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Evaluating the influence of biomass burning on the Arctic requires continuous and long-
term measurements of the transported emissions. In this thesis, ground-based Fourier
transform infrared (FTIR) solar-absorption spectroscopic measurements at the Polar
Environment Atmospheric Research Laboratory (PEARL) in Eureka, Nunavut, Canada
from 2006-2018 are used to retrieve the atmospheric abundance of the biomass burning
species CO, HCN, CyHg, CoHy, CH30H, H,CO, HCOOH and NH3. The retrievals of NHg
from Eureka FTIR measurements are the first long-term ground-based measurements of
NHj in the high Arctic.

Measurements of NH3, CO, HCN and CyHg were simultaneously enhanced in July-
August 2014 and attributed to the 2014 Northwest Territories wildfires. Enhancements
were observed in FTIR measurements at Toronto, and due to the differences in travel
times between the sites, an approximate 2-day lifetime of NH3 in a smoke plume was
determined, allowing for NH3 to undergo long-range transport and therefore suggesting
that boreal wildfires may be a considerable episodic NH3 source to the Arctic.

The greatest enhancements of NHs, CO, HCN, and CyHg were observed from FTIR
measurements at Eureka (2006-2017) and Thule, Greenland (2006-2017) from 17-22 Au-
gust 2017 and attributed to the 2017 British Columbia and Northwest Territories wild-
fires. A GEOS-Chem simulation illustrated that these wildfires contributed to surface-

layer NH3 enhancements in the Canadian Archipelago of 0.01-0.11 ppbv from 15-23 Au-
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gust 2017, 0.14-5.50 times the background due to local seabird-colony sources, further
indicating that boreal wildfire NH3 is an important episodic source of NH3 in the sum-
mertime high Arctic in addition to the persistent seabird-colony source.

Detection of wildfire pollution events was performed for Eureka FTIR measurements
and nine other Northern high- and mid-latitude Network for the Detection of Atmospheric
Composition Change (NDACC) FTIR sites from 2003-2018. Enhancements of CO were
detected and correlated with simultaneous enhancements of the biomass burning tracers
HCN and CyHg, providing a means of wildfire pollution detection. Source attribution of
the detected events was performed using a GEOS-Chem tagged CO simulation. Boreal
North America and boreal Asia were the largest contributors to anomalous enhancements
at all sites, with a recent increase in the boreal North American contribution from 2013-

2018.
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Chapter 1

Introduction and Motivation

1.1 Introduction

Biomass burning is a process that involves the geochemical cycling of gases and par-
ticulates from the biosphere to the atmosphere (Levine, 2003). It is a process of global
change and refers to the burning of living or dead vegetation. Examples of biomass burn-
ing globally, illustrated in Figure include forest fires or wildfires of temperate and
boreal forests, bushfires of Australia, and agricultural fires of Africa and Asia. The onset
of these fires is often due to natural causes, driven by hot and dry conditions and an ig-
nition source, most commonly lightning. Man-made fires are also a common occurrence
in tropical developing countries where they are used as a means of cropland clearing
referred to as slash-and-burn and make an appreciable contribution to global biomass
burning emissions. In the Northern hemisphere, boreal wildfires are a dominant source
of biomass burning, brought on by persistent warm and dry conditions resulting in in-
creased fire risk and ignition from lightning. Both periods of greater fire risk and lighting
activity are expected to occur with increasing frequency at Northern high-latitudes as a
result of anthropogenic-induced climate change (Krause et al., 2014} Veraverbeke et al.

2017). The magnitude and intensity of boreal wildfire activity are also projected to in-
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crease with future climate change (Amiro et al., [2009; [Westerling et al., 2006; Flannigan|

et al., [2009; Wotton et al., 2010; Boulanger et al., 2014).

Fuel consumption :‘.
(kg € m ? burned) (&~

Emissions
(gCm2yr1)

0 5 10 20 50 100 200 500 1000 5000

Figure 1.1: Global Fire Emission Database (GFEDA4) fuel consumption (top), and carbon
emissions (bottom) averaged over 1997-2016. Figure from van der Werf et al. (2017).

The Arctic is a major receptor for pollution from mid-latitude regions (Stohl et al.,

2006; Law and Stohl, [2007; |Shindell et al., [2008). Boreal wildfires are well known to

have considerable impacts on the Arctic atmosphere and climate (Amiro et al., 2009}

Warneke et all 2009). Black carbon, also known as soot, is a strong contributor to

global warming (Bond and Sun| [2005/ and references therein). Black carbon in the Arctic

has been studied extensively and it has been found that a substantial fraction of Arctic

black carbon is transported from boreal wildfires (Stohl et al., 2006; Sharma et al.

2004, 2006t Wang et all, 2011 [Sharma et all, 2013} [Evangeliou et al., 2016; Winiger]

et al] 2019). Black carbon is well known to contribute to episodes of poor air quality

and warm the atmosphere by absorbing radiation and covering snow- and ice-covered
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surfaces, indirectly exerting snow-albedo effects (McConnell et al. 2007; Ramanathan|

land Carmichael, 2008; |[Flanner, 2013). Boreal wildfires may also influence the carbon

cycle (Conard and Ivanoval |1997; [Schimel and Baker, 2002; Mack et al. |2011; [Santin|

et al, [2015)). In boreal wildfire events, considerable quantities of carbon monoxide (CO),

carbon dioxide (CO3) and methane (CHy) are emitted (van der Werf et al.;[2017)). Boreal

wildfire emissions of CO, CO, and CH, are dependent on burning phase, with greater

emissions of COy and CHy from flaming combustion, with CO emissions dominated by

smoldering and residual phase combustion (Andreae and Merlet, 2001| and the references

therein). Emissions of CO, CHy, nitrogen oxides (NOx) and volatile organic compounds
(VOCs) from wildfires may then be oxidized to form CO, and ozone (O3) (Levine, [2003).
Wildfires also contribute to the emission of a large number of reactive trace gas species,

including VOCs, which promote the production of tropospheric O3 and the formation

of aerosols (Jaffe et al., 1999, 2004} Parrington et al., |2013; |Wentworth et al., 2018)

and therefore negatively impact air quality. Emissions of these species remain highly

uncertain as a result of the dependence of emissions on fuel types (Andreae and Merlet,

2001}, |Akagi et al. 2011; |Andreae, [2019); emissions from a particular event are strongly

influenced by local meteorology, which has a direct influence on the burning phase and

the emission of each species (Yokelson et al., (1996, 1999, [2003; Goode et al., [1999, 2000).

Additionally, these reactive species are short-lived and are not easily measured downwind
of the fire source. Wildfire plumes may be subject to long-range transport, and therefore
it is necessary to measure the concentrations of these reactive trace gas species downwind
in order to predict their influence on a global scale.

Global chemical transport models (CTMs) are used to simulate the impact of emis-
sions, transport and chemistry on the atmospheric abundance of a large number of gas
phase and particulate species. Global CTMs, in all cases, rely on a number of parameter-
izations of the emissions, chemistry and transport within the model, in order to simulate

atmospheric processes at finite resolution, both in space and time. All CTMs suffer er-
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rors as a result of the finite chemical and transport operators (Philip et al} 2016), while
transport errors are inherent in the meteorological fields reanalyses that are used to drive
the models (Yu et al.| 2018). Simulations of biomass burning emissions and their trans-
port are also highly uncertain. Most biomass burning emissions inventories, including
the commonly used Fire Inventory from NCAR (FINN; Wiedinmyer et al., 2011), the
Quick Fire Emission Database (QFED; Koster et al. 2015), the Global Fire Emission
Database (GFED; van der Werf et all [2017) and the Global Fire Assimilation System
(GFAS; Kaiser et al. 2012), are all bottom-up inventories, in which satellite observa-
tions of burned areas, burned fraction, fire-radiative power (FRP), and vegetation type
are used to estimate the total dry matter burned. The mass of dry matter burned is
scaled by the emission factor (EF) for a particular species to yield the total mass of the
species emitted. Each quantity used in the estimation of these emissions is subject to its
own uncertainty, therefore leading to errors in the calculated total emissions of biomass
burning.

In the case of an episodic wildfire plume, these inventories generally do not take into
account injection of emissions into the free troposphere which may often occur (Val Mar-
tin et al., 2010} [2018). Injection of emissions into the free troposphere would likely result
in different transport pathways of the plume compared to those from near-surface emis-
sions. Accounting for this may be particularly important for more accurately capturing
the long-range transport of a plume. Global CTMs also suffer from numerical diffusion as
a result of their coarse horizontal and vertical resolution and therefore may not accurately
simulate the transport of episodic wildfire plumes (Rastigejev et al., [2010; [Eastham and
Jacobl 2017)). Tt is necessary to evaluate model performance through comparison to obser-
vational data in order to better understand model errors and improve model projections
of the impacts of biomass burning on the atmosphere. This is particularly important in

the Arctic, a difficult region to accurately model as result of the inherent model errors
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and lack of model validation where observations of transported wildfire emissions remain

scarce.

1.2 Quantifying Biomass Burning Emissions

Precise knowledge of biomass burning emissions is required for accurate modelling of

their impacts in global CTMs. Biomass burning emissions are often quantified as:

Mx =EFx x v X ps X A, (1.1)

where My is the total mass (g) of the species X emitted, EF is the emission factor (g per
kg of dry matter) of the species X, v and py are the combustion completeness (%) and fuel
load (kg/m?), respectively, while A is the total area burned (m?). The quantities v, p;
and A are obtained from satellite observations, usually the Moderate Resolution Imaging
Spectroradiometer (MODIS; |Giglio et al., 2006, 2013). The quantity EFx specifically
describes the emissions of X (mass of X per mass of dry matter burned), and is dependent
on the type of vegetation burned (or fuel type) in addition to its combustion phase. The
emission factor is related to the emission ratio (ER; Lefer et al., 1994) with respect to

the species Y:

MWx
MWy

EFy = ERy )y - .EFy (1.2)

where MWV is the molecular weight of the species and ERx,y is the emission ratio of X

with respect to Y:

[X] = [XTprga

ERx/y = ,
YT W] = [V bkga

(1.3)

where [X] is the fire-affected concentration of the species and [X]p4q is the background

concentration. The emission ratio is calculated with respect to the species Y, usually
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CO or CO,. The emission ratio quantifies the emissions of the species X relative to Y,
and is therefore independent of fuel type. Downwind of the fire source, the emission
ratio may be considered as the enhancement ratio (EnhR) of an aged plume. For the
measurement of the emission ratio or enhancement ratio, the only requirement is simul-
taneous measurements of X and Y. For this reason, the emission ratio is widely used to
quantify emissions from a specific fuel type. If an enhancement ratio is measured, the
emission ratio may be obtained by accounting for the loss of each species assuming the
plume travel time and species lifetimes are known. The emission factor of X, however,
is dependent on the assumed knowledge of the emission factor of ¥ and is commonly
determined from reported values derived from laboratory studies of prescribed burns.
Measurements of emission factors and emission ratios have been reported for various
greenhouse gases, trace gas and particulate species since the late 1980s (Andreae and
Merlet|, |2001; |Akagi et al., 2011; Andreae, 2019) and are essential for global biomass
burning emission estimates. However, the reported values of the emission ratios and
emission factors for a number of species have led to a large range of values, which may be
due to the variability of emissions as result of combustion phase and heterogeneous fuel
types. Therefore, the variability of these emission estimates leads to greater uncertainty

in global estimates of biomass burning emissions.

1.3 Ammonia in the Arctic

1.3.1 Sources and Implications

Ammonia (NHj) has long been recognized as an important form of reactive nitrogen.
The major sources of NH3 globally are from agricultural practices, including raising
livestock and the manufacturing and application of fertilizers (Bouwman et al. 1997}
Asman et al |1998; Bouwman et al., 2002; Erisman et al.,|2011). Natural sources of NHj

include soils, vegetation, oceans and animal excreta (Sutton et al., 2007). Transport and
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deposition of NH3 can have negative impacts on nitrogen-sensitive ecosystems, which
may lead to eutrophication and acidification of soil and water bodies and a potential
loss of biodiversity (Krupa, 2003). The Arctic tends to be nitrogen limited and therefore
is sensitive to nitrogen loading (Shaver and Chapinl 1980). It has been noted that the
Arctic tundra has a high capacity for nitrogen pollution retention, resulting in a major
source of eutrophication (Choudhary et al., 2016), which could have a negative impact
on biodiversity. It was thought that the Arctic was free of NH3 sources and transport of
NHj; from lower-latitudes was unlikely due to its short lifetime ranging from a few hours
to a day (Lefer et all 1999)). However, Arctic sources of NHj3 include the hydrolysis
of guano from migratory seabirds (Blackall et al. 2007; |[Riddick et al. 2012) and seal
excreta (Theobald et al. 2006). Recently, emissions of NHj from snow-free tundra have
been identified and are thought to be a considerable source of NH; in the Arctic (Croft

et al., [2019), although the magnitude of this source is not well known.

1.3.2 Biomass Burning Emissions

Biomass burning has been identified as a major source of atmospheric NHj globally
(Bouwman et al., [1997). NHj emissions from biomass burning were first quantified by
Hegg et al.| (1988)) in which aircraft-based measurements of NH; and CO concentrations
were performed for several prescribed burns in Canada and the United States and emis-
sion ratios of NH3 with respect to CO were found to vary from 0.002-0.038 (in units of
ppbv/ppbv of CO) on average. Based on an average emission ratio of 0.012, Hegg et al.
(1988) estimated a total Northern hemisphere biomass burning contribution to NHj3 of
380 Tg yr~!. The authors also acknowledged the large variability of NHs emissions in
a smoke plume. For example, measurements of the emission ratios of NH3 from the
smoke plume of the prescribed burn in Lodi, California was found to vary by a factor of
19, which the authors attributed to the influence of rainfall between measurement days,

resulting in combustion differences.
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Since the early 1990s, NH3 emissions from boreal wildfires have been measured in field
experiments, mainly with aircraft-based observation of wildfire plumes in Canada and the
United States. Nance et al.| (1993)) reported an NHj3 emission ratio of 0.13 (ppbv/ppbv of
CO) from aircraft-based observations of an Alaskan wildfire in 1990. This value is over
an order of magnitude greater than the value reported by [Hegg et al.| (1988]). Subsequent
studies of [Yokelson et al.| (1999) and Goode et al.| (2000) reported NH3 emission ratios
of 0.011 (ppbv/ppbv of CO) and 0.147 (ppbv/ppbv of CO) from North Carolinian and
Alaskan wildfires, respectively. The studies of Hegg et al.| (1988), Nance et al.| (1993),
Yokelson et al.| (1999) and |Goode et al.| (2000) illustrate the variability of NH5 emission
ratios as a result of fuel type and burning phases. Burling et al. (2011) reported NHj

! obtained using aircraft and ground-

emission factors that ranged from 0.12-4.24 g kg™
based measurements for prescribed burns from temperate fuel types of the United States.
The emission factors were well correlated with the combustion efficiency of the fire, with
greater NH3 emissions corresponding to lower combustion efficiencies. However, boreal
vegetation types were not considered in that study. Given the variability of NH3 emission
ratios and emission factors and the dependence on burning phase, it would therefore be

expected that estimating emissions of NH3 from wildfires would be highly uncertain as a

result of assuming a particular emission factor based on a single fire event.

1.3.3 Satellite Measurements

Satellite-based thermal remote-sensing platforms have provided global measurements of
NH; as shown in Figure [[.2 Such measurements are advantageous as they allow for
global and continuous coverage of NH3. Global satellite observations of NH3 have been
routinely made by several thermal infrared instruments since 2002: the Atmospheric In-
frared Sounder (AIRS; Warner et al.| (2016)); starting in 2002), the Tropospheric Emission
Spectrometer (TES; Shephard et al. (2011}, 2015); starting in 2004), the Infrared Atmo-

spheric Sounding Interferometer (IASI; [Van Damme et al. (2015b)); starting in 2006)
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and the Cross-track Infrared Sounder (CrIS; Shephard and Cady-Pereira (2015); start-
ing in 2011). Measurements of NH3 within a wildfire plume have been made by these
instruments in several studies. Emission ratios of NHs have been derived from IASI mea-
surements of NH3 with simultaneous measurements of CO for tropical biomass burning
in South America (Whitburn et al. 2015), Indonesia (Whitburn et al., [2016]) and glob-
ally (Whitburn et al., [2017)). Global biomass burning emissions of NH; have also been
identified using TASI (Coheur et al., |2009; Clarisse et al| 2010; Van Damme et al., 2014,
2015b)), AIRS (Warner et al., 2016) and TES (Shephard et al., 2011). Although biomass
burning sources of NH3 were identified globally by these studies, there have only been
a few studies that explicitly examined high-latitude boreal wildfire emissions. Emission
ratios of NH3 were derived from TES observations for the 2007 Alaskan wildfires (Al-
varado et al., [2011]) and the 2010 Russian wildfires (R’Honi et al., [2013]). CrIS has been
utilized for studies of wildfires in Northern Canada (Kharol et al., [2018; Whaley et al.|
2018; |/Adams et al., 2019) and the TASI instrument has been used to investigate emissions
from the 2008 Siberian wildfires (Coheur et al., [2009), the 2016 Fort McMurray wildfires
in Alberta, Canada (Adams et al., 2019) and Alaskan wildfires from 2009-2013 (Paulot
et al., [2017). These satellite instruments have provided global observations of NH3 over
the past two decades; however, studies of boreal wildfire NH; and its transport to the
Arctic remain limited.

The main limitations of NHj retrievals from AIRS, TES, TASI and CrIS are the de-
pendence of the measurement on the true NH3 concentrations and the thermal contrast,
defined as the temperature difference between the surface and the boundary layer (Whit-
burn et al., 2016). The lower surface temperatures of the Arctic region, and the shallower
depth of the Arctic boundary layer result in a greater detection limit for NH3 in compar-
ison to lower-latitude regions. Due to the few sources of NH3 in the Arctic and minimal
long-range transport of NHj from lower latitudes, NH3 concentrations in the Arctic are

generally below the detection limit of these instruments. Additionally, thermal infrared
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retrievals of NH3 are most sensitive to boundary layer concentrations of NHs and less
sensitive to NHj in the free troposphere, where transported NHs in a wildfire plume is
likely to be most abundant. As a result of these factors, measurements of NH3 in the
Arctic by thermal sounding instruments remain difficult, resulting in scarce observations

in high-latitude regions.

1 1
50 100 150

0

Figure 1.2: NH;3 total columns (molec cm™2) and relative error (bottom-left inset, %)
distributions for five years of IASI measurements (1 November 2007 to 31 October
2012), in 0.25°x0.5° cells for the morning overpasses. Figure and caption adapted from
'Van Damme et al.| (2014).

1.3.4 Arctic Measurements and Model Results

In the Canadian high Arctic, in situ shipborne measurements of NH3 were first performed

by [Wentworth et al| (2016) as part of the 2014 NETCARE (Network on Climate and

Aerosols; Abbatt et al., 2019) Campaign in the Canadian Archipelago during July and

August 2014. Measurements of NH3 on board the Canadian Coast Guard Ship Amundsen
were made from 13 July to 7 August 2014 throughout Baffin Bay and the eastern Cana-
dian Archipelago. Surface-layer NHj3 concentrations (shown in Figure were found

to range from 40-870 pptv, with greatest values measured near Lancaster Sound, which
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were partly attributed to the 2014 Northwest Territories wildfires that occurred during
the period of measurements. The measured NH3 concentrations were mainly attributed

to seabird-colony NHj3 emissions through GEOS-Chem simulations with the inclusion of

a seabird-colony NH3 emission inventory based on Riddick et al.|(2012). The simulation

also showed an increase in the neutralization of acidic aerosols with seabird-colony NHjy

emission included, indicative of the presence of gas-phase NHs.
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Figure 1.3: Amundsen ship track coloured by gas-phase NHj concentrations. Invalid
measurements (e.g. instrument troubleshooting, influenced by ship) are shown in purple
along the ship track. Relevant landmarks are also labelled. Dates and arrows indicate
the position of the ship at 00:00 UTC on that day. Figure and caption adapted from
‘Wentworth et al. (2016).

A later study by Croft et al| (2016b) examined the impact of seabird-colony NHj

emissions in the Canadian Archipelago using the GEOS-Chem CTM. The seabird-colony

NHj emissions of Wentworth et al.| (2016) were used and a substantial increase of reduced

nitrogen (gas-phase NHj and particulate NHJ) was observed in the model with the
inclusion of seabird-colony NHj3 emissions, accounting for 40% of the reduced nitrogen in
the Canadian Archipelago. The inclusion of seabird-colony NH3 was found to increase

new particle formation, contributing to cloud condensation nuclei and particle growth.
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(Croft et al| (2016b]) concluded that the seabird contribution to particle formation could

lead to radiative cooling of the Arctic atmosphere on the order of 1-2 W m~2, as seen in

Figure[.4] with greater values near large seabird-colony sources. Similarly, a recent study

by |Croft et al.| (2019) concluded that the inclusion of tundra emission of NH3 improved

the model to measurement comparisons and suggested that tundra NHs emissions could
increase NH3 by a factor of 1.5 relative to seabird-colony sources. This suggests that
tundra emissions could be a significant source of NH3 in the Canadian Archipelago;
however, the magnitude of this source is highly uncertain due to the lack of measurements

of the bidirectional NHs flux.

v N Qo N VU >
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Figure 1.4: (a) Percent difference in pan-Arctic summertime mean cloud-droplet number
concentration (CDNC) in the atmospheric boundary layer due to inclusion of seabird
NHj3 emissions in the GEOS-Chem-TOMAS model under the assumption of fixed cloud
liquid-water content. (b) Pan-Arctic summertime-mean aerosol indirect (cloud-albedo)
radiative effect (AIE) attributed to the seabird-colony emissions. Figure and caption
from (Croft et al.| (2016b)

The transport of wildfire emissions of NH3 to the Arctic has not been thoroughly

investigated in global chemical transport models. The studies by [Wentworth et al.| (2016))

and |Croft et al.| (2016bl 2019) used the GEOS-Chem CTM to investigate the influence

of seabird-colony NHj3 in the Canadian Arctic. Wildfire emissions of NH3 were included
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in these studies but were not explicitly examined, although Wentworth et al. (2016)

noted that in the GEOS-Chem model, NH;3 from the 2014 Northwest Territories wildfires

contributed significantly to surface-layer NHjy in the low Arctic. [Kharol et al| (2018)

examined the deposition of NH3 at Northern latitudes with CrIS observations and the
GEM-MACH (Global Environmental Multi-scale Modelling Air Quality and Chemistry)
model and found NHj3 deposition fluxes 2 to 3 times greater in the presence of wildfires
as shown in Figure [L.5l Deposition of NHj3 in the Arctic was not examined in this study.
Due to the scarcity of NH3 measurements in high-latitude regions and the episodic nature
of wildfire events, more effort is needed to evaluate model performance in order to infer
the influence of wildfire NH3 in the Arctic from model results.
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Figure 1.5: Warm season (April-September, 2013) MODIS fire count, CrIS NHj total dry
deposition flux, CrIS NHj3 background dry deposition flux and flux ratio over the Great

Slave Lake region of the Northwest Territories, Canada. Figure and caption adapted
from Kharol et al. (2018).
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1.4 Polar Environment Atmospheric Research
Laboratory

Quantifying the influence of biomass burning on the Arctic atmosphere requires long-
term, dedicated measurements of the transported emissions in the Arctic as a result
of the interannual variability and episodic nature of wildfire events. The Arctic is a
difficult region to study as a result of the lack of dedicated measurement stations. The
Canadian Network for the Detection of Atmospheric Change (CANDAC) has established
Polar Environment Atmospheric Research Laboratory (PEARL) to perform long-term
atmospheric measurements in the Canadian high Arctic. PEARL, located on Ellesmere
Island at Eureka, Nunavut (80.05°N, 86.42°W) consists of three facilities: the PEARL
Ridge Lab at 610 m above sea level, the Zero-Altitude Auxiliary Laboratory (OPAL)
at sea level and the Surface and Atmospheric Flux, Irradiance and Radiation Extension
(SAFIRE). PEARL was established to study ozone, air quality and climate change in
the high Arctic using a variety of instruments.

One of the key instruments contributing to the Probing the Atmosphere of the High
Arctic (PAHA) Composition Measurements theme, biomass burning (CM-BB) project
is the Eureka PEARL Ridge Lab Bruker IFS 125HR Fourier transform infrared (FTIR)
spectrometer, which contributes measurements to the Network for the Detection of At-
mospheric Composition Change (NDACC). Details of the Eureka FTIR are provided in
Chapter [2| The use of ground-based solar-absorption FTIR instruments in the Arctic is
advantageous as these instruments provide sufficient sensitivity to the free troposphere
where transported wildfire emissions are most abundant, in addition to having a lower de-
tection limit for NH3 than that of satellite observations (Dammers et al., 2016)). The use
of FTIR measurements also allows for simultaneous detection of the long-lived biomass
burning tracers CO, hydrogen cyanide (HCN) and ethane (CyHg), along with a multi-

tude of other biomass burning species (Zhao et al., [2002; Paton-Walsh et al., 2005, [2010;
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Vigouroux et all 2012; Viatte et al., 2013, 2014, 2015). Measurements of CO, HCN
and CyHg provide insight into the origin, transport and aging of smoke plumes. The
utilization of ground-based FTIR measurement sites in the Arctic provides a long-term
time series of NH3 and other trace gases where measurements from other platforms are

lacking sensitivity or are non-existent.

1.5 Thesis Overview

1.5.1 Scientific Objectives

The main scientific objectives of this thesis are summarized as follows:

1. To acquire a long-term time series of biomass burning trace gas species in the

Arctic.
2. To quantify the emissions of boreal wildfire NH3 and its transport to the Arctic.

3. To investigate the frequency of episodic wildfire sources and their contribution to

trace gas measurements in the Arctic.

To address these objectives, long-term time series are retrieved from ground-based
FTIR measurements at Eureka, Nunavut from 2006-2018. The first objective of this
thesis was to improve and continue the long-term measurements of the tropospheric
biomass burning species CO, HCN, CyHg, CoHy, CH30OH, HoCO and HCOOH retrieved
from mid-infrared solar-absorption spectra. In addition, the first long-term high-Arctic
NH3 measurements were developed as part of this thesis. The results of the first ob-
jective are presented in Chapter For the second objective, boreal wildfire emissions
of NH3 were detected in the high Arctic and emissions were quantified. The relative
influence of transported wildfire NH3 emissions in comparison to local seabird-colony

sources was also examined with the GEOS-Chem CTM. These results are presented in
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Chapters 4] and . Lastly, the long-term (2003-2018) detection of episodic wildfire pol-
lution events was examined using FTIR measurements at Eureka and nine other mid-
and high-latitude FTIR sites. A tagged CO simulation with the GEOS-Chem model was
used for source attribution and to quantify the relative contribution of wildfire emissions

to FTIR measurements. This study is presented in Chapter [6]

1.5.2 Outline

The remaining chapters of this thesis are outlined as follows:

Chapter [2| provides an overview of FTIR spectroscopy, retrieval theory, and the
Eureka FTIR spectrometer that are the foundation for the scientific results of this

work.

Chapter (3| presents the optimized retrievals of the tropospheric trace gas species

obtained from Fureka FTIR solar-absorption spectra.

Chapter 4| investigates NH3 emissions from the 2014 Northwest Territories wild-
fires. Measurements of NH3 and the wildfire pollution tracers CO, HCN, CyHg
were made using FTIR measurements at Eureka and Toronto. FLEXPART and
HYSPLIT back-trajectories were used to examine the source sensitivity and travel
times of the measured smoke plume, in conjunction with the MODIS fire hot-spots.
Finally, enhancement ratios and emission ratios of NHs, HCN and CoHg were deter-
mined and compared to literature values, providing insight to the lifetime of NHj

in a smoke plume.

Chapter [5] investigates NHj emissions from the 2017 Northwest Territories and
British Columbia wildfires. Measurements of NH;, CO, HCN and Cy;Hg from the
two high-Arctic sites: Eureka, Nunavut and Thule, Greenland were used to de-

tect wildfire plumes in August 2017. FLEXPART back-trajectories were used to
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examine the influence of the wildfire sources on measurements at each FTIR site.
The GEOS-Chem chemical transport model was used to quantify the contribution
of the 2017 Canadian wildfires on NHs and NH;E concentrations in the Arctic in

comparison to the local seabird-colony source.

Chapter [6] examines the long-term (2003-2018) contribution of wildfire CO to
FTIR measurements at Northern mid- and high-latitude NDACC sites. For each
site, enhancements of CO are detected in the time series and correlated with coin-
cident measurements of HCN and CyHg to provide confirmation for the presence of
wildfire pollution. The GEOS-Chem tagged CO simulation provides source attri-
bution for the detected events in the FTIR time series, in addition to quantifying

the wildfire influence to measured CO concentrations.

Chapter |7| presents the conclusions of this thesis and suggestions for future work.

1.5.3 Contributions

The work in Chapter |3| was carried out by the author, Stephanie Conway,
Joseph Mendonca, Dan Weaver, Sebastien Roche and Kim Strong. Operation of
the Eureka FTIR was performed by the author, Joseph Mendonca, Dan Weaver and
Sebastien Roche. Stephanie Conway implemented the SFIT4 retrieval algorithm at

the University of Toronto and contributed to the retrievals.

The work in Chapter [4was carried out by the author, Enrico Dammers, Stephanie
Conway and Kim Strong. The study was designed by the author and Kim Strong.
Stephanie Conway performed the retrievals of CO, HCN and CyHg for Eureka and
Toronto measurements. The NHj retrievals and analysis were performed by the

author. All co-authors provided feedback on the analysis.

The work in Chapter [5| was carried out by the author, Kim Strong, Dylan

Jones, Ivan Ortega, Jim Hannigan, Enrico Dammers, Mark Shephard, Eleanor Mor-
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ris, Killian Murphy, Mat Evans, Mark Parrington, Simon Whitburn, Martin Van
Damme, Lieven Clarisse, Pierre-Francois Coheur, Cathy Clerbaux, Betty Croft,
Randall Martin, Jeff Pierce and Jenny Fisher. The study was designed by the
author, Kim Strong and Dylan Jones. Ivan Ortega and Jim Hannigan provided
the Thule FTIR measurements. Enrico Dammers performed the GEOS-Chem and
IASI comparisons. Eleanor Morris, Killian Murphy and Mat Evans provided the
GFAS emissions. Simon Whitburn, Martin Van Damme, Lieven Clarisse, Pierre-
Francois Coheur and Cathy Clerbaux provided the IASI measurements. Betty
Croft, Randall Martin and Jeff Pierce provided the seabird-colony NH3 emissions.

The analysis was performed by the author and all co-authors provided feedback.

The study in Chapter [6] was designed by the author, Kim Strong and Dylan
Jones. Thomas Blumenstock, Stephanie Conway, Jim Hannigan, Frank Hase, Yasko
Kasai, Emmanuel Mahieu, Maria Makarova, Isamu Morino, Tomoo Nagahama,
Justus Notholt, Ivan Ortega, Mathias Palm, Anatoliy Poberovsky, Ralf Sussmann
and Thorsten Warneke provided the FTIR measurements used. Jenny Fisher con-
tributed to the updated GEOS-Chem tagged CO simulation that was used. The

analysis was performed by the author and all co-authors provided feedback.



Chapter 2

Fourier Transform Infrared

Spectroscopy

2.1 Molecular Spectroscopy

All molecules absorb and emit radiation at discreet energy levels as dictated by quantum
theory. Photons of a specific wavelength are absorbed or emitted as a result of changes to
the molecule’s internal energy due to the transitions between the rotational or vibrational
energy. Rotational transitions occur in the microwave region of the spectrum and vibra-
tional transitions occur in the infrared. The spectral lines that result from these energy
transitions provide unique spectroscopic signatures of the gases in the atmosphere. The

line strength, S, is related to the absorption coefficient k;:

S:/ ko, (2.1)

[e.e]
where 7 is the monochromatic wavenumber. In reality, the spectral lines are never
monochromatic and have a certain width, depth and shape due to the perturbations
in the energy levels as a result external influences on the molecule, which are determined

by the temperature and pressure of the gas.

19
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2.1.1 Lineshapes
Collisional Broadening

Collisional broadening occurs as a result of collisions between molecules in a gas. The

lineshape function f; of the spectral line is given by a Lorentzian profile (Liou, [2002):

fL—0) = —— (2.2)

where 7, is the center wavenumber and «y, is the half width at half maximum (HWHM)

of the collision-broadened line given by:

P T,
oy = OéOFO ?7 (23)

where a, is the HWHM at the standard pressure P, and temperature T,. Collisional
broadening is greatest in the troposphere below ~20 km due to the pressure dependence

of the Lorentz lineshape.

Doppler Broadening

Doppler broadening is the result of the relative motion of the molecule along the line of

sight. The lineshape function fp for a Doppler-broadened line is given by (Liou, 2002):

foli— ) = a;ﬁ exp {—%} | (2.4)

where ap is a measure of the Doppler-broadened line width and is given by:

2kT
= Ut/ —, 2.5
ap = Uo\/ - (2.5)
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where m is the mass of the molecule, ¢ is the speed of light, T is the temperature, and
k is the Bolztmann constant. Doppler broadening dominates in the stratosphere above
~50 km as a result of its temperature dependence.

Voigt Lineshape

In the atmosphere, where both collisional and Doppler broadening occur, the lineshape
can be modelled by the convolution of the Lorentz and Doppler lineshapes (Liou|, 2002)

known as the Voigt lineshape:

fv@—wo) = fo(@ =) fp(V — ) (2.6)
N /_Z a3 + (aﬂ’L— 7 )? oaDl\/Tr o {_%} 7. (27)

which is commonly used in spectroscopy to represent the lineshape of an absorbing gas

in the atmosphere.

2.2 FTIR Spectroscopy

The FTIR spectrometer at the Eureka PEARL Ridge Lab is a Bruker IFS 125HR from
Bruker Optics GmbH. It is a high-resolution spectrometer and currently the most robust
and stable commercially available FTIR spectrometer (Wunch et al.;|[2011). The principal
component of the Bruker IFS 125HR is the Michelson interferometer. In this section, the
fundamentals of the operation of an FTIR spectrometer with respect to the Bruker IFS
125HR will be presented. Further details of the Fureka Bruker IFS 125HR will be given

in the following sections.
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Figure 2.1: Schematic diagram of the Eureka Bruker IFS 125HR. The red line indicates
the path of the solar beam. The main components are labelled and indicated by the blue
lines. Image was taken from Bruker Optik GmbH) (2006).

The input beam, from either the solar or lamp source, is focused onto the entrance
aperture in the source compartment as illustrated in Figure[2.1] The light passes through
the input aperture into the interferometer compartment of the instrument, where the
beam is collimated by a parabolic collimating mirror. The collimated beam is directed
onto the beamsplitter where it is split into two beams of equal intensity. One beam is
directed onto the fixed mirror and the other to the scanning mirror in the interferometer
arm. The two beams are directed back to the beamsplitter and due to their optical
path difference (OPD), there is a phase difference between the two. The beams are
recombined at the beamsplitter and focused onto the exit aperture through a series of
flat mirrors and a parabolic focusing mirror. For the Bruker IFS 125HR, the sizes of both

the entrance and exit aperture are variable and controlled by the rotation of an aperture
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wheel, with the size of the exit aperture always one stop greater than the entrance
aperture to account for the possible misalignment of the interferometer and divergence
of the beam. Additionally, the exit aperture also reduces the influence of the secondary
infrared source from the warm annulus of the entrance aperture (Johnson et al., 2002).

Figure [2.1] also shows two possible paths of the beam to the detector compartment,
either through the front or rear sample compartments. The path of the beam is controlled
by a series of flat folding mirrors. For all mid-infrared (MIR) measurements, the rear
sample compartment is used. In the detector compartment, the beam is collimated
by a parabolic collimating mirror and directed to the filter wheel. The rotating filter
wheel contains several spectral bandpass filters to limit the sampled spectral range of
the beam. The filtered MIR beam is directed to one of two detectors by a series of flat
folding mirrors. Details of the bandpass filters and detectors of the Eureka Bruker IFS
125HR are discussed in Section 2.3

The detector measures the intensity of the beam, where the beam intensity is given

by:

I(2) = % /0 " B() cos (2miz)d, (2.8)

where I(x) is the intensity as a function of OPD x and B(7) is the intensity of the input
beam as a function of wavenumber o. Applying a Fourier transform to Equation [2.8] we

obtain B(7):

B(v) = 2/000 I(z) cos (2mvx)dx. (2.9)

The measured intensity I(x) is the interferogram, which is the interference pattern as
a result of varying phase difference as the scanning mirror is moved along the path of
the interferometer arm. The quantity B(7) is the measured spectrum, which is the solar

absorption spectrum or lamp spectrum of the input beam.
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The integrals of Equations and are an idealization of the real-world case as
these expressions assume an OPD ranging from 0, defined as the zero path difference
(ZPD), to infinity. In reality, the interferometer has a finite maximum OPD resulting
in a finite resolution of the sampled spectrum. Therefore, an apodization is applied to

Equation A boxcar apodization is generally used in the form:

0 if |2] > Tymas
D(z) = , (2.10)

1 if 2| < 2pae
where x is the OPD and z,,,; is the maximum OPD. Applying the convolution of Equa-
tion with Equation [2.8 results in a sinc function after the Fourier transform. The
applied apodization therefore influences the resolution of the sampled spectrum. For
a boxcar apodization, the resolution is defined using the full width at half maximum
(FWHM), corresponding to a resolution of 0.6/x,,., (Bell, 1972)). For the Bruker IFS

125HR, the manufacturer defines the resolution as 0.9/ 4.

2.2.1 The Fourier Transform Spectrometer Advantage

There are three main advantages of an FTIR spectrometer over a scanning dispersive

spectrometer:

The Jacquinot Advantage

The Jacquinot advantage (Jacquinot and Dufour} 1948) refers to the high optical through-
put of the Fourier transform instrument. An aperture is used to control the amount of
light entering the instrument, which allows for a high SNR and minimal loss through the

instrument compared to an entrance slit.
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The Fellgett Advantage

The Fellgett or multiplex advantage (Fellgett, [1951) allows all wavelengths to be sampled
simultaneously, therefore resulting in shorter sampling times over a large spectral range

in comparison to a dispersive spectrometer.

The Connes Advantage

The Connes advantage (Connes and Connes, 1966)) refers to the high wavenumber preci-
sion of FTIR instruments. The wavenumber axis is calibrated by a laser beam of known
wavelength that passes through the interferometer. The position of the moving mir-
ror and sampling of the inteferogram are defined by the ZPD of the laser beam. The

wavenumber axis for dispersive spectrometers is defined by the position of the grating.

2.3 The Eureka Bruker IFS 125HR FTIR

The Eureka Bruker IFS 125HR (shown in Figure was installed in July 2006 to
replace the existing Bomem DA8 FTIR, which was deployed at Eureka by Environment
and Climate Change Canada (ECCC) from 1993 to 2009 (Fast et al. |2011]). The Eureka
FTIR, as it will be referred to in this work, measures high-resolution solar-absorption
spectra under clear-sky conditions during the sunlit season from approximately February
21 to October 20 of each year. The maximum OPD of the instrument is 374 cm, allowing

for a maximum resolution of 0.0024 c¢m™!.

Measurements are performed with either a
potassium bromide (KBr) or calcium fluoride (CaF3) beamsplitter with a spectral range
of 50-4800 cm ™! and 1200-15000 cm ™! respectively. MIR measurements for NDACC are
generally performed with a KBr beamsplitter, while the CaFy beamsplitter is used for
Total Carbon Column Observing Network (TCCON) near-infrared (NIR) measurements.

Occasionally, MIR measurements are made using the CaFy beamsplitter if intermittent

MIR and NIR measurements are required. However, the spectral range of the CaFy
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c) The Bruker 125HR d) Entrance Window to Bruker 125HR

Figure 2.2: The setup of the Eureka Bruker IFS 125HR at the PEARL Ridge Lab.

beamsplitter does not cover NDACC filters 6 or 7 and hence these filters are omitted
when measuring in this manner.

A series of narrow bandpass optical filters are used to limit the spectral range of each
measurement, resulting in a greater SNR for the measured spectrum. Seven optical filters
are used as prescribed by the NDACC Infrared Working Group (IRWG). The spectral
ranges of these filters are summarized in Table Measurements are made by cycling
through the bandpass filters. All solar measurements are made at a maximum OPD of
257 cm, corresponding to a resolution of 0.004 cm~!. From August 2006 to March 2012,
each measurement consisted of four co-added scans. Since March 2012, the number of
scans has been reduced to two resulting in shorter measurement times and therefore an
increase in the number of observations while maintaining a sufficiently high SNR.

For each measurement, the input aperture size is filter dependent (listed in Table ,

while the aperture size remains constant for a given filter. Three detectors are currently
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Table 2.1: NDACC narrow bandpass filters used with the Eureka FTIR, wavenumber
range for the SNR calculation, aperture diameter and the retrieved trace gas species.

NDACC Wavenumber SNR Wavenumber Aperture Species

Filter =~ Range [cm™!] Rangea] [cm™] Diameter [mm]| Retrieved

1 3950 - 4300  4038.727 - 4038.871 1 HF

2 2700 - 3500  3381.275 - 3381.536 1.15 HCN, CyHy, H,CO

3 2420 - 3080  2924.866 - 2925.100 1 CHy, CyHg, N2O, HCI,
O3, H,CO

4 1950 - 2700  2526.228 - 2526.618 1.15 CO

) 1800 - 2200  1985.260 - 1985.510 1.3 CO, NO

6 700 - 1350  1139.075 - 1139.168 1.5 O3, CIONO,, CH30H,
HCOOH, NH;

7 700 - 1000 907.854 - 907.977 1.5 CIONO, ,NHj

installed in the instrument: a photovoltaic indium antimonide (InSb) detector sensi-
tive from 1850-10000 cm™!, a photoconductive mercury-cadmium-telluride (HgCdTe or
MCT) detector sensitive from 600-6000 cm ™!, and an indium-gallium-arsenide (InGaAs)
detector which is sensitive from 4000-15000 cm~!. Both the InSb and MCT detectors
are liquid-nitrogen cooled and are used for MIR measurements for NDACC with the KBr
beamsplitter. The InGaAs detector is used with the CaFy beamsplitter for NIR TCCON

measurements. Full details of the TCCON measurements are given by Mendonca (2017)).

2.3.1 The Community Solar Tracker

The solar tracker is an essential component of the instrumental setup of the Eureka FTIR
system. The current Eureka solar tracker is a custom-built Community Solar Tracker
(CST) designed at the University of Toronto and Dalhousie University (Franklin, 2015).
The CST was installed in July 2013, replacing the ECCC photodiode solar tracker.
Details of the ECCC solar tracker are described in [Lindenmaier| (2012) and |Weaver
(2018). The CST is housed in a Robodome on the roof of the PEARL Ridge Lab. Both
the Robodome and CST are controlled by software written in Python which allows for

remote control of both of these components through a graphical user interface (GUI).
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With the Robodome open, the CST tracks the position of the Sun via two modes of
tracking: passive or active. Passive tracking relies on ephemeris calculations to determine
the position of the Sun. However, passive tracking may be prone to systematic errors due
to drift of the solar tracker components. Active tracking provides continuous corrections
to the tracking by visually locating the centre position of the Sun. The CST does this
via a camera located beneath the 45° mirror at the FTIR entrance window (shown in
Figure . This camera continually monitors the visual image of the Sun while the
Sun tracker software applies an ellipse-fitting algorithm to the Sun’s image to determine
the precise centre location. Slight azimuthal and altitude corrections are then applied
to the solar tracker mirrors to centre the image of the Sun on the camera sensor. The
CST uses a combination of active and passing tracking when taking solar measurements
which prevents the tracker from losing the position of the Sun if the image of the Sun were
to be obscured by clouds. The CST can be remotely controlled via a virtual network
connection (VNC) or command line on a secure shell (SSH) connection. The CST is
highly automated as a result of its active and passive tracking features, while additional
features such as automated corrections to the camera iris to maintain adequate signal

and prevent saturation allow for minimal user interference once tracking is started.

2.3.2 Data Acquisition

Due to the remoteness of the Eureka FTIR and limited operator support, automation of
the FTIR instrument and the CST are essential to maximize the number of observations.
Currently, operator support is only required at the start of measurements on each day.
For MIR measurements, the InSb and MCT detectors must be cooled by manually filling
the detectors with liquid nitrogen. The CST and the FTIR measurement sequence must
be started manually, either by the on-site operator or via a remote connection. Sky
conditions may also be remotely monitored using a webcam installed at the PEARL

Ridge Lab. The measurement sequence is controlled from the Bruker OPUS software and
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a macro is used to automate the acquisition of measurements. The macro is a sequence
of measurements for each filter, and the sequence is repeated throughout the day and is
terminated when there is insufficient signal in all filters. However, the presence of clouds
may result in the termination of the macro before the Sun sets, requiring a manual restart.
Further automation of the Eureka FTIR could be performed; however, operator support
is required for the mid-day beamsplitter swap to switch from MIR to NIR measurements.

Nevertheless, some improvements could be made as suggested in Chapter

2.3.3 Monitoring FTIR Performance

The Bruker IFS 125HR is aligned during installation; however, drift of the instrument
optical components is likely over time during routine operation of the instrument. When
kept under vacuum, pressure and temperature changes should be minimal, reducing the
potential for the instrument to become misaligned. The Eureka FTIR is used for both
MIR and NIR measurements and therefore requires routine changes of the beamsplitter
for which the instrument must be vented and evacuated each time. Venting and evacuat-
ing the instrument regularly (usually once a day) subjects the instrument to additional
stress as a result of the pressure changes. Repeated removal and insertion of the KBr and
CaF3 beamsplitters may also result in additional wear and tear. It is therefore important
to monitor the alignment of the instrument on a routine basis.

Instrument alignment is monitored by the measurement of the absorption spectrum
of a gas-filled cell using an internal lamp source. Three separate cells are used with
the Eureka FTIR, each filled with a known amount of gas: hydrogen chloride (HCI),
hydrogen bromide (HBr) or nitrous oxide (N2O). The HCI cell is permanently installed
in the front sample compartment (see Figure and is reserved for NIR cell tests. Full
details of these cell tests are given by Mendonca, (2017). Both the HBr and N,O cells are

used for MIR cell tests with the KBr beamsplitter and an MIR globar source.
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The HBr cell (HBr cell #30) was obtained from NIES (National Institute for Environ-
mental Studies) in Japan from cells produced for the NDACC IRWG. It is approximately
2.5 cm long and 2 cm in diameter, made of glass with fused sapphire windows and filled
with a known amount of HBr gas (Coffey et al |1998). A cell test consists of a back-
ground measurement (no cell in sample compartment) and a cell measurement with the
cell placed in the rear sample compartment of Figure 2.1} For both the background and

cell measurement, 50 co-added scans are performed at 0.004 cm ™!

resolution (maximum
OPD of 257 c¢m) using the instrument’s internal global source. The cell spectrum is
divided by the background spectrum to obtain a transmission spectrum which contains
the HBr absorption lines to be fitted. A summary of the fitted microwindows is given

in Table 2.2l The cell test is made with NDACC filter 4 and a 1.15 mm diameter input

aperture, to be consistent with filter 4 solar measurements.

HBr 2019-03-15 N0 2019-03-01
400 400

300 1 3001

200 1 200 1

Intensity [a.u.]
Intensity [a.u.]

100 - 100 A

-100 T T T -100 T T T
-0.10 -0.05 0.00 0.05 0.10 -0.10 —0.05 0.00 0.05 0.10

Wavenumber [cm™1] Wavenumber [cm~]

Figure 2.3: Typical ILS retrieved from an HBr #30 cell test on 15 March 2019 and N,O
#11 cell test on 1 March 2019 using
LINEFIT v14.5.

The transmission spectrum is analyzed with LINEFIT v14.5. It should be noted that
Lindenmaier| (2012)) and |Weaver| (2018) presented the results of past HBr cell tests using
LINEFIT v9, but here the entire time series has been reanalyzed with LINEFIT v14.5.
The LINEFIT algorithm is described by [Hase et al.| (1999) and Hase (2012). LINEFIT

creates a theoretical ILS, modulation efficiency (ME), and phase error (PE) based on
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the instrument field of view (FOV) and OPD. The FOV is defined as the ratio of the
input aperture radius to the focal length of the input focusing parabolic mirror (41.8
cm). The ILS, ME, and PE are then iteratively varied to match a simulated spectrum to
the measured HBr absorption lines. The HBr concentration is also retrieved during the
fitting procedure. However, HBr cells are known to slowly leak, resulting in a decrease in
concentration and pressure with time. Therefore, LINEFIT is run in an iterative manner.
An initial assumption of the cell pressure and concentration of 1.55 mbar and 7.6x10%

molec cm™2

, respectively, is assumed and LINEFIT is run iteratively, updating the cell
pressure based on the retrieved concentration until the pressure converges with a conver-
gence threshold of 0.001 mbar. Generally, only one or two iterations are required. The

results of the retrieved ME, PE and column scale factors are shown in Figure and an

example of a fitted microwindow is shown in Figure 2.5

Table 2.2: Fitted microwindows for the Eureka FTIR HBr cell test processed with
LINEFIT v14.5.

Microwindow Wavenumber Range [cm ™|

1 2590.32 - 2590.72
2 2590.71 - 2591.11
3 2605.60 - 2606.00
4 2606.00 - 2606.40
) 2620.39 - 2620.79
6
7
3

2620.80 - 2621.20
2634.70 - 2635.10
2635.10 - 2635.50

9 2648.50 - 2648.90
10 2648.90 - 2649.30
11 2661.76 - 2662.16
12 2662.18 - 2662.58
13 2674.52 - 2674.92

14 2674.94 - 2675.34
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Figure 2.4: Modulation efficiency (ME), phase error (PE) and retrieved column scale
factor for Eureka FTIR HBr #30 cell tests analyzed with LINEFIT v14.5.

The ME is normalized to unity at ZPD and generally decreases slightly to maximum
OPD of 257 cm. In general, the ME ranges from 0.94 - 1.02 at maximum OPD. An
ME greater than unity is the result of a shear misalignment of the interferometer. Shear
misalignment is a common issue for Bruker 125HR instruments and is caused by the
wearing of the Teflon pads that support the scanning corner cube mirror (Wunch et all,
2011)). Shear misalignment results in a decrease in ME near ZPD, therefore contributing
to an apparent over-modulation at longer OPD due to the normalization of the ME to

unity at ZPD. Decreasing ME as a function of OPD is due to angular misalignment as a

result of the misalignment of the fixed corner cube mirror (Wunch et al., 2011).

The PE remains relatively constant over the time series, with values of less than 0.05
radians at all OPDs. An increase in ME at maximum OPD and a decrease in PE is
observed in 2010 after the instrument was realigned. Variations in both the ME and PE
are mainly attributed to the placement of the beamsplitter, which may vary slightly each

time it is removed and re-inserted. The cell column amounts, shown as a scale factor
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relative to the original value, are found to be decreasing with time as expected due to the
cell slowly leaking HBr. Scatter around the decreasing trend is likely due the uncertainty
in the input temperature, which is retrieved from the OPUS measurement report and is
the temperature of the source compartment and not the sample compartment where the
cell is placed. The ILS shown in Figure [2.3|is approximately a sinc function as expected
and fairly symmetric about ZPD. The HBr cell test shows a slightly less symmetrical ILS
than the N5O cell test and is likely the result of the poorer fits of the HBr lines, which

could be a result of the HBr cell leakage.
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Figure 2.5: Example of the residual (top) and fit (bottom) of microwindow 2 for the
Eureka FTIR HBr #30 cell test on 15 March 2019 using LINEFIT v14.5.

In 2016, an NyO cell was obtained from the NDACC IRWG (NyO cell #11) and
NO cells were produced for IRWG sites to provide more precise monitoring of the ILS
as NyO is inert and therefore less prone to leakage from the cell. This cell has been
in use since March 2016 and N,O has been prioritized over HBr cell tests. NoO cell

tests are performed at lower resolution than for the HBr cell as recommended by Frank
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Hase , 2012). The background and cell spectra are recorded at 0.05 cm™' (18 cm

maximum OPD) and 0.005 cm™" (180 cm maximum OPD) resolution respectively, with

60 co-added scans each. This results in shorter measurement times for the N,O cell in

comparison to the HBr cell. The NoO microwindows fitted are listed in Table [2.3] The

results of the NoO cell tests (shown in Figure are similar to the those from the HBr

cell tests in terms of ILS, ME, and PE. An example of a fitted microwindow is shown in

Figure [2.6]

Table 2.3: Fitted microwindows for the Eureka FTIR N,O cell test processed with

LINEFIT v14.5.

Microwindow Wavenumber Range [cm ™|

1 2167.03-2185.25
2 2222.825-2223.019
3 2224.457-2224.715
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Figure 2.6: Example of a residual (top) and fit (bottom) for microwindow 3 for the NoO

#11 cell test on 1 March 2019 using LINEFIT v14.5.
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The results of the NyO cell tests (Figure show a slight over-modulation of 1.02
at maximum OPD of 180 c¢m prior to March 2017, which is consistent with the HBr cell
tests for that period. A considerable drop in the ME to below 0.9 was observed in March
2017 after realignment of the interferometer. The alignment was performed during the
2017 Canadian Arctic ACE/OSIRIS Validation Campaign because the NIR HCI cell tests
had been showing a continued decrease in ME and fallen below the TCCON requirement
of 0.95-1.05 ME at 45 cm (maximum OPD for TCCON). This decrease was attributed to
misalignment due to the wearing of the pads of the moving mirror. The realignment was
performed with a home-built alignment kit following the procedure of John Robinson
from the National Institute of Water and Atmospheric Research (NIWA) of Lauder, New
Zealand. The alignment was performed with a 1 mm aperture (as used by TCCON)
and the CaFy beamsplitter, allowing the input helium neon (HeNe) laser beam to be
visible. After alignment, a near-perfect NIR ILS was observed for the HCI cell tests, but
a significant decrease was found for MIR ILS for both the NoO and HBr cell tests. Small
improvements were made as a result of peaking the detector signals, but the MIR ME at
maximum OPD remained low, generally around 0.9 or lower.

During the 2018 Canadian Arctic ACE/OSIRIS Validation Campaign, the instrument
alignment was verified with the alignment kit and was found to be consistent with the
previous year. During the procedure, it was found that rotating between various aperture
sizes resulted in changes in the positions of the aperture centre as viewed from the
interferometer arm. Repeating the NyO cell test with the 1 mm entrance aperture (used
for TCCON NIR HCI cell tests) instead of the usual 1.15 mm aperture resulted, in a
near-perfect ILS and ME near unity at all OPDs, consistent with the HCI cell tests.

It was discovered that this issue with the aperture wheels had been observed with
other older Bruker instruments. New and improved aperture wheels were therefore in-
stalled on 27 February 2019 during the 2019 Canadian Arctic ACE/OSIRIS Validation

Campaign by Sebastien Roche, Tyler Wizenberg and Pierre Fogal. The full alignment



CHAPTER 2. FOURIER TRANSFORM INFRARED SPECTROSCOPY 36

procedure was then repeated. Since the installation of the new aperture wheels, the HCI,
N2O and HBr cell tests show much more consistent alignment. It should be noted that
the NyO cell test on 27 February 2019 shows a low ME of 0.85 at maximum OPD after
the interferometer alignment. The N5O cell test on March 1, 2019 shows a considerable
increase in the ME to near unity for all OPDs with a decrease in phase error as a result

of realignment of the lamp source on the entrance aperture on 28 February 2019.
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Figure 2.7: Modulation efficiency (ME), phase error (PE) and retrieved column scale
factor for Eureka FTIR NoO #11 cell tests analyzed with LINEFIT v14.5.

2.4 Trace Gas Retrievals

2.4.1 Retrieval Theory

The Inverse Problem

Vertical volume mixing ratio (VMR) profiles and integrated columns are retrieved from

FTIR solar-absorption spectra using the optimal estimation method (OEM; Rodgers,
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1976, 1990, [2000). The measured atmospheric state, y, may be related to the true

atmospheric state, x as:

y = F(x,b) + €, (2.11)

where F is the forward model, b is all other model parameters and € is the measurement
error. The inverse function of F is denoted by I. The retrieved, or estimated, atmospheric

state (X) is then related to the measured and true atmospheric state as:

where ¢ denotes other parameters the inverse model is dependent on. In order to relate
the retrieved state X to the true state x, the a priori state x, is defined, which is an
initial guess of the true state. Assuming that both I and F are linear over the range of

the state spaces of x and x,, then a Taylor series expansion of Equation [2.12] yields:

X

1 (F(XQ,B) FK (x — x2) + Ko (b—B) +eb,x, c), (2.13)

where b is the best estimate of the model parameters. K is the weighting function matrix,

and K, is the parameter space weighting function matrix defined as:

OF

K = - (2.14)
OF

Ky = o (2.15)

which represent the sensitivity of the forward model to the state vector and ancillary
parameters respectively. A second Taylor series expansion of Equation [2.13]is then per-

formed, which yields:
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>
I

Xo + GK (x — x,) + GK (b—f)) +Ge (2.16)

= X, +A(x—x,)+ €, (2.17)

where the last two terms have been combined into a single error term €, G is the gain
matrix and A is the averaging kernel. The gain matrix G represents the sensitivity of

the inverse model to the measurement and is defined as:

A

G=_—.
Oy

(2.18)

The sensitivity of the retrieved state to the true state is given by the averaging kernel:

A = GK (2.19)
o1 OF
= % (2.20)
o%
= (2.21)

The averaging kernel characterizes the relationship between the retrieved state and the
true atmospheric state (Rodgers, 2000). The sensitivity of the retrieval may be defined
as the sum of the rows of the averaging kernel and represents the fraction of the retrieved
information content from the measurement as opposed to the a priori (e.g. |Vigouroux
et al., [2009). The averaging kernel also quantifies the vertical information content of the
retrieval, defined as the Degrees of Freedom for Signal (DOFS) which is the trace of the
averaging kernel. The DOFS represents the number of independent quantities that can

be retrieved from the measurement.
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2.4.2 The Maximum a Posteriori Solution

It remains now to find the form of G and the best estimate of the state x. Performing a
measurement y maps the true state x to the measurement state space through the forward
model F. However, since €y is only known statistically, a point in state space maps into a
region in measurement space that is determined by the Probability Distribution Function
(PDF) of €. As a result, a statistical approach must be employed in order to relate the

true state to the a priori. To do so, we introduce Baye’s Theorem:

P(xly) = (2.22)

which is the posterior PDF, the probability of x given y. P(y|x) is the observation PDF,
the probability of y given x and is dependent on the forward model and measurement
errors. The maximum a posteriori solution is the solution for which P(x|y) is maximum.
To find the a posteriori solution, we assume that the relationship between x and y is

linear and a Gaussian distribution for the PDF. Under these assumptions:

PY) = G |5 VS v @)
2W[P(y)] = (y—)'S, (y — )+ 2l [(2n)"/2]S, "] (2.24)
= (y=9)7S,'(y —¥),+Cy (2.25)

where y is the mean of the observation, S, is the measurement error covariance matrix,
n is the number of vector elements, and C), is a constant term. A similar expression is

also obtained for P(x) and P(y|x):
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—2In[P(x)] = (x—x%4)"S; (x — x,) + Cy, (2.26)

—2[P(yx)] = [y —F(xb)" 87! [y — F(x,b)] + Cyx, (2.27)

where S, and S, are the a priori and error covariance matrices respectively. We then

substitute Equations [2.25] [2.26| and [2.27] into Equation to obtain:

— 2 [P(y[x)] = [y - F(x,b)]" S [y — F(x, b)] + (x - x,)"S; " (x = x,) + €, (2.28)

where the constants have been combined into a single term C. We now define the cost
function J(x):
J(x)=[y —F(x,b)]" S/ [y — F(x,b)] + (x — x,)7S; ' (x — x,). (2.29)
We then substitute Equation [2.29) into Equation [2.28, Taking the derivative of Equation
and setting it equal to zero:
— 2V In[P(y|x)] = VxJ(x) =0, (2.30)

where VyJ(x) is given by:

ViJ(x) = =V [F(x,b)]" S [y — F(x,b)] + S; ' (x — x,). (2.31)

It is evident that P(y|x) is a maximum when the cost function J(x) is a minimum. For a
moderately linear system as we have assumed here, the optimal solution may be obtained

by Gauss-Newton iteration:
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Xip1 =X — [V Vad (x3)] 7' Vi, I (x5). (2.32)

The initial step at © = 0 corresponds to the a priori x,. Substituting this and Equation

into Equation [2.32] we obtain the optimal solution or the a posteriori estimate X:

Xiy1 =Xa + (S, + K S'K) 'K S [(y — F(x, b)) — K;(x — x5)] (2.33)

where we have used the fact that K = V,F. Assuming that the optimal solution is given

by x then:

X = x,+(S;' +K'S'K)'KTS Hy — Kx,) (2.34)

= x,+ G(y — Kx,), (2.35)

where G is defined as:

G = (S;'+K'S;'K)'K”S_! (2.36)

= S,K'(KS,K" +S,)"". (2.37)

It then follows from Equations and that the averaging kernel A can be expressed:

A= (S;' +K'S'K)'K”S_ 'K, (2.38)

and therefore, by this definition, Equation becomes:

X =%, +A(x —x,). (2.39)
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Equation is interpreted as follows. For a perfect system, the best estimate x would
be equal to the true state x and therefore A would be the identity matrix and there would
be no dependence of the retrieved state on the a priori. In reality, the diagonal elements
are not equal to unity and off-diagonal elements of A are non-zero as the measurement
does not have perfect sensitivity to the true state at all levels and is therefore unable to
independently resolve the true state at all levels. Therefore, the retrieved state has some

dependence on the a priori, as quantified by the values of A.

2.4.3 The SFIT4 Retrieval Algorithm

The OEM method of Rodgers| (1976, 1990} |2000) outlined in Sections [2.4.1] and [2.4.2]

forms the basis of the SFIT4 retrieval algorithm. SFIT4, released in 2014, is used by
most member sites of the NDACC IRWG, with the exception of a few sites who have
not yet transitioned from SFIT2 or use the PROFFIT retrieval algorithm (Hase et al.|
2004). SFIT4 is based on the SFIT2 retrieval algorithm, which iteratively adjusts trace
gas profiles to minimize the difference between the measured and calculated spectra
(Pougatchev et al., [1995; [Rinsland et al., [2007)).

The calculated spectrum is obtained through a forward model calculation. The for-
ward model of SFIT4 is a line-by-line radiative transfer model that assumes a Voigt line
shape for the absorbing gases. Local thermodynamic equilibrium and homogeneity are
assumed for each vertical layer on the FTIR retrieval grid. The forward model requires
prior knowledge of the atmosphere, with temperature and pressure profiles obtained from
the US National Centers for Environmental Prediction (NCEP). Spectroscopic parame-
ters are currently taken from HITRAN 2008 (Rothman et al., 2009)) as recommended by
the NDACC IRWG. However, spectral line parameters from HITRAN 2012 and the atmo-
spheric (atm) line list (Toon, |2015|) are also used in particular cases as will be discussed in
Section 3] The spectroscopic line parameters are used in the line-by-line calculation of the

atmospheric spectrum. A model atmosphere is also created using refractive ray-tracing



CHAPTER 2. FOURIER TRANSFORM INFRARED SPECTROSCOPY 43

and airmass paths through the atmosphere from a code called FASTCODE (Meier et al.|
2004).

SFIT4 requires instrument parameters including the instrument FOV, maximum
OPD, and ILS. The FOV and maximum OPD are acquired from the OPUS spectral
measurement file. The aperture varies with the spectral filter for the measurement while
a maximum OPD of 257 cm is used as prescribed by the NDACC IRWG. Ideally, the
input ILS should be routinely updated based on the routine cell test results. However, an
ideal ILS is assumed for all measurements based on the fact that the ILS had been found
to not vary significantly over the measurement time series. The solar zenith angle of the
measurement is also required for the forward model calculation, and is calculated based
on the instrument altitude, latitude and longitude (which are constant) in the SFIT4
module CKOPUS and the measurement time stamp and scan duration. The time for the
SZA calculation is defined to be at the middle of the set of the two or four scans that
comprise a spectrum.

For the retrieval, the OEM requires the use of a priori VMR profiles of the trace gas
to be retrieved and the associated measurement error covariance (S.) and a priori error

covariance (S,) matrices. The SFIT4 error covariance matrices are defined as:

!
- SNR?’

€

(2.40)

where I is the identity matrix and SNR is the signal-to-noise ratio of each spectrum
calculated in a predefined spectral region (listed in Table for the respective spectral
filter for each measurement. The SNR is defined as the ratio of the maximum signal and
the root-mean-square (RMS) residual about zero for the spectral region of interest. In
SFIT2, an ad-hoc SNR was chosen based on trade-off curves of the RMS fitting residual
as a function of SNR. Using the real SNR of the measured spectra ensures the information

content of the retrieval is derived from the measurement rather than ad-hoc information.
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The choice of a valid a priori covariance matrix is an essential part of the retrieval
process in SFIT4. The a priori covariance matrix should represent the natural variability
of the species; however, it may be treated as a tuning parameter in the retrieval. This is
particularly true for trace gas species whose profiles are highly variable or unknown. The
choice and construction of the a priori covariance matrices will be discussed Chapter

Likewise, as was illustrated in Section the retrieved profile is dependent on
the choice of the a priori profile. As per NDACC IRWG guidelines, the a priori profiles
for the standard NDACC species are derived from a 40-year mean (1980-2020) from the
Whole Atmosphere Community Climate Model (WACCM v4; Eyring et al.| [2007; [Marsh
et al., 2013). For all species retrieved and presented in this thesis, the WACCM-derived
a priori profiles are used, with the exception of NHs, as will be discussed in Chapter [3

Retrievals in SFIT4 are performed as follows. A model atmosphere is created from the
forward model to generate the a priori calculated spectra for the selected microwindows
of interest to be fitted. These microwindows are dependent on the trace gas species to be
retrieved and will be discussed in Chapter 3] The initial calculated spectrum is based on
the a priori profiles of the target and interfering species being fitted in each microwindow
in addition to the NCEP pressure and temperature profiles. The iterative procedure is
then begun, and for each iteration, the profiles to be fitted are adjusted and the resulting
calculated spectrum is compared to the measured spectrum. This process is repeated
until convergence is found. Convergence is determined by the x? value of the RMS
residual between the measured and calculated spectrum. For successive iterations, if the
difference in x? is less than a convergence threshold, the retrieval is said to converge. If
the retrieval does not reach the threshold within the maximum number of iterations, the
retrieval does not converge. The iterative process is repeated until convergence is found
or the maximum number of iterations is reached. Usually, a maximum of 17 iterations
with a x? convergence threshold of 0.1 is used. Retrievals may not converge for a number

of reasons. The most common reason is due to poor quality spectra as a result of low
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signal and hence low SNR. A poor choice of the a priori profile and its corresponding
covariance matrix may also cause instability in the retrievals; however, a large part of
designing the retrieval strategy for each trace gas involves choosing the a priori profile

and its covariance matrix to avoid this issue.

2.5 Inter-layer Correlation

The a priori covariance matrix S, is used as a constraint in the retrieval procedure and
ideally should reflect the true variability of the species. However, the S, may be thought
of as a tuning parameter in the retrieval to reduce nonphysical oscillations in the retrieved
VMR profiles (Palm, [2014). Oscillations in the retrieved profiles may be the result of
large differences between the a priori and true state causing an instability in the retrieval.

Generally, the diagonals of S, are defined as:

S, =102, (2.41)

where o is the expected deviation of the target species from the a priori profile and is
usually reported as a percentage value. In this work, the diagonals of the S, are specified
as the o values. For the minor species CoHy, CH30OH and NHj, which are primarily
tropospheric, the diagonals of the S, matrix were chosen to allow more variability in the
troposphere while restricting changes in the profile at greater altitudes. This was done
by scaling the diagonal elements of the S, matrix by the layer thickness. Therefore the

diagonal elements of S, are given by:

Sa,ii
AZZ' ’

Saii = (2.42)

where Az is the thickness of the layer in units of km. As the FTIR retrieval grid is more

finely spaced at the lower altitudes, the diagonals of the S, are greater near the surface
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allowing for more variability of the retrieved profiles at the lower levels. This was found
to improve the DOFS, maintaining at least a minimum of approximately 1.

The diagonal elements of the S, matrix are often chosen with respect to the standard
deviation (o) of the mean WACCM profiles, reflecting the natural variability of the
species. The diagonals are defined as o2 values. However, in SFIT4, the S, values are
treated as a tuning parameter to account for the expected variability of the target species
that may not be well captured in WACCM.

To reduce oscillations in the retrieved profiles, an inter-layer correlation (ILC) may
be used. The ILC assumes that VMR profiles are correlated between adjacent retrieval
layers and therefore the ILC defines the off-diagonal elements of the S, matrix. For all
retrievals presented here, an exponential ILC is used, with the elements of S, given by:

_ |24—241

Saij = Saii€ W (2.43)

where z; is the altitude at the respective level and W is the correlation width. The choice

of correlation width is species dependent but in most cases 4 km is used as is standard

practice of the NDACC IRWG.

2.6 Tikhonov Regularization

Tikhonov regularization (Tikhonov, |1963)) is used as an alternative to the OEM method
if the a priori profile of the target species is not well known. The measurement y is

related to the true state x through the forward model F by:

y = Fx, (2.44)
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which represents a linear model. The solution to the problem is therefore found by the
minimization of the Euclidean norm as in the least-squares approach. For the Tikhonov

method, the Euclidean norm is also minimized but with a regularization term:

IFx — |* + T, (2.45)

where I is the Tikhonov regularization matrix. The best estimate is then:

x = (K"K +1'1)"'1'7y. (2.46)

The Tikhonov regularization matrix is defined by [Tikhonov| (1963)); |Sussmann et al.
(2011):

I = oL'TL,, (2.47)

where T denotes the transpose, « is the regularization strength, L; is the discrete first
derivative operator, and T is a diagonal matrix that accounts for the non-linear grid

spacing. The diagonals of T are defined by (Sussmann et al., 2011)):

Ty = Az 2, (2.48)

where Az; is the thickness of the ith layer. The influence of Tikhonov regularization
on the retrievals can be interpreted as follows. The discrete first derivative operator L;
preferentially constrains the retrievals such that x—x, is a linear profile. The o parameter
may then be thought of as a tuning parameter which is adjusted to obtain a particular
DOFS. For these reasons, Tikhononov regularization is often implemented when the a
priori profile of the trace gas to be retrieved is uncertain, in which case the retrieval is
tuned with the regularization strength to account for the lack of a priori knowledge of

the profile.



Chapter 3

Eureka FTIR Retrievals

This chapter describes the method used to retrieve VMR profiles and integrated columns
of tropospheric biomass burning species from Eureka FTIR MIR solar-absorption spec-
tra. All retrievals are performed using the SFIT4 (https://wiki.ucar.edu/display/
sfit4/) v9.4.4 retrieval algorithm. The species CO, HCN and CyHg are standard
NDACC IRWG gases and therefore the retrieval strategy follows the NDACC IRWG
guidelines. Retrievals of CO, HCN and CyHg for the Fureka FTIR spectra were first
performed by [Batchelor et al.| (2009), and later by Lindenmaier (2012)) and |Viatte et al.
(2014)) using the SFIT2 retrieval algorithm. With the release of SFIT4 in 2014, these re-
trievals were adapted for SFIT4 by Stephanie Conway and since then, the methods have
remained unchanged with the exception of CO. CO has been retrieved as part of two
NDACC harmonization projects: the ESA-funded Quality Assurance for Essential Cli-
mate Variable (QA4ECV) project in 2016 and the EU-funded Copernicus Atmospheric
Monitoring Service (CAMS27) Rapid Delivery (RD) project beginning in March 2018. As
part of these projects, I modified the standard Eureka CO retrieval strategy to conform
to the requirements of these projects, as will be discussed below.

Non-standard NDACC species were also retrieved, including acetylene (CoHy), formic

acid (HCOOH), methanol (CH3OH), formaldehyde (Ho,CO) and NH3. Retrievals of CoHa,
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HCOOH and CH30H were adapted from the SFIT2 retrieval method of [Viatte et al.
(2014). The HoCO retrieval strategy was developed by [Vigouroux et al.| (2018)) for valida-
tion of the Tropospheric Monitoring Instrument (TROPOMI) on the Sentinel 5 Precursor
satellite. Retrievals of NH3 from the Eureka FTIR were developed as part of this thesis.
A description of the retrieval method for each species is discussed in this section and the
optimized time series are presented. Retrieval parameters are summarized in Tables

and [3.2] Examples of the fitted microwindows are shown in Appendix [A]

3.1 Carbon Monoxide

Eureka CO retrievals were performed following the NDACC IRWG guidelines. The three
standard microwindows were used for CO: a strong line at 2157.51-2159.14 cm~! and two
weak lines at 2057.68-2058.00 and 2069.56-2069.76 cm~! (Notholt et al., [1997b}; Zhao
et all 2002). The combination of the strong and weak lines results in greater vertical
sensitivity of the retrieval in comparison to a single line (Barret et al., 2003). The choice
of the S, for CO was influenced by the requirements for the QA4ECV and CAMS27 RD

projects. The main requirements were:

1. Retrieved DOFS between 1.5 and 3.5 from the surface to 35 km.
2. Total column averaging kernel values between 0 and 1.5 from the surface to 35 km.

3. Harmonized error analysis amongst all sites.

To satisfy these requirements, the diagonals of the S, were reduced from a standard
deviation of 20% used by Viatte et al.| (2014)) to 2%. The lower S, is largely due to the
greater SNR in SFIT4 (mean of ~1150 over all years for measurements from 2006-2018)
as opposed to the ad-hoc value (85) used in SFIT2 retrievals, therefore resulting in an
increase in the information content of the retrieval from the measurement rather than

the a priori (Palm| 2014). Off-diagonal elements of the S, matrix were created using
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the exponential inter-layer correlation of Equation with a correlation width of 2
km. A 2-km correlation width was selected to minimize large averaging kernel values
(Langerock, [2016)). The interfering species O3 and NoO were simultaneously retrieved as
profiles, while all other interfering species were retrieved by scaling of the a priori values.
The strong constraints placed on S, also resulted in a reduction of the strato-mesopheric
CO variability of the retrieved profiles as a result of constraining the retrieved profiles
to the a priori. The contribution of strato-mesopheric CO is greatest in the early spring
(Kasai et al., 2005a), and may not be well captured in the a priori profile due to averaging
of the WACCM model profile over a 40-year period. As a result, averaging kernel values
in the upper atmosphere are reduced, while those in the stratosphere (<50 km) are >1,
resulting in greater sensitivity in this region as shown in Figure All a priori profiles
are from WACCM v4. Spectroscopic linelist parameters for CO are from atm16 (Toon,
2015)), while all other species use HITRAN 2008 (Rothman et al., 2009).

The mean retrieved VMR profiles are shown in Figure [3.2a] The mean retrieved CO
profiles are greater than the a priori values, with surface values of approximately 130
ppbv and 90 ppbv respectively. The retrieved profiles increase slightly from the surface
before decreasing to the tropopause. An increase in the retrieved CO is then observed
in the stratosphere due to the CO source from the oxidation of CH4 and photolysis of
CO,. The CO time series is shown in Figure [3.3al The seasonal cycle of CO at Eureka
is characterized by the greatest total columns in the early spring and decreasing total

columns through the summer.

3.2 Hydrogen Cyanide

HCN is retrieved using the two required microwindows of the NDACC IRWG: 3268.00-
3268.38 and 3287.00-3287.48 cm ™! as used in [Viatte et al.| (2014), and a third optional
mircrowindow from 3299.40-3299.60 cm~! used by [Lindenmaier| (2012). The use of the



CHAPTER 3. EUREKA FTIR RETRIEVALS 51

third microwindow provided an increase in the vertical sensitivity while improving the
fitting of HyO. Profiles of HCN are retrieved with diagonal values of S, with a standard
deviation of 20% and off-diagonals corresponding to an exponential inter-layer correlation
with a 4 km correlation width. HyO is retrieved as a profile while all other interfering
species are retrieved by scaling of a priori profiles. All a priori profiles are from WACCM
v4 and the linelist parameters from HITRAN 2008 are used.

A mean DOFS of 2.8 with a standard deviation of 0.6 is retrieved over all years
from 2007-2018. It should be noted that measurements of HCN at Eureka began in
2007 when NDACC filter 2 was installed. The main sensitivity (>0.5) is observed from
approximately 1-34 km as shown in Figure [3.1b, The HCN retrievals are primarily
sensitive to the lower atmosphere below 34 km, with little contribution from the upper
atmosphere (>50 km). The vertical sensitivity coincides with the vertical distribution
of HCN and shows greatest abundances in the troposphere and lower stratosphere as
illustrated in Figure for both the a priori profiles and retrieved profiles.

The retrieved time series of HCN is shown in Figure [3.3b] The seasonal cycle of
HCN is predominantly due to the influence of boreal wildfire emissions. Due to the long
lifetime of HCN, ranging from weeks to months in the troposphere, HCN will accumulate
in the atmosphere during the boreal wildfire season. Episodic enhancements are observed
regularly in the time series, particularly in July and August. Notable cases include the
2010 Russian wildfires (Viatte et al., 2013, [2015)), the 2014 Northwest Territories wildfires,
and the 2017 Northwest Territories and British Columbia wildfires. The 2014 and 2017

events will be discussed in further detail in Chapters [4] and 5| respectively.

3.3 Ethane

Retrievals of CyHg are performed using the standard NDACC IRWG microwindows:
2976.66-2976.95 (Mahieu et al., [1997; Rinsland et al., |2007; Paton-Walsh et al., 2010)),
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2983.20-2983.55 (Meier et al., 2004) and 2986.50-2986.95 cm™! (Notholt et al., [1997b).
Diagonal elements of S, correspond to a 50% standard deviation with off-diagonal values
from the exponential inter-layer correlation with a correlation width of 4 km. All inter-
fering species are retrieved as scaled profiles. A priori profiles are from WACCM v4 and
all linelist parameters are from HITRAN 2008.

The mean retrieved DOFS is 1.9 with a standard deviation of 0.3. The sensitivity
peaks from the surface to approximately 15 km as shown in Figure [3.1d The retrieved
profiles of CyHg are shown in Figure The retrieved profiles are generally greater
than a priori values with mean concentrations of approximately 1.2 ppbv and 0.03 ppbv
at the surface respectively. The a priori profile remains relatively constant throughout
the troposphere and decreases in the upper troposphere to lower stratosphere to values
near zero. The retrieved profiles increase slightly from the surface to approximately 4
km before decreasing with altitude to zero in the lower troposphere.

The time series of CyHg (Figure shows a similar seasonal cycle to CO as result
of their common sources and the influence of seasonally variable transport and loss to
OH (Rudolph) |1995). In recent years, an increasing trend in Northern Hemispheric CoHg
since 2009 has been identified and attributed to increased North American oil and gas
production (Franco et al., [2016; Helmig et al., 2016). CyHg enhancements are observed
regularly in the Eureka FTIR time series in July and August due to the transport of
boreal wildfire emissions to the Arctic. However, these enhancement of CoHg are not
as pronounced as CO or HCN as a result of the lower emissions of CoHg from boreal

wildfires (Andreae and Merlet], 2001} |Akagi et al., 2011; Andreae, [2019).

3.4 Acetylene

CoHy retrievals for Eureka FTIR spectra are performed following Viatte et al.| (2014]).
Two microwindows are used: 3250.43-3250.7700 cm™! (Petersen et al., [2008)), 3255.18-
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3255.73 em™! and 3304.83-3305.35 cm™! (Paton-Walsh et al., 2010). Diagonals of S,
correspond to a standard deviation of 50% and were scaled by the square root of the inter-
layer thickness to increase the DOFS and allow for more variability of the retrieved profiles
in the troposphere. Off-diagonal elements from an exponential inter-layer correlation
with a correlation width of 4 km were used to minimize nonphysical oscillations in the
retrieved profiles. The interfering species HoO and HDO are scaled from a priori values
in the retrieval. All a priori profiles are from WACCM v4 and linelist parameters are
from HITRAN 2008.

The mean retrieved DOFS (2007-2018) is 1.4 with a standard deviation of 0.3 and
vertical sensitivity primarily from the surface to approximately 21 km. The sensitivity
(Figure and VMR profiles (Figure of CoHy show a similar vertical structure to
CsHg. Surface concentrations of CoHs are 0.12 and 0.24 ppbv for the a priori profile and
mean retrieved profiles, respectively. The retrieved profiles remain relatively constant to
approximately 6 km and decrease rapidly to near zero at approximately 15 km.

The time series of CoHy (Figure is similar to that for CO as a result of their
common sources from combustion, and therefore CoHs is often highly correlated with CO
(Xiao et al.,|2007|and the references therein). Biomass burning is a considerable source of
CsHs, and its long lifetime in the troposphere of approximately 2 months allows for long-
range transport of wildfire emissions to the Arctic. Enhancements of CoHy are observed
in the time series (Figure as a result of the influence of boreal wildfires, along with

simultaneous enhancements of the biomass burning tracers CO, HCN, and CyHg.

3.5 Methanol

CH30H is one of the most abundant non-methane volatile organic gases in the atmosphere
(Jacob et al., [2005)) and is an important precursor for the formation of CO (Duncan et al.,

2007) and HoCO (Millet et al., [2008). Methanol is relatively short-lived with a lifetime
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ranging from several days in the boundary-layer to several weeks on a global scale (Jacob
et al., 2005; Stavrakou et al., [2011)).

The CH30H retrieval strategy followed the method of Rinsland et al| (2007) and
Viatte et al.| (2014). Two wide microwindows were used from 992.00-998.70 cm™! and
1029.00-1037.00 cm~!. Os is the dominant absorption feature in these bands and therefore
O3 is simultaneously retrieved as a profile while all other interfering species are retrieved
as scaled profiles. All a priori profiles are from WACCM v4 and linelist parameters are
from HITRAN 2008.

Due to the large seasonal variability of CH30H, diagonal values of the S, correspond
to a standard deviation of 100% that are scaled by Equation 2.42] allowing for greater
variability of the retrieved profiles at the lower levels. Off-diagonal elements of the
S, matrix were constructed following Equation [2.43] with a correlation width of 4 km
to reduce oscillations in the retrieved profiles. Mean DOFS of ~1 was obtained with
standard deviation of less than 1%.

As a result of the strong absorption features of O3 and the seasonal dependence of
CH30H sources, the CH3OH absorption features are not resolved at the beginning and
end of the measurement season. Retrievals of CH3OH generally do not converge during
these periods, resulting in a shorter measurement season for CH3OH, ranging from April
to September, with the majority of measurements occurring between May and August as
seen in Figure[3.3¢] The retrieved profiles of CH3OH generally increase slightly from the
surface to a peak near 4 km of approximately 1.2 ppbv, before decreasing with altitude
to the troposphere and lower-stratosphere as shown in Figure|3.2¢, The averaging kernel
values and sensitivity (Figure illustrate as similar structure, with a slight increase

above 30 km due to the non-zero a priori and retrieved values in this region.
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3.6 Formaldehyde

Retrievals of HyCO for Eureka were performed as part of the ESA Nitrogen Dioxide and
Formaldehyde for Validation (NIDFORVal) harmonization project for the validation of
TROPOMI. The FTIR retrieval method for HoCO is described in detail by Vigouroux
et al.| (2018)) and summarized here for the Eureka FTIR retrievals. Two narrow microwin-
dows containing strong lines from 2778.15-2779.10 cm™~! and 2780.65-2782.00 cm~! were
selected as used in previous studies (Notholt et al., [1997b; lJones et al., 2009; [Vigouroux
et al., 2009; Paton-Walsh et al., 2010; Viatte et al., 2014]). Two additional microwindows
were included to improve the information content of the retrievals: 2763.42-2764.17 cm ™!
and 2765.65-2766.01 cm™!. Tikhonov regularization was used to constrain the retrieved
profiles of H,CO with a regularization strength « of 25. The interfering species NoO was
retrieved as a scaled profile, while all other interfering species profiles were simultane-
ously retrieved. All a priori profiles are from WACCM v4 and spectral line parameters
are from atm2016, with HoCO lines from HITRAN 2012 (Rothman et al., 2013), which
improved the spectral fits as found by [Vigouroux et al.| (2018).

Retrieved HoCO VMR profiles (Figure show a maximum of 0.12 ppbv, which
decreases upwards through the troposphere. An increase in VMR is observed in the
stratosphere, which follows the shape of the a priori profile. The vertical sensitivity
of the retrieved profiles is greatest from the surface to approximately 31 km, with the
majority of the information content from below 20 km as shown in Figure 3.1, The time
series of HoCO (Figure illustrates a summer maximum, similar to HCN (Figure
, HCOOH (Figure and CH3;0H (Figure as a result of their common

biogenic and biomass burning sources.



CHAPTER 3. EUREKA FTIR RETRIEVALS 56
3.7 Formic Acid

Retrievals of HCOOH were performed following the method of|[Vigouroux et al.| (2012) and
Viatte et al| (2014). The primary microwindow is from 1102.00-1109.000 cm™', which
is a widened version of the single microwindow used by [Vigouroux et al.| (2012) and
Viatte et al.|(2014)). A second microwindow was also used for the Eureka FTIR retrievals
from 1178.40-1178.80 cm~!. The second microwindow does not contain any HCOOH
absorption lines but is used to improve the fitting of HDO in the first microwindow.
A common method of improving the fitting of HoO and its isotopes for retrievals at
humid sites is to pre-fit these features in the measured spectra and to run a second
retrieval to retrieve the target trace gas with the vapour features accounted for. For
Eureka, a generally dry site, water vapour may be difficult to retrieve as a result of
its weak absorption at low concentrations and large seasonal variability. To overcome
this difficulty, HDO is not fitted in the main microwindow 1178.40-1178.80 cm~!. In
the second microwindow, the strong HDO line is fitted to constrain the HDO retrieval.
The HDO VMR profile retrieved in this microwindow is incorporated into the forward
model spectrum and therefore is indirectly fitted in the main microwindow. In other
words, all measurement information for HDO is derived from the second microwindow and
included in the calculated spectrum for the first microwindow through the forward model
calculation. The use of these two microwindows was found to reduce the RMS residual
of the fits in comparison to the single microwindow of |Vigouroux et al.| (2012) and |Viatte
et al.| (2014). Furthermore, the use of the two microwindows was also found to improve
the stability of the retrieval in SFIT4, reducing the number of nonphysical oscillations in
the retrieved VMR profiles and increasing the number of converged retrievals.

As shown in Figure [3.2g] the retrieved HCOOH VMR profiles are much greater than
the WACCM v4 a priori values. As such, the choice of S, was particularly important.
As stated previously, one method to compensate for a small a priori VMR profile is to

increase the values of S,. However, for HCOOH, it was found that the mean DOFS
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remained relatively constant and low (<0.8) even for large values of the S, diagonals
(>200%). A second approach would be to increase the a priori VMR profile by a con-
stant scaling, which would result in increased DOF'S as the a priori profile tends to true
values. To maintain consistency with other NDACC sites retrieving HCOOH including
Thule, Boulder and Jungfraujoch, this approach was not selected. Instead, Tikhonov reg-
ularization was implemented which tends to scale retrieved profiles from a priori values,
thereby eliminating the need to scale the initial a priori VMR profile. The regulariza-
tion strength o was then chosen to maintain a minimum DOFS of ~1 throughout the
measurement season, which corresponded to an optimal a value of 5. The interfering
species O3 is retrieved as a profile with diagonal values of 5% and exponential inter-layer
correlation with a correlation width of 4 km. All other interfering species are scaled from
a priori values.

The mean retrieved DOFS of HCOOH is 1.0 with a standard deviation of 0.2 and
therefore, the profile retrievals of HCOOH are essentially that of a scaled profile retrieval.
The sensitivity (Figure of the retrieval peaks from the surface to approximately 21
km. HCOOH is primarily a tropospheric species, but appreciable amounts are observed
in the lower stratosphere as shown in Figure and the top panel of Figure[3.3g} Local
sources of HCOOH near Eureka are minimal and the seasonal variability of HCOOH at
Eureka is driven by the transport of HCOOH from natural sources including secondary
production from biogenic sources (Stavrakou et al. 2011) and boreal wildfire emissions
(Goode et al.; [2000; Yokelson et al., [1999; R’Honi et al., [2013; [Urbanski, 2013). As a
result, the HCOOH time series at Eureka shows summer maximum in July and August

due to the boreal wildfire influence in addition to the contribution from biogenic sources

as seen in Figure [3.3g



CHAPTER 3. EUREKA FTIR RETRIEVALS 58
3.8 Ammonia

The retrieval strategy for NH; was based on the method of Dammers et al.| (2015). The
two main microwindows of [Dammers et al| (2015) were used: 929.40-931.4 cm™! and
962.10-970.00 cm ™. Due to the low concentrations of NHjz at Eureka, a third microwin-
dow from 950.20-952.2 cm ™! was used to improve the retrieved DOFS. H,0 is the main
interfering species in this microwindow; however, due to the dry conditions of Eureka,
H,O interference was minimal.

The standard NDACC IRWG WACCM v4 a priori profile was not used. Instead, a
modified NH3 a priori profile was developed based on those used by |Dammers et al.| (2015)
which were derived from balloon-based measurements taken near Fairbanks, Alaska (Toon
et al., |1999). This profile was interpolated onto the Eureka FTIR vertical retrieval grid
and scaled to a surface concentration of 1 ppbv. The a priori profile was then scaled down
further and adjusted based on the shape of the retrieved profiles. Iteratively scaling the
a priori profile in this way would result in an increase in DOF'S to approximately 1 as the
a priori approached the expected true state. The final a priori profile is shown in Figure
3.2h| with a corresponding surface concentration of 140 pptv.

At the time of the development of this retrieval, the only reported measurements of
surface-layer NHj in the high Arctic were from in-situ measurements in the Canadian
Archipelago by [Wentworth et al.| (2016) with NH3 concentrations ranging from 40 - 870
pptv, with the upper limit being attributed to nearby seabird colonies. The Eureka NHj
a priori surface concentration falls within this range but is likely greater than the true
concentration due to the isolation from seabird colony NHj sources. However, a slightly
high a priori profile is preferred as background concentrations of NH3 at Eureka are
very low, but the influence of wildfire NH3 plumes could increase NH3 concentrations by
several orders of magnitude.

Since a priori NH3 concentrations at Eureka were unknown, the choice of the S,

was particularly important. For Eureka NHj, the S, was chosen largely as a tuning
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parameter for the retrieval to improve the DOFS and minimize the RMS residuals of
the fitted spectra. Due to the unknown variability of NH3 at Eureka, the diagonals of
the S, matrix were selected corresponding to a standard deviation of 100% and scaled
using Equation [2.42] Off-diagonal elements correspond to the exponential inter-layer
correlation of Equation [2.43] with a correlation width of 100 km. This large correlation
width more strongly constrains the upper layers, while allowing for more variability near
the surface due to the finer spacing of the layers. The interfering species HNO3, H,O and
O3 were retrieved as profiles, while all other interfering species were retrieved as scaled
profiles as was done by Dammers et al.| (2015). Aside from NHj, all other a priori profiles
are from WACCM v4 with linelist parameters from HITRAN 2008 for all species.

The mean retrieved VMR profile of NHj is shown in Figure [3.2h] The retrieved VMR
profiles are generally smaller than those of the a priori profile due to the low ambient
concentrations of NHj3 at Eureka, as shown in Figure m The sensitivity (Figure
shows a peak near 5 km with the greatest sensitivity from the surface to approximately
18 km. Background concentrations are likely due to the contribution of seabird-colony
Wentworth et al.| (2016) and tundra (Croft et al., 2019) NHj3 emissions. Summertime
enhancements of NH; are the result of boreal wildfires as will be discussed further in

Chapters [4 and [f]
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Figure 3.1: Mean sensitivity, total column averaging kernels and VMR averaging kernel

values for CO, HCN, CyHg, CoHy, CH3OH, H,CO, HCOOH and NHs.

The left panel

of each subplot shows the mean sensitivity (red) and total column averaging kernels
(black) taken over all years of measurements (2006-2018). The shaded region indicates
the standard deviation from the mean. The circle markers indicate the layer centers of
the FT-IR vertical retrieval grid. The right panel shows the mean VMR averaging kernels
in VMR/VMR units, where the colour bar indicates the altitude.
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Figure 3.2: Mean retrieved VMR profiles for CO, HCN, CyHg, CoHy, CH30H, HyCO,
HCOOH and NH;. The a priori profile (black) and the mean retrieved profile (red) taken
over all years of measurements (2006-2018) are shown. The circle markers indicate the
layer centers of the FTIR vertical retrieval grid. The shaded region indicates the standard
deviation from the mean.
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3.9 Error Analysis

Error analysis is performed for all retrievals following Rodgers (2000) as described in
Wiacek| (2006) and Lindenmaier| (2012). The forward model errors considered for the
Eureka FTIR retrievals are the solar zenith angle error (S,), spectroscopic line parame-
ter errors (Syine), and errors in the temperature profiles (Siemyp). Interference error (S;,:)
as described by [Rodgers and Connor| (2003) is included and accounts for the uncer-
tainties due the simultaneous retrieval of the interfering species. Retrieval parameter
errors (S,.;) are also taken into account and include the uncertainties due to solar line
shifts, wavenumber shifts, phase error, zero line shifts, background slopes or curvature
of the measured spectra. The finite vertical retrieval grid introduces a smoothing error
(Ssm) which is calculated but not reported as recommended by the NDACC IRWG since
smoothing errors are inherent to remote sensing measurements of this kind, and do not
represent the expected deviation of the retrieved state from the true state (von Clar-
mann, 2014)). Errors are divided into two types: systematic (Ssys) and random (S;,,).
The spectroscopic line parameter errors are considered to be systematic. The temper-
ature uncertainty has both a systematic and random component, while all other errors
are considered to be random. The total systematic and random errors are determined

by adding all components in quadrature.

Table 3.3: Line parameter errors from HITRAN 2008 and atm16 for all species except
CO used in the uncertainty budget for the error analysis of each species retrieval.

Species  Intensity [%] Pressure-broadening [%] Temperature-broadening [%]

HCN 3.5 3.5 7.5
CyHg 4.0 4.0 4.0
CyoH, 15 15 15
CH;OH 15 202 202
H,CO 15 202 202
HCOOH 7.5 202 202
NH; 202 7.5 15

& Assumed value.
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The errors are specified as follows. The solar zenith angle error accounts for the un-
certainty of the line-of-sight of the instrument. The solar tracker is assumed to point
directly at the centre of the Sun throughout the measurement. However, for each mea-
surement, two co-added scans are used each with an approximate 6-minute scan duration.
The solar zenith angle used in the forward model calculation is taken at the time of the
midpoint of the co-added scans. Therefore the solar zenith angle will vary slightly during
the duration of each measurement. The variation of the solar zenith angle between the
start and end of each measurement is approximately 0.06° and therefore this value is used
for the uncertainty. Solar tracking errors are not considered in this calculation as they
are expected to be of much lower magnitude than the variation of the solar zenith angle
over the measurement duration. Spectroscopic line parameters include the line inten-
sity, temperature-broadened half-width and pressure-broadened half-width errors. These
values are obtained directly from the reported uncertainties of the linelists used in the
retrieval and when no uncertainty is specified, a value of 20% is assumed. Line parameter
errors are summarized in Table 3.3 The temperature uncertainties are determined by
comparison of the daily NCEP temperature profiles to Eureka radiosonde measurements.
The average difference is taken as the systematic error and the standard deviation is the
random uncertainty. For altitudes above the maximum altitude of the radiosondes (~30
km), the reported NCEP temperature uncertainties are used. The temperature uncer-
tainties are summarized in Table B.4l The retrieval harmonization for CO also included
the harmonization of the error budget, and the error budget of CO is common amongst

all sites. The uncertainty values used for CO are summarized in Table 3.5
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Table 3.4: Temperature uncertainties used for Eureka FTIR retrievals. For layer centres
at 50.70 km or above, the uncertainties are constant at the values indicated.

Layer Centre [km| Systematic Uncertainty [K] Random Uncertainty [K]

113.00 - 50.70 1.00 9.00
46.68 1.00 7.00
43.19 1.00 7.00
40.17 1.00 7.00
37.56 1.00 6.00
35.29 1.00 6.00
33.30 1.00 5.00
31.53 1.00 5.00
29.92 1.04 1.30
28.40 1.08 1.37
26.94 1.04 1.36
25.52 0.84 1.11
24.13 0.74 0.90
22.77 0.65 0.81
21.45 0.61 0.76
20.17 0.60 0.68
18.93 0.60 0.71
17.72 0.58 0.69
16.54 0.50 0.62
15.40 0.52 0.64
14.30 0.50 0.63
13.24 0.49 0.65
12.21 0.61 0.79
11.21 0.75 1.21
10.25 0.81 1.44
9.33 1.07 1.45
8.45 1.10 1.10
7.61 0.80 1.08
6.80 0.79 0.96
6.03 0.78 0.96
5.30 0.74 0.95
4.61 0.76 0.98
3.95 0.85 1.10
3.33 0.88 1.16
2.75 0.92 1.22
2.21 1.04 1.38
1.70 1.04 1.33
1.24 1.25 1.54

0.81 1.60 1.95
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Table 3.5: Specified error budgets for the harmonized CO error analysis.

Solar zenith angle® Random 0.06°
Systematic 0.001°

Temperature Inter-layer correlation 2 km
Grid -0.024 6 10 13 25 40 120 km
Random 22442361K
Systematic 11122245K

Apodization function Random 5.0 %
Systematic 5.0 %

Field of View Random 0.1 %
Systematic 0.1 %

SZA Random 0.5 %
Systematic 0.1 %

Phase Function Random 0.1 %
Systematic 0.1 %

Curvature Random 0.1 %
Systematic 0.1 %

Zero level shift Random 1.0 %
Systematic 1.0 %

CO line intensity Systematic 2.0 %

H,O line intensity Systematic 15 %

CO line pressure-broadening Systematic 50 %

H-5O line pressure-broadening Systematic 50 %

CO line temperature-broadening  Systematic 5.0 %

H;0 line temperature-broadening Systematic 5.0 %

& SZA uncertainty was modified from the harmonized relative uncertainty to an absolute uncertainty due to
the high SZA of measurements at Eureka.

3.10 Quality Assurance

Quality assurance is a trade-off between maintaining data quality and omitting data, and
is a necessary final step in the data processing to remove erroneous outliers in the dataset.
Filtering data based on column or profile amounts may seem reasonable; however, outliers

in these quantities may occur as a result of natural processes such as episodic emissions
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from biomass burning events. Instead, it is preferable to use diagnostic quantities that are
indicative of the validity of the spectral fit. The RMS residual of the fit is indicative of the
goodness-of-fit for the fitted microwindows. Larger RMS values are often associated with
poor quality spectra with low SNR. Additionally, greater RMS residual values may also
indicate problematic fits such as the interfering species not being adequately accounted
for in the retrieval. Another diagnostic quantity is the retrieved DOFS of the target
species. Typically, DOFS are inversely related to the RMS residual, with greater DOFS
obtained for low RMS residuals. Additionally, DOFS and RMS have opposing seasonal
cycles, with greatest DOFS occurring at the beginning and end of the year due to the
longer slant paths through the atmosphere. In contrast, RMS residuals have lower values
as a result of the lower SNR and greater contribution of the interfering species during
these periods.

The quality assurance is performed based on the method of [Sussmann et al.| (2011)
in which the RMS/DOFS ratio is used as the filtering criteria. For the reasons stated
above, the RMS/DOFS ratio should remain constant throughout the year. Poor quality
spectra would result in larger RMS values and smaller DOFS, therefore resulting in larger
RMS/DOFS values. The value of the RMS/DOFS threshold is determined by a trade-off
curve of the number of measurements filtered as described by Sussmann et al.| (2011)).

The values selected for these species are summarized in Table |3.6|

Table 3.6: RMS/DOFS thresholds for quality assurance of Eureka FTIR retrievals.

Species ~ RMS/DOFS Threshold

CO 2.5
HCN 0.22
CoHg 15
CyoH, 2.0
CH;OH 5.0
HCOOH 4.0

NH; 3.5




Chapter 4

The 2014 Northwest Territories

Wildfires

4.1 Introduction

This chapter summarizes the results of a case study of the 2014 Northwest Territories
wildfires with a focus on the first long-term measurements (2006-2014) of NHj in the
high Arctic using the ground-based Eureka FTIR. The results of this study have been
published as: Long-range transport of NH3, CO, HCN and CyHg from the 2014 Canadian
Wildfires, Geophys. Res. Lett., 2016 (Lutsch et al.| 2016)).

Two FTIR instruments at Eureka, Nunavut and Toronto, Ontario were used to detect
transported NHjs emissions from the 2014 Northwest Territories fires. The location of the
fire source near Great Slave Lake (61.67°N, 114.00°W) is approximately 2300 km and
3100 km from Eureka and Toronto, respectively. NH3 was measured at both sites, with
detection of total column enhancements 2-5 times the background during the burning
period. Simultaneous enhancements of CO, HCN and Cy;Hg on the order of 1.5-2 times
the background were also observed, providing further indication of long-range transport

of fire emissions. The spatial separation between sites and differences in travel times
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of the smoke plume also allowed for an NHj lifetime of approximately 48 hours to be
estimated. The enhancements at Eureka confirm the possibility of long-range transport
of NH3 and suggest that boreal fires may be a significant episodic source of NH3 in the
summertime Arctic.

The FTIR retrievals of CO, HCN, CoHg and NHj3 from Eureka FTIR measurements
were described in detail in Chapter[3] An analogous method was adapted for retrievals of
NH; from solar-absorption spectra measured using the University of Toronto Atmospheric
Observatory (TAO) ABB Bomem DAS in Toronto. Toronto NHj retrievals are also
published in |[Dammers et al.| (2016|) and [Dammers et al. (2017)). Retrievals of CO, HCN
and CyHg are standard NDACC FTIR products and therefore the Toronto retrievals
were performed following the standard NDACC IRWG guidelines and recommendations
as discussed in Chapter

4.2 Results & Discussion

4.2.1 FTIR Time Series

The total column time series for CO, HCN, CyHg and NH3 at Eureka and Toronto are
shown in Figure . All years (2006-2014 for Eureka and 2002-2014 for Toronto) are
shown in grey, while 2014 measurements are highlighted in red for Eureka and blue
for Toronto. The maximum monthly-mean CO total columns are observed in March at
Eureka (2.07x 10 molec cm~2) and April at Toronto (2.41x10'® molec cm~2). Minimum
monthly-mean total columns are observed in September at Eureka (1.59x10'® molec
cm~?) and Toronto (1.85x10'® molec cm™2). The main sources of CO are fossil-fuel
combustion and oxidation of volatile organic compounds (VOCs) and CHy, as well as
biomass burning emissions (Holloway et al., 2000). The primary sink of CO is oxidation
by hydroxyl (OH), which contributes to the seasonal cycle of CO at both sites. Larger

total columns of CO are observed for Toronto due to nearby anthropogenic sources.
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Transport of CO from mid-latitudes also contributes to the seasonal cycle at Eureka,
while transported biomass burning emissions are observed in the summer months.

Maximum monthly mean total columns of HCN are observed in August at Eureka
(6.80x 10" molec cm™2) and July at Toronto (6.79x10' molec cm™2). Since HCN is
relatively inactive, it serves as a good tracer of biomass burning (Rinsland et al., [2001)).
Additional sources are the result of emissions from plants, bacteria and fungi due to
increased vegetative activity in the springtime (Cicerone and Zellner, [1983)). The lifetime
of HCN in the troposphere is approximately 5 months (Li et al., 2003), with main sinks
due to OH and O('D) reaction (Cicerone and Zellner} [1983) and ocean uptake (Li et al.,
2003)). Large variability of HCN is observed in the summer months at Eureka corre-
sponding to the boreal fire season from May-August (Macias Fauria and Johnson, 2008]).
Particularly large fire events in Russia during July 2008 and August 2010 are observed in
the time series (Viatte et al. 2013] |2015)) in addition to the 2014 Northwest Territories
fires.

The sources of CoHg are natural gas and fossil fuel emissions (Singh and Zimmerman),
1992) in addition to biomass burning, while its main sink is reaction with OH. The
seasonal cycle of CoHg is similar to that of CO due to their common sources and sinks.
Maximum monthly-mean total columns are observed in March at Eureka (2.67x10%°
molec cm™2) and February at Toronto (2.97x10'® molec cm™2) with minima in August
at Eureka (1.2x10' molec cm~2) and Toronto (1.49x10'® molec cm~2). Both CO and
CyHg have relatively long atmospheric lifetimes at 52 days (Daniel and Solomon, [1998)
and 80 days (Xiao et al., [2008), respectively.

The time series of NH3 at Eureka and Toronto show maximum monthly-mean total
columns in the summer months (2.79x10'* molec ecm™2 in July at Eureka 9.80x 10
molec cm™2 in May at Toronto) as a result of its biogenic sources, biomass burning and
agricultural emissions. The lower abundance of NH3 at Eureka is due to its isolation

from nearby sources. However, as discussed previously in Chapter |1} seabird colonies



CHAPTER 4. THE 2014 NWT WILDFIRES 73

5lel8 Eureka 5 lel8 Toronto
Cco . co
Tgl = .
£4 £4
o) o)
S P g
Q@ Q@ .
o 3t o3 °
E E
c | =
€ €
3 2 32
o o
o o
= =
'g 1t '2 1 .
?an FebMar AprMay Jun Jul Aug Sep Oct NovDec ?an FebMar AprMay Jun Jul Aug Sep Oct NovDec
2.0lel6 2.0lel6
e
HCN o C HCN
E 15} E1s °
o o
(7] (7
° ° o ©
E £ .
c 1.0¢ c 1.0 o
€ €
=) =)
S S
o o
T 05 T 05
(e} (e}
[ [
0.5) O.j)
an FebMar AprMay Jun Jul Aug Sep Oct NovDec an FebMar AprMay Jun Jul Aug Sep Oct NovDec
51el6 51el6
CoHg
NE 4l NE 4
o) O
o o
Q@ Q<
o 3| S 3
E E
c c
5o 5,
o o
o O
= =
'g 1t 'g 1
?an FebMar AprMay Jun Jul Aug Sep Oct NovDec ?an FebMar AprMay Jun Jul Aug Sep Oct NovDec
2.0leld 2.0lel6
e
NH; NH;
€15} E1s
o o
(7] [
° °
E . E
- 1.0t . c 1.0
€ Q €
= . L =
o .8 [}
(8] % O
®© 0.5} PR ©05
o L o
[ [
0. R AP Kot b 0.0l fa L) . ® IR
?an FebMar AprMay Jun Jul Aug Sep Oct NovDec ?an FebMar AprMay Jun Jul Aug Sep Oct NovDec

Figure 4.1: Total column time series of CO, HCN, CyHg and NHj for Eureka (left,
2006-2014) and Toronto (right, 2002-2014). All years are shown in grey, while 2014 is
highlighted. The grey vertical bar indicates periods of fire-affected measurements in 2014
(25 July to 22 August for Eureka and 11 July to 13 August for Toronto). The black line
represents a polynomial fit to the data for all years.
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are a considerable source of NHj in the Arctic (Wentworth et al., 2016)). For both sites,
NHj is highly variable due to its short lifetime and its emissions being rather episodic in
nature. For both Eureka and Toronto, large enhancements of NH3 are observed in July

and August 2014 due to boreal wildfires in the Northwest Territories as shown in Section

4.2.21

4.2.2 Source Attribution

Enhancements in the time series of each species were first identified by measurements
with a total column greater than a 30 standard deviation from the monthly mean from
all measurements including enhancements, taken over all years. By this criterion, three
main enhancements were found for each site in July and August 2014. The first initial
detection for Eureka occurred on 25 July 2014 (14:40 UTC) which corresponds to the
maximum CO total column measured on that day. Two later enhancements were also
detected at Eureka on 7 August 2014 (17:20 UTC) and 19 August 2014 (19:15 UTC).
Similarly, the initial enhancement at Toronto was found to have occurred on 11 July 2014
(14:09 UTC) with two later maxima on 18 July 2014 (19:05 UTC) and 7 August 2014
(17:20 UTC).

To determine the source of the observed enhancements, the FLEXPART (Stohl et al.,
2005) Lagrangian dispersion model was used. Backward-dispersion runs were initialized
by releasing an ensemble of 60,000 air-tracer particles over a 6 hr period about the
observed peak enhancement for CO. The particles were released from the surface to an
altitude of 10 km over a 3° x 3° box centered on each site. This box was selected to
capture the full spatial extent of the plume which may cover a large area around each
site. The model was run backwards in time for 7 days driven by meteorological data
from the NCEP Climate Forecast System (CFS V2) 6-hr product (Saha et al., 2011).
The FLEXPART model was run for each of the three peak enhancements observed at

both sites.
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The sensitivity of the measurement to various source regions is proportional to the res-
idence time of the air-tracer particles. The FLEXPART sensitivities are shown in Figure
for both sites. The Moderate Resolution Imaging Spectroradiometer (MODIS) Ac-
tive Fire data (Giglio et al., 2006)) provide the locations of active fires as shown in Figure
[1.2] The FIRMS (Fire Resource Management System, https://earthdata.nasa.gov/earth-
observation-data/near-real-time/firms/active-fire-data) fire product was used, where the
plotted points correspond to fire detections with a confidence ratio of 0.75 or greater. For
all FLEXPART backward runs, sensitivity to the Northwest Territories fires is observed.
The initial enhancements on 25 July 2014 for Eureka and 11 July 2014 for Toronto show
the least sensitivity to these fires, while the greatest sensitivity is observed in the 7 August
2014 FLEXPART runs for both sites, which is consistent with the largest enhancements

observed at that time.

4.2.3 Trace Gas Correlations

The enhancement ratio (EnhR) is used to quantify emissions from biomass burning events
for periods of fire-affected measurements. Fire-affected measurements were first classi-
fied as those with total column amounts greater than a lo standard deviation from
the monthly-mean over all years. The 1o standard deviation was used to capture all
fire-affected measurements in addition to the peak enhancements detected with the 3o
standard deviation described in Section[4.2.2] Since each species was retrieved in a differ-
ent spectral region measured using optical filters, the enhancement ratio was limited to
measurements occurring within 1 hr of a CO measurement, where each CO measurement
was only used once in the correlation. The correlations of HCN, C;Hg and NH3 with
CO for Eureka and Toronto are shown in Figure |4.3] The coloured points represent fire-
affected measurements from 25 July to 22 August 2014 for Eureka (red) and 11 July to

13 August 2014 for Toronto (blue). For CoHg, there is a linear trend for all measurements
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Figure 4.2: FLEXPART backward dispersion runs showing the total column sensitivity.
MODIS fire hotspots are shown in red for 7 days prior to the release time. Particle
release times for each panel correspond to the main CO enhancements observed at each
site. Each panel represents a single FLEXPART model run, run backwards in time for 7
days starting at the initial particle release.
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as a result of the similar seasonal cycles of CO and CoHg. No trend is observed for HCN
and NH3 with CO due to their differing seasonal cycles.

The unified least-squares procedure of [York et al.| (2004), which accounts for errors
in both the ordinal and abscissa coordinates, was used to determine a linear regression
for the fire-affected measurements. The result of the linear regression is shown as the
dashed line in Figure [4.3] the slope of which is the enhancement ratio of the target
species. The uncertainty of the enhancement ratio is the standard error of the slope
given by [York et al. (2004). There is generally a good correlation with CO for HCN and
CsoHg with correlation coefficients ranging from 0.70 to 0.93. For NHj, the correlation
coefficient is 0.70 for Eureka and 0.45 for Toronto. The lower correlation for Toronto
NH3 measurements is likely due to the variability of the total column amounts of NHjy
due to nearby agricultural and anthropogenic sources.

Since measurements are made at a distance from the fire source, the measured smoke
plumes have experienced aging, resulting in some loss of each species. Aging of the plume
is accounted for by calculation of the emission ratio (ER) at the fire source assuming a

first-order loss of each species. The emission ratio is defined by:

= ()
ERx = EnhRy - ———%,
ex (%)

where 7y is the lifetime of the species and ¢ is the travel-time. Lifetimes for CO, HCN

(4.1)

and CyHg were chosen to be 30, 75 and 45 days respectively following [Viatte et al.| (2015]),
which were determined by model comparisons to FTIR measurements. The travel times
to each site were determined by HYbrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT, |Stein et al., 2015 |[Rolph, 2016 back-trajectories. For each of the three
peak CO enhancements at each site described in Section [4.2.2] the HYSPLIT model was
run backwards in time for 10 days. For each HYSPLIT model run, three trajectory

altitudes between 3-10 km were used. The start time of each model run was adjusted to
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Figure 4.3: Enhancement ratios for HCN, CoHg and NHj for fire-affected measurements
(25 July - 22 August 2014 for Eureka in red and 11 July - 13 August for Toronto in
blue). The grey points represent all other measurements from 2006-2014 for Eureka
and 2002-2014 for Toronto. The correlation coefficient r, linear equation of the fit, and
number of fire-affected measurements are shown. Error bars correspond to the retrieval
uncertainties for the respective species.
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within 2 hr of the observed peak CO enhancement while the trajectory altitudes were
also adjusted in order to provide back-trajectories that were consistent with the fire
source regions identified by the FLEXPART model runs and MODIS fire data. From
the three HYSPLIT model runs for each site, an average travel time was found to be 6
days for Eureka and 3 days for Toronto, with a standard deviation of 2 days and 1 day
for Eureka and Toronto, respectively. The average travel times and standard deviation
were determined from the three HYSPLIT runs over the three trajectory altitudes. The
emission ratios were calculated using these travel times and are shown in Table [4.1]

Because the travel time is dependent on the meteorological conditions along the tra-
jectory of the smoke plume, it is difficult to account for variations in the travel time
during the period of fire-affected measurements. For the long-lived species CO, HCN
and CsyHg, the variability of the travel times is small compared to the lifetime of each
species. It was found that the variability in the emission ratios for HCN and CyHg due
to the estimated variability of the travel times was within the uncertainties due to the
enhancement ratios. For NHj, the assumed lifetimes vary from 12-48 hr and are compa-
rable to the estimated travel times. Assuming this range of NHj lifetimes, the emission
ratios were found to vary over several orders of magnitude for a single travel time. The
variability of the emission ratio due to the estimated variability of the travel times for a
single NHj lifetime was within this range. It was therefore concluded that the lifetime
of NH3 was the dominant source of uncertainty on the emission ratio. For these reasons,
we have chosen the enhancement ratio uncertainty as the predominant uncertainty in the
calculation of the emission ratio for all species.

For HCN, the emission ratios differ between Eureka (0.0037 + 0.0005) and Toronto
(0.0072 £ 0.0003), with a relative difference of approximately 82%, while a relative
difference of 7% is found for the emission ratios of CoHg at Eureka (0.0109 £ 0.0004)
and Toronto (0.0101 + 0.0005). The large difference in the HCN emission ratios suggests

additional sources of HCN were present for Toronto. This is evident in the FLEXPART
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sensitivities of Figure For each FLEXPART run for Toronto, considerable sensitivity
to Northern Ontario and the Great Lakes region of Canada and the United States was
observed. In addition, the emission ratios of HCN are an order of magnitude lower than
those of CoHg and the influence of additional sources is likely amplified.

Since NHj is short-lived, plume aging has a significant effect on the measured en-
hancement ratio. To determine the emission ratios, four lifetimes for NH3 were chosen:
12, 24, 36 and 48 hrs. The 12, 24 and 36 hr lifetimes were chosen following [Whitburn
et al. (2015)) from Dentener and Crutzen| (1994), Aneja et al. (2001), and |R’'Honi et al.
(2013) respectively. The 12 hr and 24 hr NHj lifetimes yielded large emission ratios
(~10-100) and differed by an order of magnitude between sites. For this reason, these
lifetimes were omitted from further analysis and it was inferred that the NHj lifetime
must be considerably longer. Agreement was found assuming a 36 hr lifetime with emis-
sion ratios of 0.0471 4+ 0.0039 and 0.0311 + 0.0029 for Eureka and Toronto respectively.
The best agreement was found assuming a 48 hr lifetime, which yielded emission ratios
of 0.0173 + 0.0014 and 0.0189 + 0.0018 for Eureka and Toronto respectively.

The assumption of a 48 hr NHj lifetime is supported by comparison of the emission
ratios to previously published values. Emission ratios for NH3 of 0.0130 4+ 0.0050 and
0.0158 were reported by Nance et al.| (1993)) and |Goode et al.| (2000), obtained from
aircraft-based measurements of emissions from Canadian and Alaskan fires. The NHj
emission ratio determined from TES observations of Canadian and Alaskan fires was
0.0100 £ 0.0050 (Alvarado et al., |2011). Using observations of the 2010 Russian fires
from TASI, |R’Honi et al.|(2013) reported average NH3 emission ratios ranging from 0.010
to 0.052. Our emission ratios are slightly larger than the values from aircraft and TES
observations but agree with the lower limit from R’Honi et al. (2013). Since the 2010
Russian fires included peatland burning (Konovalov et al., 2011)) in addition to boreal
forest, the larger NH3 emission ratios from R’Honi et al.| (2013) are likely due to peatland

burning.
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The good agreement of the emission ratios of NH3 between both sites and previous
literature values assuming a 48 hr lifetime suggests that the NHjy lifetime is enhanced
within a smoke plume. Bi-directional exchange of NH; between the atmosphere and the
surface has been noted to increase NH; atmospheric concentrations and lifetimes (Zhu
et al., 2015). However, the effects of bi-directional exchange are limited to the boundary
layer and are of a different order of magnitude compared to the column enhancements
due to transported biomass burning plumes. NH3 may react rapidly with acidic gases
to form ammonium particles (Hertel et al., 2012), which could then be transported over
large distances with lifetimes of 1-15 days (Karlsson et al., 2013)), therefore extending the
spatial extent over which ammonia may be deposited. However, the abundance of other
reactive trace gases and pre-existing aerosol loads in a fire plume remain poorly known.
It is possible that aerosol-gas exchange of NH; may extend the lifetime and long-range
transport of NHj in a fire plume, although the magnitude of these effects are highly

uncertain.

4.2.4 Emission Factors

Trace gas emissions from biomass burning are characterized by the emission factor. The

emission factor is defined by (Andreae and Merlet| 2001):

MWx
MW o

EFyx = ERx - ( ) -EFco, (4.2)

where MW is the molecular weight. To convert our emission ratios to equivalent emission
factors, the emission factor of CO from Akagi et al. (2011) was used, which is based
on a compilation of studies for boreal forest fuel types. Both |Akagi et al.| (2011) and
Andreae and Merlet| (2001)) report emission factors for HCN, CoHg and NHj that can be
compared to our calculated values (see Table . The values reported in |Andreae and

Merlet, (2001)) correspond to an extratropical fuel type that is a combination of boreal and
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temperate forests. Literature values for emission ratios and emission factors for boreal
forests derived from ground-based, aircraft and satellite platforms are also included in

Table (.11

The emission factor for CO of 127 + 45 g kg™! from |Akagi et al| (2011) was used

here to convert our calculated emission ratios to emission factors. As a result, differences

in emission factors between sites are due to the same differences in the emission ratios

discussed in Section [4.2.3] For HCN, our emission factor for Eureka (0.40 & 0.13 g kg™!)

is smaller than the compilation studies (Akagi et al. (2011) and Andreae and Merlet|

(2001)) and the aircraft based studies (Goode et al.| (2000) and [Simpson et al. (2011))

but agrees within the combined uncertainties with the ground-based (Viatte et al., 2015)

and satellite (Rinsland et al., 2007)) studies. Similarly, our emission factor for CoHg and

those determined by ground-based (Viatte et al.,|2015) and satellite platforms (Rinsland

et al 2007) are generally larger than those from aircraft studies (Nance et all 1993/ and

\Goode et al., 2000)). For NH3 with a lifetime of 48 hrs, our emission factors agree within

the uncertainties with the compilation studies (Andreae and Merlet| (2001) and
(2011)), but are larger than the aircraft-based studies of Nance et al. (1993) and

\Goode et al|(2000). These differences are likely to be the result of lower emission factors

of CO reported by Nance et al. (1993) and |Goode et al.| (2000) since the emission ratios

of NH3 were found to agree as stated in Section [.2.3]

4.3 Conclusions

The first long-term measurements of NH3 in the Canadian Arctic have been presented
here. Total columns of CO, HCN, CyHg and NH3 were measured by ground-based FTIR
spectrometers at Eureka, Nunavut and Toronto, Ontario. Emission ratios for HCN, CyHg
and NHj with respect to CO were determined for both sites. The observed NH3 enhance-

ments at Eureka indicate that the 2014 Northwest Territories fires were a considerable
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episodic source of NHj to the Canadian Arctic. Simultaneous enhancements of CO, HCN
and CoHg at Eureka, along with FLEXPART sensitivity runs, provided confirmation that
the detected NH3 enhancements originated from the Northwest Territories fires. Detec-
tion of simultaneous enhancements of all species at Toronto further demonstrated the
long-range transport of NHj3 emissions from these fires. The consistency of the emission
ratios for HCN, CyHg and NHj with respect to CO between the two sites and compared
to literature values, particularly for NHs with a estimated lifetime of 48 hrs, provides

further confidence in these observations.



Chapter 5

The 2017 British Columbia and

Northwest Territories Wildfires

5.1 Introduction

This chapter summarizes the results of a case study of the 2017 British Columbia and
Northwest Territories wildfires. The work presented is published as: Unprecedented
ammonia concentrations detected in the high Arctic from the 2017 Canadian wildfires,
J. Geophys. Res.: Atmos., 2019 (Lutsch et al.| 2019).

In this chapter, we examine two separate wildfire events in British Columbia (BC)
and the Northwest Territories (NWT) of Canada in August 2017. We aim to quantify
the influence of transported NH3 emissions from these events to the Arctic with the use
of FTIR measurements at two high-Arctic sites: Eureka, Nunavut, and Thule, Green-
land. The simultaneous influence of the BC and NWT wildfires resulted in the greatest
observed enhancements of NHj in the decade-long time series at both Eureka (2006-2017)
and Thule (1999-2017). The exceptional magnitude of these enhancements was due to
the intensity of both the BC and NWT wildfires, which resulted in volcano-like injection

of smoke throughout the troposphere and lower stratosphere (Khaykin et al., 2018} |Pe-

39
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terson et al., 2018). The record-setting magnitude of the 2017 BC wildfires, with over
1.2 million ha burned (BC Wildfire Service, 2017), was the result of persistent warm
temperatures and increased wildfire risk made substantially greater by anthropogenic
climate change (Kirchmeier-Young et al., [2019). Given the extreme magnitude of this
event, these wildfires present an opportunity to investigate the influence of wildfire NHj
emissions on the Canadian high Arctic. The exceptional magnitude of transported NHj
emissions from the 2017 BC and NW'T wildfires may serve as a harbinger of future events

as wildfire frequency and intensity are expected to increase in the future (Flannigan et al.|

2009; Wotton et all 2010; Boulanger et al.l 2014; Wotton et al., 2017)).

5.2 Methods

5.2.1 FTIR Retrievals

Full details of the Eureka FTIR retrievals are given in Chapter [3|and are summarized here.
For Eureka and Thule, retrievals of CO, HCN and CyHg are performed following NDACC
IRWG recommendations. For both sites, retrievals of NH3 were performed following the
procedure presented in Chapter [3]

For all retrievals, a full error analysis was performed following Rodgers (2000). The
retrieval uncertainties include forward model parameter error and measurement noise
error. Adding these in quadrature, average uncertainties for the retrieved total columns
of CO, HCN, CyHg and NHj are 5.4%, 4.6%, 4.2%, and 30.2%, respectively, for Eureka
and 2.6%, 6.9%, 1.6%, and 12.5%, respectively, for Thule. The average DOFS for CO,
HCN, CyHg and NHj3 are 2.0, 2.4, 1.7, and 1.0, respectively, for Eureka and 3.0, 3.5, 1.7,
and 1.1, respectively, for Thule. For CO, HCN and CyHg, the total column averaging
kernels show peak values in the upper troposphere at both sites, whereas the total column
averaging kernels of NH3 peak near the surface and decrease upwards to 5 km. The shape

of the total column averaging kernel profiles is due to the vertical distribution of the
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species, which follows a similar structure to the a priori profile. The minimum retrieved

total columns of NHj are on the order of ~10' molec cm™2

in clear-sky conditions, which
corresponds to NHj surface concentrations of ~0.1-0.3 ppbv. The surface concentration
is estimated as the retrieved volume mixing ratio of the lowest level in the FTIR retrieval

grid. The ambient concentrations of CO, HCN, and CyHg exceed the detection limits of

the FTIR instrument under normal clear-sky conditions.

5.2.2 TASI Observations

We use CO and NHj total column abundances retrieved from observations by the TASI in-
strument on board the Metop-A satellite. The satellite has a polar sun-synchronous orbit
providing twice daily global coverage at 9:30 local time and 21:30 local time overpasses.
The instrument has a scan swath width of approximately 2200 km and observations have
a circular footprint of approximately 12 km in diameter at nadir (Clerbaux et al., 2009)).
We used the most recent CO and NHj3 data products (http://iasi.aeris-data.fr/).
For CO, the FORLI-CO product (Hurtmans et al., |2012) was used, which has been vali-
dated against ground-based FTIR measurements and found to show good agreement with
no significant bias (Kerzenmacher et al., [2012). For NHj3, we use the latest ANNI-NH;-
v2.1 product (Van Damme et al., 2017). The current ANNI-NH3-v2.1 version has not
yet been compared to FTIR measurements, although the previous version, vl (Whitburn
et al., 2016), was validated using ground-based FTIR observations by Dammers et al.
(2016, 2017). TASI has been found to underestimate NHj total columns by an average
of ~32% in comparison to FTIR observations. Greater underestimation (>50%) was
observed for FTIR sites with low NH;z total columns (<5x10 molec cm™2), and TASI
showed better agreement (~22%) for FTIR sites with greater local NHj total columns.
The underestimation of TASI is the result of the dependence of the retrieval on the NHj
concentration and the thermal contrast at the surface. For instance, [Van Damme et al.

(2014, |2015a)) estimated a detection limit of 9.68x10'® molec cm™2 for a thermal contrast
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of 20 K, while a thermal contrast of 10 K corresponds to a detection limit of 1.69x10'0
molec cm~2. An approximate 3 ppbv surface-layer NHs concentration was estimated as
an average detection limit of IASI, although in an NH3 plume with well-mixed concen-
trations in a thick boundary layer, the detection limit could be as low as 1 ppbv at the

surface with sufficient thermal contrast (Clarisse et al., 2010)).

5.2.3 GEOS-Chem Chemical Transport Model

The GEOS-Chem CTM (www.geos-chem.org), version v11.01, was used at a horizontal
resolution of 2° x 2.5° with 47 vertical hybrid levels from the surface to 0.01 hPa in alti-
tude. The model is driven with assimilated meteorological fields from the Goddard Earth
Observing System version 5.11.0 (GEOS-FP) from the NASA Global Model and Assimi-
lation Office (GMAO). For each simulation, an eight-month model spin-up was performed
from 1 January to 1 August 2017. Transport and chemical operator time steps of 10 min
and 20 min, respectively, were chosen to minimize simulation errors (Philip et al., 2016]).
Global anthropogenic emissions are provided by the Emissions for Database for Global
Atmospheric Research (EDGARv4.3.1; [Janssens-Maenhout et al.| (2013)) emissions in-
ventory. Global anthropogenic and natural NH3 emissions are provided by Bouwman
et al| (1997). Biomass burning emissions from the Global Fire Assimilation System
(GFASv1.2; Kaiser et al. (2012))) are used. GFAS provides global emissions for open
fires on a 0.1°x0.1° grid at 3-hourly resolution, which are derived from assimilation of
fire radiative power (FRP) observations of the Moderate Resolution Imaging Spectro-
radiometer (MODIS) on the Aqua and Terra satellites. The use of the GFAS emission
inventory was chosen based on the availability of emissions for the 2017 period compared
to the Global Fire Emission Database (GFEDv4), and the better representation of boreal
North American emissions in comparison to the Fire Inventory from NCAR (FINNv1.0)
(Shi et al., 2015)). Seabird-colony NH3 emissions based on [Riddick et al.| (2012)) were also

included to investigate the contribution of seabird-colony NHj emissions in the Arctic.
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Emissions were considered for seabird colonies located north of 50°N following |Wentworth
et al. (2016) and |Croft et al. (2016b)).

Surface emissions in GEOS-Chem v11.01, including biomass burning emissions, are
released within the boundary layer, and boundary layer mixing is implemented using the
non-local mixing scheme of |Holtslag and Boville| (1993)). Simulated aerosol species include
sulfate-nitrate-ammonium (Park et al., |2004, [2006), with the sulfate-nitrate-ammonium
chemistry based on the ISORROPIA II thermodynamic model (Fountoukis and Nenes,
2007)), which partitions ammonia and nitric acid between the gas and aerosol phases. Dry
deposition in GEOS-Chem is implemented following a standard resistance in series scheme
(Wesely, 1989), with surface resistances for sulfate, nitrate and ammonium aerosols as
described by [Zhang et al. (2001). Wet removal takes place in large-scale clouds and

convective updrafts (Liu et al., 2001)).

5.3 Results & Discussion

5.3.1 FTIR Time Series

The time series of CO, HCN, CyHg and NHj total columns for Eureka and Thule are
shown in Figure 5.1l For CO and CyHg, similar seasonal cycles, with a maximum in
February and March and a minimum in the summer months, July and August, are
observed as a result of the common anthropogenic source of these species from fossil fuel
combustion and their main sink due to reaction with OH (Stein and Rudolph, [2007; Xiao
et al., 2008]). During the polar night, OH formation ceases and transport of pollutants
from mid-latitude regions (Klonecki, |2003; Stohl et al., |2006; Shindell et al., 2008]) allows
CO and CyHg to accumulate in the Arctic atmosphere. Decreasing total columns are
observed throughout the spring and summer as a result of increased loss due to the

production of OH during the sunlit season. Average lifetimes of CO and CyHg are
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approximately 2 months (Singh and Zimmerman, 1992) and 3 months (Xiao et al., 2008)
respectively, making them suitable tracers of long-range transport.

The seasonal cycles of HCN and NHj3 are opposite in phase to those of CO and CyHg
as result of their different sources. The primary source of HCN is biomass burning, but
plant and fungal emissions also represent considerable sources (Li et al., [2003). Due to
its long atmospheric lifetime of ~2-4 months (Li et al.| |2000), HCN tends to accumulate
in the atmosphere. Its main loss is a result of dry deposition to the ocean (Li et al.|
2003) and reaction with OH and O*(D) (Cicerone and Zellner| [1983)). For NHj, the main
source in the Arctic is from the hydrolysis of migratory seabird-colony guano (Blackall
et al.l 2007; |[Riddick et al., 2012; [Wentworth et al. 2016)), while wildfires may present a
considerable episodic source as shown in Chapter[dl As a result, the seasonal cycle of NH;
shows a summer maximum at both sites, due to the presence of migratory seabirds and
the influence of tundra and wildfire NH3 emissions. However, the relative contributions
of these sources have not yet been quantified on a multi-year time scale.

For the long-lived species CO, HCN and CyHg, the seasonal amplitudes are similar
between Eureka and Thule as these species are well mixed in the troposphere. For NHjy,
the mean total columns in the peak summer months are over a factor of two greater at
Thule than Eureka. Due to the short lifetime of gas-phase NHjs, on the order of a few
hours to a day, the transport of NH3 surface emissions to the free troposphere is limited
(Adams et al., 2019)). The Eureka FTIR is located at an altitude of 610 m a.s.l., whereas
the Thule instrument is at 210 m a.s.l., and consequently the Thule measurements are
more sensitive to the influence of surface emissions. Additionally, large seabird colonies
have been identified on the western coast of Greenland (Circumpolar Seabird Data Portal,
2018)) and would likely contribute to the greater NH3 total columns at Thule.

For CO, HCN, and CyHg, enhanced total columns are periodically observed in May
to September at Fureka and Thule, corresponding to the boreal wildfire season (Ma-

cias Fauria and Johnson| 2008). While enhancements of CO, HCN, and CsHg due to
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Figure 5.1: Total column time series of CO, HCN, CyHg, and NHj for Eureka (left, 2006-

2017) and Thule (right, 1999-2017). The colored points indicate measurements taken

in 2017, while all other years are shown in grey. The black line indicates a third-order

polynomial fit to all measurements.
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wildfire emissions are observed annually (Viatte et al. 2015), the only clear case of NHj
wildfire emissions in the past was observed in July to August 2014 from the NWT wild-
fires as was presented in Chapter [l However, this does not take into account possible
missed events due to instrument downtime or non-clear sky conditions preventing mea-
surements. For all species, the 2017 Canadian wildfires in BC and NWT resulted in the
greatest observed enhancements in the entire time series at both sites, which were on the
order of 2-5 times their ambient concentrations. The source attributions for the observed
enhancements due to wildfire emissions for the 2017 events are discussed in the following

section.

5.3.2 Source Attribution

The FLEXPART (Stohl et al., 2005) Lagrangian transport model is used to diagnose
the sensitivity of FTIR measurements to source regions. Enhancements in the measured
FTIR total columns are first identified by CO total columns that are a standard deviation
of 1o greater than the monthly mean taken over all years of measurements at each site.
The identified CO enhancements then define the period of fire-affected measurements.
The days of fire-affected measurements are 17, 19, 20, and 21 August 2017 for Eureka
and 19, 20, 21, and 22 August 2017 for Thule. It should be noted that non-clear sky
conditions prevented measurements on 18 August at Eureka and for several days after
21 and 22 August for Eureka and Thule, respectively. For each day of fire-affected mea-
surements, FLEXPART simulations are initialized for every hour of measurements. The
FLEXPART model was run backwards in time for 7 days, driven by meteorological data
from the NCEP Climate CFS V2 6-hr product (Saha et al., 2011). For each FLEXPART
simulation, an ensemble of 1000 air-tracer particles was released over a 1-hr period from
the surface to an altitude of 10 km. This vertical region was chosen in order to capture

the likely altitude of the plume and the range where the CO total column measurement
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sensitivity is the greatest (total column averaging kernels at both sites show values near
1).

The sensitivity of the measurements to various source regions, or the so-called poten-
tial emission sensitivity (PES, in units of seconds), is proportional to the residence time
of the air-tracer particles. For each FLEXPART simulation, the sensitivity is considered

for the following three cases:

(a) Residence time at the surface for all particles released in the tropospheric column

(0-10 km);

(b) Residence time at the surface for particles released in the lower-tropospheric column

(0-5 km);

(c) Residence time at the 5-km altitude surface for particles released in the upper-

tropospheric column (5-10 km).

For (a), all particles released from the 0-10 km altitude range are considered and the
residence time at the surface is given, therefore representing the tropospheric column sen-
sitivity to surface emissions. For (b), the residence time at the surface of particles released
in the lower troposphere (0-5 km) is considered and represents the lower-tropospheric col-
umn sensitivity to near-surface emissions. For (c¢), only particles released in the upper
troposphere are considered (5-10 km) and the residence time at the 5 km altitude surface
is therefore indicative of upper-tropospheric sensitivity to emissions injected into the up-
per troposphere. In all three cases, the residence time is reported at the lowest level of
the altitude range considered.

The FLEXPART sensitivities are shown in Figures and for Eureka and Thule
respectively. The MODIS Burned Area Product Collection 6 (Giglio et al., 2018) provides
the locations of burned areas during the 7-day period of the FLEXPART simulation. It

is seen in Figures [5.2] and [5.3] that sensitivity to fire-affected regions is observed for all
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days of fire-affected FTIR measurements at both sites; however, the lower and upper
tropospheric sensitivity differ between measurement days as discussed below.

For Eureka on 17 August, the first day of fire-affected measurements, the FLEXPART
PES for 0-10 km shows greatest sensitivity to the wildfires in the NWT and a number of
smaller fires in the northwestern United States, and little sensitivity to the BC wildfires.
A similar spatial distribution of the sensitivity is observed for the 0-5 km PES, although
with no sensitivity to the NWT wildfires. For the 5-10 km PES, the sensitivity is primarily
to the NWT wildfires, with no sensitivity to the other fire source regions. The difference
in sensitivity between the 0-5 km and 5-10 km PES implies that enhancements originating
from the BC wildfires are due to near-surface emissions, and those from the NWT wildfires
are due to upper tropospheric injection of emissions. On 19 August, a similar spatial
distribution is seen for the FLEXPART PES with some sensitivity observed to the BC
wildfires and an eastward shift of the 0-5 km PES to the NWT fires. The FLEXPART
PES on 17 and 19 August suggests that the main contribution to the enhanced total
columns of all species measured at Eureka is emissions from the NWT wildfires, with
upper tropospheric injection of emissions being predominant on 17 August and near-
surface emissions on 19 August. For 20 and 21 August at Eureka, the FLEXPART PES
is similar for the 0-10 km range, indicating sensitivity to both the BC and NWT wildfires
on those two days. The main sensitivity to the BC wildfires is observed for the 5-10 km
PES with some sensitivity observed for the 0-5 km PES. For the NWT wildfires, the
sensitivities for the 0-5 km and 5-10 km PES are similar. On 20 and 21 August, the
greater sensitivity to BC wildfires for the 5-10 km PES suggests that the enhancements
observed at Eureka on these days are the likely result of the upper tropospheric injection
of emissions from the BC wildfires.

For Thule, the FLEXPART PES of Figure [5.3| shows similar spatial patterns between
the four fire-affected measurement days from 19-22 August. On 19 August, sensitivity to

both the BC and NW'T wildfires is observed, with the main contribution from the NW'T
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Figure 5.2: Typical FLEXPART sensitivity for Eureka on measurement days 17, 19, 20,
and 21 August 2017. The red areas indicate MODIS burned areas for 7 days prior to the
time of measurement and the location of the Eureka FTIR site is indicated by the red
star. The vertical region (0-10 km, 0-5 km, and 5-10 km) indicates the vertical range of
released particles.
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Figure 5.3: Same as Figure but for Thule.
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fires occurring in the 0-5 km range and the main contribution from the BC wildfires
occurring in the 5-10 km range. For 20 August, the NWT wildfires are the primary
contributors to the measured total column enhancements for both the 0-5 km and 5-10
km altitude ranges. For 21 and 22 August, the spatial distribution of the FLEXPART
PES is dominated by the 0-5 km range, indicating sensitivity to surface emissions from

both the BC and NWT wildfires.

5.3.3 Trace Gas Correlations

Since the FTIR measurements are made at distance from the fire source, the composition
of the smoke plume is subject to physical and chemical processing. Therefore we present
the enhancement ratio of each species with respect to CO (Lefer et all|1994) rather than
the emission ratio (Andreae and Merlet, 2001; Akagi et al., |2011). The enhancement
ratio is related to the emission ratio, which quantifies emissions near the source without
the influence of plume aging. Since measurements are made downwind of the fire source,
we did not account for background concentrations in the calculation of the enhancement
ratio, or the so-called excess mixing ratio, since ambient concentrations of all species are
likely to vary greatly over large spatial scales. The varying background conditions and in-
fluence of mixing may therefore cause uncertainty in interpreting the excess enhancement
ratio (Yokelson et al., 2013).

To calculate the enhancement ratio for each species, enhanced CO measurements
are identified by a standard deviation of 1o from the monthly mean of all measurements,
including enhancements, taken over all years, as described in Section[5.3.2] The identified
CO enhancements are then paired with the nearest measurement of the target species,
HCN, CyHg, and NHj recorded within 1 hr, with each CO measurement only used once
for each species. A 1-hr window was chosen in order to maximize the number of pairs
for each species while being sufficiently short to minimize the effects of plume aging. In

most cases, the differences in measurement times between each species and the paired CO
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measurement were within 20 min. The enhancement ratio (in units of molec cm™2/molec
cm™?) is then defined as the slope of the linear correlation of the target species relative
to CO. The unified least-squares procedure of [York et al. (2004 was used to determine a
linear regression for the fire-affected measurements. The results of the linear regression
are shown in Figure [5.4] and tabulated in Table [5.1]

For the case of a smoke plume originating from a single source, it is expected that
a strong linear correlation would be found for the enhancement ratio, even over several
days of measurements. This is particularly true for the long-lived species HCN and CyHg,
as the lifetimes of these species are much greater than the plume travel times, which are
generally on the order of several days. A strong linear correlation was observed for the
enhancement ratios of HCN and CyHg at Eureka for the 2014 NWT fires as seen in
Chapter [4] and similarly for the 2010 Russian fires (Viatte et al., [2013), with correlation
coefficients (r) generally greater than 0.7 and in many cases greater than 0.85 for the
enhancement ratios of HCN and CyHg taken over one week or more of measurements. For
the fire-affected measurements detected at Thule in August 2017, the linear correlations
are generally weaker with correlation coefficients of 0.66 and 0.64 for HCN and CyHg,
respectively, taken over four days of fire-affected measurements. For Eureka, stronger
correlations are observed, with correlation coefficients of 0.96 and 0.83 for HCN and
CsHg, respectively. The strong correlations at Eureka are the result of measurements
predominately being recorded over one day for HCN and two days for CyHg, therefore
minimizing the influence of the variability of emissions and transport between days. For
the enhancement ratios of NH3, Eureka show a much weaker linear correlation than Thule
with correlation coefficients of 0.08 and 0.68, respectively.

To examine the influence of the variability of the source sensitivities presented in
Section on the measured concentration of each species, the enhancement ratio of
each species was calculated for each day of fire-affected measurements. The results are

summarized in Table [5.1} The enhancement ratio for each species was calculated only if
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Figure 5.4: The enhancement ratios of HCN, CoHg and NH3 at Eureka and Thule. The
grey points indicate all years of measurements. The colored points are measurements
taken during the 2017 wildfire event where the colorbar represents the time of the mea-

surement.

The dashed black line is the linear-regression to the colored points.

The

number of measurements (IV), linear equation and correlation coefficient (r) are also

shown.
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the number of measurements paired with CO for that day was greater than or equal to 5.
For Eureka, on 17 August, non-clear-sky conditions limited the number of measurements
and therefore no enhancement ratios were calculated. On 19 August, the strongest linear
correlations are found for HCN and Cy;Hg at Eureka, with correlation coefficients of 0.95
and 0.99, and a negative correlation for the NH3 enhancement ratio with a correlation
coefficient of —0.56. A negative correlation has no physical interpretation but is due
to the large variability of NH3 as a result of transformation to its particulate phase
or loss by deposition. Enhancement ratios of 0.0036 4+ 0.0005 and 0.0113 4+ 0.0011
for HCN and CsyHg, respectively, were found to be in agreement with the enhancement
ratios for the 2014 NW'T wildfires of 0.0037 £ 0.0005 for HCN and 0.0126 £ 0.0005 for
CoHg reported in Chapter 4] The agreement is consistent with the FLEXPART PES
of Figure [5.2) on 19 August, which shows sensitivity to wildfires in a nearby region to
those identified in Chapter [d] suggesting that a similar vegetation type was burned. The
forest type for both the 2014 and 2017 NWT fires were classified as the Taiga Shield
(Natural Resources Canadal, [2013]), consisting mainly of spruce trees, mosses and lichens
(Beaudoin et al., 2014)). In contrast, the 2017 BC wildfires corresponded to the Montane
Cordillera forest type, which primarily consists of Douglas fir and Ponderosa pine (Ireland
and Petropoulos, 2015). On 20 August, measurements of HCN were limited at Eureka
and no HCN enhancement ratio could be determined. A strong linear correlation was
found for the CyHg enhancement ratio (r = 0.85) and a moderate linear correlation was
found for NH3 (r = 0.46). For 21 August, no enhancement ratios were found for HCN or
CsHg, and the absence of a positive correlation was found for NH3 with a poor correlation
(r = —0.25).

The HCN enhancement ratios at Thule show strong linear correlations on individual
measurement days, with correlation coefficients exceeding 0.80. The enhancement ratios
of HCN at Thule are greater than at Eureka, likely due to the greater sensitivities to
the BC wildfires (as shown in Figure as compared to Eureka (shown in Figure .



CHAPTER 5. THE 2017 BC AND NWT WILDFIRES 102

Additionally, for Thule, the sensitivities of both the BC and NWT wildfires correspond
to near surface emissions, commonly associated with smoldering combustion, which tends
to have greater HCN emissions, while emissions of CyHg tend to have less dependence
on burning phase as it is produced in both smoldering and flaming combustion processes
(Burling et al., 2010}, 2011)). For Thule, lower correlation coefficients of CoHg enhancement
ratios in comparison to those for HCN could also indicate that smoldering combustion was
the dominant source of the smoke plume. However, the plume is likely a combination of
both smoldering and flaming components that cannot be distinguished by ground-based
measurements of this kind.

For Thule, the enhancement ratios of NHj illustrate positive linear correlations on
all days; however, the enhancement ratios are quite variable between measurement days,
with the greatest values (0.0164 £+ 0.0069) measured on 19 August and a minimum
(0.0048 £+ 0.0012) on 20 August. The variability of NH3 enhancement ratios at Thule
is partly due to the differences in emission sensitivity between days, as shown in Figure
5.3 as is the variability of the enhancement ratios for longer lived HCN and CyHg. In
addition, it was shown here that the enhancement ratios of HCN and NHj3 at Thule
were on average greater than at Eureka. For the days of fire-affected measurements
at both sites, Eureka was more predominantly influenced by emissions from the NWT
wildfires, whereas for Thule, greater sensitivity was observed to the BC wildfires. It has
been found that for wildfires in the northern Rocky Mountains of the United States,
a region of similar vegetation type to BC, the modified combustion efficiency (MCE)
of these fires was substantially lower than for other coniferous-dominated forest types
(Urbanski, [2013)). Lower MCE implies incomplete smoldering combustion (Ward and
Hardy, [1991), resulting in greater emissions of reduced nitrogen compounds such as
HCN and NHj (Burling et al., 2011). The MCE of a fire is dependent on the vegetation
type, fuel load, moisture and meteorology, and therefore can be highly variable. Pyrolysis

temperature has also been found to have a strong influence on the emissions of HCN and
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NHjs, with greater emissions of HCN and NHj for high-temperature and low-temperature
pyrolysis respectively (Sekimoto et al., 2018]). It should be noted that [Sekimoto et al.
(2018)) also found that low-temperature and high-temperature pyrolysis may not exactly
correspond to smoldering and flaming combustion respectively, while emissions of HCN
and NHj are similar for different fuel types. The fuel types studied were representative of
Western United States ecosystems consisting mainly of pine and fir species. However, the
combination of larger HCN and NH3 enhancements at Thule in comparison to Eureka,
and the greater surface sensitivity of Thule measurements to the BC wildfires suggests
that smoldering phase emissions from these fires were the dominant contribution to the
measured enhancements at Thule. For Eureka, the comparison of the enhancement ratios
in Table and the FLEXPART sensitivities shown in Figure suggest that the NWT
wildfires were the main contribution for enhanced total columns of all species at Eureka
for 17 and 19 August, and a combination of both the BC and NWT wildfires for 20 and

21 August.

5.3.4 GEOS-Chem Comparison to FTIR Measurements

Due to the scarcity of NH; measurements at the low concentrations often observed in
the high Arctic, it is difficult to investigate the large-scale influence of wildfire NHs.
The use of a chemical transport model allows for transported emissions of NH3 to the
Arctic to be simulated and therefore provides estimates of both surface and total column
NHj3 concentrations in high Arctic regions. The FTIR measurements provide a means
of evaluating model performance in the high Arctic. As a result of its long lifetime,
atmospheric CO acts a tracer of wildfire emissions and is relatively unaffected by chemical
aging during transport over several days. It therefore serves as a diagnostic of model
transport and emissions. In contrast, NHj is short-lived and is strongly influenced by

model chemistry and removal processes.



CHAPTER 5. THE 2017 BC AND NWT WILDFIRES 104

Comparisons of GEOS-Chem modeled CO and NHj total columns were performed
as follows. The GEOS-Chem partial column profiles were smoothed by the FTIR total

column averaging kernel using the following equation (Rodgers, [2000):

T = 2o + a7 (X — Xa), (5.1)

where T" denotes the transpose, Z,, is the smoothed model total column, x, is the FTIR
a priori total column, x,, is the model partial column profile, a is the FTIR total column
averaging kernel, and x, is the FTIR a priori partial column profile. Smoothing removes
biases due to the a priori profile and limited vertical sensitivity of the FTIR measurement
and therefore allows the model total column to be treated as if it were measured using
the ground-based FTIR instrument. For each GEOS-Chem model output timestep, the
profile was interpolated onto the FTIR vertical grid and smoothed by the mean FTIR
total column averaging kernel taken over all years for the respective species and site. The
smoothed GEOS-Chem total columns for CO and NHj3 at Eureka and Thule are shown

in Figures [5.5| and [5.6| respectively, for the following three simulation scenarios:

1. Fire emissions only;
2. Seabird-colony NH3 emissions only;

3. Fire and seabird-colony NHj emissions.

Scenario (1) allows for the contributions of wildfire emissions of NHj to the Arctic to
be examined, whereas scenario (2) is representative of background concentrations of NHj
in the Arctic due to the persistent influence of local seabird-colony NH3 emissions during
the warm season. The inclusion of both seabird-colony and fire emissions of scenario
(3) represents the real-world case. It should be noted that inclusion of seabird-colony
NHj emissions in the model has little influence on CO, as seen in Figures [5.5] and [5.6]

Gas-phase NHj3 concentrations do not necessarily respond linearly to additional NHj
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emissions. This non-linearity is because NHj partitioning to particulate NHJ is sensitive
to the amount of available sulfuric and nitric acid. The overall increase in CO of scenarios
(1) and (3) in comparison to the seabird-only case of scenario (2) illustrates the influence

of accumulation of CO in the atmosphere from global biomass burning sources.
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Figure 5.5: Smoothed GEOS-Chem CO (top) and NHj (bottom) total column time series
for the month of August 2017. The three GEOS-Chem simulation scenarios are shown:
fire emission only (green), seabird-colony NH3 emissions only (blue), and fire and seabird
emissions (red). FTIR measurements are shown in grey along with their associated
measurement uncertainties represented by the error bars.

In Figure[5.5 there is some indication that GEOS-Chem captures the influence of the
wildfire emissions during the period of enhanced FTIR measurements from 17-21 August,
although the model is underestimating the magnitude of the enhancements. For Thule,
as shown in Figure [5.6] wildfire enhancements of CO observed in the FTIR measurements
are well captured by the model. As discussed in Section [5.3.2], Thule was predominantly
influenced by the smoke plume originating from the BC wildfires, whereas these wildfires

had a lesser influence at Eureka. As will be shown in the following sections, the GFAS
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emissions appear to underestimate the magnitude of the NWT plume in comparison to
[ASI measurements, resulting in the underestimation of modeled CO emissions at Eureka.
In contrast, the plume originating from the BC wildfires shows better agreement between

the model and TASI CO measurements.
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Figure 5.6: Same as Figure but for Thule.

The GEOS-Chem NHj simulation shows an underestimation in all three cases in
comparison to the FTIR measurements at both sites. For Eureka, as shown in Figure
.5 there is little influence of seabird-colony NHj emissions and therefore, GEOS-Chem
NH; at Eureka is attributed to transported wildfire emissions. For Thule, as shown in
Figure the inclusion of both seabird-colony NH3 and fire emissions most accurately
represents the FTIR measurements. It is also seen in Figure that the influence of
seabird-colony and wildfire NH3 appear to occur simultaneously; this is a result of the
wind direction, transporting both seabird-colony and wildfire emissions from north of

Thule.
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It has been found that the bi-directional exchange of NH3 may extend the spatial
influence of NH3 emission sources (Zhu et all 2015; Whaley et al.| 2018)), but it was not
included in the model simulations here. However, the locations of the seabird colonies
are primarily in coastal regions, while the Arctic Ocean has been found to be a net sink
of NH3 (Wentworth et al., 2016). Therefore, transport of NH; from the larger seabird
colonies of the Greenland coast to the Canadian Archipelago by bi-directional exchange
processes would be limited. The influence of bi-directional exchange could likely be of
greater importance for wildfire NH3. The deposition of wildfire NH; would increase the
nitrogen pool at the surface, which may be released at later times, thereby prolonging the
influence of wildfire NH;. Tundra emissions may also be a considerable source of NHj3 in
the Arctic that was not considered here. (Croft et al.| (2019) reported an upper estimate of
tundra NHj3 emissions, which was approximately 1.5 times the contribution from seabird-
colony sources in the Canadian Archipelago. Tundra NH3 emissions are highly uncertain
but inclusion of these emissions in model simulations would likely increase background
NH; concentrations as found by |Croft et al. (2019).

The general underestimation of both CO and NHj at FKureka and Thule, and the
inability of the model to capture the magnitude of the enhancements, is possibly a result
of underestimation of modelled emissions and the assumption of boundary layer emissions
in GEOS-Chem that may not be realistic in many cases as wildfire emissions are often
injected into the free troposphere (Turquety et all 2007; [Val Martin et al., 2010). Once
injected into the free troposphere, transport patterns are likely to differ from the surface.
Additionally, the loss processes may differ in the free troposphere, particularly for the
short-lived NHj3, which is subject to loss by wet and dry deposition and chemical loss.
Injection of NH3 into the free troposphere could favour the production of NHJ due
to colder temperatures, and with sufficient quantities of nitrate (NO3) and nitric acid
(HNO3), could also promote the production of ammonium nitrate (NH,;HNO3). Loss of

NHj; by dry and wet deposition may also be limited due to the reduced turbulent diffusion
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and drier conditions of the free troposphere. Global models also tend to suffer from
numerical diffusion errors (Rastigejev et al., 2010; [Eastham and Jacob), [2017)) as a result
of the coarse vertical and horizontal resolution. Underestimation of plume transport due
to numerical diffusion is, however, likely to be of minor importance in comparison to the

lack of realistic wildfire emission injection heights.

5.3.5 GEOS-Chem Comparison to IASI Measurements

To investigate the influence of possible transport and emissions errors in the GEOS-
Chem model, a qualitative comparison of GEOS-Chem CO and NHj from the fire-only
scenario to measurements from IASI was performed over the entire domain of Canada and
Greenland, from 40°N, 180°W to 86°N, 15°E. For comparison of the GEOS-Chem model
to IASI observations, the following method was applied. For each day, the GEOS-Chem
model output was interpolated to the overpass time of each individual IASI observations
and each TASI observation was gridded onto the 2°x2.5° GEOS-Chem horizontal grid.
The interpolated GEOS-Chem total columns and gridded IASI total columns were then
daily averaged over the entire spatial domain. The results are shown in Figures [5.7] and
for CO and NHj, respectively, for selected days during the simulation period.

The results are shown for four days from 10 August 2017, corresponding to the initial
start of the fire plume, until 23 August 2017, when measurements at Eureka and Thule
both return to ambient levels. On 10 August, the initial plume is observed to have
originated in BC in the lower-left of the domain of Figure From the comparison of
IASI to GEOS-Chem CO in Figure it is seen that the spatial distribution of the fire
source is well represented by the model using the GFAS emission inventory, although
the model tends to underestimate the CO concentration within the plume. The second
main wildfire source, located south of Great Slave Lake in the NW'T, is also observed
in both TASI and GEOS-Chem where good agreement is found between the two. On

subsequent days, transport of both plumes poleward is observed. The general shape of
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the fire plume from the BC wildfires is well represented in GEOS-Chem, but is lower in
magnitude than TASI. The NWT wildfires appear to be underestimated by the model in
comparison to IASI on 14 August. Due to the influence of the BC wildfire plume, it is
difficult to distinguish the individual contribution of the BC and NW'T wildfires on the
observed CO plume. Due to the vertical sensitivity of TASI, which tends to peak in the
mid- to upper-troposphere (George et al., [2009; Hurtmans et al., [2012; Kerzenmacher
et al [2012), near-surface CO from the NWT wildfires may be underestimated by TASI
observations on 14 August, while the transport of the plume from the BC wildfires
becomes more visible as the plume is advected vertically. However, it is found that the
CO plume originating from the NWT is generally of lower concentration in the model
than TASI. This observation is consistent with the FLEXPART sensitivity analysis in
Section [5.3.2] and the comparisons of GEOS-Chem to the FTIR measurements in Section
[£.3.4] In Section [5.3.2] it was shown that measurements at Eureka were more strongly
influenced by the NWT wildfires than Thule, while a low bias in GEOS-Chem CO at
Eureka, in comparison to the FTIR measurements, was shown in Figure [5.5[ which is
consistent with an underestimation of emissions from the NWT wildfires.

From 10 to 14 August in Figure in both the TASI observations and model, the
smoke plume originating in BC is transported poleward across central Canada and passes
over the NWT wildfires. The combined plume is then transported north into the Cana-
dian Arctic. On 17 August, the plume reaches Eureka, which is consistent with the FTIR
enhancements. Transport of the plume towards Thule is also observed during this time,
arriving at Thule on 19 August. From 20 August onwards, the plume passes both Eureka
and Thule before the CO total columns at both sites return to ambient levels on 24

August.
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Figure 5.7: Left: TASI CO measurements gridded onto the 2°x2.5° GEOS-Chem grid
and daily averaged. Right: GEOS-Chem CO total columns interpolated to match TASI
overpass time and daily averaged. Locations of the FTIR sites Eureka and Thule shown
by the red and green stars respectively.
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Figure 5.8: Same as Figure but for NHj.

The emissions and transport of GEOS-Chem NHj3 show similar spatial and temporal

variability to that of CO, as illustrated in Figure While the transport of the NHj
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plume as observed by TASI is well represented in GEOS-Chem, the modeled NH3 total
columns are low in comparison to IASI. Within the plume, the GEOS-Chem NHj3 may be
a factor of 2 lower than IASI. On 10 August, GEOS-Chem modeled NHj3 total columns
are are substantially less influenced by the BC wildfires. On subsequent days, the NHjy
plume dissipates rapidly, resulting in decreased total columns as the plume is transported
poleward. On 14 August, the loss of NHj is particularly evident as the plume originating
from the BC wildfires has reached the NWT wildfire source. As was observed in the TASI
CO observations shown in Figure [5.7] the plume originating in BC is indistinguishable
from the NWT wildfire source region. For NHjs, TASI shows similar results with high
values in the regions exceeding 5x10'® molec cm=2. GEOS-Chem NHj; does not exhibit
these high values within the plume although the NWT wildfire source can clearly be
distinguished from the plume in the model . On following days, the modeled NH3 plume
dissipates as it is transported poleward, resulting in the underestimation of GEOS-Chem

in comparison to the FTIR measurements, as was shown in Section [5.3.4]

5.3.6 GEOS-Chem NH; and NH; in the Arctic

In this section, GEOS-Chem is used to estimate the influence of wildfire NH3 on surface-

layer and total column concentrations in the Canadian Arctic. As was shown in Sections

[5.3.4f and [5.3.5 the model underestimates the transport of wildfire NH3 in comparison to

FTIR and TASI measurements. As such, we would expect modeled wildfire NH3 in the
Arctic to also have a low bias. We also consider the influence of NH} . The sum of NH; and
NH; is defined as total ammonia (NH, = NH; + NH} ) and is an important contribution
to reactive nitrogen. After emission, NHs will partition rapidly to an equilibrium state
with NHJ. The relative amounts of NHz and NH; are dependent on the availability
of reactants and temperature. For wildfire emissions, it has been found that a large
fraction (up to 30%) of emitted NHj is converted to NH; within 1.4 hr (Yokelson et al.,

2009). Due to the longer lifetime of NH} , from several days to weeks, this would enable
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long-range transport and therefore NHJ could be an important contributor to reactive

nitrogen in the Arctic (Karlsson et al., 2013]).
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Figure 5.9: Locations chosen to evaluate spatially averaged GEOS-Chem NHj and NH;
surface concentrations and total columns for the fire-affected period from 15-23 August
2017. Seabird-colony NH3 emissions in GEOS-Chem are also shown.

To examine the surface influence of wildfire NHz and NH; in the Arctic, the following
five regions of interest were chosen: Banks Island, Baffin Island, Northwestern Greenland,
Ellesmere Island, and the Canadian Archipelago (shown in Figure . These regions
represent locations within the high Arctic, both with and without seabird colonies. Banks
Island does not contain any considerable seabird colonies and is closest in proximity to
the wildfire source regions. Ellesmere Island includes the Eureka FTIR site and is free

of any considerable seabird colonies. While some seabird colonies are present in the
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Baffin Island region, it is also strongly influenced by seabird-colony NH3 emissions from
Greenland. The Northwestern Greenland region was chosen to include the location of
the Thule FTIR site and the seabird colonies of the northwestern coast of Greenland
and therefore represents the extreme case of high seabird-colony NH3 emissions. Lastly,
the Canadian Archipelago region is representative of the majority of the Canadian high
Arctic, and includes all of the aforementioned regions. For each of these five regions,
the GEOS-Chem grid boxes that lie within the defined boundaries illustrated in Figure
.9 are spatially averaged for each 2-hourly GEOS-Chem output timestep from 15-23
August 2017, which corresponds to the period of fire-affected FTIR measurements at
Eureka and Thule. We consider the following three GEOS-Chem simulation scenarios:
(1) fire emissions only, (2) seabird-colony NHj emissions, (3) fire and seabird-colony NHj
emissions. The results are shown in Figures[5.10] and and are tabulated in Table[5.2]

As shown in Figure [5.10] and Table [5.2] it is found that the greatest NHj surface
concentrations occur in northwestern Greenland with a mean value of 0.47 ppbv in the
GEOS-Chem simulation with fire and seabird-colony NH3 emissions. From the seabird-
only simulation, it is evident that the seabird-colony NHj3 emissions are the dominant
contribution in this region, with a mean surface-layer contribution of 0.45 ppbv. Ellesmere
Island is also strongly influenced by seabird-colony NHj3 emissions, with a mean surface
concentration of 0.07 ppbv with a standard deviation of 0.04 ppbv from the seabird-
only simulation and 0.01 ppbv with a standard deviation of 0.01 ppbv from the fire-only
simulation. Baffin Island shows nearly equal contributions from the seabird-colony (0.02
ppbv) and wildfires (0.03 ppbv). Banks Island is predominantly influenced by wildfire
emissions, with a mean surface concentration from the fire-only simulation of 0.11 ppbv.
These results are consistent with the loss of NH3 in the plume by deposition in the low
latitude regions (Banks Island and Baffin Island), with decreasing surface-layer influence
in the high latitude regions (Northwestern Greenland and Ellesmere Island). For the

period of fire-affected measurements from 15-23 August, wildfire and seabird-colony NHj
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had equal contributions 0.07 ppbv to surface-layer NH3 over the Canadian Archipelago.
However, in all regions, total column concentrations of NH3 were predominantly due to
wildfire NH3 emissions, with the exception of Northwestern Greenland. In this region,
the seabird-colony and wildfire NH3 emissions had nearly equivalent contributions of 0.35

and 0.32x10' molec cm™2 respectively.
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Figure 5.10: Box-and-whiskers plots of GEOS-Chem spatially averaged surface-layer con-
centrations (top) and total columns (bottom) of NHj from 15-23 August 2017 for the fire
and seabird emissions (F+S), seabird-only (S) and fire-only (F) simulations. The box
indicates the quartile values of the data and the whiskers represent the range of the data.
The black horizontal line indicates the median value and the black square is the mean of
all data.
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The surface-layer concentrations of NH; show somewhat similar results to those for
NHj3, with greater influence of wildfire NH; for the lower-latitude regions, as seen in Fig-
ure and Table . In all regions, wildfire emissions are the dominate source of NH],
with mean surface-layer concentrations ranging from 1.07 ppbv for Banks Island and to
0.05 ppbv at Ellesmere Island. Over the Canadian Archipelago, a mean concentration of
0.42 ppbv was found, with large variation (standard deviation of 0.45 ppbv) due to the
spatial and temporal variability of the plume during the fire-affected period. As was the
case for NHj, total column amounts of NH; are greatly enhanced due to the transport
of wildfire emissions, with a mean wildfire contribution of 7.11x10% molec cm~2 in the

Canadian Archipelago for the fire-only simulation.
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It can therefore be concluded that the 2017 Canadian wildfires events had a signif-
icant influence on surface-layer NH3 and NH . It should be noted that although these
enhancements occurred over a short period of time, from 15-23 August, the enhanced
surface-layer concentrations of NH3s were comparable to the persistent contribution of
seabird-colony NHjz. For NH, the influence of wildfire emissions greatly enhanced both

surface-layer and total column concentrations in all regions. As was discussed in Sections

[5.3.4] and [5.3.5] GEOS-Chem was shown to underestimate the transport of wildfire NHj

and CO in comparison to FTIR and TASI observations. It is therefore likely that the
modeled influence of transported wildfire emissions on Arctic NH3 and NH] presented
here is a low estimate.

The influence of wildfires on the reactive nitrogen budget of the high Arctic remains
unknown. It has been shown that the Arctic has been undergoing an increase in the
areal extent of vegetated land as a result of warming in the Arctic (Myneni et al., 1997}
Zhu et al., 2016} |[Keenan and Riley, 2018) and increased community plant height has also
been observed as a result of this warming (Bjorkman et al.| 2018). Plant growth in the
Arctic is strongly limited by nutrient availability (Schimel and Bennett), [2004), therefore
the wildfire contribution to nitrogen deposition in the form of NH, could potentially
facilitate an increase in plant growth, especially if extreme wildfire events such as these
become more frequent. The effects on nitrogen deposition in the Canadian high Arctic
are still uncertain, although it has been noted that high Arctic tundra has a high capacity
for nitrogen pollution retention, resulting in a major source of eutrophication (Choudhary

et al., [2016)), which could have a negative impact on biodiversity.

5.4 Conclusions

The 2017 BC and NW'T wildfires resulted in the greatest observed enhancements of total

column NHj3, CO, HCN, and CyHg in the decade-long time series of FTIR measurements
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at Eureka, Nunavut, and Thule, Greenland. The magnitude of the these enhancements
was on the order of 2-5 times the ambient levels of these species at each site. The observed
NHj; enhancements provide evidence for the importance of wildfires as an episodic source
of NHj3 in the summertime Arctic, supporting the results of Chapter Enhancement
ratios of NHz, HCN, and CyHg were calculated with respect to CO at both sites. It was
found that variations in these enhancement ratios were due to the influence of multiple
fire plumes and variations in the burning phases of the fire events. Evidence for this was
provided by FLEXPART sensitivities, which showed the influence of the BC and NWT
plumes, with the influence of each fire source varying between measurement days at both
sites. Eureka FTIR measurements were found to be most sensitive to the NWT wildfires,
and Thule FTIR measurements were most sensitive to the BC wildfires, based on the
FLEXPART sensitivity analysis.

The GEOS-Chem CTM was used to simulate the transport of wildfire emissions to
the Arctic. Through comparisons of GEOS-Chem NHj3 and CO to FTIR measurements
at Eureka and Thule, and to observations from IASI, it was shown that the model under-
estimates the transport of wildfire emissions to the Arctic for the observations examined
here. The underestimation of modeled NH3 and CO in comparison to Eureka FTIR mea-
surements suggests an underestimation of emissions from the NWT fire source. This is
consistent with the model comparisons to IASI measurements, which suggested an un-
derestimation of emissions from the NWT wildfires in the model. At Thule, GEOS-Chem
showed good agreement to the FTIR measurements for CO, but underestimated the wild-
fire NH3 contribution. The reason for the underestimation of GEOS-Chem CO and NHj
in comparison to FTIR and TASI measurements remains unclear, and is likely the result
of several factors including the underestimation of emissions, plume height, chemistry
and transport errors in the model. These aspects of the model should be investigated
in future studies. Increased temporal and spatial sampling of NHz and NH; by in-situ,

ground-based and satellite instruments is recommended to better evaluate model perfor-
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mance and infer wildfire impacts on NHjs in the Arctic. Tundra NHj3 emissions should
be examined in these studies. Furthermore, the use of satellite observations, such as the
studies of [Kharol et al.| (2018) and |Adams et al.| (2019), should also be the focus of future
work in order to quantify boreal wildfire NH3 emissions and transport to the Arctic.
Simulated transport of wildfire emissions in GEOS-Chem was found to be a significant
contributor to reactive nitrogen in the form of NH3 and NHj in the high Arctic for the
fire-affected period of 15-23 August 2017. GEOS-Chem surface-layer NHz and NH; was
shown to be greatly enhanced during the fire-affected period. A mean wildfire contribu-
tion of 0.07 ppbv in the Canadian Archipelago from 15-23 August 2017 was equivalent to
the local background from seabird-colony NHj sources. Surface-layer NH} was greatly
enhanced during this period as well, with a mean concentration of 0.42 ppbv in the Cana-
dian Archipelago in the fire-only simulation, whereas for the seabird-only simulation a
mean concentration of 0.05 ppbv was observed. Due to the influence of transported
wildfire emissions, total column NHjz and NH; were found to be enhanced several times
greater than background levels associated with the seabird-colony sources. The strong
episodic influence of the BC and NW'T wildfires on the reactive nitrogen budget of the
high Arctic could have significant impacts on nutrient availability and eutrophication of

this sensitive ecosystem.



Chapter 6

Pan-Arctic Detection of Wildfire

Pollution

6.1 Introduction

This chapter presents the results of a study on the influence of wildfires on atmospheric
composition using measurements by ten FTIR spectrometers in the Northern mid- and
high latitudes. This work is currently in a manuscript in preparation as: Lutsch et al.,
Detection of wildfire pollution in the Arctic using a network of FTIR spectrometers, to
be submitted to Atmospheric Chemistry € Physics.

The usefulness of FTIR measurements for the detection of wildfire pollution events
has been illustrated in Chapters [4] and [f] in addition to the past studies of [Zhao et al.
(2002), [Paton-Walsh et al.| (2005, |2010), Vigouroux et al.| (2012)) and |[Viatte et al.| (2013,
2015). However, each of these studies has only considered individual events or events
that occurred in a short time series. Measurements using F'TIR spectrometers have been
routinely made since the mid-1980s (Zander et al., |2008), with an increasing number
of measurement sites since the inception of the Network for Detection of Stratospheric

Change (NDSC; Kurylo, 1991) in 1991, which has been formally known as NDACC

121



CHAPTER 6. PAN-ARcTIC DETECTION OF WILDFIRE POLLUTION 122

since 2005 (De Maziere et al., 2018). Several global FTIR sites have been measuring
the biomass burning tracers CO, HCN and CyHg over the last two decades. Currently,
no study has explicitly examined the long-term and inter-annual influence of biomass
burning species observed using FTIR measurements. A recent study by [Petetin et al.
(2018)) investigated the impact of biomass burning on CO as measured by the In-service
Aircraft for a Global Observing System (IAGOS), which focused on airport clusters in
Europe, North America, Asia, India and Southern Africa over the period 2002-2017.
However, no study of this kind has been performed for the Arctic and high-latitude
regions.

In this chapter, the influence of wildfires on atmospheric composition from 2003-2018
is examined using FTIR measurements from three high-Arctic NDACC sites: Eureka,
Canada; Ny-Alesund, Norway and Thule, Greenland. Three Arctic sites are also in-
cluded: Kiruna, Sweden; Poker Flat, Alaska and St. Petersburg, Russia. Additional
measurements are obtained at four mid-latitude sites: Zugspitze, Germany; Jungfrau-
joch, Switzerland; Toronto, Canada and Rikubetsu, Japan. Potential wildfire pollution
events are first identified in the CO time series at each site through the detection of
anomalous enhancements of CO. For the detected CO enhancements at each site, en-
hancement ratios of HCN and CyHg with respect to CO are calculated. Since CO, HCN
and CyHg are co-emitted from biomass burning sources, a strong linear correlation for
the enhancement ratios of HCN and CyHg are indicative of wildfire pollution events. Fur-
ther confirmation of the detection of wildfire pollution at each site was provided by total
aerosol optical depth (AOD) measurements from adjacent AERONET (Aerosol Robotic
Network) sites. A GEOS-Chem tagged CO simulation from 2003-2018 was performed
and provided a means of source attribution for the detected events at each FTIR site
in addition to quantifying the contribution to CO from various biomass burning source

regions.
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6.2 Methods

6.2.1 FTIR Sites and Retrievals

The NDACC FTIR sites included in this study were selected to provide coverage of high-
and mid-latitude regions and are listed in Table [6.1 Due to the broad spectral range
measured at high resolution, typically from 700-4400 cm™! at 0.0035 cm™! resolution,
a multitude of trace gas species may be retrieved from solar-absorption FTIR measure-
ments. Measurements of CO, HCN, and C,yHg, all of which are standard products of the
NDACC IRWG are the focus of this study. Retrievals of each species were performed
by processing of solar-absorption spectra using the SFIT4 (https://wiki.ucar.edu/
display/sfit4/) or PROFITTY (Hase et al., [2004, for Kiruna and Zugspitze) retrieval
algorithm which use the optimal estimation method (Rodgers, 2000) to obtain volume
mixing ratio (VMR) profiles and integrated column abundances by iteratively adjusting
VMR profiles to minimize the difference between the measured and calculated spectra
(Pougatchev et al., [1995; Rinsland et al. [1998)). Further details of the retrievals for each

FTIR site are given in the references listed in Table [6.1]

High-Arctic Sites

The highest-latitude FTIR site of NDACC is Eureka, located on Ellesmere Island in the
Canadian Archipelago. It has been shown in previous studies that Eureka is regularly
influenced by the transport of boreal wildfire emissions from North America and Asia
(Viatte et al., 2013}, [2014, 2015; Lutsch et al., 2016, 2019)). Located approximately 500
km from Eureka is the site Thule on the Northwest coast of Greenland, which provides
complementary measurements to Eureka as wildfire pollution events detected at Eureka
are generally also observed in measurements at Thule (Viatte et al., |2015; |Lutsch et al.,
2019). Ny-Alesund in Spitsbergen, Norway is the second highest-latitude FTIR site of

NDACC. Ny-Alesund is isolated from the direct influence of anthropogenic and wild-
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fire emissions, but is affected by the long-range transport of pollution originating from
Northern hemisphere mid-latitudes. For the purposes of this study, Eureka, Ny-Alesund
and Thule will be referred to as the “clean” high-Arctic (>75°N) sites because they are

free of local pollution sources.

Arctic Sites

The Arctic sites are defined as those located between 60°N and 75°N, and include Poker
Flat, Alaska; Kiruna, Sweden; and St. Petersburg, Russia. Poker Flat is strongly influ-
enced by the transport of anthropogenic pollution from Siberia and Asia (Kasai et al.
2005b). Asian anthropogenic emissions have been found to be a predominant source
of pollution in Alaska, with a greater influence in years with strong El Nino conditions
(Fisher et al., 2010). Siberian wildfires are a substantial source of summertime pollution
in Alaska (Jaffe et al., 2004; [Warneke et al.;[2009) in addition to local wildfires within the
boreal forests of Alaska. It should be noted that for this reason, and the dependence of
FTIR measurements on clear-sky conditions, smoke plumes within Alaska may prevent
measurements by FTIR. As a result, summertime measurements at Poker Flat can be
sparse.

Kiruna is mainly influenced by anthropogenic emissions from mid-latitude Europe;
however, aerosol smoke layers from injection of Canadian wildfire emissions into the lower
stratosphere have been identified in the past at Kiruna (Fromm et all 2000)). Similarly,
the urban site of St. Petersburg would be most sensitive to local sources within Europe.
Both Kiruna and St. Petersburg may sample the long-range transport of boreal Asian
plumes that could circle the Northern Hemisphere (Damoah et al. 2004), although such
plumes would be well aged and diluted. Through injection of wildfire emissions into the
upper troposphere and lower stratosphere, North American boreal wildfire plumes may

be efficiently transported to Europe (Khaykin et al., 2018; Hu et al., 2019). Although
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the effects of the long-range transport of wildfire emissions on air quality are likely to be

minimal, they can have an influence on tropospheric composition of long-lived species.

Alpine Sites

Both Zugspitze and Jungfraujoch are considered clean Alpine sites, isolated from local
pollution sources and therefore provide measurements that are representative of back-
ground concentrations of central Europe (Franco et al., 2015)). For the purpose of this
study, as the result of the close proximity between the two sites (~200 km), Zugspitze
and Jungfraujoch are considered to be complementary to one another. Differences in
measured column amounts between the two sites as a result of long-range transport are
likely due to their altitude differences, 2964 m a.s.l. and 3580 m a.s.l. for Zugspitze and
Jungfraujoch, respectively. It has been previously shown that Zugspitze is weakly in-
fluenced by nearby pollution sources, while Jungfraujoch is considered a remote site,
mainly influenced by long-range transport (Henne et al., 2010). However, as a result of
the high altitudes of these sites, the measured composition is largely driven by long-range

transport in the mid to upper troposphere.

Mid-latitude Sites

Toronto, an urban site, is most sensitive to local pollution sources in southeast Canada
and the United States (Whaley et al.| [2015) and periodically subject to wildfire pollution
episodes as demonstrated by |Griffin et al. (2013); Whaley et al,| (2015)). Rikubetsu,
located in Hokkaido, Japan, is free of considerable local anthropogenic pollution sources,
with contributions of CO mainly due to transported Asian anthropogenic emissions (Zhao
et al., 2000). In the summertime, Rikubetsu is influenced by the transport of biomass
burning pollution from within Asia (Li et al., 2000), while the region of Hokkaido is often
affected by pollution episodes from Siberian wildfires of boreal Asia (Jeong et al., 2008}

Tanimoto et al., 2000; [Yasunari et al., [2018)).
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6.2.2 GEOS-Chem

To interpret the influence of anthropogenic, chemical, and biomass burning sources on CO
columns at each FTIR site, the GEOS-Chem CTM is used (http://geos-chem.org/;Bey
et al., 2001b) in a tagged simulation of CO at a horizontal resolution of 2°x2.5° with
47 vertical hybrid levels. GEOS-Chem version 12.1.1 (The International GEOS-Chem
User Community, 2018)) was used and driven by global meteorological inputs from the
MERRA-2 (Modern-Era Retrospective Analysis for Research and Applications, Ver-
sion 2; (Gelaro et al., [2017) from the NASA GMAO. MERRA-2 is produced with the
GMAO/GEOS-5 Data Assimilation System Version 5.12.4. The GEOS-Chem simulation
was initialized with a 1-year spin-up from 1 January 2002 to 1 January 2003. Chemical
and transport operator time-steps of 1 hr and 10 min, respectively, were used.

Biomass burning emissions are from GFASv1.2 (Kaiser et all [2012; (Giuseppe et al.,
2018)) which assimilates MODIS burned area and FRP products to estimate emissions
for open fires. GFASv1.2 emissions have a 0.1°x0.1° horizontal resolution with 3-hourly
temporal resolution. GFAS was chosen for the availability of emissions over the anal-
ysis period from 2003-2018. Global anthropogenic emissions are provided from the
EDGARv4.3.1 (Crippa et al., [2016) emissions inventory, overwritten by regional emis-
sion inventories in the Northern hemisphere as described in [Fisher et al.| (2010). Biogenic
emissions of precursor VOCs are from the Model of Emissions of Gases and Aerosols
from Nature (MEGANv2.1; |Guenther et al., 2012) and biofuel emissions are taken from
Yevich and Logan, (2003)).

The main loss mechanism for CO is from photochemical oxidation by OH. The OH
fields are prescribed in the tagged CO simulation and were obtained from the TransCom
experiment (Patra et al., 2011) which implements semi-empirically calculated tropo-
spheric OH concentrations from [Spivakovsky et al.| (2000)) to reduce the high bias of OH
from the GEOS-Chem full-chemistry simulation (Shindell et al., 2006). Surface emissions

in GEOS-Chem are released within the boundary layer, and boundary layer mixing is
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implemented using the non-local mixing scheme of Holtslag and Boville| (1993)). Biomass

emissions are released by uniformly distributing emissions from the surface to the mean
altitude of maximum injection based on the injection height information as described in
Rémy et al] (2017) which includes an injection height parameterization by
and a plume rise model by [Freitas et al.| (2007)).

GEOS-Chem version 12.1.1 tagged CO simulation includes the improved secondary

CO production scheme of Fisher et al.|(2017), which assumes production rates of CO from

CH4 and NMVOC oxidation from a GEOS-Chem full-chemistry simulation therefore re-
ducing the mismatch between the CO-only simulation and the full-chemistry simulation.

The anthropogenic source regions are shown in Figure [6.1], while biomass burning source

regions are implemented following the standard GFED (Giglio et al., |2013) regions and

are also shown in Figure [0.1
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Rikubetsu

Figure 6.1: Locations of ground-based FTIR sites used in this study. The GFED basis
regions (shaded), and anthropogenic source regions (black rectangles) used for the GEOS-
Chem tagged CO simulation are also shown and summarized in Table .
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Table 6.2: Summary of the source regions used in the GEOS-Chem tagged CO simulation.

Type Name Description
Anthropogenic NA North America
EU Europe
AS Asia

ROW Rest of World

Biomass Burning BONA Boreal North America
TENA Temperate North America
CEAM Central America
NHSA Northern Hemisphere South America
SHSA Southern Hemisphere South America
EURO Europe
MIDE Middle East
NHAF Northern Hemisphere Africa
SHAF Southern Hemisphere Africa
BOAS Boreal Asia
CEAS Central East Asia
SEAS Southeast Asia
EQAS Equatorial Asia
AUST Australia and New Zealand

Other CH,4 Methane oxidation
NMVOC Non-methane volatile organic compound oxidation

6.2.3 AERONET

The Aerosol Robotic Network (AERONET; https://aeronet.gsfc.nasa.gov; |[Holben
et al., [1998)) is a federation of ground-based remote sensing aerosol networks established
by NASA and PHOTONS (PHOtométrie pour le Traitement Opérationnel de Normali-
sation Satellitaire; Univ. of Lille 1, CNES, and CNRS-INSU). AERONET consists of a
network of CIMEL sun photometers which provides globally distributed observations of
spectral aerosol optical depth (AOD). At each AERONET site, observations are recorded
every 15 minutes and are cloud screened. Inversion of aerosols products and cloud
screening for the AERONET Version 3 database are described in (Giles et al 2019)).

AERONET sites selected for this study were based on the availability of data during
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the operational period of the FTIR instruments and proximity to the FTIR site. The
selected AERONET sites nearest to the NDACC FTIR sites are listed in Table [6.1]

6.3 Results & Discussion

6.3.1 Retrieved FTIR Products

Time Series

The weekly-mean time series of CO, HCN and CyHg tropospheric partial columns for each
site are shown in Figures|[6.2] and respectively. The tropospheric partial columns
are the integrated column amounts from the surface to an altitude of 12.71 km at each
site. In this study, all presented column amounts correspond to this partial column for
CO, HCN and CyHg. The weekly mean is taken over all years of measurements for the
respective species at each site, while the shaded region indicates a 1o deviation from the
mean. For all sites, the seasonal cycle of CO shows a maximum in winter and early spring
(February-March), with decreasing total columns through the spring. The main sources
of CO are the combustion of fossil fuels and biomass burning, while oxidation of VOCs
and CH, are also a considerable source (Holloway et al., 2000). The main sink of CO is
due to reaction with OH, leading to a lifetime of approximately 1-2 months (Bey et al.
2001a)). In winter and spring months, decreased sunlit hours limits OH production by
photolysis of ozone, therefore minimizing the loss of CO. The seasonal cycle of OH largely
drives the seasonal variations of CO. Transport of CO from mid-latitude to high-latitude
regions also contributes to the seasonal cycle as the isentropic transport is greater in the
winter and spring months (Klonecki, 2003} Stohl et al., |2006)). Furthermore, the stronger
seasonal cycle of OH production also contributes to the greater seasonal amplitudes at

high latitudes as observed in Figure [6.2]
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Enhanced tropospheric columns of CO are observed in the summertime, mainly in
July-September at all sites as illustrated in Figure [6.2| as a result of the hemispheric
influence of boreal wildfires (Honrath, [2004)). These enhancements are most pronounced
at the clean high-Arctic sites of Eureka and Thule, which are strongly influenced by
boreal fires in North America and Asia. Similar enhancements are also observed at
the other Arctic sites of Ny-Alesund and Kiruna, but are not as pronounced, which is
partly due to the longer transport times to these sites. Ny-Alesund also exhibits an
increase in CO beginning in August as a result of the accumulation of CO from Northern
Hemisphere biomass burning sources. Poker Flat, located in the boreal forests of Alaska
is greatly influenced by boreal wildfire emissions in these regions; however, in many
instances these events result in smokey conditions that prevent FTIR measurements. As
a result, detection of enhancements at Poker Flat are likely to be underestimated due to
the strong influence of wildfire smoke.

A slight increase in CO concentrations is observed at Zugspitze and Jungfraujoch
as a result of the long-range transport of boreal wildfire emissions. Emissions from
these events are often lofted into the free troposphere where long-range transport is
favoured (Jaffe et al., [2004; [Val Martin et al., 2006). However, the transport of emissions
over continental scales results in the dilution of the smoke plume and therefore, the
enhancements observed at Zugspitze and Jungfraujoch are not as pronounced as for the
other sites.

St. Petersburg and Toronto are urban sites that are strongly influenced by local
anthropogenic sources, but enhanced columns of CO are observed in July and August as
a result of the boreal wildfire influence. Rikubetsu is strongly affected by anthropogenic
CO sources from Asia, resulting in the large variability of CO (Zhao et al., (1997 2002]).
The greatest enhancements at Rikubetsu are observed in July and August, due to boreal

Asian wildfires in Siberia.
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HCN has a long atmospheric lifetime ranging from days to months, while its dominant
source is due to biomass burning emissions (Li et al., 2000, 2003 [2009). Plant and
fungal emissions represent a minor source of HCN, while dry deposition to the ocean
and oxidation by OH are the main sinks (Cicerone and Zellner, [1983)). As a result, HCN
will accumulate in the Northern Hemisphere in the summer months due to the influence
of wildfire and biogenic emissions. The seasonal cycle of HCN peaks in the summer
months with low total columns in the winter and fall as illustrated in Figure [6.3] A
sharp maximum is observed in August at the high-Arctic sites (Eureka, Thule and Ny-
Alesund) due to activation of its biogenic sources and the onset of wildfire emissions. A
similar increase in the HCN total columns is observed at the high-latitude sites (Kiruna,
Poker Flat and St. Petersburg), although not as pronounced. For Toronto, enhanced
total columns are also observed in August due to wildfires, consistent with the CO time
series. Rikubetsu shows the greatest concentrations of HCN in the spring in May, with a
secondary peak in August. The springtime enhancements of HCN are due to the earlier
onset of East and Southeast Asian biomass burning, which occurs annually from March
to May (Streets et al., [2003)).

The seasonal cycle of CyHg is similar to that of CO, as shown in Figure [6.4 The
primary sources of CoHg include natural gas production, biofuel use and biomass burning
(Rudolphl [1995; Logan et al., |1981; Xiao et al., |2008). The main loss of CoHg is due to
reaction with OH, resulting in an average lifetime of approximately three months (Xiao
et al., 2008). The summertime wildfire influence of CyHg is less pronounced than for CO
and HCN. Enhancements of Cy;Hg are particularly evident at Eureka and Thule, due to
the generally clean background of these sites, while wildfire enhancements of CyHg are
not evident at the other sites due to the influence of local sources in addition to dilution
of the plume during long-range transport. Therefore, CoHg enhancements due to wildfire
pollution are not generally apparent over background concentrations. Additionally, the

emissions of CoHg are an order of magnitude lower than those of HCN for boreal forest,
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temperate forests and peatland burning sources (Andreae and Merlet, 2001; Akagi et al.,

2011}, |/Andreae, 2019).
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Figure 6.2: Weekly-mean CO tropospheric partial columns taken over all years of mea-
surements at each site. The years included in the mean are listed in the top left corner

of each panel. The shaded region represents a 1o standard deviation from the mean.
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Volume Mixing Ratio Profiles

The VMR profiles of CO, HCN and CyHg for all sites are shown in Figures and
[6.7 In all cases, the profiles of each species are similar between sites and tend not to
show drastic differences. It should be noted, that these profiles do not represent the true
atmospheric profile of the species due to limited vertical resolution of the measurement,
which is inherent in remote sensing measurements of this kind. The retrieved profiles
generally follow a similar shape to the a priori profile, where deviations from the a priori
are a result of the measurement. The information content of the retrieval will be discussed
in the following section. In general, the profiles of all species exhibit greatest variability
in the troposphere due to the abundance of these species in this region as these species
are considered to be primarily tropospheric. The the tropospheric column of CO, HCN
and CyHg comprise, on average, greater than approximately 90% of the total column for
CO, 95% for HCN, and 98% for C,Hg.

The VMR profiles of CO (Figure exhibit the greatest values in the lower free
troposphere (surface-6 km) at all sites, with values ranging from approximately 120-
170 ppbv, with greater concentrations at the polluted sites of Toronto, St. Petersburg
and Rikubestu. These sites also illustrate a peak CO concentration at the surface layer
due to the influence of local or nearby emissions. For Rikubetsu, a slight increase in
concentration from the surface (~170 ppbv) to 1 km (~175 ppbv) with concentrations
decreasing with altitude as a result of the transport of CO in the free troposphere from
nearby Asian sources is observed. Decreasing concentrations and reduced variability of
the retrieved profiles with altitude is observed at all sites as transported CO is generally
well mixed. Poker Flat shows greatest variability of the CO profiles due to the transport
of Asian pollution in the spring and wildfires in Eurasia and Alaska in the summer (Kasai
et al., 2005b)).

The VMR profiles of HCN (Figure are variable amongst sites, with surface-layer

concentrations ranging from ~190-310 pptv. For most sites, a peak in the concentration
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is observed between 6-10 km, with decreasing concentrations above. The HCN vertical
profiles generally show increasing concentrations from the surface to the mid-troposphere
and decreasing concentrations above. The urban sites, St. Petersburg and Toronto show
decreasing concentrations from the surface due to the influence of local anthropogenic
sources, mainly automobile use (Baum et al., [2007; Moussa et al., 2016). Accumulation
of HCN in the upper troposphere is the result of its long lifetime and limited dry depo-
sition to the ocean (Singh|, [2003). This is most evident at Ny-Alesund, which is isolated
from local sources and illustrates an upper-troposphere peak between 7-9 km, with a
concentration of approximately 330 pptv.

The VMR profiles of CyHg (Figure follow a similar vertical structure to that
of CO as a result of their common sources. For the urban sites, St. Petersburg and
Toronto, the concentration is greatest at the surface layer, approximately 2 ppbv and 2.4
ppbv respectively, as a result of local sources. Rikubetsu shows a peak near 1.7 km of
1.6 ppbv, due to the transport of emissions in the free troposphere from nearby Asian
sources. For Arctic sites, Eureka, Ny-Alesund, Kiruna and Poker Flat, CoHg profiles
show a broad peak in the free troposphere, generally between 1-7 km, which is indicative

of the long-range transport of pollution.
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Figure 6.5: Mean retrieved (red) and a priori (black) VMR profiles of CO taken over
all years of measurements at each site. The shaded region indicates the 1o standard
deviation from the mean. The circle markers indicate the layer centers of the FTIR
vertical retrieval grid.
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Figure 6.6: Same as Fig.

but for HCN.
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Figure 6.7: Same as Fig.
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Averaging Kernels

The averaging kernel characterizes the vertical information content of the retrievals as
described in [Rodgers| (2000). We consider the total column averaging kernel (a), rather
than the averaging kernel matrix (A). We define the total column averaging kernel

vector:

a=CTA, (6.1)

where C is the total column operator in units of molecules cm™ and T denotes the
transpose. The VMR averaging kernel matrix, A, is in VMR/VMR units. The total

column averaging kernel may be normalized:

where 7 is the index of the ith level of the FTIR vertical retrieval grid. The normalized
total column averaging kernel (a) is unitless and represents the sensitivity to a change
in partial column for the vertical level 7. The normalized total column averaging kernel
may then be applied to the partial column profile to obtain the smoothed column, as
will be discussed further in Section [6.3.5. For this purpose, normalized total column
averaging kernel values near unity throughout the troposphere are desired, which would
minimize biases due to differences in the vertical sensitivities when computing the ratios
of columns of different species (as will be done in the following section).

The mean normalized total column averaging kernels, referred to as simply the total
column averaging kernel hereinafter, for CO, HCN and CyHg are shown in Figure [6.8]
For all sites, the total column averaging kernels of CO show a value near 1 throughout
the troposphere, with a slight decrease to values below unity above 5 km. For HCN, the
total column averaging kernels increase from the surface, with maximum values in the

upper troposphere. The total column averaging kernels of CoHg show similar structure
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to HCN, with maximum values in the mid to upper troposphere. For all sites, it can
be concluded that CO retrievals exhibit minimal sensitivity bias in the troposphere. For
HCN and CsHg, the total column averaging kernel is greatest in the upper troposphere.

For all species and sites, the total column averaging kernels are not highly variable in
time. The variability of the total column averaging kernel is mainly due the changes in
the vertical distribution of the species. In particular, total column averaging kernel values
generally increase with greater concentration of the species. There is some dependence
on the SZA of the measurement which varies seasonally, as the SZA is related to the
sampled slant path through the atmosphere. At high SZAs, the longer slant path results
in greater DOFS, and hence greater averaging kernel values. The a priori covariance
matrix, which is site and species dependent, also influences the total column averaging

kernel.
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Figure 6.8: Mean CO, HCN and CyHg normalized total column averaging kernels in
units of molec cm™2/ molec cm™2, taken over all years of measurements at each site.
The shaded region indicates a 1o standard deviation from the mean. The circle markers
indicate the layer centers of the FTIR vertical retrieval grid.
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6.3.2 Detection of Wildfire Pollution Events

As was illustrated in Section [6.3.1] and Figure [6.2] a seasonal cycle of CO is observed,
with the amplitude varying by site location. Over a long time series, CO may be sub-
ject to inter-annual trends as a result of changing emissions of CO and its precursors.
Additionally, non-clear sky conditions and instrument downtime result in periodic gaps
in measurements and non-uniform time intervals between measurements. As a result of
these factors it can be difficult to determine baseline or ambient concentrations of CO
and therefore to detect enhancements of CO in the FTIR time series. To mitigate these
influences, we account for the seasonal cycle and inter-annual variability of the CO time

series measured at each FTIR site following Thoning et al.| (1989):

4
C(t) = ag + art + ast® + Z b, cos(2mnt) + ¢, sin(2wnt), (6.3)

n=1
where C is the column CO concentration as a function of time ¢. The coefficients a,,
account for the inter-annual trends of CO, while the fourth-order Fourier series with
coefficients b,, and ¢, captures the seasonal cycle of CO. The choice of order for both
the polynomial and Fourier components of the fits were limited to third and fourth order
following past studies (Thoning et al., [1989; |Zellweger et al., 2009).

In Chapters[4]and [}, fire-affected periods in the FTIR CO total column measurements
were identified by CO measurements that exceeded a lo standard deviation from the
monthly mean over all years of measurements at the respective site. This method was
employed as a preliminary means of identifying the fire-affected measurements in the CO
time series; however, this method does not take into account the inter-annual variability
and trends of CO and therefore may result in an over detection of CO enhancements over
a long-term time series. Instead, an alternative method is applied following |[Zellweger

et al.| (2009) to detect CO enhancements in the time series at each site.
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First, the fitted function is subtracted from the data to yield the residual. Assuming
a normal distribution of baseline values around the fitted function, the negative residual
is mirrored into the positive direction. Enhanced CO measurements are defined as those
greater than a specified threshold of the mirrored residual above the fitted function. The
threshold is defined as a multiple of the standard deviation ¢ of the mirrored negative
residual as listed in Table [6.3] The threshold is 1o for all sites, with the exception of
Rikubetsu where a 20 standard deviation was used as a result of the greater variability
CO due to nearby Asian sources. The selected values are listed in Table [6.3

The detected CO enhancements at each site are then binned by date to define indi-
vidual events. The time window selected for binning is listed in Table for each site
and based on the measurement density at the respective site. Enhanced CO measure-
ments separated in time by this duration are binned as separate events, while consecutive
measurements within this time window are defined as a single event. Binning events min-
imizes the influence of varying plume composition, and also separates CO enhancements
that may not be of wildfire origin. This is particularly important for the calculation of the
enhancement ratio which will be described below. Longer separation times are selected
for sites that are likely to be continually influenced by wildfire emissions. These values are
summarized in Table At this stage, no attribution of the detected CO enhancements
to any source has been performed and these enhanced periods simply indicate possible
pollution events.

To isolate potential wildfire pollution events, we exploit the fact that trace gas emis-
sions from wildfires are specific to burning phase and vegetation type (Ward and Hardy},
1991} Yokelson et al.| [1999; Andreae and Merlet, |2001; Yokelson et al., [2009; Akagi et al.|
2011; [Urbanski, 2013, [2014) and therefore it would be expected that emissions of CO,
HCN and Cy;Hg originating from a wildfire source would be correlated within a plume.
Emissions at the fire source are characterized by the emission ratio (ER; |Andreae and

Merlet, 2001; Akagi et al., [2011)) relative to CO, which quantifies the amount of a trace



CHAPTER 6. PAN-ARcTIC DETECTION OF WILDFIRE POLLUTION 146

gas species emitted relative to the amount of CO emitted. Since FTIR observations of
this kind are measuring the emissions downwind of the source, the enhancement ratio

(EnhR; Lefer et al., [1994) is considered:

EnhRx = slope (%) o (6.4)

where [X] is the column of the trace gas of interest, and [CO] is the column of CO.
The enhancement ratio is related to the emission ratio with the influence of plume aging
by chemical loss, deposition and dilution of the plume during transport. Lifetimes of
CO, HCN and CyHg are generally longer than plume transport times which range from
several days to approximately two weeks (Damoah et al., 2004)) and therefore these species
do not undergo chemical considerable chemical loss. Furthermore, we do not take into
account the background concentrations which can cause uncertainty in interpreting the
enhancement ratio as the ambient conditions are likely to vary along the plume trajectory
(Yokelson et al., [2013)).

To calculate the enhancement ratios from the FTIR measurements, the detected CO
enhancements for each event were paired with the nearest HCN and CyHg measurement
taken within 1 hr. A 1-hr time interval was chosen to maximize the number of pairs
since CO, HCN and CyHg are measured using different spectral filters and hence the
measurements do not occur simultaneously. For events with paired measurements of HCN
or CoHg with CO that are fewer than 5, the event is omitted. Setting a minimum number
of pairs mitigates the potential of false detections as a result of spurious measurements.

The unified least-squares fitting procedure of [York et al.| (2004) which accounts for
errors in both the ordinal and abscissa coordinates was used to determine a linear re-
gression for the paired fire-affected measurements. The slope of the linear regression is
the enhancement ratio for the respective species defined in Equation [6.4 To identify

enhancements due to wildfire pollution events, we require that the correlation coefficient



CHAPTER 6. PAN-ARcTIC DETECTION OF WILDFIRE POLLUTION 147

(r) be greater than or equal to 0.5 for both the enhancement ratios HCN and CyHg,
unless otherwise stated, as summarized in Table [6.3]

HCN is retrieved from NDACC Filter 2 measurements, which is generally covered at
least once per measurement sequence of all filters. Similarly, CoHg is retrieved through
filter NDACC filter 3. All filters have a different response to the input solar beam intensity
and therefore, the measurement noise may vary between subsequent measurements of
different filters. For this reason, adequate signal may not be obtained through all filters
in the case of partially cloudy or non-clear sky conditions. It was found that for all sites,
with the exception of Jungfraujoch, there are a greater number of CO measurements
than HCN or Cy;Hg. Because of this non-uniform distribution of measurements, the
number of detected wildfire events is limited by the number of paired measurements for
HCN or CyHg with CO. For this reason, for Ny-Alesund, Poker Flat and Rikubetsu,
the enhancement ratio correlation criteria (shown in Table were omitted, resulting
in a lower confidence for the detected wildfire pollution events. However, for detected
events at these sites, the adjacent AERONET sites provide additional evidence for the
detection of wildfire emissions if the measured AOD is simultaneously enhanced with CO
as shown in Figure [6.9] Furthermore, the GEOS-Chem tagged CO simulation provides
further confidence in the detected wildfire pollution events as discussed in the following

section.
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Table 6.3: Summary of wildfire pollution event detection criteria for all sites.

Site CO Enhancement?® Event Separation® EnhRycn® EnhRC2H6d
Detection Threshold [o] [days] Minimum r Minimum 7
Eureka 1.0 7 0.5 0.5
Ny-Alesund® 1.0 14 - -
Thule 1.0 7 0.5 0.5
Kiruna 1.0 7 0.5 0.5
Poker Flat® 1.0 7 - -
St. Petersburg 1.0 10 0.5 0.5
Zugspitze 1.0 7 0.5 0.5
Jungfraujoch 1.0 7 0.5 0.5
Toronto 1.0 8 0.5 0.5
Rikubetsu® 2.0 14 - —

& Threshold for detection of enhanced CO measurements.

> Time separation between detected CO enhancements to categorize individual events.

¢ Minimum correlation coefficient r for EnhRycn.

d Minimum correlation coefficient r for EnhRe, -

¢ No criteria applied for enhancements ratios due to a lack of coincident CO, HCN and CsyHg.

Table 6.4: Number of measurements of CO, HCN and CyHg for all sites from 2003-2018
unless otherwise stated. Number of pairs of HCN and Cy;Hg with CO in the 1-hr window
is also shown with the mean time difference between paired measurements (At).

Site CO HCN HCN:CO At [min] CyHg CyHg:CO At [min]
Eureka® 5411 4674 4352 10 3578 3316 11
Ny-Alesund 1349 1115 512 28 1129 541 25
Thule 6369 2586 1399 22 3894 1782 11
Kiruna 1999 1866 1597 15 2650 1883 32
Poker Flat? 2602 1791 1432 24 1638 1343 28
St. Petersburg® 4289 3846 2552 31 4154 3706 04
Jungfraujoch® 4844 3244 2409 31 11372 6572 34
Zugspitze’ 19445 903 895 17 13539 13307 8
Toronto 3779 2978 2104 33 4276 2877 22
Rikubetsu 1199 1105 784 19 1057 633 31

2 From 2006-2018.

> From 2003-2011.

¢ From 2009-2018.

4 Jungfraujoch uses five non-standard filters resulting in a greater number of CoHg measurements.

¢ St. Petersburg uses two non-standard broadband filters and therefore CO and Cy;Hg measurements
occur simultaneously.

f Zugspitze HCN measurements began in 2015 while CO and CyHg measurements are reported from
2003-2018.
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Figure 6.9: Total 500 nm aerosol optical depth from the adjacent AERONET sites listed
in Table 6.1} The grey shaded regions indicated the period of fire-affected measurements
detected at each FTIR site.
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6.3.3 Source Attribution

A GEOS-Chem tagged CO simulation was performed as described in Section for
the time period of 2003-2018, giving 6-hourly instantaneous VMR profiles of the tracers
listed in Table [6.2l The GEOS-Chem simulation provides a means of evaluating the
source attribution for the detected wildfire pollution events in the FTIR time series.
Source attribution is performed as follows. First, the GEOS-Chem CO VMR profiles in
the grid box containing the respective FTIR site were converted to partial column profiles
and linearly interpolated and regridded onto the FTIR vertical retrieval grid. This was
necessary in order to account for the differences in the surface levels of the model and the
FTIR sites (Barret et al.,|2003)). For each of the detected events, the period of fire-affected
measurements is considered. For this fire-affected window, we define the first-order rate
of change of the CO partial column contribution for each of the GEOS-Chem tagged
biomass burning CO tracers:
d[COJx _ [COlx(t:) — [COlx(ti-1)

a t—t, 4 ’ (6:5)

where [COJy is the column (in molec cm™2) of the CO tracer X and ¢; is the time
of the GEOS-Chem timestep. Within a wildfire pollution event, it is expected that a
rapid increase of the CO contribution would be observed, resulting in a positive value
d[COly/dt. Similarly, as the plume passes or dissipates, a negative value of d[CO]y /dt

would be observed. Considering this, the so-called impulse is then defined:

f
0

where ¢y and ¢y correspond to the start time and end times of the detected event. The

d[COl

dt’ .
T (6.6)

absolute value is used since we do not discriminate against positive of negative rates of
change. Since the model output timesteps are discrete and constant, using the definition

of Equation [6.5, Equation may be approximated as:
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Ix = Y I[COlx (t) ~ [COly(t1)] (6.7)

where N is the number of GEOS-Chem output timesteps for the detected FTIR event
from ty and ty. The result of Equation can be easily interpreted. For a wildfire event,
the concentration would rapidly increase as the plume approaches the FTIR site and
rapidly decreasing CO concentrations as the plume passes. In contrast, anthropogenic,
chemical or biogenic sources of CO are less likely to contribute to episodic enhancements,
as these sources tend to vary on seasonal timescales and are more likely to contribute
to background concentrations of CO rather than anomalous enhancements. However,
the transport of anthropogenic emissions in the winter and spring may result in episodic
pollution events. Detection of anthropogenic pollution events was mitigated by the use
of the correlation criteria for the enhancement ratios of HCN and CyHg as mentioned
previously. For Ny-Alesund, Poker Flat and Rikubetsu where no correlation criteria was
used, winter and spring anthropogenic events were identified and removed based on a
qualitative assessment of the GEOS-Chem and AERONET AOD time series.

The value of Ix would be greatest for the GEOS-Chem tagged CO tracer contributing
to the episodic enhancement detected by the FTIR instrument, and for the reasons stated
above, is likely to be of wildfire origin. The source of the detected FTIR enhancement
therefore corresponds to the GEOS-Chem tagged CO tracer for which Ix from Equation
is a maximum. The source attribution for the detected wildfire pollution events in
the FTIR time series is illustrated in Figure [6.10]

The mean enhancement ratios of HCN and CsHg are summarized in Table for the
detected wildfire pollution events from BONA and BOAS at all sites. Similar enhance-
ment ratios of HCN and CyHg are observed at Eureka and Thule for both BONA and
BOAS. This similarity is expected due to the close proximity of these sites. For Kiruna,
slightly lower mean enhancement ratios of HCN were observed of 0.005 for both BONA

and BOAS. The enhancement ratio of CyHg at Kiruna is greater than Eureka and Thule,
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which likely represents the longer travel times of the plume resulting in the dilution of
the plume with the background, which can be interpreted as follows. Assuming lifetimes
of CO, HCN and CyHg of 30, 75 and 45 days following Viatte et al. (2013 2015) and
Lutsch et al.|(2016), the enhancement ratio (EnhR) is given with respect to the emission

ratio (ER):

(4]
EnhRxy =ERy - ————%.
exp <—%)

It is easily seen from Equation [6.8| that the enhancement ratios of HCN and CyHg would

(6.8)

increase with longer plume travel times ¢. For example, assuming a 7 day travel time,
the enhancement ratios of HCN and CyHg would be a factor of 1.15 and 1.08 greater
than their respective emission ratio. For a 14 day travel time, the enhancement ratios
of HCN and CsHg would increase by a factor of 1.32 and 1.16, respectively, from their
respective emission ratios. However, this is neglecting the influence of plume dilution.
With longer travel times, the plume is likely to mix with the background resulting in
the enhancement ratios tending to background values. Therefore, the enhancement ratio
of CoHg would likely be greater than the enhancement ratio of HCN as a result of the
greater mean columns of CoHg in comparison to HCN observed at all sites, as illustrated
in Figures [6.3] and [6.4]

With the exception of Toronto, which is likely influenced by local HCN sources, the
greatest HCN enhancement ratios are observed at Eureka and Thule, with greater values
for the BOAS events, 0.008 and 0.009 for Eureka and Thule, respectively. It is possible
that this could reflect the greater HCN emissions of BOAS due to the substantial fraction
of peat burning from these events (Yurganov et al., 2011} |R’Honi et al., 2013)). Lower
enhancement ratios of HCN are observed at all other sites (except Toronto) for both
BONA and BOAS sources. The lower enhancement ratios of HCN likely reflect the

longer travel times to these sites and the dilution of the plume as described above.
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Episodic wildfire pollution events at all sites are attributed to either BONA or BOAS
sources, with two detected events from SEAS at Jungfraujoch. Temporal correlation
of events amongst all sites is observed, with events occurring near in time at different
sites is attributed to the same source. Particularly evident are the 2012 Siberian wild-
fires (Kozlov et al. |2014; Teakles et al., [2017)) observed at several sites and attributed to
BOAS. Similarly, the 2017 Canadian wildfires (Khaykin et al. 2018} |Peterson et al.| 2018}
Kirchmeier-Young et al., 2019; Lutsch et al.,|2019)) are also observed at a number of sites.
Although, the majority of detected events from 2003-2018 are attributed to BOAS, from
2013-2018 there is an observed increase in the number of events attributed to BONA,
with 24 BONA and 14 BOAS events detected during this period amongst all sites. Prior
to 2013, 17 BONA and 37 BOAS events were detected. The recent increase in BONA
events could be indicative of changes in large-scale climatic patterns (Macias Fauria and
Johnson, 2008)) resulting in an increase in lighting-induced wildfires (Macias Fauria and
Johnson, 2006; [Veraverbeke et al., 2017). However, this apparent increase in BONA
events does not take into account the possibility of missed detections due to instru-
ment downtime or cloudy sky conditions. Contributions of the biomass burning source
regions to CO tropospheric columns at each site will be discussed in the following section.
Table 6.5: Mean enhancement ratios of HCN and CyHg for BONA and BOAS for all

detected wildfire events. The value in parenthesis is the 1o standard deviation of the
mean. The number of detected events for each site and source are also given.

BONA BOAS

Site Nr. HCN CQH(; Nr. HCN CQHG
Eureka 9 0.007 (0.003) 0.012 (0.005) 10 0.008 (0.004) 0.013 (0.003)
Ny-Alesund 9 - - 6 - -
Thule 13 0.007 (0.004) 0.010 (0.003) 4  0.009 (0.002) 0.012 (0.003)
Kiruna 4 0.005 (0.002) 0.014 (0.010) 8 0.005 (0.001) 0.016 (0.010)
Poker Flat 8 — - ) - -

St. Petersburg 1 0.004 0.005 3 0.004 (0.001) 0.019 (0.014)
Zugspitze 1 0.003 0.012 1 0.001 0.001
Jungfraujoch 8 0.006 (0.005) 0.015 (0.014) 9  0.004 (0.002) 0.012 (0.004)
Toronto 4 0.010 (0.008) 0.023 (0.008) 1 0.007 0.028
Rikubetsu 0 — — 11 — —
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6.3.4 Wildfire Contribution to CO

The GEOS-Chem tagged CO simulation provides a means of evaluating the contribution
of CO from anthropogenic, chemical and biomass burning sources to the measured CO
columns at each FTIR site. Figures to show the daily-averaged GEOS-Chem
and FTIR CO tropospheric columns (surface-12.71 km) for the simulation period from
2003-2018. The relative contribution of biomass burning tracers are also shown. Biomass
burning tracers with a mean contribution of less than 3% are not shown. For all GEOS-
Chem tagged CO tracers, the partial column profile was linearly interpolated onto the
FTIR retrieval grid to account for the differences in surface elevation of the model and
FTIR sites.

For all sites, the oxidation of CHy is the greatest contribution to the tropospheric CO
column as illustrated in Figure [6.11] The magnitude of this source is similar amongst
all sites, with the exception of Zugspitze and Jungfraujoch due to their high altitude.
Anthropogenic Asian CO sources exhibit the greatest seasonal amplitude at all sites,
due to the magnitude of the emissions and the influence of seasonally variable transport
(Klonecki, 2003; [Stohl et al. 2006; Fisher et al., 2010). European and North Amer-
ican anthropogenic sources show a similar seasonal cycle but smaller in amplitude in
comparison to the Asian source. Of note, at Zugspitze and Jungfraujoch, comparable
contributions from anthropogenic sources in Asia, North America, Europe and the rest
of the world are observed. The oxidation of NMVOCs is a considerable source at all
sites, with little seasonal dependence. A slight increase in the NMVOC contribution is
observed in the summertime, particularly in July and August, as a result of emissions of
NMVOC from biogenic sources and wildfires (Guenther et al., |2000; Wentworth et al.|
2018).

Biomass burning sources of CO exhibit the greatest differences amongst sites as seen
in Figure [6.11] For most sites, the onset of the biomass burning contribution begins

in May with a maximum in August. Similar to the anthropogenic influence, Zugspitze
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and Jungfraujoch are generally isolated from the direct influence of biomass burning
emissions and only show a minor enhancement in the summer. For Rikubetsu, the onset
of the biomass burning contributions is observed earlier than for the other sites beginning
in March as a result of the influence of Asian biomass burning sources (CEAS, SEAS
and EQAS), with slight influence in the summer for boreal emissions from BOAS. The
contributions of the biomass burning sources to each site with respect to the results of

Section [6.3.3] are discussed below.
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Figure 6.11: Weekly-mean GEOS-Chem tagged CO tracer tropospheric columns. The
tagged CO tracer correspond to those listed in Table [6.2] The total biomass burning
(BB) contribution is shown and is the sum of all biomass burning tracers from Table .
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High-Arctic Sites

The high-Arctic sites of Eureka, Ny-Alesund and Thule illustrate strong summertime
enhancements of CO and HCN as seen in Figures [6.2] and [6.3], with a moderate enhance-
ment of CoHg shown in Figure These enhancements have a maximum in July and
August and from Figure [6.12] it is observed that the enhancements are largely due to
the influence of BONA and BOAS wildfires. Wildfires in temperate regions (TENA and
CEAS) are a small contribution to the CO tropospheric column (<5%) but do not con-
tribute to the detected episodic enhancements. A moderate contribution to CO from
CEAS and SEAS is observed, but these are not a source of anomalous enhancements.

Similar contributions are observed for BONA and BOAS among the high-Arctic sites,
with a stronger influence from BONA to Eureka and Thule resulting in episodic enhance-
ments of CO contributing greater than 40% to the CO tropospheric column. The strong
influence of these sources is the result of the proximity of the high-Arctic sites to these
source regions, as well as the efficient summertime isentropic transport (Stohl, 2006]). As
a result, the direct influence of wildfire plumes at the high-Arctic sites is observed in the
FTIR time series, where the effects of plume dilution are minimal.

Furthermore, an early onset in April of the BOAS contribution is observed and is likely
the result of the contribution from Siberian wildfires. Siberian wildfires are associated
with low-level injected emissions, mainly within the planetary boundary layer and lower
free troposphere (Val Martin et al., 2018)). The low-level injection of these emissions and
the high latitudes of the sources favour efficient transport to the Arctic (Stohl, |2006).
In contrast, the Asian sources, CEAS and SEAS, show minor contributions to the CO
tropospheric columns at the high-Arctic sites. Transport of these emissions to the Arctic
are limited due to the higher potential temperature of these regions in the summertime,

preventing isentropic transport to the Arctic (Klonecki, 2003; [Stohl, |2006)).
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Figure 6.12: Daily-mean CO tropospheric column time series for FTIR and GEOS-Chem
(top panel) from 2003-2018 for the high-Arctic sites: Eureka, Ny-Alesund and Thule.
The bottom panel shows the relative contribution (%) of the BONA, TENA, BOAS,
CEAS and SEAS CO tracers in the GEOS-Chem simulation to the total CO tropospheric
column. The grey shaded regions indicate periods of fire-affected measurements identified
in the FTIR time series and summarized in Figure [6.10]
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Arctic Sites

For the high-latitude European sites Kiruna and St. Petersburg, smaller contributions
to CO from BONA and BOAS sources are observed, with peak contributions ranging
from approximately 5 to 44% for BONA and 12 to 37% for BOAS, with slightly smaller
contributions at Kiruna. The smaller contributions from these sites in comparison to the
high-Arctic sites is partly due to the greater distances from the wildfire sources. The
transport of emissions to these sites is a result of long-range westerly transport that gen-
erally exceeds 10 days (Damoah et al.| [2004). Because of the long travel times, the plume
is often diluted, and therefore, does not generally lead to the episodic enhancements ob-
served at the high-Arctic sites. In contrast, Poker Flat is predominantly influenced by
Alaskan wildfires, with contributions to the CO tropospheric column exceeding 50% in
many cases. Similarly, the proximity of Poker Flat to BOAS sources makes BOAS a
significant contributor to episodic CO enhancements, comparable to the local BONA
source.

Similar to the high-Arctic sites, contributions from TENA, CEAS and SEAS to the
Arctic sites are minimal and do not contribute to the episodic enhancements of CO, HCN
and CoHg detected in the FTIR time series. However, Poker Flat and St. Petersburg
generally exhibit greater contributions from CEAS. For Poker Flat, this is the result
of Asian outflow transporting emissions from Asian over the Atlantic to Alaska. For
St. Petersburg, the proximity to the CEAS sources makes it susceptible to this source.
Particularly evident is the large enhancement in July and August of 2010 due to wildfires
in the Moscow region (Konovalov et al., |2011; |Witte et al., 2011; Yurganov et al., 2011))
although not detected in the FTIR time series as there were no measurements during

that period.
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Figure 6.13:

Petersburg.
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Same as Figure but for the Arctic sites: Kiruna, Poker Flat and St.
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Alpine Sites

The alpine sites, Zugspitze and Jungfraujoch shown in Figure [6.14] differ the most from
the other sites considered in this study as a result of their high altitude. It is seen
that Zugspitze and Jungfraujoch are most strongly influenced by BOAS, with a mean
seasonal maximum contribution of approximately 14% at both sites. The contribution
of BOAS emissions to the enhanced columns at Zugspitze and Jungfraujoch are due to
hemispheric-scale transport (Damoah et al., 2004)), leading to a perturbation to back-
ground concentrations of each species. As a result, the enhancements detected in the
FTIR time series or GEOS-Chem do not result in the large, episodic enhancements ob-
served at the high-Arctic sites. The contributions from trans-Atlantic transport of BONA
emissions, however, exhibit these anomalous enhancements on occasion. Particularly ev-
ident are the BONA wildfires of 2013-2015 and 2018. Emissions from boreal Canadian
wildfires may be injected into the free troposphere (Val Martin et al., [2018) and in some
cases the lower stratosphere (Fromm et al.; 2000; Khaykin et al., 2018; Peterson et al.
2018)) which may enable the efficient transport of the plume over inter-continental scales
(Heilman et al., 2014).

SEAS emissions are a larger contributor to CO enhancements for Zugspitze and
Jungfraujoch than for the Arctic or high-Arctic sites. However, such enhancements
are not observed in the FTIR time series as the contribution from SEAS is small in
comparison to Asian anthropogenic sources as illustrated in Figure [6.11] Transport of
Asian biomass burning CO emissions to Europe had been identified in the springtime by
Petetin et al. (2018) and attributed to uplifting of emissions into the free troposphere
and efficient transport of the westerlies (Bey et al.l 2001a). In all cases, Zugspitze and
Jungfraujoch are most susceptible to emissions that reach the free troposphere where

long-range transport is favoured (Petetin et al., 2018)).
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Mid-latitude Sites

Anomalous enhancements in the Rikubetsu time series are dominated by the outflow of
BOAS emissions that begin in early springtime and persist throughout the summer and
autumn. Episodic BOAS enhancements are observed annually, with contributions that
generally exceed 20% and are larger than 50% in many years. The greatest enhancement
from BOAS was observed in 2003 as result of the exceptional emissions from Siberia
wildfires (Jaffe et al.| 2004; [Ikeda and Tanimoto, 2015)). Although the contribution from
BOAS at Rikubetsu is highly variable between years, anomalous enhancements are ob-
served annually in the GEOS-Chem time series, while detection of events in the FTIR
time series is limited by the temporal sampling of the FTIR instrument. CEAS and SEAS
have moderate contributions (~10%) to the CO tropospheric column at Rikubetsu in the
spring and fall although the influence of these sources are often masked by the greater
BOAS emissions during these periods. Other biomass burning sources have minimal con-
tributions and Asian anthropogenic sources are dominant throughout the year as shown
in Figure [6.11]

Toronto is most strongly influenced by wildfires of BONA, with detected events in the
FTIR time series including 2014 from the Northwest Territories wildfires (Lutsch et al.|
2016; Kochtubajda et al.. 2019), 2015 from wildfires in Saskatchewan (Dreessen et al.
2016) and the 2017 British Columbia wildfires (Peterson et al., [2018]). Although it is in
close proximity to TENA sources, mainly from the Western and Southern United States,
Toronto is minimally influenced by TENA as the magnitude of these emissions is much
smaller than for BONA. Background contributions from CEAS and SEAS are also ob-
served in the springtime although the contribution from Asian anthropogenic sources is
dominant. BOAS is also a significant contribution to CO at Toronto in the summertime,
but does not generally result in anomalous enhancements as a result of the longer trans-
port times from this region. The 2018 enhancements were attributed to BOAS, while

in June 2012, enhancements were present in the FTIR time series and appear to occur



CHAPTER 6. PAN-ARcTIC DETECTION OF WILDFIRE POLLUTION 164

simultaneously with the large BOAS contribution (>30%). Minor contributions (<5%)
from CEAS are observed in the springtime and autumn, while a moderate influence from

SEAS of ~10% is observed in the spring.
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6.3.5 GEOS-Chem to FTIR CO Comparison
The GEOS-Chem CO partial column profiles are smoothed by the normalized FTIR CO
total column averaging kernel following Rodgers and Connor| (2003):

A

T = 2o +a (X — Xa), (5.1] revisited)

where Z,, is the smoothed model total column, x, is the FTIR a priori total column, x,, is
the model partial column profile, a is the FTIR total column averaging kernel, and x, is
the FTIR a priori partial column profile. Although the smoothing has a minor influence
on the smoothed partial column (~1%) it is performed here to mitigate any biases as a
result of the a priori profile. The GEOS-Chem CO profiles, FTIR CO profiles and total
column averaging kernels are daily averaged and the daily averaged GEOS-Chem profiles
are subsequently smoothed. Correlations of the smoothed GEOS-Chem and FTIR CO
tropospheric partial columns are shown in Figure [6.16]

For all sites, moderate to strong linear correlations are observed with correlation
coefficients (r) ranging from a minimum of 0.66 for Toronto to a maximum of 0.89 at
Thule. The slope of the linear regression is indicative of the GEOS-Chem bias relative
to the FTIR measurements, with a slope greater than 1.0 representing a high-bias and a
slope less than 1.0 representative of a low-bias. For all sites, GEOS-Chem has a low bias
as seen in Figures [6.12}6.15] The slopes range from a minimum of 0.49 at Jungfraujoch

to a maximum of 0.84 at both St. Petersburg and Rikubetsu.
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Figure 6.16: Correlation of daily-averaged GEOS-Chem and FTIR CO tropospheric par-
tial columns for all sites from 2003-2018. The linear correlation coefficient (r), linear
equation of the regression, and number of measurements (N) are also shown. The black
dashed line is the one-to-one correlation and the solid red line is the fitted linear regres-
sion.

The underestimation of GEOS-Chem CO is common amongst global CTMs as a
result of errors in emissions, transport, and biases in the OH concentrations (Shindell
20006)). It is likely that the consistent underestimation of GEOS-Chem CO at all

sites is partly due to a high bias of OH (Muller et al., 2018). Seasonal variability of the

GEOS-Chem bias is observed as shown in Figure[6.17] The consistent underestimation of

GEOS-Chem at Zugspitze and Jungfraujoch (as shown in Figure 6.17) may be the result
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of excessive stratosphere-to-troposphere exchange (Fischer et al., |2000; Hoor et al.| [2002;
Pan et al.| [2004) contributed by the coarse model resolution, resulting in a low bias of
CO in the upper troposphere. A similar underestimation of GEOS-Chem CO in a full-
chemistry simulation in comparison to Jungfraujoch FTIR measurements was observed
by Té et al.| (2016]). The high altitude of Zugspitze and Jungfraujoch makes these sites
more susceptible to this bias in comparison to the lower altitude sites (Ordoénez et al.|
2007). The underestimation at Toronto, and the lower correlation (0.66) than all other
sites is possibly the result of the temporal and spatial variability of CO being not well
captured due to the coarse model resolution (2°x2.5°).

Seasonal variability of the GEOS-Chem minus FTIR relative difference is also ob-
served as shown in Figure and tabulated in Table 6.6l The representation of the
seasonal variability of transport at mid-latitudes and errors in the seasonality are likely to
be contributing factors to the variability of the GEOS-Chem minus FTIR CO difference.
However, biomass burning emissions are also seasonally dependent and underestimation
of GEOS-Chem CO may be partially reflective of an underestimation of GFAS emissions.
Particularly evident is the greater underestimation of GEOS-Chem at Rikubetsu in the
summer months, during the boreal wildfire season. Eureka and Thule exhibit a greater
underestimation of GEOS-Chem in July and August when the boreal wildfire influence
is greatest as shown in Figure[6.12] A similar decrease in the GEOS-Chem minus FTIR
relative difference is also observed at Kiruna, Poker Flat, St. Petersburg and Toronto.
These differences could be indicative of the unresolved plume transport in the model as a
result of its coarse vertical resolution (Rastigejev et al. |2010; Eastham and Jacob, 2017)
as mentioned in Chapter 5} Additionally, the summertime low CO bias in GEOS-Chem
may also be contributed by an underestimation of the secondary production of CO from

biogenic emissions of NMVOCs.
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Figure 6.17: Box-and-whiskers plot of the monthly-mean relative difference (%) of GEOS-
Chem and FTIR CO taken over all years from 2003-2018. The red line indicates the mean
and the black square of the median. The shaded boxes represent the interquartile range
of the data and the whisker represent the range. The mean relative difference of all data

is listed in the top left corner.
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6.4 Summary

Boreal wildfires of North America (BONA) and Asia (BOAS) were found to be the great-
est contributors to episodic CO enhancements at ten Northern hemisphere FTIR sites:
Eureka, Ny-Alesund, Thule, Kiruna, Poker Flat, St. Petersburg, Zugspitze, Jungfrau-
joch, Toronto and Rikubetsu. Wildfire pollution events were identified by detection of
enhancements of CO in the FTIR time series. With the exception of Ny-Alesund, Poker
Flat and Rikubetsu, detected CO enhancements were correlated with coincident mea-
surements of HCN and CyHg to determine their enhancement ratios, providing evidence
for the detection of wildfire pollution events. The GEOS-Chem tagged CO simulation
allowed for source attribution of the detected events and for the source contribution to
CO at each site to be evaluated.

The greatest numbers of FTIR enhancements were observed at Eureka (19) and Thule
(17) due to their proximity to BONA and BOAS, with both sources contributing to
greater than 40% of the CO tropospheric partial column in many cases. A similar influ-
ence of BONA and BOAS wildfires was observed at Ny-Alesund, but the sparsity of the
CO measurements limited detection of events in the FTIR time series. Furthermore, the
lack of coincident measurement of HCN and Cy;Hg did not allow for enhancement ratios
to be calculated for Ny-Alesund.

Kiruna was also strongly influenced by the trans-Atlantic transport of BONA emis-
sions and hemispheric transport of BOAS emissions, which may contribute ~5-40% of the
CO tropospheric partial column during the summer months from June though Septem-
ber of each year. A similar contribution was observed at St. Petersburg, albeit lower
in magnitude. The sparse measurements of CO, HCN and CyHg at Poker Flat limited
detection of events in the FTIR time series. However, the GEOS-Chem tagged CO sim-
ulation illustrated the strong influence of both BONA and BOAS sources at Poker Flat,

which in several years exceeded 60% of the CO tropospheric column.
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The Alpine sites, Zugspitze and Jungfraujoch, are isolated from major biomass burn-
ing sources, but on occasion are subject to the transport of both BONA and BOAS
emissions which were detected in the FTIR time series at both sites. However, these emis-
sions are generally a small contribution to the tropospheric CO partial column (~10%).
Toronto was mainly influenced by North American wildfires of BONA contributing ~10-
20% of the CO column. Asian anthropogenic sources strongly influence the CO back-
ground at Rikubetsu, which was also considerably influenced by BOAS wildfires.

The results of this study show the Northern Hemispheric influence of boreal wild-
fire emissions, which were detected using FTIR measurements of CO and the coinci-
dent measurements of HCN and CsHg. The inter-annual variability of boreal wildfire
emissions observed in the GEOS-Chem tagged CO simulation was also observed in the
detected FTIR enhancements when measurements were available. The detected FTIR
enhancements from 2013-2018 were in most cases attributed to BONA, consistent with
the increase in the BONA contribution to CO during this period as observed in the
GEOS-Chem time series.



Chapter 7

Conclusions

The first objective of this thesis was to develop a long-term time series of biomass burning
trace gas species in the Arctic using Eureka FTIR measurements. Retrievals of CO, HCN
and CoHg were performed as part of the NDACC IRWG harmonization initiative. As
part of this thesis, I performed updated retrievals of CO for the QA4ECV and CAMS27
RD projects. The retrieval strategy for the reactive trace gas species CoHy, CH3OH
and HCOOH was optimized for SFIT4 following the original retrieval strategy of |Viatte
et al.[(2014) using SFIT2. The retrievals of HoCO were also optimized for the NIDFORVal
harmonization project of [Vigouroux et al.| (2018]) for the ongoing validation of TROPOMI.
A new retrieval strategy for NH3 was developed for the Eureka FTIR. These retrievals
established a long-term time series (2006-2018) that served as the foundation for the
scientific results of this thesis.

The second objective of this thesis was to quantify the emissions of boreal wildfire
NHj and its transport to the Arctic. This objective was addressed in Chapters [] and [5]
The third objective of this thesis was to investigate the frequency and contribution of
episodic wildfire sources to trace gas measurements in the Arctic and was addressed in

Chapter [6] The main results and their scientific significance are discussed below.
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7.1 Quantifying Boreal Wildfire NH; in the Arctic

7.1.1 Summary

Chapter [4] describes total columns of CO, HCN, CoHg and NH3 that were measured by
ground-based FTIR instruments at Eureka and Toronto. The observed NHj3 enhance-
ments in July-August 2014 at Eureka indicate that the 2014 NWT fires were a consid-
erable episodic source of NH3 to the Canadian Arctic. Simultaneous enhancements of
CO, HCN and CyHg at Eureka, along with FLEXPART sensitivity runs, provided confir-
mation that the detected NH3 enhancements originated from the Northwest Territories
fires. Detection of simultaneous enhancements of all species at Toronto further demon-
strated the long-range transport of NH3 emissions from these fires. The consistency of
the emission ratios for HCN, CoHg and NH3 with respect to CO between the two sites and
to literature values, particularly for NH3 with an estimated lifetime of 48 hrs, provides
further confidence in these observations.

In Chapter 5| it was shown that the 2017 BC and NWT wildfires resulted in the
greatest observed enhancements of total column NH3, CO, HCN, and Cy;Hg in the decade-
long time series of FTIR measurements at Eureka (2006-2017) and Thule (1999-2017).
The observed NH3 enhancements provide evidence for the importance of wildfires as an
episodic source of NHj3 in the summertime Arctic, supporting the results of Chapter [4
Enhancement ratios of NH3, HCN, and CyHg were calculated with respect to CO at both
sites. Variations in these enhancement ratios were due to the influence of multiple fire
plumes and variations in the burning phases of the fire events. Evidence for this was
provided by FLEXPART sensitivities that showed the influence of the BC and NWT
plumes, with the influence of each fire source varying between measurement days at both
sites. Eureka FTIR measurements were found to be most sensitive to the NWT wildfires,
and Thule FTIR measurements were most sensitive to the BC wildfires, based on the

FLEXPART sensitivity analysis.
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The GEOS-Chem CTM was used to simulate the transport of 2017 wildfire emissions
to the Arctic. Through comparisons of GEOS-Chem NHj and CO to FTIR measure-
ments at FEureka and Thule, and to observations from TASI, it was shown that the model
underestimates the transport of wildfire emissions to the Arctic for the observations ex-
amined here. The underestimation of modeled NH3 and CO in comparison to Eureka
FTIR measurements suggests an underestimation of emissions from the NWT fire source.
This is consistent with the model comparisons to TASI measurements, which suggested
an underestimation of emissions from the NWT wildfires in the model. At Thule, GEOS-
Chem showed good agreement to the FTIR measurements for CO but underestimated
the wildfire NH3 contribution. The reason for the underestimation of GEOS-Chem CO
and NH3 in comparison to FTIR and TASI measurements remains unclear and is likely
the result of several factors including the underestimation of emissions, plume height,
chemistry and transport errors in the model. However, simulated transport of wildfire
emissions in GEOS-Chem was found to be a significant contributor to reactive nitrogen in
the form of NHz and NH in the high Arctic for the fire-affected period of 15-23 August
2017, indicating the episodic contribution of the 2017 BC and NWT wildfires to reactive

nitrogen in the Arctic.

7.1.2 Significance

These results illustrate the advantage of column measurements of NH3 over surface or
satellite-based thermal infrared measurements. Column FTIR measurements are sensi-
tive to the free troposphere where transported emissions are most abundant, whereas
surface measurements are most sensitive to nearby sources. Solar-absorption FTIR in-
struments have a lower detection limit of NHs than satellite-based thermal infrared in-
struments and therefore FTIR instruments are capable of measuring low concentrations

of NHj3 in the Arctic. Furthermore, the use of existing FTIR instrumentation in the
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Arctic provides long-term coverage where satellite observations are scarce and surface

measurements have only been made on a campaign basis.

7.2 Investigating the Contribution of Wildfire Sources

to Trace Gas Measurements in the Arctic

7.2.1 Summary

The results of Chapter [0] illustrate the use of NDACC FTIR measurements for the de-
tection of wildfire pollution events. These events were identified at ten mid- and high-
latitude FTIR sites from the detection of CO enhancements and correlation with the
co-emitted biomass burning tracers HCN and Cy;Hg. The number of detected events
was dependent on the measurement frequency and density at each site. A GEOS-Chem
tagged CO simulation provided source attribution of the detected events. At all sites, the
detected events were attributed mainly to boreal North America and boreal Asia wild-
fire sources. In recent years from 2013-2018, an increase in the number of boreal North
American events was observed, which may be indicative of increased wildfire activity
in boreal North America. The GEOS-Chem tagged CO simulation also allowed for the
contribution of biomass burning, chemical and anthropogenic sources to the CO column
measured at each site to be quantified. The contribution of these sources to CO columns
varied by site as a result of the site proximity to each of the sources. However, it was
found that for all sites, boreal North America and boreal Asia had the greatest contri-
butions to episodic enhancements at all sites. Anthropogenic sources and the oxidation
of CH, and NMVOCs were the primary contributions to background CO columns.

The GEOS-Chem simulations showed that Poker Flat was strongly influenced by
boreal North American and boreal Asian wildfires, with contributions from both sources

that exceeded 50% of the CO column in many years. Similarly, Rikubestsu was greatly
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influenced by boreal Asian emissions. However, the number of detected events was limited
by the number of measurements at each of these sites. The largest numbers of detected
enhancements were at Eureka and Thule, with 19 events detected at Eureka from 2006-
2018 and 17 events detected at Thule from 2003-2018. The greater number of detected
events at these sites is primarily due to the greater number of measurements at Eureka and
Thule in comparison to Poker Flat and Rikubetsu. Aside from Poker Flat and Rikubetsu,
Eureka and Thule were the sites most influenced by boreal North American and boreal
Asian wildfires sources, indicating the sensitivity of these sites to boreal wildfire sources
and the potential for the Canadian high Arctic and Greenland to be subject to boreal
wildfire pollution events.

Kiruna was also strongly influenced by the trans-Atlantic transport of boreal North
American emissions and hemispheric transport of boreal Asian emissions, which con-
tribute ~5-40% of the CO column. A similar contribution was observed at St. Petersburg
although generally lower in magnitude. The Alpine sites, Zugspitze and Jungfraujoch,
are isolated from major biomass burning sources; however, on occasion are subject to
the transport of both boreal North American and boreal Asian emissions, which were
detected in the FTIR time series at both sites. However, these emissions are generally a
small contribution to the tropospheric CO partial column (~10%). Toronto was mainly

influenced by boreal North American wildfires contributing ~10-20% of the CO column.

7.2.2 Significance

Solar-absorption FTIR spectroscopy is particularly useful for measuring a multitude of
trace gas species simultaneously, or within a short time frame. Although, the focus of
the study was on measurements of CO, HCN and C,Hg, this type of analysis may be
applied to other biomass burning trace gas species that can be measured using an FTIR
instrument such as CoHy, CH30H, Ho,CO, HCOOH and NHj. It has been shown in a

previous study that boreal wildfires are a large contributor to anomalous CO enhance-
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ments in the Northern hemisphere (Petetin et al., |2018); however, Arctic observations
were not considered in that study. It was shown in this work that boreal wildfires are

the predominant contributor to anomalous CO enhancements in the Arctic.

7.3 Future Work

The improvement of measurement quality and quantity of the Eureka FTIR is a contin-
uous effort. Improvements have been made in recent years, most notably the installation
of the Community Solar Tracker in July 2014, which greatly improved the automation of
measurement acquisition. Additionally, the reduction in the number of co-added scans
from four to two for each measurement starting in March 2019, resulted in a greater num-
ber of recorded spectra. The updated measurement macro in 2014 described by |Weaver
(2018)) enables continuous measurements until inadequate signal in all spectral filters
occurs, therefore automatically ending measurements when the Sun sets. This was an
improvement over the previous measurement macro, which would run for a predetermined
number of measurements and required additional operator support.

For the Eureka FTIR, there are several suggestions that could further improve instru-

ment operation in the future:

1. Sun-tracker camera: The sun-tracker camera is installed beneath the 45° mirror
which directs the solar beam to the entrance window of the instrument. The 45°
mirror dictates the position of the beam on the entrance aperture which could result
in tracking errors as the beam may not be centred on the aperture. The sun-tracker
camera should be placed in the source compartment in order to use the position
of the beam on the aperture to define the position of the center of the Sun and to

make solar tracking independent of the 45° mirror position.

2. Automated liquid nitrogen filling: Commercially available units exist and instal-

lation of one for the InSb and MCT detectors would reduce the requirements of
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the on-site operator. This would also allow MIR measurements to be performed

remotely without an operator present at the lab.

3. Precipitation sensor for the Robodome: The Robodome that houses the CST
tracker is closed at the end of measurements. Currently, measurements end when
the operator leaves the Ridge Lab at the end of the day or remotely later in the
evening. Installation of a precipitation sensor and integration with the Robodome
would allow measurements to continue running without an operator present at the

lab or monitoring remotely.

4. Python automation: The OPUS software currently runs on a Windows desktop
while the CST software is on a separate Linux machine. Python software for the
control of the Bruker FTIR has been developed by the FTIR group at NIWA
(Geddes et al., [2018) and may be used to unify the operation of the FTIR and

CST, allowing for further automation.

The retrievals presented in Chapter 3| were optimized using the current SFIT4 v9.4.4
retrieval algorithm, recommended NDACC IRWG linelist of HITRAN 2008 and a priori
profiles from WACCM v4 for the standard species HCN and CoHg. CO retrievals were
updated with the atml16 linelist for the QA4ECV and CAMS27 RD projects. It is
expected that these retrievals will be continually updated with further harmonization
and retrieval strategy improvements set by the NDACC IRWG. In particular, this will
include the release of SFIT4 v9.4.6 and a possible update to use HITRAN 2016 (Gordon
et all 2017). Additionally, the WACCM v4 a priori profiles averaged from 1980-2020,
may be replaced as the year 2020 approaches. As such, the retrievals of CO, HCN
and CyHg will likely need to be optimized for the future NDACC IRWG guidelines.
Similarly, the non-standard species, CoHy, CH30H, H,CO and HCOOH should also be
updated to maintain consistency with the retrieval strategy of the standard species. An

updated retrieval strategy for NHj should also be the focus of future work. At the
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time of development of the Eureka NHj retrieval, there was a lack of a priori knowledge
of the NHj vertical profile and as a result a custom a priori profile was created. It
is recommended that a new NHj a priori profile be developed, possibly based on the
full-chemistry GEOS-Chem simulation over a long period, and scaled to account for the
expected model underestimation that was observed in Chapter

It is recommended that full-chemistry GEOS-Chem simulations be performed for the
entire FEureka measurement time series from 2006-2018 in order to examine the relative
contribution of wildfire, seabird-colony and tundra sources to NH3 in the Arctic on sea-
sonal time scales. This would help to better understand the long-term impacts of boreal
wildfire NH3 on the Arctic, in addition to providing a means of model evaluation. Past
studies of Arctic NH3 using GEOS-Chem by |Croft et al.| (2016a,b) and |Wentworth et al.
(2016) only considered surface measurements of NHs, and therefore may have under-
estimated the contribution of wildfire NH; which would be most abundant in the free
troposphere.

The results of Chapter [0] showed that boreal wildfires are the greatest contributor to
CO pollution events detected in FTIR measurements in the Arctic and mid-latitudes.
However, only the long-lived species CO, HCN and CyHg were considered. This study
could be extended to include the short-lived reactive trace gas species CoHy, CH30H,
HCOOH and H2CO as in |Viatte et al.| (2015) and NH3. This study could also examine
the potential contribution of wildfire pollution to tropospheric O3 as measured by each
FTIR site. The inclusion of a variety of sites with different background conditions and
wildfire contributions would provide a means of examining the physical and chemical
processes of these species in a smoke plume, and quantifying the contribution of wildfires

to the budget of each species at all sites.



Appendix A

Fitted Microwindows for Eureka

FTIR Retrievals

The retrieval strategy for obtaining CO, HCN, CyHg, CoHy, CH30H, Ho,CO, HCOOH
and NHj from Eureka FTIR measurements was presented in Chapter 3 Examples of the
fitted microwindows are shown here for each species. For all figures, the measured and
calculated spectra are shown along with the contributions of the target and interfering

species. The dates shown were selected based on the quality of the spectra that provided

high SNR, low RMS and high DOFS.
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Figure A.1: Example of the spectral fit of CO for the measurement taken on 4 April 2018
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Figure A.3: Example of the spectral fit for CoHg the measurement taken on 6 June 2017

at 01:10:58 UTC corresponding to an SZA of 71.34°.
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Figure A.4: Example of the spectral fit of CoHy for the measurement taken on 8 April
2018 at 19:55:09 UTC corresponding to an SZA of 74.18°.
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Figure A.6: Example of the spectral fit of HoCO for the measurement taken on 25 July
2018 at 19:49:10 UTC corresponding to an SZA of 61.88°.
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Figure A.8: Example of the spectral fit of NH3 for the measurement taken on 25 July
2018 at 18:08:24 UTC corresponding to an SZA of 60.54°.
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