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Abstract

In the current study, we quantify the absorption Angstrom exponent (AAE) and the mass

absorption coefficient (MAC) of water-soluble brown carbon (WS-BrC) from boreal forest
wildfires. We deployed a Particle into Liquid Sampler (PILS) - Liquid Waveguide Capillary Cell

(LWCC)-Total Organic Carbon analyzer (TOC) system in downtown Fairbanks during the
summer of 2019, to measure the light absorption by WS-BrC between around 200 nm to around

800 nm wavelength range every four minutes, and the concentration of the water-soluble organic
carbon (WSOC), every two minutes. We then compute the AAE and MAC to examine the
optical properties of brown carbon from boreal forest fires. During this period, several forest

fires burned and we sampled particles from these fires. We explored a number of quantitative

methods to compute the AAE and find that using the entire wavelength range of 300 nm to 350
nm appears to best represent the wavelength dependence of BrC absorption, in contrast to using

just a pair of two wavelengths. The calculated AAE is observed to be ~3 for smaller wildfires
and above ~3 for medium and large wildfires, whereas the calculated AAEnew is observed to be

~5 during the sampling of small, medium and large wildfires. The calculated MAC at 365 nm

(MAC365) tends to be ~1.0 m2 g-1 and remains relatively constant during wildfire events. We
further compare these values to measurements reported from mid-latitude wildfires, to quantify

the difference between the wildfires in Alaska and Canada from that of the wildfires in the
contiguous U.S.
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Chapter 1. Introduction

1.1. Motivation for studying Brown Carbon
The “boreal forest” or “taiga” is a type of forest that is found in the geographical region

extending from ~50 °N latitude to ~70 °N latitude, which include parts of - Alaska, northern
continental United States, Canada, the Nordic countries, other northern European countries and
Russia. Being the largest terrestrial biome, these forests cover 30% of the world’s forest cover
and store around 35% of the global soil carbon (Scharlemann et al., 2014). Boreal forests are

characterized by a low variety of tree species such as fir, larch, pine and spruce, which provides
fallen plant material for the formation of soil organic carbon over a timescale of centuries. Boreal

landscapes are marked by wildfires, which often helps stimulate new growth and release valuable
nutrients stored in the litter, to the forest floor, forming organic soil-carbon. Large amounts of
organic-soil carbon, called “legacy carbon”, gets accumulated as a result of escaping multiple
fire events (Rumpel, 2019). Fire events have a seasonal trend in northern American boreal

forests, which occur during the summer season (May, June, July and August), release large
amounts of organic carbon (OC) into the atmosphere, primarily through the combustion of

organic-soil carbon (Bond-Lamberty et al., 2007; Walker et al., 2018). Over the last 40 years, the
summers have been characterized by an increasing frequency of lightning strikes (Veraverbeke et

al., 2017), causing episodes of wildfires, leading to the emission of wildfire, plumes, which eject

massive amounts of aerosol particles into the atmosphere.
Wildfires emit large amounts of greenhouse gases particulate matter and aerosol particles, that

influence the climate directly and indirectly (Lohmann and Feichter, 2005; Mao et al., 2013;
Naik et al., 2007). In particular, boreal wildfires release the legacy carbon trapped below the
forest floor, and making the boreal forest a net carbon source, instead of a net carbon sink

(Walker et al., 2019). Greenhouse gases are gases that absorb and emit radiant energy within the

thermal infrared range, whereas aerosol particles are defined in its simplest form as a collection
of solid or liquid particles, suspended in a gas and are ubiquitous in the atmosphere. Examples of

greenhouse gases released by wildfires are carbon dioxide (CO2), methane (CH4) and nitrous
oxide (N2O); particulate matter include organic and black carbon (emitted from incomplete

combustion of fossil fuels and biomass), inorganic compounds and mineral dust; atmospheric
1

aerosol particles include emissions of primary particulate matter and formation of secondary
particulate matter from gaseous precursors. The main components of atmospheric aerosol

particles are inorganic species (such as sulphate, nitrate, ammonium, sea salt), organic species
(also termed organic aerosol or), black carbon (BC, a type of carbonaceous material formed from
incomplete combustion of fossil fuel and biomass-based fuels), mineral species (mostly desert

dust) and primary biological aerosol particles (PBAPs). Radiative forcing is an energy imbalance

imposed on the climate by natural and anthropogenic causes, that is usually expressed in Wm-2,

and which provides a simple quantitative basis for comparing the response in global mean

temperature to different imposed agents. Aerosol particles affect the radiative forcing at the top
of the atmosphere (TOA) by scattering and/or absorbing sunlight. Radiative forcing may be

direct, indirect and/or semi-direct. Direct radiative forcing is caused by aerosol particles

scattering and/or absorbing sunlight, causing warming and/or cooling of the atmosphere
(Haywood and Shine, 1995; Forster et al., 2007).

Organic aerosol (OA) was assumed to be a purely scattering agent (Hand and Kreidenwei et al.,

2002), however, the imaginary part of the refractive index (k), which is representative of the
absorption by any particular type of aerosol, has since then, found to be non-zero, thus meaning
that OA does absorb light. It has been determined by (Sun et al., 2007; Liu et al., 2013) from the
ultraviolet-visible (UV-VIS) measurement of OA, which is the same instrument used in the

present study of BrC, that:

where (i) k(λ) = the imaginary part of the refractive index, (ii) λ = wavelength, and (iii) α(λ) =

absorption coefficient at wavelength (λ).
1.2. Biomass burning (BB) emissions
The global burden of BB emissions, including wildfires, contribute to ~80% of the primary
organic aerosol and ~60% of the black carbon emissions in the atmosphere (Wang et al., 2011).

Organic aerosol contributes 30% to 80% of the total annually averaged PM2.5 in the United

2

States (Hand JL et al., 2013), with black carbon contributing less than 10% in most locations
(Ridley et al., 2017).
Table 1. Annual emission rates of carbonaceous aerosol particles (CA) globally from various sources (Kanakidou et
al., 2005).

Emission

BC (Tg C y-1)

OA (Tg C y-1)

Biofuel

1.6

9.1

Vegetation fires

3.3

34.6

Fossil fuel burning

3.0

3.2

It may be observed from Table 3 that the mass of OA released from vegetation fires is almost ten
times the amount of BC released into the atmosphere on an annual basis. The emission rates for

different types of BB and the properties of the resulting chemical species released from them
largely depends upon the fuel type (i.e. pine, aspen, birch for boreal forests) and burning

conditions (flaming or smoldering) (Guyon et al., 2003; Schkolnik et al., 2007; Yokelson et al.,

2008; Pokhrel et al., 2016). The atmospheric fate of BB plumes is complex as it can lead to the
photodegradation of carbanaceous aerosols (Capes et al., 2008; Jolleys et al., 2012) or the

formation of secondary organic aerosol (SOA) from carbanaceous aerosols (DeCarlo et al., 2008;

Ortega et al., 2013).

The characteristics of boreal forest wildfires are different from wildfires that occur in the

midlatitudes, subtropics and tropics due to the fuel type and the combustion type of the wildfires.
60-90% of the fuel for the wildfires in the boreal forests comes from the carbon stored in the

soils of the boreal forests (Randerson et al., 2006; Mack et al., 2007; Turetsky et al., 2010;

Kasischke and Hoy, 2012). When wildfires occur in the boreal forests, the biomass burning
occurs in the surface layer by smoldering (Akagi et al., 2011). The reason for this is the high

lignin content of duff, which is one of the constituents of the surface layer, prevents the rapid

escape of heat that is required to sustain flaming (Miyanishi and Johnson, 2002). Therefore, the
high moisture content and the low temperatures found in the boreal forests at the northern high

latitudes, are more conducive to smoldering than flaming (Turetsky et al., 2014). As a result,

larger amounts of OA are released from the wildfires in the boreal forests and the dominance of
such smoldering fires are thought to pose a challenge to challenge to the detection of wildfires
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from remotely sensed satellite images. For example, Waigl et al., (2017) reported that MODIS

failed to detect 45% of the wildfires over Alaska in 2016. Similarly, the concentration of PM2.5

simulated by the atmospheric transport model, GEOS-Chem, using the GFED v4.1 emission
inventory (van der Werf et al., 2010; Giglio et al., 2013), also underestimated in comparison to

the concentration of PM2.5 measured by the NCore ground observation in Fairbanks. The

negative bias in the simulated concentration of PM2.5 by the GEOS-Chem model with respect to
the concentration of PM2.5 is shown in Figure 1.

Figure 1. Comparison between observed and modeled PM2.5 at the NCore site in downtown Fairbanks during a fire
event in July 2015.

1.3. Characterization of BrC

BrC is a complex mixture of light-absorbing molecules with more than one chemical species
contributing to light absorption at a given wavelength. For example, humic-like substances
(HULIS) (Graber and Rudich, 2006; Hoffer et al., 2006) and nitroaromatics (Iinuma et al., 2010;

Kitanovski et al., 2012; Desyaterik et al., 2013) are two chemical species that contribute to BrC.
This imposes significant analytical challenges to the molecular characterization of its light

absorbing constituents (Laskin et al., 2015). Therefore, offline OA characterization with high-

resolution mass spectroscopy (HR-MS) can provide molecular-level information. However, HR4

MS of OA typically samples produce spectra containing hundreds or even thousands of peaks,

from which chromophores or light- absorbing chemical species cannot be distinguished by mass
spectroscopy (MS). Based on optical properties, the composition of OA may be divided into two

components: OA without BrC (light-scattering component) and BrC (light-absorbing
component), where BrC can be further classified as water-insoluble BrC (WI-BrC) and water

soluble BrC (WS-BrC).

Usually, aerosol particles are assumed to be spherical for modeling purposes, although, it can

exhibit several morphologies (Adachi, Chung and Buseck 2010; Ellis et al., 2016; Li et al., 2015;
Pan et al., 2017). An aerosol particle may be simplified as a structure with light-absorbing black
carbon (BC) core particles covered by a coating of light-scattering OA, that varies in thickness

(Luo et al., 2018). However, it is very difficult to be able to quantify the absorption/scattering of
radiation using the mixing state as it requires tedious Mie theory calculations. Moreover, the
lensing effect from Mie theory may introduce an additional ~20% uncertainty, when including
the absorption of BrC (Feng et al., 2013), ignored by most current climate models (Liu et al.,

2015), to the ~50 % uncertainty introduced only due to BC (Liu et al., 2015).

However, one of the advantages of the present study is that the aerosol sample is dissolved in

ultrapure water, known as Milli-Q ® (MQ) water, to produce an aqueous solution of the ambient
aerosol particles that are collected via the online Particle to Liquid Sampler (PILS), which is

discussed in great detail in section 2.1. Since BC is almost completely insoluble in water, there is
no need to account for the core-shell morphology. There also have been a number of studies,
where even for internal mixing, the lensing effect has been found to be insignificant (Cappa et

al., 2020). Therefore, optical measurements of bulk aerosol provide a method to calculate
parameters such as the Angstrom exponent (AAE) and the mass absorption coefficient (MAC) of
water-soluble brown carbon from boreal forest wildfires, which may be used to constrain climate

models and quantify the difference between the boreal forest wildfires in Alaska from the
wildfires in the continental U.S.
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1.4. Radiative forcing of BrC
One of the most important reasons behind studying BrC is due to its radiative effects. Aircraft
sampling over the continental U.S. has revealed that BrC is found throughout the troposphere,
with concentrations increasing with respect to BC at higher altitudes (Liu et al., 2014). Past

studies on the estimation of global aerosol direct radiative effects have treated OA as completely

non-absorbing (Bellouin et al., 2005; Haywood and Boucher, 2000), however, several recent
studies have attempted to correct that. Since BrC absorbs solar radiation more strongly in the UV
than the visible wavelength range, it inserts a heating effect at the TOA (0.04 to 0.11 W m-2),

compensating for the effect of reduction at the surface (-0.06 to -0.14 W m-2), globally (Feng et
al., 2013). Brown et al. (2018) also incorporated the radiative effect of BrC for the nine years -

2003 to 2011, in the Community Atmosphere Model version 5 (CAM5) and found that the global
annual average radiative effects calculated due to aerosol-radiation interaction is 0.13±0.01 W

m-2, and aerosol-cloud interaction is 0.01±0.04 W m-2, both of which would cause warming.
However, these model simulations assumed BrC to be nonbleaching following emission. On the

contrary, Zhang et al., (2020) found that including photochemical bleaching and the added effect
of BrC enhancement relative to BC with increasing altitude, the radiative effect due to the BrC in
the upper troposphere can largely offset the effect of photobleaching on BrC. Similarly, a

radiative transfer model has also indicated that BrC reduces the radiative forcing at the TOA by
around 20% (Liu et al., 2014). Therefore, attempts have been made to add the mixing state of

BrC aerosol population to improve the accuracy of the radiative forcing of BrC. A study by
Saleh et al. (2015) reveals that including the effect of lensing, with absorption for BrC from

biomass combustion such as wildfires, increases the direct radiative forcing at some regions from
<-1 W m-2 (strongly cooling) to >+1 W m-2 (strongly warming). Alternatively, the effort to
constrain the values of MAC and AAE from observational studies such as this one would help in

obtaining the direct radiative forcing due to increasing wildfires in the boreal forest regions at
northern high latitudes.

Accounting for the warming effect of BrC at the top of the atmosphere could be significant when

compared to the DRF of BC, which absorbs light equally across the wavelength range of 200 nm
to 900 nm (June et al., 2020). In fact, for the strongly absorbing BrC fraction of OA,

(Kirchstetter et al., 2004), of which WS-BrC is an absorbing subset, could possibly lead to a
6

change of the global mean of direct radiative forcing (DRF) at the TOA, from cooling (-0.08 W

m-2) to warming (+0.025 W m-2) (Feng et al., 2013), making all forms of brown carbon
extremely important for further research.

1.5. Mass Absorption Coefficient (MAC) of BrC

The MAC is a very convenient metric that is used to obtain the light absorbing capacity of BrC
because it an intensive property, which means that it is independent of the mass of BrC. The

main advantage of the MAC is that due to the analytical limitations in resolving the complex
nature of the chromophores collectively termed as BrC, it is much easier to collect a sample of
ambient aerosol with the required diameter (i.e.≤ PM2.5), for further analysis of its bulk
properties, such as the light absorption, which affects the radiative forcing, and thus, impacts the

climate, as described before. The collection of ambient aerosol particles is either done on filters
(i.e. quartz filters) or directly analyzed after removal of interfering gases by adsorption on
activated carbon (i.e. PILS-LWCC-TOC setup) and dissolution in a solvent such as MQ water,

which is the method used in this study. The MAC is a ratio between the absorption coefficient of

a chemical species at a particular wavelength and the mass concentration of the chemical species.
For example, in this study, the absorption coefficient of WS-BrC is calculated at a wavelength
chosen of 365 nm, which is derived from the difference between the average light absorbances

from 360 nm to 370 nm and 595 nm to 605 nm and thereafter, divided by the mass concentration
of the water-soluble organic carbon (WSOC). Therefore, the MAC that has been calculated in the
present study is the MAC at 365 nm (MAC365) in air. It should also be highlighted that there is a

difference between the bulk liquid absorption coefficients and the aerosol absorption coefficient.
The liquid absorption coefficient should be multiplied by a factor of 2±0.2 to convert it to the
aerosol absorption coefficient (Zeng et al., 2020). The MAC365 (m2 g-1) as shown below with the

derivation provided in section 2.6.

where (i) α365 is the of the light absorption coefficient at 365 nm (Mm-1), (ii) ln 10 = 2.303, (iii)

M = 106 and (iv) [toc] is the mass concentration of the total organic carbon (ppb/μg L-1). Since
the MAC is the light absorption coefficient of BrC per unit concentration of the OC (WSOC), it

7

is a characteristic parameter of the chromophores present in BrC. However, the drawback of the

MAC is that the MAC is calculated only at a particular wavelength. That is where another
parameter called the AAE is useful.

1.6. AAE of BrC

The AAE of BrC may be thought of as the wavelength dependence of the absorption coefficient
of BrC. Although, it has no physical basis, it serves as a parameter that may be used, if the value
of the MAC is known at a given wavelength of the UV-visible wavelength range, to calculate the

value of MAC at any other wavelength in that wavelength range. The mathematical treatment of
the AAE is provided in section 2.7.

1.7. Instruments used to measure the light absorption due to BrC
There are several instruments that are used to measure the light absorption due to BrC. They can
be broadly categorized into filter-based instruments and non-filter-based instruments. Some of
the filter-based instruments are the particulate soot absorption photometer (PSAP), the

aethalometer and the multi-angle absorption photometer (MAAP). The PILS-LWCC-TOC
experimental setup and the photo acoustic soot spectrometer (PASS) are examples of non-filter-

based instruments. The PILS-LWCC-TOC experimental setup, which is the instrument used in

this study, has been presented in great detail in Chapter 2. The basic concept of the filter-based

instruments using the Lambert-Beer’s law is the same. Therefore, only the PSAP instrument has
been explained in great detail.
(a) Particulate Soot Absorption Photometer

The PSAP is an instrument that is employed to measure the near-real time light absorption
coefficient. It is a filter-based method in which the change in the optical transmission of the filter
caused by the deposited particles is related to its light absorption coefficient in accordance with

the Beer’s law, which has to be corrected for the non-linearity effects of its filter.
(b) Photo Acoustic Soot Spectrometer

Similar to the PSAP discussed above, the PASS is a 3-wavelength spectrometer that measures
the optical absorption coefficient of suspended aerosol particles. It uses a variation of the

photoacoustic technique, which is also used to measure the optical absorption by gases. The
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optical absorption is then converted to another variable called the black carbon mass loading,

based on assumed specific absorption of black carbon (~ 9 m2g-1 at 514 nm). Its main advantage

over the PSAP is that it measures the aerosol optical absorption from aerosol particles in
suspension rather than aerosol particles collected on a filter, due to which no corrections for filter

effects are required.
(c) Multi Angle Absorption Photometer
In the MAAP, the optical absorption coefficient of aerosol is collected on a filter and is

determined by radiative transfer considerations such as multiple scattering effects and absorption

enhancements due to reflections from the filter, which is based on the transmitted and reflected
phase functions measured from transmission as well as direct and diffused backscattering. The
MAAP operates at 670 nm, has a time resolution of 10 s and features automatic filter changing

where a constant sample flow rate of 1000 L hr-1 is controlled by a variable speed pump, which
makes it ideal for unattended long-term monitoring.

1.8. Aerosol measurements from biomass burning emissions
From the aerosol measurements made in various different geographical environments, presence

BrC have been observed significantly in the aerosol particles emitted from boreal and savanna

wildfires, prescribed smoldering fires and burning of wood and other biofuels (Ramanathan et
al., 2007). Due to differences in the vegetation type, the aging period and the ambient
environment (Pani et al., 2016), the properties of biomass burning aerosol are diversified (Reid et

al., 2005a; Reid et al., 2005b). There have been several other studies conducted on the

characterization of OA containing BrC from biomass burning (BB) at various geographical
regions. One of the most important factors that affects the composition of OA is the origin of the

airmass, which depends upon the type of biomass burning.

There are no “ground-based in-situ near real-time” optical measurements from biomass burning

emissions in the Arctic region, and the data that does exist, either pertains to samples of biomass,
which have burned under controlled conditions (Chakrabarty et al., 2010), or from airborne

measurements (McNaughton et al., 2011), else, from filters (Corr et al., 2012; Yue et al., 2019),
which have to be corrected for filter-loading effects, scattering by filter fibers and to account for
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the overestimation of light absorption due to BrC (Saturno et al., 2017).Therefore, aqueous
extracts of BrC provide near real-time data, bereft of laboratory or filter artefacts.

Table 2 shows the measurements of optical properties in BB aerosols in the Arctic region. The
available measurements are rather limited and are mostly offline, using filters. As far as the

atmospheric fate of BrC is concerned, there also has been a study about the long-range transport
of BrC, by Warneke et al., (2009), in which the emissions from a boreal forest in southern
Siberia-Lake Baikal and agricultural burning in Kazakhstan was measured during an airborne

field experiment. There is also evidence for the formation of secondary organic aerosol (SOA)
from biomass burning emissions (Cubison et al., 2011; Hecobian et al., 2010) in contrast to other
wildfires in the lower latitudes (Yokelson et al., 2009). McNaughton et al., (2011) used the filter

based particle soot absorption spectrometer (PSAP) to indirectly derive the mass absorption
coefficient (MAC) of BrC at 470 nm and 530 nm to be 0.83 m2 g-1 and 0.27 m2 g-1, respectively.
Although, in the present study, long-range transport of BrC to the Arctic region has not been
studied, it is worth knowing that such studies have been conducted, as it may be important to

understand the character of BrC found in the Arctic region. Some of the other measurements for

the Arctic region have been shown in Table 2.
Table 2. Biomass burning aerosol particles in the Arctic region.

MAC (m2 g-1)

AAE

Technique

Airmass

Reference

Biomass burning

McNaughton et al.

in the western

(2011)

Field measurements
0.7-1.0 (470 nm)

1.5-3.0 for BrC

PSAP

+ BC

Arctic during the

spring season
N/A

3.3-6.8

PSAP

Biomass burning

Corr et al. (2012)

in the Arctic

0.41±0.21

N/A

water extract

Biomass burning

Yue et al., (2019)

in Arctic
Laboratory measurements

N/A

1.00-1.40

PAS

10

Burning of

Lewis et al.,

Table 2, continued

juniper and

(2008)

flowering of shrubs
N/A

1.50-2.00

PAS

Burning of pines

Lewis et al.,
(2008)

N/A

2.50-3.50

PAS

Burning of duffs

Lewis et al.,
(2008)

Table 3 shows measurements from BB aerosol particles in the midlatitudes. Although, there is

some semblance of the values of the AAE for (McNaughton et al., 2011) and Lewis et al.,

(2008), the AAE for Corr et al., (2012) seem to be quite high. Another point to be noted here is
that the sampling period in McNaughton et al., (2011) is during the spring season whereas the
sampling period in Corr et al., (2012) is during the summer season. This may be relevant because

photochemical degradation is one of the major sinks of BrC, which varies considerably between
the spring and the summer seasons. The chemical species studied by McNaughton et al., (2011)

is a mixture of BrC with BC, therefore, that may alter the AAE, which can make a “direct”

comparison with the other two studies, misleading.
Table 3. Biomass burning aerosol particles in the midlatitudes.

MAC (m2 g-1)

AAE

Technique

Airmass

Reference

Urban and rural

Hecobian et al.

airmass in

2010

Field measurements
0.58-0.64 (365

6-8

PILS

nm)

Georgia, biomass

burning

N/A

0.82±0.43 (404

3.0-7.4

1.25-2.5

Optical

Wood smoke in

Kirchstetter et al.

spectrometer

California

2012

Photoelectric Ae

Biomass burning

Lack et al. 2012
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Table 3, continued

nm)

0.1-0.5 (365nm)

0.71 (365nm)

6-8

3.2±1.2 & 7.6

Aerosol Sensor

in Colorado

water/methanol

Urban and Rural

extract

air in Georgia

PILS-LWCC-

Urban air in

TOC & water

California

Liu et al. 2013

Zhang et al. 2013

extract

N/A

1.00-2.00 for
BrC+BC
(470nm and

PSAP, filter

Free troposphere

Liu et al. 2014

in continental the
U.S.

660nm, 470nm
and 532nm)

N/A

6-9 for BrC, 1-2

PSAP, filter

Free troposphere

Liu et al. 2015

in continental the

for BrC+BC

U.S.
N/A

0-2 (470/530/660

PSAP, filter

Pollution

nm)

N/A

1.20-2.50

Clarke et al.

2007
PSAP, filter

(470/530/660

Biomass burning

Clarke et al.,

aerosol

2007

Mixture of dust

Clarke et al.,

and pollution

2007

nm)

N/A

1.70-4.70

PSAP, filter

(470/530/660

nm)

N/A

~1.0-~2.0

Photoacoustic

Biomass smoke

Gyawali et al.,

(405/870 nm)

instruments

by wildfire in

2009

equipped with

California

integrating

nephelometers
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An interesting feature that comes across from this table of observations is that even though the

AAE is similar for the urban and rural air in Georgia, the MAC is quite different. This is despite
the fact that both Hecobian et al., (2010) and Liu et al., (2013) used the PILS instrument. As far
as the PSAP measurements are concerned, there does not seem to be any kind of trend in the
AAE, although the AAE for BrC in the free troposphere is seen to be higher than the BrC and

other aerosol particles in Table 3.
Table 4. Biomass burning aerosol particles in the tropics.

MAC (m2 g-1)

AAE

Airmass

Reference

Photoelectric

OC, Gosan (S.

Flowers et al.,

Aerosol Sensor

Korea)

2010

Photoacoustic

OC, Gosan (S.

Flowers et al.,

instruments

Korea)

2010

OC rich

Lee et al., 2012

Technique

Field measurements
2.1±0.1(405 nm)

~3.4±0.1 (405

N/A

N/A

nm)

equipped with

integrating
nephelometers

1.30±0.10

(470/530/660

Gosan, S. Korea

nm)

1.10±0.10

(470/530/660

pollution
Gosan, S. Korea

nm)

1.50±0.10

(470/530/660

Sulfate rich

Lee et al., 2012

pollution
Gosan, S. Korea

Polluted dust

Lee et al., 2012

Optical

One of the sites

Kirchstetter et

spectrometers

in the Southern

al., 2004

and

African

multiwavelength

Regional

light

Science

transmission

Initiative

instrument

(SAFARI)

South Africa

Biomass burning

nm)

0.6 (550 nm)

1.45

N/A

N/A
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Russell et al.,

Table 4, continued

0.5-1.0 (365nm)

6-7

water extract

aerosol particles

2010

Amazon basin

Hoffer et al.
2006

0.17-0.72 (365

3.00-19.00

water extract

Outflow from

Srinivas et al.

Indian

2013

nm)
Laboratory measurements

N/A

3.7-10.4 for BrC

Photoacoustic

Biomass burning

Pokhrel et al.,

+ BC

absorption

aerosol in the

2016

(405/532/660

spectrometer

Yucatan

nm)

Peninsula of

Mexico

The MAC of BC is higher than that BrC. However, the MAC for polluted dust at Gosan is lower

than the MAC of the OC rich airmass at Gosan, as observed by Lee et al., (2012). Also, the

MAC of the OC at Gosan reported by Flowers et al., (2010) is much higher that of Lee et al.,
(2012) and Russell et al., (2010).

The MAC for biomass burning aerosol particles in the tropics is quite similar, however, there is a
great amount of variation in the AAE. Although, there is some overlap between the values of the

MAC and the AAE between the Arctic region and the tropics for biomass burning aerosol
particles.

During FLAME-4, Pokhrel et al., (2017) found that BrC from the combustion of Indonesian peat

contributes a much higher light absorption, almost 92% of the light absorption at 405 nm,

compared to other types of fuels such as pondersosa pine and black spruce. Even though,
laboratory burning of duff and Alaska peatland are found to emit significant amounts of BrC

(Chakrabarty et al., 2010; Chakrabarty et al., 2016; Sumlin et al., 2017), there is no in-situ data
on their optical characteristics or emission rates. Therefore, given the differences between the
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real world and laboratory conditions, there could be significant differences in the characteristics
of BrC.

The MAC that has been calculated in the present study is done at a wavelength of 365 nm and

tends to be ~0.8 m2 g-1to ~1 m2 g-1, which remains relatively constant during wildfire events.
Since the MAC is fixed at a single wavelength, it does not capture the wavelength dependence of
light absorption by a chemical species (i.e. WS-BrC) and that is where the AAE is helpful. A

number of quantitative methods were explored to compute the AAE and it was found that the

wavelength range of 300 nm to 350 nm best represented the wavelength dependence of the WS-

BrC absorption, in contrast to contrast to using just a pair of two wavelengths.

In the following chapter, the experimental setup that has been used in the present study would be

discussed in detail. A schematic of the experimental setup has also been added in Section 2.1. In
Section 2.9, the issues regarding QA/QC of the experimental setup are addressed such as the

utility of the HEPA filter and stability of the reference spectra.
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Chapter 2. Methodology
2.1 Overview of the experimental setup

The instrument used in the present study is an automated online PILS-LWCC-TOC experimental

setup. The system consists of three separate parts that have been constructed in a way to provide
near real-time light absorption measurements and carbon mass of water-soluble aerosol
components. In this section, the individual components have been discussed depth. A schematic

of the experimental setup is shown in Figure 2.

Figure 2. A schematic of the experimental setup

2.2. Particle into Liquid Sampler
The PILS used here is a Brechtel Model 4001. It is used to provide semi-continuous
measurements of the light absorption spectra and carbon mass of the water-soluble aerosol
components of ambient aerosol particles that have a diameter of 2.5 μm (PM2.5) or less. The

ambient aerosol sample was collected at a flow rate of 13 L min-1from the roof of a trailer,
housing the PILS-LWCC-TOC setup. It was passed through a denuder with activated organic
carbon, in the form of strips, which was placed in line, upstream of the PILS instrument
(Eatough et al., 1993).The denuder removes gas-phase species from the ambient aerosol sample,

which may contribute to unwanted particle phase measurement. From the denuder, the aerosol
sample passes to the PILS instrument, where the ambient aerosol sample flows into a steam

condensation-droplet (SCD) impaction collection (Sullivan et al, 2004). In the steam
condensation-droplet impaction collection system, the ambient aerosol sample was collected at a
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flow rate of 13 L min-1, and mixed with steam from water of high purity, MQ water, which has

an electrical conductivity of around 18.2 MΩ cm-1, with a flow rate (steam flow) of1.6 mL min-1.

The rapid cooling of the mixture adiabatically in a highly supersaturated environment of water
vapor, leads to the formation of droplets, each with a size of Dp>1 mm. The droplets hit a glass
impactor made of quartz and proceed to flow out with a flow rate (wash flow) of 1.6 mL min-1,

into the LWCC instrument.
2.3. Issues regarding the PILS instrument
A frequent problem that occurred during the field campaign with the PILS instrument was that,
the proceeding flow from the droplets of the aqueous solution produced by the ambient aerosol
sample, would flood the area surrounding the quartz glass impactor during the SCD impaction

collection, due to the loosening of the wick around the O-ring that is fitted to the quartz glass of
the SCD chamber. Therefore, the wick was changed multiple times during the field campaign,

which has been included in Table A1. The flow rate of steam and wash flow are also important
to the accuracy of the PILS instrument. A peristaltic pump is used for controlling the flow rates
of the steam flow and the wash flow. Another precaution that is extremely important is making

sure that the right kind of marprene tubing is used in the peristaltic pump. Marprene is a
thermoplastic elastomer, which does not react with a wide range of chemicals. The marprene

tubings for the instrument are color-coded according to the flow rate, which the tubing allows for
the liquid flowing through it. For the current study, red marprene tubing were used for the steam
and wash flows. The red marprene tubing maintain the flow rate of both the flows at 1.6 mL min-

1 and there are problems when the flow rates of both the flows become either ≤ 1 mL min-1 or ≥ 2
ml min-1. Since the introduction of a high amount of air bubbles compromise the measurements

of the light absorption spectra, it has been found by hit and trial that using red marprene tubings
for the steam and wash flows, leads to the entry of the least amount of air bubbles.

2.4. Liquid Waveguide Capillary Cell (LWCC)

The LWCC comprises of a capillary tube of 0.94 m ± 0.01 m. It has one inlet for a light source
and one inlet for the liquid sample flowing from the PILS into it. It also has two exits. One for

the liquid sample and one for the transmitted light. The liquid sample flows out from the LWCC
to enter the TOC analyzer. The transmitted light leaves the LWCC to enter a spectrometer, that is
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connected to the LWCC. The spectrometer measured the spectra of the transmitted light over the

wavelengths from 200-800 nm for the water-soluble components of PM2.5. To measure the light

absorption by WS-BrC, the Beer's law is invoked as shown in Equation 3. which the intensity of
the transmitted light spectra of a pure water blank and an aqueous solution of the aerosol sample

is measured.

The LWCC is attached to two more instruments, namely, a light source and a spectrometer. The

light source and the spectrometer used in the present study are the Ocean Optics DH-MINI and
the Ocean Optics FLAME-T-UV-VIS, respectively. The Ocean Optics DH-MINI is deuterium

and tungsten halogen light source, combined in a single optical path from ~200 nm to ~2000 nm,
whereas the Ocean Optics FLAME-T-UV-VIS spectrometer is a spectrometer with a wavelength
range from ~200 nm to ~800 nm, with a spectral resolution of ~0.2 nm. Since the light
absorption, spectra is being collected every four minutes, the number of scans that have to be

averaged, depends upon the integration time of the spectrometer and this changed for every
sampling period, although, not significantly. As a rule of thumb, the number of scans that were

put as an input for a particular sampling period was equal to the time difference between two
subsequent light absorption measurements, in seconds, divided by the integration time. For

example, the difference between two light absorption measurements is 4 minutes, which is
seconds is equal to 240 seconds. Therefore, if the integration time were to be 0.2 seconds, then

the number of scans for a particular sampling period would be 240/0.2 = 1,200. This rule of

thumb is helpful to determine the number of scans, that would allow for a high signal-to-noise
(SNR) ratio in the light absorption spectra of WS-BrC, which is absolutely essential to get the

best possible accuracy in the light absorption measurements.
2.5. Total Organic Carbon (TOC) analyzer

The TOC analyzer that has been used to measure the mass of the WS-BrC present in the ambient
aerosol sample is the Sievers M9 TOC analyzer. The TOC analyzer consists mainly of six parts,

which are: (i) sample inlet system and sample pump, (ii) chemical reagent system, (iii) oxidation

reactor, (iv) measurement module, (v) deionized (DI) water, and (vi) electronic subsystems.
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The TOC analyzer can be operated in either the normal mode or the turbo mode. In the present
study, the TOC analyzer was operated in the normal mode, in which the mass of carbonaceous
aerosol particles was measured every 2 minutes, unlike the turbo mode, in which the

measurement is carried out every 4 seconds. The TOC analyzer receives the aqueous solution of
the ambient aerosol, flowing out from the LWCC, through a sample inlet port at the back. After
the introduction of the sample into the analyzer, 6M phosphoric acid (H3PO4) is injected into the

sample to reduce the pH of the sample to ≤2, to accurately measure the TOC present in the

sample. Then, an oxidizer, a 15% ammonium persulfate ((NH4)2S2O8) solution is added to the

acidified solution to oxidize the organics present in the acidified solution of the ambient aerosol
sample, which passes through a stream splitter to be further processed for the measurement of

total carbon (TC) and inorganic carbon (IC). The TC stream, then, passes to a reactor, where it is
exposed to UV light, resulting in the formation of hydroxyl radicals (OH·) through the chemical

reactions listed below:

The OH· completely oxidize the organic compounds in the following way,

unless the TOC concentration in the sample is low (<1 ppm), when complete oxidation is
achieved by Equation 4.

CO2 from the sample passes through the membrane into the supply of the DI water, while other

products are blocked by a membrane. The CO2 reacts with water to form carbonic acid which

dissociates to form hydrogen and bicarbonate ions, respectively, as shown in Equation 8.
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DI water is continuously pumped through the DI side of the analyzer, collecting the H+ and
HCO3- ions and H2CO3 and CO2 molecules from the CO2transfer modules, transferring it to

the conductivity cell for measurement. Thereafter, the ion exchange resin removes the HCO3-

and other ions. The water is then pumped back to the CO2 transfer module to repeat the sequence
until all the IC is converted to HCO3-, leaving only the CO2 from the TOC.

2.6. Calculation of MAC365
When light from a lamp is passed through a bulk material containing multiple chromophores

dissolved in a liquid, the recorded light absorption is the sum of the concentration multiplied by
the mass absoptivity of all the chromophores, which is known as the light absorption coefficient

(α). To account for any absorption not due to the chromophores present in the solution, zeroing

over all the wavelengths with pure water blanks (the solvent) is done. For this, absorption for all
wavelengths were referenced to absorption at 600 nm (mean between 595 and 605 nm) where
there was no absorption for ambient aerosols solutions. To convert the absorption coefficient due

to chromophores measured in solution to ambient aerosol chromophore concentrations, all the
light absorption data in the present study were converted to an absorption coefficient at 365 nm

(M m-1) by:

flowwash is the wash flow of the liquid sample (mL min-1), (iv) ln 10 = 2.303, (v) M = 106, (vi)
flowaerosol is the flow rate of ambient aerosol (L min-1) and (vii) lengthLWCC = 1 m.

Despite of the availability of the complete light absorption spectra were from 200 nm to 800 nm,

the absorption coefficients averaged between 360 to 370 nm (α365) were used as a general

measure of the light absorption by all aerosol chromophore components as it is far enough from
the UV region to avoid interferences from non-organic compounds, such as nitrates (Hecobian et

al., 2010) and has been used in other studies (Lukacs et al., 2007).
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Thereafter, the mass concentration of the water-soluble organic carbon in air (μg m-3
-3) is

calculated as follows:

where (i) [toc] is the concentration of the total organic carbon in MQ-water (pp/μg L-1), (ii)

flowwash the wash flow of the liquid sample (mL min-1) and (iii) flowaerosol is the flow rateof
ambient air (L min-1).

Finally, the MAC365 is calculated as the ratio of α365 to [WSOC], which yields to Equation 1.2.
One of the advantages of using the ratio of α365 to [WSOC] to calculate the MAC365 is that the

wash flow of the liquid sample and the flow rate of the ambient aerosol do not affect the

MAC365, since they get cancelled out.

Figure 3 shows the reference spectrum, sample spectrum from a scan collected on June 30 of
2019, the resulting absorbance and a log-log plot for the absorbance as a function of wavelength.
As shown in Figure 3(c), strong absorption is found in the wavelength range of 200-400 nm, due

to water soluble brown carbon.
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Figure 3. (a) Wavelength dependence of the intensity of light transmitted by MQ water (reference spectra) averaged
over four minutes from 03:24:45 AM to 03:28:45 AM on 30 June 2019. (b) Wavelength dependence of the intensity
of the light transmitted by the sample solution (sample spectra) from 03:24:45 AM to 03:28:45 AM on 30 June

2019. (c) Wavelength dependence of the absorbance by the sample solution sample from 03:24:45 AM to 03:28:45
AM on 30 June 2019. (d) A log10-log10 plot of absorbance = c(wavelength)-AAE, where the y-axis is the
log10(absorbance), which is equal to log10(-log10(1 -b)) and the x-axis is log10(λ). The red line in Figure 3(d) is the
best fit line with respect to the wavelength range from 300 nm to 350 nm, whose slope is equal to -AAE with

intercept c. Please note that in all the plots of Figure 3, the x-axis is labeled as 200 nm, 300 nm, ..., 800 nm,

however, these values stand for log10(200), log10(300), ..., log10(800). Therefore, the labeled values are logarithmic

and thereby, not linearly spaced.

It is important to note that the present study calculates the MAC at 365 nm for which absorption
coefficient is also calculated at 365 nm. For this, the average of the light absorption between 360
nm and 370 nm is assumed as the light absorption at 365 nm. The reason for choosing 365 nm as

the appropriate wavelength is because below this wavelength, there may be interference by

inorganic chemical species such as the nitrates (Hecobian et al., 2010). Similarly, the average of
the light absorption at 595 nm and 605 nm is assumed as the light absorption at 600 nm. Unlike
the wavelength of 700 nm, which was chosen in the study by (Hecobian et al., 2010), the

wavelength of 600 nm has been chosen for zeroing the blank light absorption measurements, that
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have been made using MQ water. This is so because the light absorption measurements of MQ

water, calculated at 700 nm were found to be too noisy to be used in this study. Therefore, the

absorption coefficient at 365 nm is calculated by subtracting the light absorption at 600 nm from
the light absorption at 365 nm. Ultimately, the WSOC content of the WS-BrC from the TOC

analyzer is converted from ppb to μg m-3. After that, the ratio between the absorption coefficient

at 365 nm, which has the unit (Mm-1) to the WSOC, which now has the unit (μg m-3), is
calculated. This ratio is known as the MAC365 and has the unit, m2 g-1.
2.7. Calculation of AAE
There are two ways by which the AAE is calculated. Traditionally, the AAE is calculated using
Equation 11.

where: α1 = absorption coefficient at wavelength 1, α2 = absorption coefficient at wavelength 2,
λ1 = wavelength 1, λ2 = wavelength 2, and AAE = absorption Angstrom exponent. The following
table shows the various values of the MAC and the AAE, calculated for different types of aerosol

particles and techniques. However, the drawback of using this method is that the calculated AAE

is very sensitive to even small changes in the wavelength. Therefore, the method employed in
this study to calculate the AAE, as shown in Figure 4, is from the slope of the best fit line of the

between log10(-log10(1 -b )) and log10(λ), where (i) AAE = -(slope),(ii) I = Intensity of light
transmitted by the sample solution (sample spectra), (iii) Ib = Intensity of light transmitted by the

blank solution with the lamp off (background spectrum), (iv) Io= Intensity of light absorbed by
the blank solution (reference spectrum)and (v) λ = wavelength range of the absorbed light. The
advantages of using a wavelength range instead of a wavelength pair is that the AAE is much

more stable for the duration of a sampling period and far greater data is used to calculate the best
fit line of the linear regression between log10(-log10(1 -b)) and log10(λ).
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Figure 4. (a) A log10-log10 plot of absorbance = c(wavelength)-AAE for the liquid solution of the aerosol sample
averaged over four minutes from 03:24:45 AM to 03:28:45 AM on 30 June 2019. The red line is the best fit line

with respect to the wavelength range from 300 nm to 500 nm, whose slope is equal to AAE = 3.309 and R2 =
0.99256. (b) A log10-log10 plot of absorbance = c(wavelength)-AAE for the liquid solution of the aerosol sample
averaged over four minutes from 03:24:45 AM to 03:28:45 AM on 30 June 2019. The red line is the best fit line

with respect to the wavelength range from 300 nm to 450 nm, whose slope is equal to AAE = 3.5959 and R2 =
0.99762. (c) A log10-log10 plot of absorbance = c(wavelength)-AAE for the liquid solution of the aerosol sample
averaged over four minutes from 03:24:45 AM to 03:28:45 AM on 30 June 2019. The red line is the best fit line

with respect to the wavelength range from 300 nm to 400 nm, whose slope is equal to AAE = 3.6163 with intercept
c and R2 = 99636. (d) A log10-log10 plot of absorbance = c(wavelength)-AAE for the liquid solution of the aerosol

sample averaged over four minutes from 03:24:45 AM to 03:28:45 AM on 30 June 2019. The red line is the best fit

line with respect to the wavelength range from 300 nm to 350 nm, whose slope is equal to AAE = 3.273 with
intercept c and R2 = 0.99864. Please note that in all the plots of Figure 4, the x-axis is labeled as 200 nm, 300nm, ...,
800 nm, however, these values stand for log10(200), log10(300), ..., log10(800). Therefore, the labeled values are
logarithmic and not linearly spaced. In addition to that, in all the plots of Figure 4, the y-axis is equal to log10(-

log10(1 -b)) and the x-axis is log10(λ).

One of the reasons behind choosing the wavelength range from 300 nm to 350 nm for the

calculation of the AAE is demonstrated in Figure 4 where the R2 = 0.99864 for the 300 nm to
350 nm range is the highest amongst all the wavelength ranges used, in part due to the noise
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shown at wavelength greater than 400 nm. The other reason is that there seem to be two slopes
for the best fit line, one from 300 nm to 350 nm, and the other from 350 nm to 500 nm. Since

WS-BrC absorbs light more strongly in the UV wavelength range, the wavelength range from
300 nm to 350 nm was selected.

2.8. Calculation of AAEnew
To reduce the influence of background drifting, the absorbance at 700 nm is subtracted from the

absorbance between 300 nm and 350 nm, for background correction. The background correction
has largely improved the calculated AAE and is termed AAEnew in Section 4.
2.9. Quality control measures for the experimental setup

The statutory wildfire season normally begins on 1 April and ends on 31 August in Alaska, out
of which the field work was conducted from 26 May 2019 to 30 July 2019, comprising of 41
sampling periods in total, with each sampling period lasting around 1 day. Therefore, it was

crucial to perform some sanity checks on the various instruments of the experimental setup to
judge whether the data collected by the different parts were reasonable enough to warrant further

analysis.
(a) Stability of reference spectra

The light absorption spectra of WS-BrC, which is derived from the Lambert-Beer's law, requires
the transmittance spectra from the LWCC instrument. The LWCC instrument, apart from being
attached to the PILS instrument and the TOC instrument, is also attached to a light source and a

spectrometer, of which the stability of the light source is essential to acquire reference spectra
with high signal-to-noise (SNR) ratio, which is indispensible for accurate light absorption

measurements of WS-BrC.

We collect reference spectra with MQ water on a daily basis, to monitor the variation of
reference spectra. Figure 5 shows the reference spectra for 4 sampling periods of around 1 day

each. It may be observed that the reference spectra is quite stable across (a), (b) and (c) of Figure
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5. However, in Figure 5 (d), the transmittance is of lower intensity, which indicates that the light

source needs to be replaced.

Figure 5. (a) Reference spectrum for 12-13 June 2019. (b) Reference spectrum for 22-23 June 2019. (c) Reference

spectrum for 23-24 June 2019. (d) Reference spectrum for 25-26 June 2019.

(b) Measurement of the background TOC concentrations using HEPA filter

It is essential to measure the background TOC concentrations because these values are required
to calculate the MAC as shown in the equations (11), (9) and (2). The [TOC]background was

calculated using a HEPA filter on each sampling period. A HEPA filter is able to remove at least
99.97% of the particles with a size of 0.3 μm (EPA). Therefore, a HEPA filter was added for a

duration of around 30 minutes for all the sampling periods at the beginning of each sampling
period, before the reference spectrum and the background spectrum was collected using MQ
water.
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Figure 6. The first dip from DOY ~204.66 to DOY ~204.68 shows a decrease in the concentration of TOC from

~120 ppb to ~60 ppb. During this time period, a HEPA filter was attached to the mouth of the steel tube fitted to the
experimental setup. 62 ppb is the background TOC concentration that was recorded for sampling period from 23

July 2019 to 24 July 2019. The second dip from DOY ~204.68 to DOY ~204.7 is due to running the experimental

setup using MQ water to collect the reference spectrum and the background spectrum at the start of the same

sampling period.
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Chapter 3. Description of the sampling site and the data used
3.1. Sampling site

The PILS-LWCC-TOC experimental setup was installed in a trailer located in downtown
Fairbanks (809 Pioneer Road), next to the Alaska Department of Environmental Conservation
National Core Monitoring Network (NCore). The experimental setup collected samples of PM2.5

in near-real time. The spot where the trailer is located is 20 m east of the Chena river. The trailer

was placed directly next to the NCore site, so that the data from both the sources could be used
for the analyses, which were intended for the present study.

Figure 7. Map of Alaska, the biggest state in the United States. The big black dot represents the city of Fairbanks.
The dotted lines represent the Fairbanks North Star Borough. Juneau, which is the capital of the state is represented
by a black star. Anchorage, which is the largest and most populous city of the state, is represented by another big

black dot. Figure 7 is from Meadows et al., 2012.
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3.2. Experimental setup and NCore measurements
Ambient air samples were collected using a model 4001 Particle Into Liquid Sampler (PILS,

Brechtel Manufacturing Incorporated) through a steel rod connected to the sample inlet, which
was set at approximately the same height as the NCore instrumentation at 4.5 m. The ambient
aerosol with a flow rate of 13 L min-1 was collected with a steam flow of MQ water at 100 °C

with a flow rate of 1.6/1.9 mL min-1 (red/grey tubing) of water vapor to grow aerosol particles

into droplets of Dp≥1 μ m (Orsini et al., 2003). The droplets produced a continuous liquid flow of
1.6/1.9 mL min-1 (red/grey tubing) of aqueous solution, which was collected every 4 minutes.

The (red/grey) tubings were attached to the peristaltic pump of the PILS instrument that was
used to maintain steady steam and wash flows. The various chemical species measured in the

present study are summarized in Table 5 below.
Table 5. Specifications of the various chemical species measured by the experimental setup and NCore instruments
at the sampling site.

Species
Measurement
WS-BrC

Time Resolution

Height

Instrument

4 minutes

TOC

2 minutes

Brechtel model 4001 with
Ocean Optics LWCC
Sievers M9 Portable TOC
Analyzer

PM2.5 mass

Continuous

4.5 m (height of
steel tube)
4.5 m (height of
steel tube)
4.5 m

CO

Continuous

3m

NOy, NO

Continuous

3m

NOx

Continuous

3m
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Met-One BAM 1020X
Coarse
Thermo Scientific 48iTLE
Thermo Scientific 42iYTLE
Thermo Scientific 42iTLE

Figure 8. The trailer on the left in the picture houses the PILS-LWCC-TOC instrument. On the right of the trailer, is
the NCore site. The NCore site (AQS ID 02-090-0034) is located 70 meters away from the nearest roadway. The

concentration of PM2.5, CO, NOx and NOy used in this study was measured by the instruments in this NCore site and
provided by the Alaska Department of Environmental Conservation.
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Chapter 4. Results and discussion

4.1.

Overview of the data

This section presents a summary of the 41 sampling periods, which is all the data that was
collected in the summer season of 2019. Out of them, only 8 individual sampling periods have

been discussed in detail because the data presented in them have been found not to be corrupted
by instrumental artefacts such as air bubbles in the LWCC, flooding of the PILS instrument or

light absorption by the residual carbon mass of aerosol components inside the experimental setup

after sampling wildfires. The data ranges for sampling periods from 26 May 2019 to 30 July

2019. Monthly time series plots of the absorbance at 365 nm (A365), the absorbance at 600 nm
(A600), from the experimental setup, and the concentrations of PM2.5, CO, from the NCore site,
have been shown for June and July of 2019, in Figures 9 and 10, respectively. Eight time series
plots for individual sampling periods of the absorbance at 365 nm (A365), the absorbance at 600

nm (A600), the absorption coefficient (α365), TOC, AAE, MAC365, WSOC from the experimental

setup, and the concentrations of PM2.5, CO, NOx and NOy, in ambient air, provided by the Alaska

Department of Environmental Conservation (AKDEC), have also been plotted from Figure 11 to
Figure 18. Since only one sampling period in May 2019 was of good quality, which has been

shown in Figure 15, an additional monthly time series plot for the month has not been shown.

The experimental setup used in this work is an automated online system, that has been

constructed to provide semi-continuous measurements in near-real time. As this is a research
instrument, which has not been widely used yet, its efficacy to measure the α365 of WS-BrC and

the WSOC present in ambient air, is not well established. Therefore, the 8 figures of the
individual sampling periods mentioned above, are discussed in great detail, to validate the
suitability of the experimental setup used. In this section, a comparative analysis between the

experimental setup and the ambient air concentration for various chemical species, has been
done, in order to investigate the suitability of the experimental setup.

The time series plots have been grouped together by the condition of the ambient aerosol
particles, sampled by the experimental setup on that particular sampling period, which has been

categorized as: no wildfire, small wildfire, medium wildfire and large wildfire. This would make
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it easier to compare the dataset in this study to other relevant studies, conducted elsewhere. The
A365 and A600 of WS-BrC has been calculated every four minutes, and the concentration of the
WSOC has been measured every two minutes. Since the concentrations of the PM2.5 and CO
used in this section were measured every hour, the α365 of WS-BrC, and the concentration of the

WSOC, have been averaged for every hour.

The units for the y-axis in each of these plots is written on the title of the respective plot. The
unit of the x-axis is a combination of the date, and the instant of the time, when the measurement

was taken, or was averaged for. The integer part of the unit represents the day of the year, and
the decimal part represents the time of the day, that has been normalized to 1. Hereafter, the unit

of the x-axis would be referred to as ‘DOY’, which is shorthand for date, and time of the year.
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Figure 9. (Top) Temporal variation of the absorbance at 365 nm (dimensionless) and the absorbance at 600
nm (dimensionless) for June 2019; (Middle) Temporal variation of the concentration of TOC (ppb) for June 2019;
(Bottom) Temporal variation of the concentration of PM2.5(μg m-3) and the concentration of CO (ppm) for June

2019.
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Figure 10. (Top) Temporal variation of the absorbance at 365 nm (dimensionless) and the absorbance at 600
nm (dimensionless) for July 2019; (Middle) Temporal variation of the concentration of TOC (ppb) for July 2019;
(Bottom) Temporal variation of the concentration of PM2.5 (μg m-3) and the concentration of CO (ppm) for July

2019.
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4.2.

Sampling periods without wildfires

Figure 11. Plots for a sampling period belonging to the no wildfire category, defined in this study as a sampling
period with the highest concentration of PM2.5 ≤ 30 μg m-3, from DOY = 163.8 (07:12:00 PM of 12 June 2019) to

DOY = 164.5 (12:00:00 PM of 13 June 2019). Clockwise from the top-left plot: Temporal variation of
absorbances at 365 nm and 600 nm; Temporal variation of the concentration of TOC during the sampling period;

Temporal variation of the concentration of the AAE and the AAEnew during the sampling period. Temporal variation
of the MAC365during the sampling period; Temporal variation of the concentration of WSOC during the sampling

period; Temporal variation of the concentration of PM2.5 and CO during the sampling period; Temporal variation of

NOx and NOy during the sampling period.

It may be observed from the top-left plot in Figure 11 that the difference between the absorbance

at 365 nm and the absorbance at 600 nm is almost constant. The concentration of the TOC may
also be seen to remain constant, albeit varying by approximately 10 ppb from DOY = 163.9 to
DOY = 164.5. Consequently, the change in the concentration of the WSOC (μg m-3) is also very

small, with the change being in the range from 0 μg m-3 to 2 μg m-3. Using a HEPA filter, the
background concentration of the TOC was found to be 48 ppb, which was converted to the
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-3
concentration of WSOC and was found to be 7.02 μg m-3
. Therefore, 48 ppb and 7.02 μg m-3
-3 was

subtracted from the TOC concentration and the WSOC concentration, respectively. This resulted

in a few data points for the concentration of both the TOC and the WSOC to become negative
and were removed. This is partly the reason why there are some missing data points in the
middle-right plot, depicting the temporal variation of the MAC365 during the sampling period.

The range of the MAC365 has been set from 0 m2 g -1 to 3 m2 g -1 because some of the data points
of MAC365 are extremely large. Since the MAC365 is defined by the ratio of the absorption
coefficient to the concentration of the WSOC, an extremely low concentration of the WSOC

would greatly increase the MAC365. Therefore, it may be safely assumed that any change that

occurs in the MAC365 due to corresponding changes in the ambient air would not be abrupt, but

rather gradual, occurring over a span of at least one hour and the MAC365 due to the

chromophores present in WS-BrC would not be more than 3 m2 g -1, when the peak concentration
of the WSOC is merely ~5 μg m-3. As a corollary, there does not seem to be any trustworthy

ranges of values for the MAC365 during the entire sampling period.

From DOY = 163.9 to DOY = 164.4, the AAE in the middle-left plot shows a gradual decrease

of from ~2.25 to ~1.5, while the concentrations of the TOC and the WSOC show a slight

increase from ~ 40 ppb and ~ 0 μg m-3 to ~ 60 ppb to ~ 2 μg m-3. Although, the change in the

concentration of the TOC with the AAE seems to be negatively correlated and with the AAEnew
seems to be positively correlated for the entire sampling period in Figure 11, more sampling

periods are required to draw any substantial conclusions regarding the relationship of the AAE
and the AAEnew, with the concentration of the TOC.
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Figure 12. Plots for a sampling period belonging to the no wildfire category, defined in this study as a sampling
period with the highest concentration of PM2.5 ≤ 30 μg m-3, from DOY = 176 (12:00:00 AM of 25 June 2019) to

DOY = 176.6 (02:24:00 PM of 25 June 2019). Clockwise from the top-left plot: Temporal variation of
absorbances at 365 nm and 600 nm; Temporal variation of the concentration of TOC during the sampling period;

Temporal variation of the concentration of the AAE and the AAEnew during the sampling period. Temporal variation

of the MAC365during the sampling period; Temporal variation of the concentration of WSOC during the sampling
period; Temporal variation of the concentration of PM2.5and CO during the sampling period; temporal variation of

NOx and NOy during the sampling period.

Figure 12 shows the sampling period from DOY = 176 to DOY = 176.6. Although, the sampling

period in the above figure has been labeled as “no wildfire”, there seems to be “the signature of a

wildfire plume” from DOY = 176.5 to DOY = 176.6. This assertion could be corroborated by the

fact that the concentration of the CO may also be observed to increase during that time period.
The enhancements in the concentration of CO could be attributed to plumes emitted from

wildfires, which has been done previously in the study by Forrister et al., (2015), to identify the
filters associated with wildfire plumes for aircraft measurements. Therefore, the increase in the
concentration of CO during the end of the sampling period may be because of the emissions from
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wildfires, which simultaneously also leads to the increase in the concentration of PM2.5, TOC and
the WSOC. The MAC365, the AAE and the AAEnew also increase during this period. However, as

explained in the case of Figure 11, the value of the MAC365 becomes unreliable when the
concentration of the WSOC becomes very low, as is the case from DOY = 176 to DOY = 176.5,
and is questionable from DOY = 176.5 to DOY = 176.6. Although, in principle, the increase in

the MAC365 values from DOY = 176.5 to DOY = 176.6 could be due to the stronger light

absorbing capacity of the chromophores in the fresh plumes, it is very difficult to prove that

without further information. Similar to the ambiguity regarding the MAC365,the AAE and the

AAEnew in Figure 12 also decreases while the A365, the α365, the concentrations of the TOC,
WSOC, PM2.5 and CO remain almost unchanged, making it is very difficult to conclude whether

there is any dependence of the AAE or the AAEnew on any of these variables.
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4.3.

Sampling periods with small wildfires

Figure 13. Plots for a sampling period belonging to the small wildfire category, defined in this study as a sampling
period with the highest concentration of PM2.5≤ 35 μg m-3, from DOY = 199.7 (04:48:00 PM of 18 July 2019) to

DOY = 200.6 (02:24:00 PM of 19 July 2019). Clockwise from the top-left plot: Temporal variation of absorbances
at 365 nm and 600 nm; Temporal variation of the concentration of TOC during the sampling period; Temporal

variation of the concentration of the AAE and the AAEnew during the sampling period. Temporal variation of the
MAC365during the sampling period; Temporal variation of the concentration of WSOC during the sampling period;

Temporal variation of the concentration of PM2.5 and CO during the sampling period; temporal variation of NOx and
NOy during the sampling period.

Figure 13 shows the drop in the absorption coefficient of light at 365 nm due to WS-BrC

corresponds well with the drop in the concentration of the WSOC. Although the concentration of
PM2.5 is low enough to be in the small wildfire category, it may be observed that the value of the
MAC365, is approximately 2, occurring at the start of the sampling period at DOY = 199.6
(02:24:00 PM of 18 July 2019), is similar to the MAC of 30-31 May 2019 (Figure 15) in the
medium wildfire category, occurring between DOY = 150.2-150.4 (04:48:00 AM of 30 May
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2019-09:36:00 AM of 30 May 2019), and the MAC of 29-30 June 2019 (Figure 17) in the large
wildfire category, occurring between 181.4-181.6 (09:36:00 AM of 30 June 2019 - 02:24:00 PM
of 30 June 2019).

Since there was an active wildfire at Shovel Creek, a waterway approximately 30.7 miles
northwest of Fairbanks, during the sampling period in Figure 13. Since the lifetime of BrC is

largely uncertain, with field studies reporting the lifetime of BrC to be 9-15 hours (half-life)
(Forrister et al., 2015), to 1 day (Wang et al., 2016), whereas laboratory studies reporting the

lifetime of BrC to range from a few hours (Lee et al., 2014; Zhao et al., 2015) to 1 day (Zhong
and Jang et al., 2014; Lin et al., 2016; Sumlin et al., 2017), or even greater, at 3.6±0.8 days (half
life) (Dasari et al., 2019), there could be an influence of the wildfire, which may have been

transported, and sampled by the instruments in Fairbanks, as the incident report of the Shovel

Creek wildfire states that the plumes emitted, affected the air quality in Fairbanks1.

If the plumes from the wildfires are being sampled by the experimental setup from DOY = 199.7
to DOY = 200.3, there are several reasons that could lead to a legitimate change in the values of

the MAC365, which are listed as follows:

(i) Either remain unchanged as it is an intensive property.

(ii) It may expected to either increase due to strongly light-absorbing chromophores in the

plumes from wildfires or formation of secondary organicaerosol particles (SOAs) in the
bakground.

(iii) Decrease as a result of weakly light-absorbing chromophores, present in the background

ambient amosphere, due to photobleaching.

The trend that has been observed in Figure 13 is that the an increase in the concentration of the
TOC, WSOC and PM2.5, correspond with a consequent derease in the MAC365 and vice versa.
1 https://akfireinfo.com/2019/07/19/shovel-creek-fire-july- 19-8am-update-all-evacuation-notices-lifted-as-crewscontinue-progress-on-containment-line/
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Therefore, either that the MAC365 in the background is higher than that of the plumes during the

sampling period in Figure 13, or the values of he MAC365 are not trustworthy during this period
for reasons described for Figure 11 and Figure 12.

The AAE is observed to be decreasing while the plumes are being sampled from DOY = 199.7 to
DOY = 200.3, but is then seen to be increasing hereafter for the rest of the sampling period in

Figure 13. Therefore, there is no empirical relationship of the AAE or the AAEnew with any of the

other parameters plotted in Figure 13.
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Figure 14. Plots for a sampling period belonging to the small wildfire category, defined in this study as a sampling
period with the highest concentration of PM2.5 ≤ 35 μg m-3, from DOY = 211 (12:00:00 AM of 30 July 2019) to

DOY = 211.8 (07:12:00 PM of 30 July 2019). Clockwise from the top-left plot: Temporal variation of absorbances
at 365 nm and 600 nm; Temporal variation of the concentration of TOC during the sampling period; Temporal

variation of the concentration of AAE during the sampling period. Temporal variation of the MAC365during the
sampling period; Temporal variation of the concentration of WSOC during the sampling period; Temporal variation
of the concentration of PM2.5 and CO during the sampling period; temporal variation of NOx and NOy during the

sampling period.

It may be observed in Figure 14 that there is good coherence between the α365, the concentration
of the WSOC, and the PM2.5 concentration, which reinforces the usefulness of the experimental
setup. There is very high variation in the MAC365, as it ranges from ~0 m2g-1 to ~3 m2g-1. A point
to be noted is that the MAC365 at PM2.5 concentration ~25 μg m-3, is ~0.7 m2g-1, whereas in the

Figure 13, the MAC365 at PM2.5 concentration ~2, which indicates that the optical characteristics
of the WS-BrC on both the sampling periods is significantly different. It was reported by the

Alaska Division of Forestry that the interior of the Shovel Creek wildfire, which has been
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2
discussed before, was reported to be continuing “to smolder with occasional torching of trees”2
but, due the absence of the concentration of CO available for the sampling period, it is very

difficult determine whether there was any influence of the wildfire. Although, the increase in the

concentration PM2.5 from DOY ~211.5 to DOY ~211.6 could be due to wildfires, however it is
difficult to confirm this.

For reasons described in Figure 11, Figure 12 and Figure 13, the values of the MAC365 in Figure
14 may not be deemed to be representative of the aerosol particles in the ambient atmosphere and
consistent with all these figures mentioned. Although the AAE seems to be inversely related with
the A365 from DOY = 211.0 to DOY = 211.1, this does not hold true from DOY= 211.5 to DOY

= 211.7, in Figure 14. Therefore, the values of the AAE and the AAEnew remain uncorrelated to
any of the other seven variables so far.

2

https://akfireinfo.com/2019/07/31/shovel-creek-fire-still-putting-up-occasional-smoke-as-firefighters-continuepatrols/

43

4.4.

Sampling periods with medium wildfires

Figure 15. Plots for a sampling period belonging to the medium wildfire category, defined in this study as a

sampling period with the highest concentration of PM2.5≤ 80 μg m-3, from DOY = 150.8 (07:12:00 PM of 30 May
2019) to DOY = 151.6 (02:21:00 PM of 31 May 2019). Clockwise from the top-left plot: Temporal variation of

absorbances at 365 nm and 600 nm; Temporal variation of the concentration of TOC during the sampling period;

Temporal variation of the concentration of AAE during the sampling period. Temporal variation of the
MAC365during the sampling period; Temporal variation of the concentration of WSOC during the sampling period;

Temporal variation of the concentration of PM2.5and CO during the sampling period; Temporal variation of NOx and
NOy during the sampling period.

From Figure 15, it may be observed, that the variations in α365 agrees well with the
concentrations of the WSOC, PM2.5, and CO, especially ~151.2 onwards, which is possibly
representative of a passing wildfire plume. The Bureau of Land Management’s Alaska Fire

Service put forth a statement on 1 June 2019, that the Oregon Lakes Fire that started in Delta

Junction, which is a city in the Southeast Fairbanks Census Area. The Oregon Lakes Fire was
one of the prominent wildfires in the summer season of 2019. It started on 30 April 2019, and
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had burned 31,850 acres of land by the end of one month, as shown for the sampling period on
30 May 2019. The “breezy warm winds” on the evening of 30 May 2019, resulted on the growth
of the fire towards Fairbanks3. The MAC365 shows an enhancement of ~0.25 m2 g-1 from the

starting of the sampling period in the evening of 30 May 2019, to ~1.0 m2 g-1, at DOY ~151.4
(04:48:00 AM of 31 May 2019). Thereafter, it decreases slightly to ~0.75 m2 g-1 from DOY

~151.45 (10:48:00 AM of 31 May 2019) onwards, till the end of the sampling period. The

increase in the values of the MAC365 are most likely due to “fresh” wildfire plumes that were
sampled by the collocated PILS-LWCC-TOC system, and the NCore instruments, when the

plumes must have passed through downtown Fairbanks.This is thought to be the case because
from the literature regarding the lifetimes of BrC as discussed in the analysis for Figure 13, there

is going to be no influence of photobleaching or SOAs in Figure 15.

Figure 15 shows that values of the AAE decrease from 5.25 to 4.75 from DOY ~150.8 (07:12:00

PM of 30 May 2019) to DOY ~151 (12:00:00 AM of 31 May 2019), while the concentrations of
the TOC and the WSOC, respectively, hardly go down during that time period. Contradictarily,
the AAE and the AAEnew also decreases while the MAC365 goes up from DOY ~151.45 to DOY

~151.60. Therefore, even though the MAC365 values in Figure 15 are legitimate, it cannot be
used to predict the AAE values or the AAEnew values in Figure 15.

3https://akfireinfo.com/2019/05/31/oregon-lakes-fire-grew-thursday-before-anticipated-weather-change/
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Figure 16. Plots for a sampling period belonging to the medium wildfire category, defined in this study as a
sampling period with the highest concentration of PM2.5 ≤ 80 μg m-3, from DOY = 179.8 (07:12:00 PM of 28 June
2019) to DOY = 180.6 (02:24:00 PM of 29 June 2019). Clockwise from the top-left plot: Temporal variation of
absorbances at 365 nm and 600 nm; Temporal variation of the concentration of TOC during the sampling period;

Temporal variation of the concentration of the AAE and the AAEnew during the sampling period. Temporal variation

of the MAC365 (m2 g -1) during the sampling period; Temporal variation of the concentration of WSOC (μg m-3)
during the sampling period (ppm); Temporal variation of the concentration of PM2.5 (μgm-3) and CO (ppm) during

the sampling period; Temporal variation of NOx and NOy during the sampling period.

Figure 16 is not only is the experimental setup able to detect a considerable change in the α365
and the concentration of WSOC, due to a substantial change in the concentration of PM2.5 and

CO from DOY = 180.4-180.6, but it is also sensitive enough to be able to detect a slight change

in the α365and the concentration of the WSOC, due to the minute increase in the concentration of

PM2.5 and CO from DOY ~180 to DOY ~180.1. Grey tubings were used for the steam and wash

flows during this sampling period, which has a flow rate of 1.9 mL min-1. Although the kind of
tubing used does not affect the MAC, it does affect the concentration of WSOC using the

concentration of TOC measured by the TOC analyzer of the experimental setup and a detailed
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explanation has been described in Section 2. The gaps in the concentration of CO, NOx and NOy
is due to the absence of data.

One of the interesting features of the plot showing the values of the MAC365 (third plot of Figure

16 in the clockwise direction on the top) is that there are two types of behaviors of the wildfire

plume that may be interpreted from it. For example, at DOY = 179.9, the PM2.5 concentration

~20 μg m-3 and the MAC365 ~0.5, whereas at DOY ~180.60, the PM2.5 concentration ~75 μg m-3,
but the MAC365 still remains constant at ~0.5. This shows that despite the nearly quadrupling of
the PM2.5 concentration, there is hardly any change in the MAC365. Since the MAC365 is an

intensive property, it is not dependent upon mass, therefore, that explains the constancy of the
MAC365 with the increase in the PM2.5 concentration from DOY ~180.3 to DOY ~180.6.

A wildfire plume that was active during the sampling period in Figure 16 is the 310 acre Caribou

Creek wildfire, which lies to the east of Fairbanks. Another wildfire that was active during that
time was the Shovel Creek wildfire that had started by lightning around a week earlier, on 21

June 2019, located 3 miles north of Murphy Dome, which is about 20 miles northwest of

Fairbanks. Therefore, it must be noted that the values of the MAC365 remain relatively constant

during the entire sampling period from DOY = 179.8-180.6 (07:12:00 AM-12:00:00 PM of 29
June 2019)4, despite probably sampling the plumes from two different wildfires. As far as the

AAE is concerned, it shows a correlation with the concentrations of the TOC and the WSOC
during DOY ~179.8 to DOY ~180.1, but this does not quite hold true from DOY ~180.3 to DOY
~180.6.

4https://akfireinfo.com/2019/06/28/caribou-creek-fire-east-of-fairbanks-70-percent-contained-mop-up-continues/
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4.5.

Sampling periods with large wildfires

Figure 17. Plots for a wildfire belonging to the medium wildfire category, defined in this study as a sampling period

with the highest concentration of PM2.5 ≥ 100 μg m-3, from DOY = 180.8 (07:12:00 PM of 29 June 2019) to DOY =
181.6 (02:24:00 PM of 30 June 2019). Clockwise from the top-left plot: Temporal variation of absorbances at 365

nm and 600 nm; Temporal variation of the concentration of TOC (ppb) during the sampling period; Temporal
variation of the concentration of the AAE and the AAEnew during the sampling period. Temporal variation of the

MAC365 (m2 g -1) during the sampling period; Temporal variation of the concentration of WSOC (μg m-3) during the
sampling period (ppm); Temporal variation of the concentration of PM2.5 (μg m-3) and CO (ppm) during the
sampling period; temporal variation of NOx and NOy during the sampling period.

In Figure 17, there is a sharp dip and rise in the concentration of A365 and α365 with the
concentrations of PM2.5 and CO, which can be observed from DOY ~181 to DOY ~181.1 and
DOY ~181.1 to DOY ~181.2 as well as a gradual dip and rise in the concentration of A365 and

α365 with the concentrations of PM2.5 and CO, which can be observed from DOY ~ 181.40 to
DOY ~181.5 and DOY ~181.5 to DOY ~ 181.6, respectively. Throughout the sampling of the

large wildfire in Figure 17, the experimental setup is observed to respond well to changes in the

aerosol particles in the ambient atmosphere. The background TOC of 63 ppb was measured to be
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using a HEPA filter and its equivalent concentration of the WSOC has been removed from the

concentration of WSOC in Figure 17, which enhances the MAC365 in Figure 17 as the MAC =

α365∕[WSOC]. However, there is a problem associated with the removal of the concentration of
the WSOC only, which is discussed in Section 4.7. The kind of tubings used for both the steam
and wash flows were red in this case, due to which the flow rate was equal to 1.6 mL min-1,

which reduces the values of the concentration of the WSOC slightly, when compared to the

concentration of the WSOC using gray tubings due to Equation 10.

During the sampling period, there were three active wildfires. The three contributing wildfires
were the Caribou Creek wildfire, the Shovel Creek wildfire and the Nugget Creek wildfire. 30%
of the Caribou Creek wildfire was uncontained as of 28 June 2019, the Shovel Creek wildfire,

which has been discussed before, was also contributing to smoke in the nearby areas including
Fairbanks. In addition to these two wildfires, there was another wildfire at Nugget Creek,
approximately 35 miles east of Fairbanks, that had also had also started on 21 June 2019 by

lightning and contributed to heavy smoke conditions in Fairbanks, which was quelled by rain and
cooler temperatures on 30 June 2019.5

5https://akfireinfo.com/2019/07/01/better-mapping-puts-nugget-creek-fire-at-estimated-6900-acres/
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Figure 18. Plots for a sampling period belonging to the medium wildfire category, defined in this study as a
sampling period with the highest concentration of PM2.5 ≥ 100 μg m-3, from DOY = 204.8 (07:12:00 PM of 23 July
2019) to DOY = 205.6 (02:24:00 PM of 24 July 2019). Clockwise from the top-left plot: Temporal variation of

absorbances at 365 nm and 600 nm; Temporal variation of the concentration of TOC (ppb) during the sampling

period; Temporal variation of the concentration of the AAE and the AAEnew during the sampling period. Temporal
variation of the MAC365 (m2 g -1) during the sampling period; Temporal variation of the concentration of WSOC (μg

m-3) during the sampling period (ppm); Temporal variation of the concentration of PM2.5 (μgm-3) and CO (ppm)
during the sampling period; temporal variation of NOx and NOy during the sampling period.

Figure 18 shows two small time periods of enhancements in the concentrations of TOC, WSOC,

PM2.5 and CO. The first enhancement is from DOY ~204.9 to DOY ~205.2 and the second
enhancement is from DOY ~205.4 to DOY ~205.6. Since the α365 and the MAC365 during the

first time period is bigger than the α365 and the MAC365 during the second time period, it seems
that the chromophores present in the WS-BrC of both the time periods is different. The change in
the values of α365 is from ~15 M m-1 to ~10 M m-1, while the change in the values of the MAC365

is from 0.75 m2 g-1 to 0.50 m2 g-1. The values of the MAC365 in the background are observed to
be ~0.25 m2 g-1.
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The values of the AAE decreases from ~20 to ~5 during DOY ~204.8 to DOY ~205, it remains

almost constant during DOY ~205.0 to DOY ~205.4 and increases from ~5 to ~30 during DOY
~205.4 to DOY ~205.6. The range of the AAE values in Figure 18 is the highest across all the
figures discussed, however, the AAE still does not show any significant trend that is consistent

for the different various different wildfire regimes.

The agreement of the experimental setup with the NCore instruments, as evidenced by the
change in the concentration of the TOC with the changes in the concentrations of the PM2.5 and
CO, shows that the experimental setup responds consistently to changes in the sampled aerosol

particles of the ambient aerosol particles.
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Chapter 5. Discussion
Pollution in Fairbanks has a variety of sources such as wildfires, vehicular traffic, household

heating systems, oxidation of formaldehyde (HCHO), which is itself, one of the oxidation
products from the biogenic volatile organic compounds (BVOCs) like terpenes. However, in the
summer season, the contribution of vehicular traffic and, household heating systems to the

concentrations of the four chemical species in Fairbanks is negligible. Therefore, the
concentration of PM2.5 may be attributed to wildfires, whereas the concentration of CO may be
attributed to wildfires, and secondary oxidation from BVOCs. Wildfires also lead to the
enhancement of NOx, and NOy (Alvarado et al., 2010), which can be observed in the increase of
the concentration of NOx, and NOy, from the no wildfire category to the wildfire category.

For the first time, semi-continuous measurements of the light absorption spectra have been
collected in near real-time to calculate the MAC365 and the AAE, in the Arctic region, and the

inferences drawn from the field campaign are examined below.

(i) The value of the bulk MAC365 of WS-BrC from plumes emitted by boreal forest wildfires
seems to be quite consistent at ~1.0 m22 g-1-1.

The very large values of the MAC365 in Figure 11, Figure 12, Figure 13 and Figure 14 may be
considered erroneous, as the MAC365, which are in the range from 0.0 m2 g -1 to 3.0 m2 g -1, are

too high for the concentrations of the TOC, the WSOC, PM2.5 and the CO, whose concentrations
are in the ranges of 0.0 ppb to 2.6 ppb, 0.0 μg m-3 to 12.0 μg m-3, 0.0 μg m-3 to 25.0 μg m-3 and
0.0 ppm to 0.4 ppm, respectively. Therefore, the MAC365 will have an extremely high value

when the concentration of the TOC and thereby, the concentration of the WSOC, is very low.
However, the value of the MAC365 during the sampling of wildfire plumes in Figure 15, Figure

16 and Figure 17, is consistently ~1.0 m2 g-1. This is higher than the findings of Yue et al.,

(2019), in which the MAC365 is reported to have values ranging from 0.41 m2 g-1 ± 0.21 m2 g-1.
Since the BrC studied in Yue et al., (2019) is WS-BrC and in the Arctic region, the values of the

MAC365 may be directly comparable to the present study.
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α365 is a parameter that quantifies the difference between A365and A600. Therefore, if the
concentration of the WSOC is kept constant, the α365 is directly proportional to the MAC365. So,

a low value of the MAC365 can be due to a low value of the α365, or a low value of the
concentration of the WSOC, or due to a low value of both. The range of the values of the Ab365

reported in Yue et al., (2019) is 0.07±0.04 M m-1, and it is much lower compared to the range of
the values of the α365 calculated in the present study, which is ~0 M m-1 to ~70 M m-1.

Considering that the data was collected during February 1991 to mid-March 1991 in Yue et al.,
(2019), and during May 2020 to July 2020 in the present study, differences in the values of the

MAC365 and α365 are expected, however, in the present study, the median of the MAC365 is
almost four times and the median of the α365 is almost ten times.

Based on past studies of BrC aerosol size distributions and Mie theory, the bulk MAC365 needs to

multiplied by roughly 2±0.2, in order to make it comparable to the aerosol MAC365 (Zeng et al.,

2020). Therefore, an important caveat of the present study is that the values of the aerosol

MAC365 are going to be higher than the values of the bulk MAC365 that have been reported.
Therefore, it may be concluded that the values of the bulk MAC365 are consistently found to be in
the range of ~0.5 m2 g-1 to ~1.0 m2 g-1, in fact, for the largest fire sampled, the MAC365 was
observed to as high as ~1.2 m2 g-1. However, the range of the values for the bulk MAC365 of WS-

BrC in the background atmosphere remains unknown and could be the endeavor of future field
studies.

(ii) The AAE of the WS-BrC tends to have a single value from 300 nm to 500 nm,
irrespective of wildfires, but is sometimes observed to have two different values for
sampling periods without wildfires from the wavelength ranges of 300 nm to 350 nm and

350 nm and 500 nm, respectively.

The AAE reported in the present study typically ranges from 0.5 to 8, but for one of the large
wildfires sampled between 22 to 23 July 2019, the AAE shows a range of 5 to 30. Moreover, on

careful inspection of the individual spectra for the calculation of the AAE, it was found that
sometimes, a single slope does not accurately represent the dependence of the absorbance over
the wavelength, which is shown in the Figure 18.
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Figure 19 (b) shows an inflexion in the curve for a four-minute averaged time period during the

sampling undertaken between 24 July 2019 to 25 July 2019, post the wildfire detected by the

experimental setup, which is shown in Figure 18. Such a feature does not exist in the plot on the
top, which is representative of a 4 minute averaged time period during the sampling undertaken
between 29 June 2019 to 30 June 2019, during which the experimental setup detected the

influence of wildfires, that has been categorized as “large”, in the context of this study. The
discontinuity of the slope is because of a sudden drop in the value of the absorbance along with
the wavelength from ~300 nm to ~350 nm, which is speculated to be related to the formation of

SOAs, however, more data of sampling periods without the influence of wildfires is required to
check whether this feature is consistently observed.

Figure 19. (a) Dependence of absorbance on wavelength for 29 June 2019 (During Wildfire). (b) Dependence of
absorbance on wavelength for 24 July 2019 (Post Wildfire). Absorbance is equal to where (i) I =
Intensity of light transmitted by the sample solution (sample spectrum), (ii) Ib = Intensity of light transmitted by the

blank solution with the lamp off (background spectrum) and (iii) Io = Intensity of light absorbed by the blank
solution (reference spectrum).
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(iii) The experimental setup in the present study shows great potential in measuring the
semi-continuous measurements of the absorption spectra and carbon mass of water-soluble

aerosol components.

The categories for the wildfires have been made arbitrarily, based on the concentration of the

PM2.5, so that the similar wildfires may be compared together. For example,

(a) Figure 11 shows a sampling period without the influence of wildfires. In the figure, even
when the changes in the concentration of the PM2.5 is low, the TOC analyzer is able to respond to
those changes. Even though the values of the MAC365 in Figure 11 is not trustworthy, this figure

shows the ability of the experimental setup to measure the background concentrations of the
aerosol particles in the ambient atmosphere.

(b) Figure 17 shows a sampling period with heavy influence of wildfires. It may be observed

from the figure that the A365 and the concentration of the TOC show near real-time change with
the concentration of the PM2.5, and there does not seem to be any influence of artefacts due to the
experimental setup being unable to wash out the sampled aerosol particles from the ambient

atmosphere, as it would cause a lag between the decrease in the concentration of PM2.5 and the

concentration of the TOC.

Therefore, it is evident from all the figures, that the experimental setup is sensitive enough to
capture the concentration of TOC and its resulting A365, from changes in ambient air, whether the

ambient air is clean, moderately or extremely polluted.

The background concentration of the TOC that has been reported in the appendix, has been

converted into the concentration of the WSOC, and both the values have been subtracted from
the concentrations of the TOC and the WSOC, respectively. However, one of the drawbacks of
the present study is that the A365 and α365 corresponding to the background concentrations of the
TOC and the WSOC has not been calculated. Therefore, an assumed value of 0.015 M m-1 for

the α365, has been removed uniformly from all the sampling periods, notwithstanding the fact that
the background concentration of the TOC and its equivalent concentration of the WSOC, differs
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for each sampling period, which brings a certain level of uncertainty to the calculated value of
the bulk MAC365. Future studies should try to calculate the specific values of the background

A365 and its equivalent α365, respectively, so that these two values may be deducted before the

calculation of the MAC365 and AAE, which would make both the make the MAC365 and the
AAE, more accurate.

To put things into perspective, it may be important and valuable proposition to compare the

results of the present study to other comparable studies, which is shown in Table 6.
Table 6. The values of the MAC and the AAE from other studies that are comparable to the present study.

MAC (m2 g-1)

AAE

Airmass

Reference

Biomass burning

Present study

Technique

Field measurements

~1

~5

Water extract

in the western
Arctic
0.7-1.0 (470 nm)

1.5-3.0 for BrC +

PSAP

BC

Biomass burning

McNaughton et

in the western

al. (2011)

Arctic during the

spring season
N/A

3.3-6.8

PSAP

Biomass burning

Corr et al. (2012)

in the Arctic
0.82±0.43 (404

1.25-2.5

nm)

Photoelectric

Biomass burning

Aerosol Sensor

in Colorado

Lack et al. 2012

Laboratory measurements

N/A

3.7-10.4 for BrC

Photoacoustic

Biomass burning

Pokhrel et al.,

+ BC

absorption

aerosol in the

2016

(405/532/660

spectrometer

Yucatan

nm)

Peninsula of

Mexico
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From Table 6, it may be observed that all the other studies comparable to the present study are of
biomass burning aerosol particles, even the study involving only laboratory measurements. The
values of the MAC reported by McNaughton et al., (2011), and Lack et al., (2012), are 0.7-1.0

(470 nm) and 0.82±0.43 (404 nm), respectively. Since BrC absorbs more light in the UV
wavelength range, the values at 470 nm and 404 nm, would be higher at 365 nm. It is to be noted
that the PSAP measurements by McNaughton et al., (2011), are for BrC and BC, and that the

light absorption contribution of BC has to be removed to calculate the value of the MAC for the

aerosol particles of biomass burning. In addition to that, these measurements were made during
the spring season and not the summer season like the present study. However, considering all the

caveats in McNaughton et al., (2011), the value of the MAC calculated at 365 nm may be higher.
Even in the present study, where the value of the MAC is ~0.8 m2 g-1 to ~1 m2 g-1 for medium

and large wildfires, it has been calculated at 365 nm, that too from water extracts. Moreover, if

the MAC has to be calculated for the aerosol particles, then it has to be multiplied by a factor of

2±0.2 (Zeng et al., 2020). Therefore, it may be concluded that the MAC values of biomass
burning aerosol particles in all the cases are quite close and may remain so, even after various

corrections are applied.

As far as the value of the AAE is concerned, it is ~5 for the present study, which falls in the
range of the values provided by Corr et al., (2012) and Pokhrel et al., (2016). However, the AAE
that has been calculated for the biomass burning aerosol particles in the present study as well as
that of the study done by Corr et al., (2012), has been conducted for the Arctic region, but the

AAE that has been calculated for the biomass burning aerosol particles by Pokhrel et al., (2016),

has been done for Yucatan Peninsula of Mexico, which would make the comparison of both the
other studies to this study quite challenging and difficult. The AAE was calculated using the
PSAP instrument by Corr et al., (2012), which means that the light absorption measurements
would be available for some discrete wavelengths and not a wavelength range. Therefore, the

range of values from 3.3-6.8 would not be as stable as the value of ~5, which has been calculated
in the present study for reasons explained in Section 2.7 and Section 2.8. Although, the range of
the AAE values, fluctuates between 3.3 to 6.8, it however contains the value of ~5, which is

consistent for the medium and large wildfire plumes sampled in the present study. Hence, the
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value of the calculated AAE in the present study may be comparable to that of Corr et al.,
(2012).
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Chapter 6. Conclusion
In the present study, for the first time, online field measurements of WS-BrC have been collected

for an entire wildfire season in the boreal Arctic. The purpose behind this endeavor was to
calculate the optical characteristics of WS-BrC, namely, the MAC365 and the AAE, for biomass

burning aerosol particles, that are prevalent during the months of May, June and July, in Alaska.

Recent studies have concluded that BrC, which includes WS-BrC, absorbs light in the UV-VIS

range and causes a heating effect due to the positive radiative forcing at the top of the
atmosphere. Therefore, due to its implications on the radiation budget, it is imperative to find the
values of MAC365 and the AAE for modeling studies. 41 sampling periods were studies between
May 2019 to July 2019, out of which eight sampling periods have been discussed in great detail.

These sampling periods encompass aerosol particles during collected during clean atmospheric
conditions as well as during small, medium and large wildfires. This study also tried to check the

efficacy of using the experimental setup of the three instruments together, which are: PILS,

LWCC and TOC. By way of comparison with the data from NCore instruments, as shown and
discussed in Section 4, it is evident that the experimental setup in the present study is sensitive to
changes in the ambient air at a time scale of minutes. Spectroscopic measurements of the

ambient aerosol particles were collected in the wavelength range of ~200 nm to ~800 nm to
calculate the MAC at 365 nm, which was found to be ~1 m2 g-1. As expected, during wildfires,

the values of the absorption coefficient at 365 nm increases, while the values of the MAC at 365

nm remains almost constant.

Using extensive quantitative methods such regression analysis, the AAE was calculated using the

wavelength range from 300 nm to 350 nm, as it is a better representation of the wavelength

dependence of BrC absorption, than the traditional method of employing a pair of wavelengths
for the calculation. To further improve the analysis, background correction was performed by
subtracting the absorbance at 700 nm from the absorbance between 300 nm and 350 nm, which

improved the AAE even further, with values of ~5 for wildfires of various intensities. A HEPA
filter was also used to measure the background TOC concentration, to calculate the concentration
of the WSOC with more accuracy. However, the background absorbance was not measured in

the present study, a limitation due to which the absorption coefficient at 365 nm has higher
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values than it ought to have, and consequently, it also led to some degree of overestimation of
the MAC365, which provides an excellent opportunity for further work to be done in the future.
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Appendix
Table A1. Sampling periods and fieldnotes.

Date

Background TOC

May 26-27
May 30-31

Tubing

Notes

Gray-Gray
40 ppb

Gray-Gray

June 02-03

Gray-Gray

June 04-05

Gray-Gray

June 05-06

Gray-Gray

Changed to orange

white tubing from
grey-grey tubing.
This changed the
liquid sample flow

and wash flow to

0.6 mL min-1.
June 06-07

Gray-Gray

Attached organic
carbon denuder.

June 08-09

Gray-Gray

MQ-water flushing

at 11:08 AM TOC
reading is in the

ballpark of 25 ppb,
which is way

different from the
usual 40 ppb we
were getting.

The Teflon part of
the tubing in both
MQ-water bottles

was put above the
water.
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Table A1, continued

TOC=120 ppb, lower

than TOC=140 ppb,

because of MQ-water

reading was 25 ppb,
instead of 45 ppb.

June 09-10

Gray-Gray

04:45 PM: Changed
to grey-grey tubing

from orange-white
tubing.

We feel that orange
white tubing is

causing bubbles.
Wash flow = 1.95
mLmin-1.

Reference and
background collected

as an average of 4
mins.

Integration time =

141,176.

Scans to avg. = 1,700.
Start watching data

after 08:00 PM.
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Table A1, continued

June 10-11

Gray-Gray
Integration time:
164,630. No. of scans

= 1,458. No. of scans
= 1,458.

June 11-12

45 ppb

Gray-Gray

Checked the oxidizer

cartridge. It has 113

mL left.

The software showed

that it was over, but
that was not the case.

Changed it to 100%,
but we have to

remember to change it

before the software
shows 0%.

Removed the bubble

wrap near the lamp
source. The intensity
spectrum, which had a

peculiar bump near

600 nm prior to this,

is gone.

June 12-13

48 ppb

Gray-Gray

No change in
yesterday’s

configuration.
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Table A1, continued

June 14-15

Gray-Gray

Overcast day.

HEPA filter was
attached at 03:42 PM.

HEPA filter was
removed at 04:14 PM,
around 30 mins. later.

The TOC instrument
is 8 mins. behind real

time.

June 18-19

Gray-Gray

Started the
instrument.

June 19-20

Gray-Gray
HEPA filter put on at

05:50 PM.

TOC = 48 ppm, when

we entered the trailer.

June 20-21

Gray-Gray

TOC = 124 ppb.
Clear skies.

June 22-23

Gray-Gray

Changed the wick.

Took the fitting of the

waste line out,
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Table A1, continued

cleaned it. But the

fitting was anyway,
not clogged.

Checked the waste
line (transparent tube)

and the grey-grey tube
attached to it.

Clear skies and hot

temperature.

Reference and
background spectrums

have not been
collected today.

June 23-24

Gray-Gray

TOC = 37 ppb.

This value is the

background

concentration of the
instrument and is

consistent with past
values.

Seems to be too low.

We were not
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Table A1, continued

pumping ambient air
because the pump was
disconnected at the

back of the PILS
instrument. The
HEPA filter was

attached at 12:42 PM.

The TOC reading
before that was 32

ppb.

June 24-25

37 ppb

Gray-Gray

The reference and
background spectrums
were not collected.

June 25-26

Red-Red

The wick was

changed.

The reference and the
background spectrums
were collected.
This spectrum would
be used for the data
from 24th to 25th, as
well as for the data
from 25th to 26th.
Clear skies, hot

temperature and

smoky air.
June 26-27

Red-Red

Flow rate of liquid

sample = 0.6 mL min1
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Table A1, continued

The intensity
spectrum does not
look good as the
shape of the reference
spectrum seems
wrong.
Possible reasons:

(1) The bulb in the

light source may be
decaying.

June 27-28

Red-Red

(2) The red-red tube
may be causing
bubbles.
The wick was

changed.

After that, no water
was coming out from
the red-red tube
transporting the liquid
sample flow
The O-ring on the
impactor plate was
pushed in so that it
touched the glass
edge, but not the
wick.
This solved the
problem.

June 28-29

Red-Red

56 ppb

Clear skies, hot
temperature and

smoky air.
June 29-30

63 ppb

Red-Red
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Clear skies, hot
temperature and
smoky air.

Table A1, continued

The TOC at 04:00 PM
was 113 ppb.
HEPA filter was not
attached because there
are far too many
bubbles in the
instrument.

The reference and
background spectrums
have been collected.

As of 05:45 PM, the
TOC is 252

ppb.

July 01-02

Red-Red

July 03-04

Red-Red

July 01-02

Red-Red

July 03-04

Red-Red

July 04-05

Red-Red

TOC = 53.0 ppb when
HEPA filter was
attached.
TOC = 47.0 ppb when
HEPA filter was
removed.

July 05-06

Red-Red

July 10-11

Red-Red

July 18-19

Red-Red

56 ppb

Clear skies.
Started the instrument
after a long time.
Changed to black
cables from blue
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Table A1, continued

cables that are
apparently immune to

solarization.
Red-Red

July 19-20

Clear skies.
Reference spectrum
and background

spectrum were

calculated on 19 July
2019 (Friday) for 18
July 2019 (Thursday)

and 19 July 2019

(Friday).

July 21-22

Red-Red

53 ppb

Clear skies.
TOC = 50 ppb when
we entered the trailer.
TOC = 53 ppb when
we left the trailer.

This does not make
sense.

Probably the HEPA
filter has got
contaminated.

We propose to use a
new HEPA filter on
22 July 2019
(Monday).
Red-Red

July 22-23

04:00 PM: TOC =

62.0 ppb when HEPA

filter was put on.
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Table A1, continued

04:20 PM: TOC =
04:20 PM when
HEPA filter was
removed.

The data collection
stopped today at
around 05:30 PM.

OceanView stopped
on its own and I do
not know why yet.
Probably, the UV
lamp going out had
some role to play in it.

July 23-24

Red-Red

62 ppb

Wildfire day.
The UV lamp of the
TOC analyzer went
out today.
02:20 PM: TOC =
117.0 ppb when
HEPA filter was
attached.
02:40 PM: TOC =
62.0 ppb when HEPA
filter was removed.

July 24-25

63 ppb

Red-Red

03:00 PM: TOC =
113.0 ppb when
HEPA filter was
attached.

03:30 PM: TOC =
63.0 ppb when HEPA
filter was removed.
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Table A1, continued

July 25-26

42 ppb

Red-Red
TOC = 62.0 ppb when
HEPA filter was
attached.
TOC = 42.0 ppb when
HEPA filter was
removed.

July 26-27

Red-Red

TOC = 115.0 ppb
when HEPA filter was
attached.
TOC = 68.0 ppb when
HEPA filter was
removed.

Red-Red

July 27-28

Cloudy skies.

No change in TOC
reading at all after
attaching HEPA filter.
TOC = 50.0 ppb.

July 28-29

Red-Red
Cloudy skies.
TOC = 55.0 ppb when
HEPA filter was
attached.
TOC = 52.0 ppb when
HEPA filter was
removed.

July 29-30

Red-Red

52 ppb

Clear skies.
TOC = 55.0 ppb when
HEPA filter was
attached.
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Table A1, continued

TOC = 41.0 ppb when

HEPA filter was
removed.
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