑
i=1

BAMFi ·MRi ·Ni ·∆hi −
TOA∑
i=1

BAMF0i ·MR0i ·Ni ·∆hi (3.9)

where i represents the vertical grid with grid cell heights of ∆hi, and air molecule concen-

trations Ni. BAMF0i and BAMFi are the box airmass factors of the solar reference and

the nadir observations at grid altitude i.

Utilizing Equation 3.8 and rearranging Equation 3.9 results in a solution for the aver-

age mixing ratio:

MR =

DSCD −
TOA∑
i=1

dBAMFi ·MR0i ·Ni · hi
TOA∑
i=1

BAMFi · Si ·Ni · hi
(3.10)

where dBAMFi = BAMFi −BAMF0i is the differential box air mass factor.

Some plumes were so optically thick that the mini-DOAS was not sensitive to the

lowest portions of the smoke. Therefore, areas of the plume where the calculated BAMF
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was less than 0.25 were omitted from this retrieval to ensure that these areas did not

influence the mixing ratio calculation. However, these portions were still considered for

the VCD calculation.

HCHO VCDs were calculated for all mini-DOAS DSCD observations from 21 differ-

ent overpasses. These retrievals rely on the independently calculated BAMFs of each

observation and the profile shape from the LIDAR instrument. Photolytic profiles from

PACT-1D were used to represent the plume shape of HONO for VCD calculations of the

two plumes modelled thus far (Section 5.6).

3.5 Normalized Excess Mixing Ratios and Emissions

One purpose of this study is to calculate HONO emissions and determine what informa-

tion can be gathered from RS observations without accounting for RT effects (e.g. Theys

et al. 2020). This was done by calculating and comparing HONO NEMRs and EFs from

mini-DOAS and in-situ data. The first step in this comparison is determining how to ob-

tain comparable data from RS and in-situ observations. Theys et al. (2020) utilized DSCD

ratios to account for plume concentration ratios. This assumption is tested here.

3.5.1 DSCD Ratios

As the DSCDs retrieved from observations of young smoke are dominated by the high

trace gas concentrations inside the plume, we assume that a DSCD ratio is roughly equal

to a concentration ratio (Theys et al., 2020), assuming that the trace gases are co-located
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inside the plume. Therefore, the DSCD ratio can approximate Equation 1.1:

DSCDX

DSCDY

∼ NEMRX/Y . (3.11)

This assumption was tested by comparing in-plume DOAS retrievals with in-situ data.

There are three trace gas ratios considered for this comparison; HONO to HCHO, NO2

to HCHO, and HONO to NO2. Although, HCHO is not conserved, as would be ideal

for an NEMR calculation, the comparison is restricted by the gases the Mini-DOAS can

accurately measure in the same wavelength range. HCHO undergoes slower chemistry

than HONO and NO2, and this chemistry will be accounted for in Section 3.5.2, allowing

for the use of HCHO as a tracer.

Observations of small agricultural fires in the Southeastern United States can be used

to validate this assumption. These fires were small, and the Mini-DOAS generally viewed

in a near-limb geometry. The size and consistent measurement angle make these fires

ideal for comparison, as the Mini-DOAS observations were mostly sensitive to the same

areas of the smoke as sampled in-situ.

However, as opposed to in-situ NEMRs, the DSCD ratio does not account for back-

ground trace gases. Although this had little impact for Western wildfires, this affected

the ratios for small, low altitude fires in the Southeast where there is likely more HCHO

in the background atmosphere. Therefore, mini-DOAS observations of HONO/HCHO

and NO2/HCHO were generally lower than those calculated in-situ. It might be possible

to correct for this with RT modelling, but it is very difficult to model this geometry, i.e.

a small plume dispersing vertically (Figure 2.3). Also, the purpose of the DSCD ratios is

their ease of use. Therefore, these fires were only used to validate the HONO:NO2 ratio.
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To validate the HCHO-based DSCD ratios, in-plume transects from Western wildfires

were utilized. The mini-DOAS recorded in-plume measurements in the nadir, limb/near-

limb, and the zenith. Again, the purpose of this comparison is not to account for the

radiative transfer, but to see how accurate the simple approximation of DSCD ratios is, so

the impact of viewing angles is not considered in this comparison.

NEMRs were calculated for each in-plume transect with in-situ data from CAMS (Sec-

tion 2.2.4) for HCHO and ACES (Section 2.2.5) for HONO and NO2. All available data

from each transect was fit with a mean bivariate error weighted regression (BEWR). The

comparable Mini-DOAS data was chosen as the maximum HONO to HCHO and NO2

to HCHO ratios from each transect, generally from the center of the plume. Considering

the averaged nature of the 5 second integrations from the mini-DOAS, these single RS

observations should be an accurate representation of the plume.

This temporal resolution also makes it difficult to perform a regression on mini-DOAS

data, as there is too little data. Lastly, that the mini-DOAS data are measured in the

same spectrum removes any impact of temporal bias between two systems. Taking the

maximum data point from each transect thus gives the truest view of the center of the

plume. As both HONO and NO2 undergo fast photolysis, the Mini-DOAS HONO to

NO2 ratio was taken as the mean of all smokey data from a given transect, determined

from high HONO, NO2, and HCHO DSCDs and the color index.

Each of the comparisons can be seen in Figures 3.4, 3.5, and 3.6. For each of the three

ratios, the bias between the DSCD ratios and in-situ NEMRs is small (Table 3.2), and the

standard deviation is slightly higher than the sum of squares of the respective uncertain-

ties, likely due to the ignored effects of radiative transfer and chemistry.

The slope and intercept for these three ratios were derived from a BEWR of in-situ
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Figure 3.4: Comparison of in-plume HONO to NO2 DSCD ratios with in-situ NEMRs
from ACES measurements of HONO and NO2 for observations of Southeastern agricul-
tural fires.

Figure 3.5: Comparison of in-plume HONO to HCHO DSCD ratios with in-situ NEMRs
for observations of Western wildfires.
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Figure 3.6: Comparison of in-plume NO2 to HCHO DSCD ratios with in-situ NEMRs for
observations of Western wildfires.

NEMR N Bias Standard Slope Intercept R2

Deviation
HONO/HCHO 40 +0.2% 23% 0.92 ± 0.07 1.2× 10−2 0.79
NO2/HCHO 38 −2.8% 29% 0.98 ± 0.06 −8× 10−4 0.77
HONO/NO2 61 −7.9% 20% 1.005 ± 0.06 −2× 10−2 0.72

Table 3.2: Comparison of in-situ NEMR calculations to in-plume mini-DOAS DSCD ratios
to validate the use of DSCD ratios. The statistics shown are the DSCDs ratios compared
to the in-situ NEMRs, e.g. the standard deviation is between the two calculations.
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NEMRs to DSCD ratios. In this case, it was not a mean BEWR, as data with large errors

should have less significance on these fit results. For these three ratios, the fits suggest

agreement within 10% and suggest that the DSCD ratios under approximate the NEMR at

high values for the HCHO-based ratios. This could be a RT impact, or due to the 5-second

averaging of the mini-DOAS data. Regardless, this uncertainty is within the uncertainty

of the DSCD ratios. These comparisons show that the DSCD ratio is a good approximation

of the corresponding NEMR. As such, the DSCD ratio will be used to calculate HONO

emissions and study downwind chemistry in this thesis, and the DSCD ratios will be

referred to as NEMRs in the next section.

3.5.2 DSCD Ratios to Emission and Enhancement Factors

One option to quantify HONO emissions is by calculating aERHONO/NO2 . This parameter

has been used in other studies (Yokelson et al., 2009), and can be calculated entirely from

RS data. This could be a large benefit of future satellite observations of BB plumes. As

seen in Figure 3.4, the DSCD ratio approximates NEMRHONO/NO2 well, and can easily be

calculated. These emissions will be quantified and shown in Section 4.2. However, NO2

emissions are also variable, so it is important to quantify the HONO emission factor.

Although theNEMRHONO/HCHO is helpful to understand plume emissions and chem-

istry, this is not a parameter used in other studies, as HCHO is not non-reactive. Account-

ing for HCHO chemistry makes it possible to quantify HONO emissions and better study

downwind HONO chemistry. HCHO reacts slowly in young plumes (e.g. less than 3

hours old), and this chemistry can be accounted for.

By calculating an enhancement factor (EnF) of HCHO in smoke plumes, a HCHO-
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based NEMR can be converted by combining equations 1.1 and 1.2 to get:

EnFX = NEMRX/Y · EnFY ·
MWX

MWY

. (3.12)

This results in a HONO EnF, thus allowing for the calculation of HONO emissions with

a more common parameter. Calculating a smoke age dependent EnFHCHO also removes

the impacts of HCHO chemistry from the resulting EnFHONO, creating a parameter that

is only dependent upon HONO chemistry.

HCHO is a byproduct of organic oxidation inside smoke plumes. TheEnFHCHO there-

fore generally increases as a function of plume age, particularly in the first few hours af-

ter emission. To account for this chemistry, in-plume EnFHCHO observations for smoke

younger than 3 hours were fit as an exponential function of smoke age using a mean

BEWR (Figure 3.7). This was done for each overpass with in-situ observations from within

an hour of the overpass. The uncertainty of this fit was taken as the standard deviation

between the fit line and EnFHCHO observations. In cases where there were fewer than 5

in-situ observations, the mean EnFHCHO was used and the uncertainty was increased by

50%.

The corresponding EnFHCHO for each mini-DOAS NEMRHONO/HCHO observation

was calculated with the fit and the smoke age of the mini-DOAS observation. As can be

seen in Figure 3.7, there is little change in HCHO over the first 2 hours in this plume. As a

result, a EFHCHO could also have been calculated from the youngest smoke observations

in order to calculate HONO emissions from mini-DOAS data. However, accounting for

the smoke age dependence of HCHO also results in a parameter that can be used to study

downwind HONO chemistry.
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Figure 3.7: Example of the smoke age dependence of the HCHO enhancement factor. This
case shows the clear exponential dependence used to calculate the function (red line) and
uncertainty (red shading).

As the resulting EnFHONO was derived from overpass observations, it is dependent

upon the RT and chemistry of the plume. The best opportunity to validate the EnFHONO

is with data from a prescribed burn in the Blackwater River State Park in the Florida pan-

handle from August 30th, 2019. This plume had large emissions of HCHO and HONO

with less optically thick smoke than many of the Western wildfires observed. This re-

sulted in Mini-DOAS sensitivity to the entire height of the plume. Further, this plume

was extensively studied via the DC-8, resulting in many in-plume observations.

This fire behaves just as expected. The first panel shows the calculatedEnFHCHO from

in-plume transects as well as the time-dependence determined for this overpass. The sec-

ond panel shows the DSCD ratio of HONO to HCHO from the mini-DOAS with the

earliest observation showing the highest HONO value, which quickly decreases down-

wind due to HONO photolysis. The third panel shows the product of the first two panels
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Figure 3.8: Validation of the calculation of EnFHONO with mini-DOAS data. These re-
sults agree very well with the EnFHONO calculated from in-plume data from ACES. Most
observations are within the margin of error and a similar downwind rate of change is
observed with the two systems.
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after correcting for molecular weights, i.e. the EnFHONO. Also shown is the EnFHONO

calculated entirely from in-situ plume transect data from ACES (in red).

This fire reveals that this method can be utilized to accurately determine HONO emis-

sions from BB and study downwind HONO chemistry. For this illuminated plume, mini-

DOAS results agree very well with in-situ observations. Therefore, differences between

mini-DOAS and in-situ HONO data likely stem from changing emissions/chemistry and

the fact that the two measurement techniques probe different areas of a plume. This

example also illustrates that the mini-DOAS can observe younger smoke than in-situ ob-

servations and, in this case, that leads to a slightly higher observed HONO emission.

This method was used to quantify HONO emissions from 18 different plume over-

passes from throughout the first half of the FIREX-AQ field campaign, along with ob-

servations of the Blackwater River State Park fire. Some overpasses were excluded due

to a lack of in-situ data within an hour of the overpass or due to complications in the

mini-DOAS observation (e.g. pyro-cumulus clouds).
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CHAPTER 4

DSCD Results

4.1 Differential Slant Column Densities

Figure 4.1 shows concurrent LIDAR and mini-DOAS observations from two different

plume overpasses, which were chosen for their different dynamics and consequent ver-

tical extent. The 532 nm aerosol extinction profile from the overflight of the Shady fire

plume (Figure 4.1, panel a1) was lofted above the boundary layer and remained elevated.

Smoke from the Castle fire (Figure 4.1, panel a2), on the other hand, remained in the

boundary layer, leading to a 2000m deep plume. The profile of the Shady fire also shows

that the LIDAR instrument saturated for the densest part of the plume near the fire. The

LIDAR’s inability to penetrate dense and deep plumes poses a challenge, but should have

minimal impact on the trace gas retrieval as long as only the upper part, i.e. the portion

probed by the LIDAR, is interpreted.

The total aerosol optical depth (AOD) from the Shady fire derived from the LIDAR

(Figure 4.1, panel b1) was around 3 at it’s densest point near the fire and overall larger

than that of the Castle fire (Figure 4.1, panel b1). The AOD in both plumes decreases with

distance from the fire due to plume dilution. As a result, the CI measured by the mini-

DOAS (Figure 4.1, panel c1 and c2) was also higher for the Shady fire. For both plumes,

the CI follows the general pattern of the AOD, but with less variability in young smoke

and slower decrease downwind. This indicates that the mini-DOAS is not sensitive to the
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Figure 4.1: Remote sensing results from overpasses of the Shady (1) and Castle (2) fires
which had different plume dynamics and emissions. DSCDs for HCHO (d), HONO (e),
and NO2 (f) are in units of molecules/cm2 and shading denotes the measurement un-
certainty. The two CI peaks for the Castle fire (c2) between 22:44 and 22:47 UTC and the
missing LIDAR data are due to flying over small cumulus clouds that may have contained
smoke.
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entire plume, so changes in the AOD have little impact on the CI.

DSCDs for HONO (Fig. 4.1 e1 and e2) and NO2 (f1 and f2) show highest values near

the fire and decrease as the plume ages. HCHO DSCDs (d1 and d2) remain elevated for

the length of the plume with a very similar pattern as the CI. The behavior of HCHO

can be explained by counteracting effects of photochemical formation, dilution/chemical

loss, and increased measurement sensitivity with decreasing AOD. For the Shady fire, this

leads to near constant HCHO DSCDs, while there is a slow decrease for the Castle fire.

Alternatively, HONO and NO2 DSCDs decrease quickly downwind due to a combination

of their fast photochemical loss and plume dilution. Photolysis and chemical loss (such

as nitric acid formation) likely dominate this behavior considering the elevated AOD, CI,

and HCHO DSCDs downwind.

The magnitudes of the DSCDs are also impacted by their respective emissions. For

instance, the Shady fire appears to have emitted more HONO than NO2 considering the

higher DSCDs in the youngest smoke. The Castle fire appears to emit 40% less HONO

than NO2, thus suggesting much different HONO to NO2 emission ratios. The compar-

ison of the DSCD ratios can thus be useful for quantifying emissions and studying the

downwind evolution of HONO in BB plumes.

As the plume travels downwind, photochemistry has a larger and larger effect on the

vertical distribution of HONO and NO2. Therefore, DSCD ratios become a worse approx-

imation for NEMRs with increasing smoke age. RT modelling and chemical modelling are

needed to resolve this uncertainty and properly quantify trace gases. The DSCDs how-

ever can be used to quantify emissions (Sections 3.5.2 and 4.4), and differences between

the DSCD ratios and in-situ NEMRs can be used to understand plume chemistry (Section

4.4).
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4.2 HONO Emissions

As discussed in Section 3.5.2, mini-DOAS measurements of HONO and HCHO can be

coupled with in-situ observations of HCHO to calculate HONO emissions and study

downwind evolution. The methods described in Section 3.5.2 were used on 18 different

plume overpasses of 8 different fires from 10 different days. The only Southeastern fire

considered was the Blackwater River State Park prescribed burn on August 30th, 2019,

the rest were Western wildfires.

These 18 overpasses were selected based on low mini-DOAS uncertainties, available

in-situ data, and clear observations of young smoke determined with the help of DC-8

videos (Section 2.2.12). Some fires were omitted due to pyro-cumulus clouds obscuring

the view of the fire from above or low light leading to high retrieval uncertainty. Similarly,

two overpasses from a wildfire in Arizona were omitted due to a dispersed burning area

which led to uncertainties in the interpretation of observations, particularly as it applies

to plume age. Lastly, some overpasses did not have in-situ plume transect observations

within an hour of the overpass observations.

These 18 segments were analyzed to determine the EnFHONO as a function of plume

age from mini-DOAS data. First, the mini-DOAS observations were filtered based on the

retrieved CI (Section 2.1.6) to ensure that smoke was observed. Next, data with a high

absolute uncertainty of the NEMRHONO/HCHO DSCD ratio were removed. Lastly, the

NEMR was converted to a EnF with in-situ observations of HCHO, and the resulting

EnFHONO was again filtered based on absolute uncertainties.

Emissions were calculated as the highest EnFHONO from observations of smoke with

ages less than 30 minutes. Similarly, an ERHONO/NO2 was calculated by averaging the
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NEMRHONO/NO2 DSCD ratios from smoke younger than 30 minutes. The motivation for

this decision can be summarized with Figure 4.2.

Figure 4.2: Example EFHONO and ERHONO/NO2 calculated from mini-DOAS data. In blue
is the respective time series from mini-DOAS data, in black is the comparable in-situ
observations, and red shows the emissions calculated from mini-DOAS data.

EnFHONO, as observed by the mini-DOAS, is impacted by both changing emissions

and fast photolysis. For instance, the high EnFHONO at 1 hr smoke age is likely due to

higher emissions that occurred previously and the quick decrease after roughly 15 minute

smoke age is due to HONO photolysis. The increase in EnFHONO for the youngest smoke

in this example may also be due to changing emissions. These variabilities make it neces-

sary to use a single data point to represent EFHONO.

The bottom plot shows the ratio of HONO to NO2 as observed by the mini-DOAS.

This parameter should have much less influence from changing emissions, as that affects

both NO2 and HONO similarly. Further, in the first 30 minutes, photolysis should not

have a large impact on the vertical profiles of HONO and NO2. As seen in the figure, this
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ratio remains relatively constant over the first 30 minutes, hence this data was averaged

to calculate ERHONO/NO2 .

Figure 4.3: Williams Flats fire emission calculation from 8/6/2019.

This same behavior was observed in the Williams Flats fire on August 8th, 2019 (Figure

4.3). These examples display the impact that changing emissions and photolysis have on

EFHONO calculations, as both cases show a fast decrease downwind of the maximum

EnFHONO. The ERHONO/NO2 appears not to be impacted by photolysis in the first 30

minutes after emission, as no consistent decrease is observed. This parameter can also

be calculated with just RS data and could be very important for satellite observations of

HONO emissions (e.g. Theys et al. 2020).

After calculating a single EFHONO from each of the 18 fire overpasses, the emissions

were classified based on their fuel type (Section 2.2.10) to compare the emissions with

those from literature (i.e. Akagi et al. 2011 and Andreae 2019). The fuel type assumed for

each overpass was based off of the the dominant fuel type(s) from the FCCS data, based
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on the emitted carbon from each fuel type. Generally, one or two specific fuels accounted

for over 50% of the emissions, and Western wildfires were dominated by observations of

burning timber, although the dominant timber species changed with the different fires.

All of these fire overpasses were compared to emissions from temperate forests from lit-

erature.

Only one of the 17 Western wildfire overpasses was defined as burning grassland and

shrubland. Also categorized with this overpass was the overpass of the Blackwater River

State Park prescribed burn, which was most closely related to a savanna ecosystem. These

overpasses were compared to literature for "Savanna and Grassland" (Andreae, 2019) as

well as Akagi et al. (2011) emissions from "Savanna" and "Chaparral."

There is very good agreement between mini-DOAS data and Akagi et al. (2011) for

temperate forests. The mini-DOAS retrieved a mean EFHONO of 0.54 g/kg with a stan-

dard deviation of 0.22 g/kg which is similar to 0.52 ± 0.15 g/kg from Akagi et al. (2011).

The emissions from Akagi et al. (2011) also fall within the margin of error of the mini-

DOAS with a value of 0.33 ± 0.17 g/kg. These results can be seen in Figure 4.4.

For grassland/shrubland mini-DOAS retrieved HONO emissions of 0.79 g/kg which

is higher than "Savanna" value of 0.2 g/kg from Akagi et al. (2011), shown as the sin-

gle, blue point on this figure as it was from a single observation, as well as the Akagi

et al. (2011) value for "Chaparral" of 0.41 ± 0.15 g/kg and the Andreae (2019) value for

"Savanna and Grassland" of 0.47 ± 0.21 g/kg. However, with only 2 mini-DOAS obser-

vations, it is difficult to gather much information from this comparison.

HONO emissions were also calculated with in-situ observations from the ACES in-

strument. As with the in-situ data used to calculate EnFHCHO, in-situ observations of

EnFHONO must be made within an hour of the plume overpass in question. To account
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Figure 4.4: HONO EFs by fuel type measured by the mini-DOAS and comparison with
values from literature. On average, mini-DOAS emissions are higher than those from
literature but within the margin of error.

for HONO photolysis, observations were filtered for photochemically young smoke. Us-

ing the meteorology corrected smoke age, the in-situ data was filtered for all smokey

observations where the in-situ HONO photolytic lifetime, measured via CAFS (Section

2.2.7), was larger than the age of the smoke in order to minimize the impact of photolysis.

HONO photolysis was also accounted for by creating a second dataset from ACES ob-

servations using a simple photolysis approximation. A mean photolysis rate was created

for each ACES observation by assuming that the photolysis at the time of emission was

1× 10−4 s−1, which is a very slow HONO photolysis rate that was observed in a few very

thick plumes. It was then assumed that the photolysis rate changed linearly from the

time of emission to the time of observation, i.e. the photolysis rate was averaged between

the in-situ jHONO observations (from CAFS) and 1 × 10−4. Each ACES observation was

corrected using this mean photolysis rate and the smoke age. This photolysis correction

is rather simple, but it is a good approximation for the impact of photolysis. Photolysis is
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much more difficult to correct for in mini-DOAS data, as DSCDs depend on the photoly-

sis profile through the smoke for separate locations than the jHONO values were observed.

It therefore will not be corrected for in this comparison.

The in-situ EFHONO was calculated using the described subset of ACES data, both

observed and photolysis-corrected, utilizing a mean BEWR. Four plumes did not have

enough observations of photochemically young smoke to calculate EFHONO. Of the re-

maining 14 overpasses, the mean mini-DOAS emissions are nearly halfway between the

in-situ EFHONO and the photolysis-corrected EFHONO.

Figure 4.5: Comparison of HONO emissions measured by the mini-DOAS with in-situ
observations of young smoke and photolysis corrected emissions. Campaign average
Mini-DOAS emissions fell between the in-situ and photolysis corrected values.

The campaign averages from these two in-situ emissions calculations can be seen in

Figure 4.5 compared to the mini-DOAS retrieved emissions. For these 14 overpasses, the

mini-DOAS observed HONO emissions of 0.6 ± 0.24 g/kg, compared to an in-situ value

of 0.46 ± 0.17 g/kg and a photolysis corrected value of 0.68 ± 0.27 g/kg.

Similarly, the ACES instrument can also be used to calculate ERHONO/NO2 , which is a
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useful parameter to normalize HONO emissions against fuel nitrogen content. This calcu-

lation was made with the same subset of ACES data as used for the EFHONO calculations.

However, this calculation did not include any photolysis correction, as NEMRHONO/NO2

is a more stable parameter (seen in Figure 4.2) due to the photochemistry of both species

and the short time scales considered. There are some issues in this assumption, but ac-

counting for NO2 plume chemistry is well beyond the scope of this work. Additionally,

the mini-DOAS ERHONO/NO2 was averaged over the first 30 minutes after emission, and

should have observed similar photochemistry as the in-situ observations. For this exam-

ple, 6 overpasses were omitted due to a lack of photochemically young observations and

NO2 data.

Figure 4.6: Comparison of the HONO to NO2 emission ratios measured with the mini–
DOAS and in-situ show good agreement between the campaign averages. The higher
variability of mini-DOAS data is largely due to higher measurement uncertainty.

The resulting comparison between mini-DOAS and ACES ERHONO/NO2 can be seen

in Figure 4.6. On a campaign average, the two agree very well. The mini-DOAS observed

a mean ratio of 0.49 ± 0.19 compared to the ACES average of 0.47 ± 0.13.
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4.3 Emission Discussion

These comparisons indicate the utility of RS to measure HONO emissions. On average,

mini-DOAS measured HONO emissions were slightly higher than values from literature.

This is likely due to the fact that photolysis had a smaller impact on mini-DOAS observa-

tions than in-situ observations of HONO emissions. This finding should motivate future

RS observations of BB emissions.

The ERHONO/NO2 provides a useful parameter for RS observations of HONO emis-

sions, as it does not require any in-situ data and there appears to be little change in the

ratio over the first 30 minutes after emission. Therefore, satellite observations should

be capable of measuring ERHONO/NO2 , although the impact of pixel size should be con-

sidered. This offers exciting potential to monitor HONO emissions from BB on a larger

scale than has previously been possible. However, NO2 emissions and early chemistry in

plumes are variable, and these factors must be considered when using the ERHONO/NO2 .

Therefore, it is preferable to use an emission factor which provides a better representation

of HONO emissions.

The benefit of accounting for HCHO chemistry by calculating a plume age dependent

EnFHCHO (Section 3.5.2), as opposed to just HCHO emissions, is that it allows for the

study of downwind HONO chemistry. The resulting EnFHONO is only dependent on

HONO emissions and chemistry, albeit for the areas of the plume that the mini-DOAS is

sensitive to.

Figure 4.7 shows an example EnFHONO time series from mini-DOAS data for the

Williams Flats fire. This figure shows the impact that changing emissions has on HONO

in BB plumes, particularly if coupled with the MASTER fire radiative power shown in
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Figure 4.7: The evolution of EnFHONO for three hours after emission in the Williams Flats
fire on 8/7/2019.

Figure 4.8. This image is from the same plume overpass, where red colors indicate in-

tense burning and dark/cool colors indicate smoldering fires. The lower HONO values

in the youngest smoke seen in this overpass are related to emissions from the cooler burn-

ing areas toward the left of the MASTER image. The highest HONO values (at roughly

35 minutes downwind) are likely more indicative of the large flaming area seen in the

top center of the MASTER image. This shows the difficulty of calculating the smoke age

from large fires, as the highest HONO values at 35 minutes downwind are likely not ob-

servations of 35 minute old smoke but are due to representing the fire as a point source.

Another issue illuminated by this example is the variability of burning conditions in fires

which impacts the emission of HONO.

This example also shows that HONO emissions change as a function of time. After

the peak HONO value, there is an exponential decrease downwind due to photolysis.
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Figure 4.8: MASTER (Section 2.2.11) fire radiative power image from the overpass shown
in Figure 4.7.

However, there are several areas of decreased or increase HONO relative to this change.

For example, there is a local minimum HONO value around 45 minutes and a local max-

imum at 75 minutes downwind. These fast changes in HONO amounts are likely driven

by changes in HONO emissions. This example, coupled with the variability of the indi-

vidual EFHONO calculations, underscores the variability of HONO emissions, the effect

that has on the amount of HONO in young smoke, and the ability of RS to observe these

changes as smoke travels downwind.
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4.4 Downwind Ratios

The EnFHONO from Figure 4.7 was of a thick plume, where the mini-DOAS was only sen-

sitive to the uppermost portions of the smoke and the results are not indicative of HONO

further into the plume. Utilizing mini-DOAS observations with in-situ observations can

provide information on the vertical structure of HONO inside a plume. For instance,

overpass mini-DOAS observations of a thick plume inform the NEMRHONO/NO2 for the

illuminated, upper portions of the plume while in-situ observations depict the ratio fur-

ther into the smoke. Theys et al. (2020) utilized TROPOMI to study HONO to NO2 ratios

in smoke as it travelled downwind, but did not consider the impacts of photochemistry

on this ratio. As smoke travels downwind, the vertical profiles of these two trace gases

will likely differ due to differing photochemistry. FIREX-AQ provided an opportunity

to study the impact of this chemistry on satellite observations and the accuracy of the

assumption from Theys et al. (2020).

4.4.1 Overpass Observations

This was done by comparing the NEMRHONO/NO2 from overpass DSCD ratios to in

plume data calculated with observations from the ACES instrument. The two datasets

were compared as a function of smoke age, calculated based on the distance from the fire

and mean wind speed for both data sets.

The first case considered here is from the first overpass of the prescribed burn in the

Blackwater River State Park in Florida. This fire was measured earlier in the day than any

Western wildfire and was also the fire with the lowest latitude measured throughout the

FIREX-AQ campaign. Additionally, the peak 532 nm AOD in this plume was less than 2,
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which is lower than most of the Western wildfires. The combined impact of these effects

was that this BB smoke plume received more solar irradiance than many of the Western

wildfires measured.

Figure 4.9: Observations of theNEMRHONO/NO2 in an optically thin and well illuminated
plume show a similar trend and good agreement between overpass mini-DOAS data and
in-plume ACES observations.

Figure 4.9 shows the impact that these conditions had on HONO to NO2 ratios. For

much of the plume, the overpass and in-situ ratios agree closely and see a similar rate of

change early in the plume. This indicates that photochemistry is occurring throughout

the plume, as the ratios at a specific altitude are similar to the averaged ratios from the

mini-DOAS. This also indicates that photolysis has a larger impact on HONO early in this

plume due to the photochemical sources of NO2 in the plume, such as radical chemistry

converting NO to NO2.

Similarly, the single overpass of the Tucker fire also shows good agreement with the in-

plume HONO to NO2 ratios, although it is for a different reason. In this case, the fire was

observed late in the day, with a SZA of roughly 80◦ during the overpass and the in-plume
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Figure 4.10: HONO to NO2 ratios agree well between mini-DOAS and in-situ observa-
tions and remain relatively constant downwind for a high SZA scenario.

measurements proceeding the overpass. Therefore, photolysis likely had little impact,

even at the top of the plume. One piece of evidence to support this is the much slower

decrease in the HONO to NO2 ratio as a function of plume age. With slow photolysis, the

HONO to NO2 ratio of the upper part of the plume agreed with the HONO to NO2 ratio

further into the plume, measured in-situ.

This indicates that for observations at high SZA, and thus low photolysis rates, remote

sensing observations of HONO to NO2 ratios are a good representation of the ratio deeper

in the plume due to consistent photochemistry. However, TROPOMI does not measure

the continental US during high SZAs due to its early afternoon overpass time, so this find-

ing is less consequential for some satellite observations. Although, similar observations

were found in optically thin plumes, due to the increased sensitivity to the entire plume

by the mini-DOAS and increased photolysis lower in the plume.

Figure 4.11 shows an overpass of the Williams Flats fire where the overpass and in-situ
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Figure 4.11: The HONO to NO2 ratio shows poorer agreement between mini-DOAS and
in-situ data due to HONO photolysis in the upper portion of the plume.

data do not agree. This was a very optically thick plume, with a maximum 532 nm AOD

over 8, and the mini-DOAS was only sensitive to the upper portion of the plume with no

sensitivity to the lower portion.

As such, the mini-DOAS measured the area of the plume impacted by photolysis.

This is seen in this figure as the mini-DOAS HONO to NO2 ratio observed during the

overpass decreases with smoke age. However, this trend was not observed in the in-

situ data, where the HONO to NO2 ratio is almost constant for a majority of in-plume

transect observations. Similar relationships were also seen in other fire overpasses of

thick plumes.

In this case, the HONO profile shape changed as a function of plume age, with HONO

in the middle of the plume remaining relatively unchanged and HONO at the top of the

plume decreasing due to photolysis. This photolytic loss also occurs more quickly than

losses of NO2 in the illuminated portion of the plume. Therefore, overpass RS obser-
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vations of HONO to NO2 ratios in illuminated, optically thick plumes are not a good

representation of the total plume chemistry.

Satellite observations, particularly from TROPOMI (Theys et al., 2020) which has an

early afternoon overpass time, need to consider the optical depth of smoke plumes with

HONO to NO2 observations. For thin plumes, this ratio appears to represent the entire

plume. For thicker plumes, this ratio clearly only represents the upper portion of the

smoke.

4.4.2 In-Plume Observations

Just as differences between the overpass DSCD ratios and in-plume NEMRs can be used

to study plume photochemistry, so too can in-plume mini-DOAS observations. Based on

the viewing angle, mini-DOAS observations have different sensitivity to different regions

of the plume. If viewing in the zenith or limb/near-limb, the mini-DOAS will still have

more influence from the top of the plume. Alternatively, in-plume observations in the

nadir will have some sensitivity to the lower portion of the plume, but unfortunately,

there were few in-plume nadir observations with concurrent ACES observations to study

here. Thus, in this section, differences between mini-DOAS and in-situ observations also

inform on the photochemistry occurring in the upper portions of plumes.

Again, the first case to consider is from the Blackwater River State Park prescribed

burn (Figure 4.12). During these transects, the mini-DOAS viewed in the limb. Just as in

Figure 4.9, the RS and in-situ ratios agree well. This is further evidence that photochem-

istry occurred throughout this plume and there seems to be little altitude dependence on

HONO to NO2 ratios.

A very different relationship was observed for the Williams Flats fire on August 7th.
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Figure 4.12: In-plume HONO to NO2 ratios show excellent agreement between mini–
DOAS and in-situ observations for an optically thin plume.

This fire was very optically thick, requiring that mini-DOAS measurements were ob-

served in the zenith to ensure enough light reached the telescopes. Therefore, these ob-

servations were much more sensitive to the upper portion of the plume. For the second

transect of this fire (Figure 4.13, right), the plume behaved as it did in the preceding over-

pass (Figure 4.11). The mini-DOAS observations were lower than in-situ ratios for the

first 2 hours after emission, indicating lower HONO to NO2 ratios in the upper part of

the plume and a greater impact from HONO photolysis in the upper portion of the plume.

After 2.5 hours, the plume appears to have thinned enough that photolysis has impacted

the in-plume HONO to NO2 ratio and we find better agreement with the mini-DOAS ob-

servations. However, the earlier in-plume transects showed the opposite behavior (Figure

4.12, left). During these transects, there were several observations of higher ratios from

the mini-DOAS than measured in-situ, indicating higher HONO to NO2 ratios above the

aircraft.

However, the earlier in-plume transects showed the opposite behavior (Figure 4.12,
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Figure 4.13: HONO to NO2 ratios reveal two different chemical regimes for two different
in-plume transects of the Williams Flats fire on August, 7th. The second transect (right)
shows the relationship seen previously, with lower HONO to NO2 ratios at the top of the
plume. However, the first transect (left) indicates higher HONO to NO2 ratios at the top
of the plume.

left). During these transects, there were several observations of higher ratios from the

mini-DOAS than measured in-situ, indicating higher HONO to NO2 ratios above the air-

craft. This finding may stem from emissions, as suggested with Figure 4.14. For ob-

servations from the first 2.5 hours of the earlier in-plume transects, the enhancement of

mini-DOAS compared to in-situ NEMRHONO/NO2 was negatively correlated with the ob-

served MCE (R2 of 0.71). In other words, the lower MCE resulted in a lower in-situ NEMR

compared to the mini-DOAS. Therefore, the colder emissions with a lower MCE lofted

lower into the atmosphere than the higher MCE smoke that contained a higher HONO

to NO2 ratio. Since this plume was so thick and there was little photochemistry, this

plume retained this trace gas emission signature. There are other possibilities, such as

photo-enhanced heterogeneous HONO production, although this seems unlikely given

the magnitude of the difference.
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Figure 4.14: The difference between the NEMRHONO/NO2 measured by the mini-DOAS
and in-situ is negatively correlated with the in-situ MCE (R2 = 0.71).

This was a particularly thick plume with several emission sources and is further ev-

idence of the extreme variability of BB plumes. In the same plume, over the span of

several hours, the plume exhibited very different vertical structure. The causes of this

variability are beyond the scope of this work, but are interesting to note. Clearly, HONO

to NO2 ratios do not remain constant through a plume for a variety of reasons. Past and

future observations of these ratios therefore need to consider the portion of the plume

that measurements are sensitive to.
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CHAPTER 5

Radiative Transfer Results

RT calculations were performed for 21 different plume overpasses from FIREX-AQ by

constraining VLIDORT-QS as explained in Section 2.3.3. Other overpasses were not con-

sidered due to extenuating circumstances, such as clouds obscuring young smoke. For

each mini-DOAS observation from these overpasses, a BAMF was calculated using the

RTM. The resulting BAMFs were then used to determine plume VCDs and the measure-

ment sensitivity of the mini-DOAS. These model results were essential to understanding

remote sensing observations of smoke and are needed to provide guidance for future

remote sensing capabilities. Before analyzing the RT results needed for the trace gas re-

trievals, the initialization of the RTM and the description of the plume aerosols in the

model was tested by comparing observed and modelled CIs.

5.1 Color Index Validation

As the CI (Equation 2.1) depends on the number, size, and optical properties of the parti-

cles in BB plumes, it provides a unique tool to optimize and validate the RTM. It should

be noted that one κAE was determined and updated for each plume overpass to best rep-

resent the CI for the entire overpass. However, the retrieved campaign average κAE of

7 agrees well with the existing literature on BB smoke (Sumlin et al., 2018; Pokhrel et al.,

2016; Chakrabarty et al., 2010; Chen and Bond, 2010). Also, as can be seen in Figure 2.11,
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the CI witnesses considerable variability unrelated to the κAE. Therefore, the CI can be

used to validate the RTM methods.

Figure 5.1: Validation of the RTM initialization using the measured and modelled CI.
There was a high correlation between measured (left x-axis) and modelled (left y-axis)
CIs with a small bias and standard deviation (right).

To validate the RTM initialization and usage, the CI was modelled for each mini-

DOAS observations from 20 different plume overpasses of Western wildfires and the

Blackwater River fire (with the methods described in Section 2.3.3). These modelled CIs

were then compared to those observed by the mini-DOAS. For this comparison, one over-

pass was excluded due to the abnormally high solar zenith angles (>80◦) of the observa-

tions. The CIs were further filtered for observations greater than 1.03 (75% of the data) to

ensure that there was some smoke in the observations. The resulting comparison of the

almost 1600 data points is shown in Figure 5.1.

The modelled (left y-axis) and observed (left x-axis) CIs show high correlation (R2 =

0.86). A OLS regression revealed a fit with a small intercept and a slope of 1.05± 0.01. On
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the right is a histogram of the difference of the CIs, showing a near-zero mean and low

standard deviation. Overall, VLIDORT-QS clearly reproduces the CI when constrained by

LIDAR and aerosol observations. Much of the variability of the CI is independent from

the input κAE, and the RTM calculations capture that well. This provides confidence that

VLIDORT-QS can be used to study RS observations of BB smoke plumes.

5.2 Error Analysis

After validating our use of the RTM, it is important to understand how the uncertainty

of the input data impacts the RTM calculations. To determine this, an error analysis was

performed on the RTM initialization. Each input parameter was considered, and relevant

parameters were independently adjusted plus and minus their respective uncertainty.

The uncertainty of the input LIDAR extinction profile was determined based on the

variability of the LIDAR ratio from plume overpass observations. The BB aerosol size

uncertainties were determined from the variability of these parameters inside various

plumes. The uncertainty of the particle size distribution (PSD) was determined by fitting

a log-normal shape through each smoke observation. The uncertainty listed in Table 5.1 is

the mean standard deviation from each 15-minute smoke age bin of the log-normal radius

and standard deviation (from Equation 2.2). It should be noted that the PSD parameters

are input for the Mie code, which considers a normalized PSD. Therefore, changes in the

PSD parameters are only considered for how they impact the optical properties of the

aerosols and not how they change the total surface area or volume of the aerosols. The

"amount" of aerosols used in a model run is controlled by the input aerosol extinction

profile which is independent of the Mie code calculation.
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The uncertainty used for the the real refractive index (RI) comes from observations of

BB smoke (Magi et al., 2007), although the uncertainty is doubled due to the unknown

composition of the BB aerosols in this work and the fact that this uncertainty is from a

different study than the RIs used here. The uncertainty of the background aerosol stems

from the measurement uncertainty, and is doubled to allow for changes as a function of

measurement time. Lastly, the albedo uncertainty is the high-end of the uncertainty cited

in Kleipool et al. (2008).

Parameter Parameter Model Uncertainty Model Uncertainty
Uncertainty Constant κAE Constant CI

LIDAR Profile 5% 8.8% 7.5%
PSD (r and σ) 4.2% and 1.6% 14.6% 11.9%
Real RI 2.5% 9.5% 8.0%
Background Aerosol 20% 1.8% 2.6%
Surface Albedo 15% 1.5% 1.5%
Total 19.7% 16.5%

Table 5.1: Error analysis of RTM input data.

The model uncertainty was calculated based on the mean BAMF change over the al-

titudes of the BB smoke plume used for the model. The results from each parameter can

be seen in Table 5.1, Column 3. This analysis was then rerun by adjusting the κAE after

each parameter was adjusted so that the CI remained constant (Column 4).

This latter method more closely resembles the method described in Section 2.3.3, thus

Column 4 is a better representation of the total model uncertainty. By ensuring that the

model reproduces the observed CI, the model uncertainty is decreased. For instance, if

the LIDAR extinction profile is lower than true state of the smoke plume, the modelled

CI would be low. This results in an increased input κAE, that would ultimately increase

the aerosol extinction at 353.5 nm, where the model is run, and balance some of the initial
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uncertainty. This indicates that the CI is very useful for constraining and minimizing the

uncertainty of RTM calculations.

Knowing the uncertainty of the RTM is essential to determining the uncertainty of

VCD calculations, and an uncertainty of 16.5% for the RTM is used in this work based on

this analysis. Further, Table 5.1 shows the largest sources of uncertainty for RT modelling.

The modelled BAMFs are particularly sensitive to the influence that the natural variability

of smoke has on the LIDAR data and the PSD, as the combination of these two account

for a majority of the uncertainty. However, these uncertainties are somewhat mitigated

when the CI is held constant. This reduced the total uncertainty by roughly 3% and could

be used in future studies to reduce model uncertainty. Regardless, future modelling of BB

plumes must accurately account for aerosol extinction and optical properties.

5.3 Vertical Column Densities and Mixing Ratios

VCDs were calculated for each mini-DOAS observation from the 21 overpasses analyzed

with VLIDORT-QS. The results of the VCD retrieval method are shown for HCHO for the

second Shady fire overpass from July 25th, 2019 in Figure 5.2.

The top plot shows the 532 nm BB AOD from the LIDAR instrument as a marker for

plume thickness. The bottom plot shows the observed DSCD along with the retrieved

VCD, where the VCD uncertainty stems from the 16.5% RTM uncertainty and measure-

ment uncertainty. Early in the plume, the VCD is larger than the DSCD. The DSCD is not

sensitive to the entire plume and therefore does not capture the peak HCHO amount

shortly after emission, observed with the VCD. This difference decreases with plume

age until the VCD is smaller than the DSCD several hours downwind. This faster VCD
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Figure 5.2: Results of a VCD retrieval for an overflight of the Shady fire on July 25th,
2019. The top plot shows the plume AOD, which decreases downwind due to plume
dispersion. The retrieved HCHO VCD (in molecules per cm2) closely follows this pattern.

decrease compared to DSCD is a common feature of plume overpass observations and

shows the strong impact of dilution on the radiative transfer.

This pattern was also observed in the VCD calculation of the Williams Flats fire (Fig-

ure 5.3 left) and the Castle fire (right, from the overpass shown in Figure 4.1). For both

fires, the retrieved VCDs were higher than the DSCDs in young smoke and the VCDs de-

creased more quickly downwind. In both of these cases, the VCD enhancement in young

smoke was less than observed in the Shady fire. This is due, in part, to higher measure-

ment sensitivity to these two plumes due to a lower SZA for the Williams Flats fire (39◦

compared to 53◦ for Shady) and a lower plume AOD for the Castle fire.

The difference between the HCHO DSCD and VCD stems from measurement sensi-

tivity. As the plume dilutes and the AOD decreases, the mini-DOAS has higher mea-

surement sensitivity to the plume, indicated by higher BAMFs. At the same time, the

concentration of HCHO decreased in the plume due to this dilution. This can be inferred
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Figure 5.3: VCD retrievals for the Williams Flats fire on 8/3/2019 and the Castle fire on
8/13/2019 show a common relationship between VCD and DSCD, as seen in the Shady
fire.

from the AOD, and is confirmed with the VCD. The combination of increasing sensitiv-

ity and decreasing concentration leads to a slowly decreasing DSCD. Figure 5.4 describes

this process for three overpasses of the Shady fire with different SZAs.

The aerosol extinction profile provides information on the strength of the plume, and

the BAMF explains the measurement sensitivity at different levels of the atmosphere, the

product of these two is a proxy for the mini-DOAS sensitivity to different altitudes of the

plume. Further, summing this product describes the total measurement sensitivity to the

plume (middle panel of Figure 5.4). This parameter provides information on the impact

that the plume VCD has on the measured DSCD. For these three overpasses, there is

decreasing plume sensitivity with increasing SZA due to less light penetrating the plume

at low sun angles. This example shows that the RT modelling accounts for this changing

sensitivity very well, as the retrieved VCDs are very similar between 30 minutes and

1.5 hours downwind, with variability likely explained by changing emissions, changing

chemistry, and transport time.
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Figure 5.4: Three overpasses of the Shady fire from 7/25/2019 had different sensitivity to
the plume (middle) due to the solar geometry.

For each individual overpass, the RT and plume sensitivity is dominated by the BB

aerosol extinction profile. For thick smoke, the measurement sensitivity to the plume is

low so a higher VCD is needed to account for the observed DSCD, and vice versa as the

smoke disperses downwind. As a result, the retrieved VCDs are highly correlated with

the plume AOD (Figure 5.5), although the magnitude of the VCDs is determined by the

DSCDs, illustrated by the different slopes from these three overpasses.

These findings have significant impacts for satellite observations of BB plumes. Recent

studies have utilized TROPOMI observations to quantify BB emissions (Jin et al., 2021;

Griffin et al., 2021). These studies have taken some RT impacts into account, but this

case shows that the aerosol amount greatly impacts RT and the resulting VCD analysis.

Therefore, specific conditions need to be considered for each observation. Without this,

the rate of retrieved VCD change will closely resemble the rate of change of the DSCD,
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Figure 5.5: The VCD correlates very highly with the plume AOD from the examples
shown in Figures 5.2 and 5.3.

which leads to an underestimate of the VCD of young smoke and overestimate of the

VCD of older smoke.

The same retrieval used to calculate the VCD can also be used to calculate the mixing

ratio profile from mini-DOAS data (Equation 3.10). Contour plots of the retrieved mixing

ratio profiles are shown in Figure 5.6 for the same overpass as shown in Figure 5.2. They

show the expected higher mixing ratios in the center of the plume and a decrease to the

top and bottom of the plume, especially in the earliest part of the plume. The retrievals

reflect the faster decrease of HONO and NO2 mixing ratios as the plume ages. In addi-

tion, Figure 5.6 illustrates the high variability and inhomogeneity of trace gases inside BB

plumes.

Figure 5.7 shows these contour plots for the Williams Flats fire (from Figure 5.3, left).

This figure similarly shows the inhomogeneity of BB plumes with significant vertical vari-

ability in the smoke location. The Williams Flats fire also has lower concentrations of all
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Figure 5.6: 2-D mixing ratio profiles of HCHO, NO2, and HONO mixing ratio as deter-
mined from mini-DOAS data during a plume overpass. Overlaid is the peak mixing ratio
from in-situ instruments from each in-plume transect measured within 1.5 hours of the
plume overpass. We see that the magnitude of the mixing ratio is very similar between
the two observations.

three trace gases, with faster downwind decreases in the concentrations. Both of these

plots also show in-situ observations from within 1.5 hours of the plume overpass. The in-

situ observations of HONO in the Williams Flats fire signify the difficulty of measuring

HONO in-situ in BB plumes, as only one observation was made before HONO photolysis

and plume dispersion led to negligible concentrations.

The results shown so far in this chapter all convey that a well-constrained RTM ac-

curately accounts for the optical properties of BB smoke. The RTM reproduces the CI as

measured by the mini-DOAS, and the model uncertainty is low for such a variable envi-

ronment. The RTM also reproduced similar VCDs from three different overpasses with

varying sensitivity of the plume, displaying how well the RTM represents the mini-DOAS

measurements. When coupled with an accurate representation of the plume shape, this

results in a detailed view of the vertical distribution of trace gases in a smoke plume.

These results, combined with in-situ observations, show the variability of BB plumes
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Figure 5.7: The mixing ratio profile of the Williams Flats fire displays the difficulty of
measuring HONO in-situ.

which makes comparison with in-situ observations difficult. However, the magnitude

of observations from these two techniques is similar, even if they are not well matched in

space or time, and this offers an opportunity to compare the RS and in-situ observations.

5.4 Mixing Ratio Validation

To validate the RS retrieval method, HCHO mixing ratios from the mini-DOAS were com-

pared to in-situ data from the CAMS instrument (Section 2.2.4) measured during the in-

plume transects before and after the respective overpass. Direct comparison of in-situ to

remotely sensed data is always challenging due to the different observational approaches

and the fact that the two methods typically probe different air mass volumes. This prob-

lem is further exacerbated in BB plumes that are inherently variable and inhomogeneous,

particularly in this case when the measurements were made at different times.

This can be seen in Figures 5.6 and 5.7, where the in-situ mixing ratios from in-plume

transect data within an hour and a half of mini-DOAS observations are plotted over the

mini-DOAS retrieved mixing ratio profile. Some in-situ observations appear to have been
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made outside of the plume. Clearly, the dynamic nature of this plume makes matching

observations in space or time difficult. However, the magnitude of the observations is

similar, giving confidence that this mixing ratio retrieval works.

Consequently, the measurements need to be matched based on location or plume age,

neither of which will yield a perfect comparison in space and time. Considering these

caveats, it is important to first define the remote sensing parameters that will most likely

inform a meaningful comparison. The mini-DOAS analysis retrieved a mixing ratio pro-

file, from which the mean mixing ratio, the maximum mixing ratio, or the mixing ratio at

a specific altitudes can be determined.

The highly dynamic nature of the plume, seen in the mixing ratio profile in Figure 5.6,

affects the plume shape and make values at specific altitudes difficult to rely on. Similarly,

plume averages (vertical for the remote sensing data vs. horizontal for the transects) are

difficult to use as horizontal and vertical dispersion are different in BB plumes

Therefore, the maximum mixing ratio retrieved by the mini-DOAS was compared

with the maximum in-situ HCHO mixing ratio from each in plume transect, using the

assumption that the maximum mixing ratio from a horizontal transect should be similar

to the maximum of a vertical transect. The two datasets were then matched as a function

of plume age, assuming that emissions and dilution did not change in the time between

the two observations. The in-situ mixing ratios plotted in Figure 5.6 represent the max-

imum mixing ratio observed by CAMS for each transect flown within 1.5 hours of the

plume overpass over the mixing ratio profile retrieved by the mini-DOAS (Figure 5.6).

To provide a more statistical view, this comparison was applied to all FIREX-AQ wild-

fires, with some additional restrictions to further address the temporal and spatial differ-

ences between the observations. As the smoke age is not fully known, mini-DOAS mixing
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ratios within a 15-minute smoke age of the in-situ observations were averaged to reduce

this uncertainty. To further account for plume dynamics, the comparison was restricted

to data where the peak AOP aerosol extinction was at least 0.5 km−1 and the difference

between the peak LIDAR and AOP extinction was less than 1 km−1. This was done to en-

sure that thick smoke was measured during the in-plume transect and that similar plume

magnitudes were measured by both instruments.

Figure 5.8: Correlation plot of in-situ mixing ratios from CAMS (x-axis) and the mini–
DOAS retrieved HCHO mixing ratios (y-axis). The fit line is from an error-weighted or-
thogonal distance regression where with a slope of 1.01 and intercept of −3.85 ppb. The
mini-DOAS has a bias of −6 ppb and the two datasets have a mean deviation of 21 ppb
(30%).

The resulting comparison (Figure 5.8) shows excellent overall agreement of the data,

with only a small bias between the two instruments and a near 1:1 fit line. Using a BEWR

on 108 data points resulted in a slope of 1.01 ± 0.02 and an intercept of -3.85 ± 0.95

ppb with an R2 of 0.45. Much of the variability around the fit line (standard deviation

of 27.5 ppb) is due the challenge of matching the data in space and time in the highly

inhomogeneous plumes.
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5.5 Vertical Sensitivity

The relationship between the DSCD and VCD seen in Figures 5.2 and 5.3 is partially due

to the changing sensitivity with altitude of the mini-DOAS with thinning smoke. This

can be explained with Figure 5.9, by studying the BAMFs calculated at three different

plume locations. For young, thick smoke (right), the BAMF quickly decreases from above

the plume, reaching zero as light no longer penetrates the plume. As smoke disperses

downwind, the BAMF increases as more light can penetrate the smoke. As the BAMF

explains the instrument sensitivity to different levels of the atmosphere and the LIDAR

extinction profile explains the magnitude of the smoke, the product of these two acts as a

proxy for instrument sensitivity to the plume. The thinning of the plume and increasing

BAMF counteract each other, resulting in a similar plume sensitivity at all three locations.

As a result, the DSCD changes slowly as a function of plume age (Figures 5.2 and 5.3).

For early observations of the plume, there were portions of the plume that the mini-

DOAS was not sensitive to that are used for the VCD calculation. This may seem like an

extrapolation. However, these areas of the plume are not considered in the mixing ratio

retrieval described in Section 3.4. Further, particularly in young smoke before significant

photochemistry occurs, the aerosol profile is a very good representation of the HCHO

profile in the smoke. It is therefore appropriate to include these portions of smoke in the

VCD calculations. Cases where this profile shape is not known will be considered later.

The changing sensitivity with altitude is important to note, as it has implications for

RS interpretation. The HCHO DSCDs show a slow decrease with plume age. If the RT

impacts between individual observations are not considered, then this would indicate

little change in HCHO throughout these observations. However, this clearly is not the
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Figure 5.9: The 532 nm plume AOD from LIDAR data during the third plume overpass of
the Shady fire on July 25th shows the relative concentration of the plume (top). Shown be-
low is the input aerosol profile, modelled BAMF, and plume sensitivity for three different
plume optical depths.

case due to plume dispersion (indicated by the AOD in Figure 5.9). Any quantification of

downwind chemistry or emissions as a function of time without considering this chang-

ing sensitivity would thus be flawed.

5.6 Photochemical Profiles

Up to this point, the results have been focused on HCHO, which undergoes slow photol-

ysis and formation. As observations of HONO in BB plumes are a large benefit of passive

remote sensing, it is important to consider the effect of HONO photolysis. When con-
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sidering the plume shape in the VCD calculation (Section 3.4), the LIDAR aerosol profile

accounts for plume dispersion, but not chemistry.

HONO photolysis rates vary vertically in a plume due to changing light intensity at

different altitudes. This causes HONO concentrations to decrease at the top of the plume

where smoke is illuminated, and remain relatively unchanged in the middle of the plume

where photolysis rates are considerably smaller in thick smoke. This results in a plume

shape that differs from that of the aerosol extinction.

To study the impact of HONO photochemistry on mini-DOAS observations and re-

trievals, the PACT-1D chemical model was used (Section 3.2). The specifics of this model

are beyond the scope of this thesis, and the results from the model will not be directly

analyzed. The HONO profiles from the model were used to account for photolysis in the

VCD retrieval. Photolysis profiles were parameterized based on VLIDORT-QS observa-

tions (Section 3.3) and in-plume photolysis rates. So far, results are only available for two

overpasses.

Figure 5.10: Example PACT-1D HONO profile scaling.
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The use of PACT-1D results is summarized in Figure 5.10, which shows the model

profiles (left) for a smoke age of 23 minutes. The modelled plume shape (using CO as the

plume shape proxy) was scaled to the observed LIDAR profile based on plume height and

width as a function of plume age (middle). This scaling was then applied to a normalized

profile of the plume HONO to CO ratio, which quantifies how the profile of HONO differs

from the CO/aerosol profile. This normalized ratio is then multiplied by the observed

LIDAR plume shape resulting in the HONO plume shape (right).

Figure 5.11: The effect of HONO photolysis on VCD retrievals during the second overpass
of the Shady fire. The circled points denote the observation shown in the left panel.

The impact that plume photolysis has on VCD calculations can be seen in Figure 5.11,

where the VCD and mixing ratio were calculated with this updated plume shape and

observed HONO DSCDs (Section 3.4). On the left is an example of the effect of HONO

photolysis on the input plume shape 34 minutes after emission. Utilizing the updated,

photochemical profile (orange) has a 15% impact on the retrieved VCD over the first 2

hours after emission. The impact on the retrieved HONO mixing ratio in the plume (right)

108



is even larger (∼60%).

Clearly, photolysis has a large impact on the illuminated portions of the plume, i.e.

the top and bottom of the plume where there is downwelling and upwelling radiation,

respectively. This ostensibly narrows the HONO profile, skewing HONO to the middle

of the plume where the mini-DOAS has lower sensitivity. Again, these two profiles are

normalized to have a mean of one, and the VCD calculation depends on the profile shape,

not the magnitude of the profile.

The middle panel of Figure 5.11 shows the VCD calculated with the LIDAR profile

and with the chemical model profile, and the right panel shows the maximum mixing ra-

tio retrieved from these two profiles. HONO photolysis affects the VCD and mixing ratio

starting at just 10 minutes of plume age until nearly 2.5 hours after emission. This is partly

due to the altitude dependent sensitivity of mini-DOAS observations. For observations

of thick, young smoke, the mini-DOAS has much higher sensitivity to the upper portion

of the plume with decreasing sensitivity further into the plume. By skewing the HONO

profile lower in the plume where there is lower instrument sensitivity, more HONO is

needed to produce the same DSCD. As such, accounting for HONO photolysis leads to

an increased VCD for the first several hours after emission. This impact is slightly coun-

teracted by the decreased HONO on the bottom of the plume. As a result, there is a

larger impact on the peak HONO mixing ratio than on the HONO VCD. Eventually, in

this case at 2.5 hour plume age, the plume has thinned enough that HONO photolysis af-

fects every level of the plume and the sensitivity of the mini-DOAS has much less altitude

dependence.

Figure 5.12 shows the impact of HONO photolysis on retrieved VCDs for the Williams

Flats fire, the second fire that has been modelled with PACT-1D. Similar to the Shady
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Figure 5.12: The impact of HONO photolysis on the Williams Flats fire from 8/3/2019.

fire, the average impact from HONO photolysis over the first 2 hours was 13%, with the

largest impact occurring at roughly 45 minutes downwind. These two fires had similar

dynamics, with a majority of the fuel being timber, smoke lofting above the boundary

layer, maximum plume AODs between 3 and 4, and similar plume widths. Therefore,

the fact that the impact of photolysis is similar for both cases is not surprising. Yet these

conditions match several other fires observed during FIREX-AQ and suggest that these

findings are a good representation of Western wildfires. A 13-15% difference of HONO

in BB plumes would greatly impact the subsequent photochemistry. Therefore, future RS

observations and modelling of BB plumes must consider the impacts of HONO photoly-

sis on the profile shape. This also motivates advancement in the modelling of photolysis

rates in BB plumes to better understand these observations and the impacts on BB chem-

istry.
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5.7 Application to Satellites

This thesis has focused on how well remote sensing can measure trace gases in BB smoke

plumes if good measurements are available to constrain a RTM. However, it is important

to consider cases where this data is not available. For instance, satellite observations of

smoke plumes will have much less data on the optical properties and vertical distribution

of BB smoke available.

To determine the capability of satellites to measure trace gases in smoke plumes, apri-

ori parameters were calculated based on FIREX-AQ averages. The average parameters

were: smoke plume width, smoke PSD, background aerosol PSD, κAE, BC content, and

background profiles of pressure, temperature, trace gas concentrations, and aerosol ex-

tinction. All of the values were calculated from campaign averages, listed in Table 5.2.

PARAMETER VALUE
Plume Width σ = 0.44, FWHM ∼ 1 km
κAE 7
BC Content 13%
Smoke PSD - Mode #1 r0 = 0.115 µm, σ = 0.7, amount = 84%
Smoke PSD - Mode #2 r0 = 0.06 µm, σ = 0.78, amount = 16%
Boundary Layer PSD r0 = 0.08 µm, σ = 0.59
Free Troposphere PSD r0 = 0.07 µm, σ = 0.54

Table 5.2: Apriori data calculated from FIREX-AQ observations for a VLIDORT-QS sensi-
tivity test. PSD variables are those from Equation 2.2

Background profiles of pressure, temperature, trace gas concentration, and aerosol ex-

tinction were averaged over the campaign. The plume width was the median standard

deviation from Gaussian fits of overpass LIDAR data. The κAE and BC content are the

mean derived from RT modelling. The smoke PSD was fit from all Western wildfire ob-

servations of smoke less than 4 hours old (using Equation 2.2) and weighted by number
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concentration. The background PSDs were averaged from each flight.

For each observation, the solar geometry, surface elevation, and surface albedo were

updated, as they are easy to account for in satellite data. The altitude of the top of the

plume was also updated using LIDAR data, as this was an important parameter and

can be approximated with O4 observations or the TROPOMI aerosol layer height (Griffin

et al., 2020). Lastly, the CI was used to iteratively determine the plume AOD for each

observation.

AOD algorithms currently exist for many satellites, e.g. TropOMAER for TROPOMI

(Torres et al., 2020), and the TROPOMI algorithm utilizes 354 and 388 nm observations,

similar to the use of the CI. Figure 5.13 shows the impact of using the CI-based AOD

calculation along with the original method (Section 3.4), as well as the effect of using a

constant AOD of 1.5 based on the campaign average. The impact that the plume AOD

has on the overall RT of a smoke plume indicates that the AOD must be updated for each

observation and not held at a constant, average value from the campaign, to ensure that

the changing instrument sensitivity is captured (Figure 5.9).

This analysis further demonstrates the importance of accounting for the amount and

optical properties of aerosols in RS observations of BB plumes. When constant RT is

assumed, the resulting VCD retrieval leads to an underestimation for young smoke (by

37% in the first 30 minutes) and overestimation downwind. Utilizing the CI to update the

amount of aerosols in an observation greatly improves this, seen by an increased VCD

in young smoke (toward the right) and decreased VCD in aged smoke. The CI-based

analysis still underestimates the VCD for young smoke, by 13.5% in the first 30 minutes.

This is because the smoke was so thick, that changes in the AOD had little impact on the

CI. However, the CI used in this thesis utilizes observations at 340 and 360 nm. Extending
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Figure 5.13: Results of a sensitivity study to determine the impact of averaged model
input parameters. In black is the "true" HCHO VCD (from Figure 5.2). In blue is the
retrieved VCD when the modelled CI is used to constrain the plume AOD. In orange is
the retrieved VCD using a constant plume AOD of 1.5 (at 532 nm)

the CI calculation to more, and higher, wavelengths could provide more information on

the AOD of smoke plumes and potentially more information on the optical properties of

the smoke aerosols. Further use of the CI to constrain satellite-based RTM calculations

should be explored.
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CHAPTER 6

Discussion of Findings and Outlook

6.1 Plume Emissions and Chemistry

One goal of this research was to study and quantify HONO emissions from Western wild-

fires via remote sensing. The emissions observed by the mini-DOAS agreed very well

with observations from Akagi et al. (2011) for temperate forest. Unfortunately, there were

too few observations of grassland/shrubland fires during the FIREX-AQ campaign to

make any meaningful determinations about emissions from this fuel type.

Due to the large variability of HONO emission, the findings from Andreae (2019) also

fall within the margin of uncertainty of the temperate forest emissions seen by the mini-

DOAS. The fact that both emission inventories agree within a standard deviation of the

emissions calculated here is further evidence of the large variability of HONO emissions.

For this reason, either emission inventory could theoretically be used to model BB plume

smoke chemistry. However, if attempting to recreate the chemistry of specific observa-

tions, a more accurate representation of HONO emission is likely needed.

Since the work of Trentmann et al. (2005), heterogeneous production of HONO has

been a key area of interest. For instance, Alvarado and Prinn (2009) relied on the sec-

ondary HONO production scheme proposed in Trentmann et al. (2005) to recreate down-

wind ozone production in chemical modelling of the same fire plume. However, the mod-
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elling of the Timbavati fire smoke plume in both Trentmann et al. (2005) and Alvarado and

Prinn (2009) utilized a HONO emission of 0.122% HONO to CO.

This was lower than all emissions calculated from mini-DOAS data and all but two

emissions calculated with in-situ data. Further, these two lower emissions calculated from

in-situ data were from timber burning, which generally has a lower MCE and therefore

has a lower HONO to CO emission ratio than the savanna biome of the Timbavati fire.

Although this emission ratio is derived from in-situ data, the AFTIR instrument used had

high HONO measurement uncertainty. Further, Alvarado et al. (2015) found no evidence

of secondary chemistry in chemical modelling of a different plume.

This is not to say that there is no heterogeneous production of HONO in BB plumes or

that it is insignificant. The emissions of HONO seen in this work and how they compare

to literature simply indicate that the variability of HONO emissions likely has a larger

effect on the concentration of HONO in young BB plumes than secondary chemistry.

Another conclusion from the comparison of mini-DOAS emissions to those from liter-

ature may be that photolysis has little impact on in-situ emission measurements, consider-

ing the excellent agreement between mini-DOAS and Akagi et al. (2011). However, in-situ

observations from the FIREX-AQ campaign suggest otherwise. Emissions measured by

the mini-DOAS were generally higher than those seen in-situ, even in photochemically

young smoke, suggesting that photolysis needs to be considered for in-situ HONO emis-

sion calculations. Remote sensing observations help in reducing the effect of photolysis

and observations closer to the fire should be further explored. One alternative may be

to calculate HONO emissions as a HONO to NO2 ratio, which is the method utilized in

Akagi et al. (2011). For FIREX-AQ, similar HONO to NO2 emission ratios were observed

via RS and in-situ, suggesting that this parameter has less impact from photolysis over
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the first 30 minutes after emission.

Fuel Type Theys et al. (2020) Mini-DOAS
Grassland, etc. 0.34 ± 0.08 0.31
Extratropical Forest 0.54 ± 0.12 0.56 ± 0.19

Table 6.1: ERHONO/NO2 comparison from TROPOMI and mini-DOAS data.

Theys et al. (2020) utilized TROPOMI observations of biomass burning to quantify

HONO to NO2 emission ratios and found higher HONO to NO2 ratios than laboratory

and field studies for all three fuel types considered. Interestingly, and as previously noted,

this relationship was not seen here. However, the emissions seen for both extratropical

forest and savanna/grassland/shrubland both agree very well with the emissions ob-

served by the mini-DOAS (Table 6.1). This is very encouraging, as it suggests that the

pixel size of TROPOMI (3.5 x 7 km2) does not impact the observed HONO to NO2 emis-

sion ratio and that satellite data will be invaluable to calculate and study HONO emis-

sions. Further, it signifies that a simple correction accurately accounts for the stratospheric

component of the NO2 SCD.

As geostationary satellites become more prevalent (e.g. TEMPO), RS observations of

smoke plumes could also provide observations of changing fire dynamics which may

be helpful to understanding the variability of HONO emissions. Figure 6.1 shows seven

different mini-DOAS emission calculations from three different days of the Williams Flats

fire. This was the only fire with more than three emission calculations from the mini-

DOAS. For this fire, there was a high relationship between the HONO to NO2 emission

ratio and the MCE, as calculated in-situ for the in-plume observations temporally closest

to the overpass.

Although the fuel burned changed over the course of these three observation days,
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Figure 6.1: ERHONO/NO2 calculated over three days of observations of the Williams Flats
fire and the MCE determined from in-situ data (left).

many other fire parameters were similar. For instance, soil moisture, fuel moisture con-

tent, relative humidity, etc. were more similar than if considering multiple other fires. It

is difficult to make a significant claim from this finding based on seven observations, but

it offers one explanation to the variability of HONO emissions. Future satellite observa-

tions will be helpful to study these dynamics and determine if this relationship is robust

or merely coincidence.

Although the ability of satellites to observe HONO to NO2 emission ratios is excit-

ing, it is important to consider the utility of this parameter. HONO to NO2 ratios are

dependent upon NO2 emissions and chemistry, which can be complicated in BB plumes.

NO is quickly converted to NO2 after emission, but this process can be limited by the

amount of ozone in the background atmosphere. As a result, early NO2 amounts, and

therefore HONO to NO2 ratios, are impacted by NOx emissions and ozone availability. It

is important to consider this chemistry when utilizing HONO to NO2 ratios.

Due to the impacts of chemistry on HONO to NO2 ratios, it is worthwhile to study the
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ability of satellites to measure emission factors. In this thesis, I utilized in-situ observa-

tions of HCHO to quantify emissions, which is not feasible for satellite data. One alter-

native to this approach is to utilize emission inventories for HCHO to scale the HONO to

HCHO ratio in the same method that this thesis utilized.

For instance, using HCHO emissions for temperate forests of 2.04 g/kg dry fuel (An-

dreae, 2019) results in mini-DOAS HONO emissions of 0.53 ± 0.2 g/kg which is very

close to the temperate forest emissions derived with in-situ data with a standard devia-

tion between the two methods of 0.11 g/kg. This suggests much more consistent HCHO

emissions from temperate forest BB, and that this method can certainly be used for an

approximation of HONO emissions.

The last consideration to make for future satellite observations is the impact of plume

photochemistry. In this work, it was clear that the HONO to NO2 ratio was not always

indicative of the chemistry of the entire plume. In many observations of thick plumes

with high sun (low SZA), the mini-DOAS observations suggested lower HONO to NO2

ratios than were seen inside the plume. However, this was not always the case (Figure

4.13 - left). Unfortunately, no consistent conclusions can be made from these comparisons.

For each observation of HONO to NO2 ratios in BB plumes, it is important to consider the

plume AOD, solar geometry, age of smoke, and sensitivity of the RS instrument.

6.2 Remote Sensing and Radiative Transfer

Measurements of HONO and NOx in BB plumes from satellites are beginning to be re-

ported (Theys et al., 2020; Jin et al., 2021; Griffin et al., 2021). However, of these early

works, radiative transfer is either not considered or is greatly approximated. Theys et al.
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(2020) reported tropospheric SCD ratios of HONO to NO2 and argued that RT did not

need to be considered due to trace gas colocation. However, this work showed that the

profiles of HONO and NO2 change with respect to each other. Due to plume photochem-

istry and the RT environment, downwind SCD ratios of HONO to NO2 are not indicative

of the entire plume. Although, this approximation appears to be accurate shortly after

emission.

Both Jin et al. (2021) and Griffin et al. (2021) have attempted to quantify NOx and NO2

emissions from BB, respectively. Jin et al. (2021) utilized an apriori NO2 profile with the

standard TROPOMI AMF which assumed that BB plumes are clouds and used a cloud

fraction to scale AMFs. Griffin et al. (2021) applied an explicit aerosol correction, although

utilized a similar apriori aerosol and NO2 profile. Further, the BB pollutants were held

constant between 0 and 2.5 km and linearly decreased to 0 at 3.5 km altitude. Griffin et al.

(2021) considers a changing AOD based on a parameterization of initial TROPOMI NO2

VCDs, before aerosol correction. In this case, the AODs considered varied from 0 to 1 at

550 nm. This is lower than the maximum 532 nm AOD observed in all but one plume

overpass studied during FIREX-AQ.

In both works, these flawed RT considerations add uncertainty and bias to the VCD

retrievals. Results from this thesis show that the methods of Griffin et al. (2021) would

underestimate VCDs due to underestimating the plume AOD. By utilizing a low AOD,

the RT would assume higher measurement sensitivity to the plume and therefore under-

estimate the plume VCD. Further, the natural variability of the smoke extinction and PSD,

coupled with refractive index uncertainty, resulted in a model uncertainty of 16.5%. This

uncertainty would be considerably higher if the smoke plume were approximated as a

cloud fraction. Future studies must consider both the amount and optical properties of
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BB smoke plumes.

In this thesis, I show the utility of unique RT calculations for each BB plume observa-

tion. With the individual RT effects accounted for, good agreement was found between

mini-DOAS retrievals and in-situ observations in the plume (Figure 5.8). Although the

spread was high due to the challenges of matching observations in space and time, the

near 1:1 fit with low uncertainty provides confidence in the methods described here.

For this thesis, the color index was used to constrain the κAE of BB aerosols for RTM

initialization. The CI was largely a function of the plume AOD, the κAE, and the PSD

of the aerosols, and by modelling the CI, I ensured that the RTM calculations accurately

accounted for the amount and optical properties of particles in smoke plumes. The utility

of the CI can be extended to satellite data, as it provides an easy way to account for the

changing RT environment in BB plumes. Without in-situ data, these impacts of aerosol

optical properties are very difficult, if not impossible, to accurately account for and the CI

may be the best option to minimize these uncertainties. Even with these CI-based, indi-

vidual calculations, the different RT assumptions can have a 50% impact on the retrieved

VCD. This impact is likely higher for lookup table BAMFs/AMFs.

Much of this remaining uncertainty stems from constant aerosol optical properties in

RTM calculations and the effect of light penetration on the CI. In this work, only two

wavelengths were used for CI calculations. It is certainly possible that extending the CI

to different wavelengths could help constrain both of these issues. For instance, light

penetrates further into the plume at higher wavelengths and may be less impacted by

the effects of BrC. Therefore, larger wavelengths may be more useful for approximating

plume AODs in RTM calculations. Similarly, using multiple wavelength ranges could

allow more constraints on the aerosol optical properties. This should be an area of focus
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over the coming years as it is a simple way to account for plume dynamics.

Another consideration for RS of BB plumes is the impact of photochemistry. Photolysis

appears to have a smaller impact on NO2 in BB plumes than HONO. Evidence to support

this is the rate of change of NO2 DSCDs compared to HONO DSCDs. Although NO2

photolysis rates are higher than those of HONO, there are many more sources of NO2

and it quickly reaches equilibrium. As a result, the plume shape of NO2 is likely similar

to that of HCHO, but perhaps with higher variability.

Photolysis impacted HONO observations in BB plumes throughout this campaign,

where mini-DOAS data often suggested decreasing HONO in the upper part of illumi-

nated plumes. This scenario was also recreated with chemical modelling of two separate

plumes. Accounting for this change in the shape of the HONO profile led to a roughly

15% average increase in the retrieved VCD from mini-DOAS data due to decreasing sen-

sitivity with depth through a plume. This was found for two similar Western wildfires,

both with peak AODs between 3 and 4 and plumes that lofted above the boundary layer.

Further work is needed to study HONO chemistry in BB plumes under different circum-

stances, such as varying plume optical thickness, emissions, vertical spread, etc. This

work will be very important to understanding satellite observations of HONO and NO2

in BB plumes.

Also needed for future chemical modelling is a better representation of photolysis

rates. This study showed that a proxy for photolysis rates can be calculated with RT

modelling and used to parameterize the vertical distribution of photolysis rates. How-

ever, this is still based on a few assumptions, is only accurate in the plume, is scaled by

observations at just a single altitude. Lastly, the model was also only run at a single wave-

length. A RTM optimized to calculate actinic fluxes would be very beneficial for directly
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modelling the vertical distribution of photolysis rates. This could also be useful for fu-

ture satellite observations of HONO emissions, which likely have a similar impact from

photolysis as mini-DOAS emission calculations. Advances in this area would therefore

be very beneficial.
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