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Abstract

In this thesis, ground-based Fourier transform infrared (FTIR) measurements from the Polar En-
vironment Atmospheric Research Laboratory (PEARL) in Eureka, Nunavut are used to retrieve
total columns of CO, CoHs, CoHy, CoHg, CH3OH, HCOOH, HoCO, and PAN over the period of
2006-2020. The retrievals of CoHy and PAN were developed as part of this thesis, and are the first
long-term ground-based FTIR measurements of these gases in the high Arctic.

A global inter-comparison of the TROPOMI and ACE-FTS CO satellite datasets shows strong
correlations but a latitudinal dependence of the biases, with positive biases in high-latitude regions
and negative biases near the equator. At Eureka, the TROPOMI CO total columns were highly
correlated with the ground-based FTIR measurements but with a mean bias of 14.7+0.16%. ACE-
FTS and the FTIR CO partial columns show good correlations and a mean bias of 7.89 + 0.21%.
All mean TROPOMI biases fall within the TROPOMI mission accuracy requirement.

FTIR measurements of CO, CoHy, CH30OH, HCOOH, and PAN at Eureka were strongly enhanced
in August 2017 due to wildfires in British Columbia and the Northwest Territories. For CO, CoHy,
HCOOH, and PAN, these were the largest observed enhancements at Eureka. The emissions of these
fires were estimated using FTIR and TASI measurements at Eureka, and for CoH4 and HCOOH they
were found to be higher than previously reported. The fires were also simulated using the GEOS-
Chem model, and the impact of the modeled biomass burning injection height and secondary VOC
production was investigated.

The inter- and intra-annual variability of the eight trace gases were derived from FTIR mea-
surements at Eureka, Nunavut (2006-2020) and Thule, Greenland (1999-2022). Consistent seasonal
cycles were observed at both sites. Decreasing trends were observed for CO, CoHy, and CH3OH
at both sites, and for HCOOH at Eureka. Increasing trends were detected for CoHg and HoCO at
both sites, and for PAN at Eureka. A GEOS-Chem simulation for 2003—2021 was performed. The
model reproduced the seasonality of all gases, but showed large negative biases for some species.

The modeled trends broadly agreed with observations for all species except CoHg, HoCO, and PAN.
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Chapter 1

Introduction and Motivation

1.1 Introduction

Earth’s Polar regions act as receptors of global pollution, making them highly sensitive to atmo-
spheric composition changes. The Arctic frequently experiences poor air quality due to the long-
range transport of mid-latitude emissions, as well as scattered local sources ( , ;

, ; , ; , ). The transport pathways of these emis-
sions and the sensitivity of the Arctic environment, particularly to local sources of pollution, are
currently not well understood ( , ). In recent years, reductions in the extent of
Arctic summer sea ice have accelerated the rate of industrialization in the Arctic and local emissions
from mining, shipping, fossil fuel extraction and infrastructure development have already begun to
affect the Arctic atmosphere ( , ; , ). Additionally, wildfires have
been found to be a significant periodic source of air pollution to the Arctic, and contribute signifi-
cant concentrations of both aerosols and reactive trace gases to the region ( , , ;

, ; , , , ). Trace gases and aerosols emitted from fossil
fuels and biomass burning can directly impact both air quality and the climate, and contribute to
the acidification of soil and precipitation ( , , ; , ;

, 2018).
One of the greatest difficulties faced when attempting to monitor and assess the inter- and
intra-annual variability of atmospheric pollutants in the Arctic region is the scarcity of reliable
long-term measurements. In the past, efforts to measure tropospheric pollution in the Arctic were

largely carried out on a short-term campaign basis, and it is difficult to extrapolate information on
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annual or inter-annual trends from these temporally limited measurements (e.g., ,

; , ; , ; , ). As a result, the budgets, seasonal
cycles, and trends of many reactive tropospheric trace gases, including the contributions of biomass
burning, are currently not well quantified. For studies of reactive tropospheric species at high
latitudes, the use of a ground-based Fourier transform infrared (FTIR) spectrometer is advantageous
because these instruments provide a consistent dataset at a specific site, and generally possess greater
vertical sensitivity and lower detection limits than nadir-viewing satellite instruments, particularly
in the Arctic where low thermal contrast presents challenges for space-based infrared measurements.
Additionally, the use of a ground-based FTIR enables the simultaneous measurements of many
atmospheric constituents, and can provide a long-term time series of each measured trace gas. The
primary drawbacks of such an instrument for this type of application are that it requires direct
sunlight, meaning that measurements are not possible during cloudy conditions or during polar
night (approximately late October to late February each year at 80°N), and that they provide limited
information on the spatial distributions and variability of these trace-gas species since measurements
are made only at a single site.

Ground-based FTIR measurements can be complemented by satellite observations where avail-
able, and concentrations of many tropospheric pollutant species have been retrieved from several
satellite instruments including the Measurements of Pollution in The Troposphere (MOPITT; e.g.,

, ), the Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-
FTS; e.g., ; ; ; ; ; ; ;
), the Tropospheric Emission Spectrometer (TES; e.g., , , ;

, ; , ), the Infrared Atmospheric Sounding Interferometer (IAST; e.g.,
, ; , ; , ), and the Cross-track Infrared Sounder
(CrIS; e.g., , ; , ). However, due to low ambient concentrations,
high cloud cover, and the aforementioned issue of poor thermal contrast, difficulties are often en-
countered when attempting to retrieve these reactive species from satellite measurements in the
polar regions. Recently, artificial neural network retrievals for TASI (ANNI) have been developed
( , , ). These ANNI retrievals provide improved sensitivity over classical opti-

mal estimation method (OEM) retrievals, potentially enhancing our ability to observe more species

over high-latitude regions ( , ). ANNI products have already been used in biomass
burning studies of ammonia (NHs) ( , , , ), formic acid (HCOOH) and
acetic acid (CHzCOOH) ( , ), and most recently hydrogen cyanide (HCN) (

, ). Due to the difficult retrieval conditions over high-latitude regions, it is imperative to
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validate and inter-compare satellite measurements against ground-based datasets whenever possible,
to improve our confidence in these observations.

In addition to ground- and space-based observations, global chemical transport models (CTMs)
such as GEOS-Chem (http://geos-chem.org) can provide another valuable perspective on the
transport, chemistry, and trends of these tropospheric pollutants, filling in gaps where there are
sparse or no measurements available. However, the high Arctic is a notoriously difficult region to
simulate with CTMs due to the extreme atmospheric and solar conditions, and complex transport
pathways often leading to discrepancies across models ( , ; , ;

, ; , ; , , ; , ). CTMs

also rely heavily on external emissions inventories that can often have large uncertainties due a
reliance on experimentally determined emission factors. In the case of biomass burning inventories,
these uncertainties can be particularly large as a result of the heterogeneity in fuel types and the
variability in emissions as a function of combustion phase ( , ; ,
; , ). Furthermore, CTMs can also suffer from model and transport errors resulting
from the use of finite chemical and transport operator time-steps and the assimilated meteorological
fields, and from the presence of a singularity at the poles where the lines of longitude converge when
using a rectilinear latitude-longitude grid ( , ; , ; , ).
Previous studies have shown that CTMs, including GEOS-Chem, consistently underestimate the
mixing ratios of many tropospheric constituents including CO, HCOOH and methanol (CH30H)
relative to observations, with the largest biases occurring at high latitudes, possibly indicating
unknown local sources, missing chemistry, or inaccurate emissions ( , ; ,
, ; , ). As aresult, it is important to routinely evaluate model performance
against observations, particularly for lesser-studied atmospheric constituents, to identify areas for

improvement and to increase our confidence in these model simulations.

1.2 Overview of Arctic Pollution and Transport Pathways

Due to the remoteness of the high-Arctic region, it is often perceived to be extremely clean and free
of many of the atmospheric pollutants which beset our densely populated urban centres. However,
even the earliest European Arctic explorers documented dirty snow deposits, and a thin layer of haze
in the air ( , ), while the Inuit were also familiar with this phenomenon and called

it “poo-jok” ( , ). During the 1950s, pilots flying over the Arctic again made observations
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of reduced visibility and a strange haze blanketing the area, but its origins remained unknown
( , ). It was not until the mid-1970s that the link was drawn between the northerly
transport of mid-latitude anthropogenic emissions and the seasonal ‘Arctic haze’ phenomenon that
would manifest in the region each spring and winter ( , ; , ). The Arctic haze
is primarily composed of sulfate, organic particulate matter, and black carbon and also contains
high concentrations of tropospheric ozone precursors such as nitrogen oxides (NOyx = NO + NO,),
peroxyacetyl nitrate (PAN) and volatile organic compounds (VOCs) ( , ; ,

; , ). This haze can also have a variety of climatic and environmental effects on
the pan-Arctic region. Measurements at Utqgiagvik (formerly Barrow), Alaska have demonstrated
that the albedo of the aerosols within the layer of haze can reach a minimum of 0.9 during the winter,
suggesting the presence of high concentrations of light-absorbing material, with the majority of the
absorption being attributed to black carbon aerosols ( , ). Black carbon is emitted
from both anthropogenic sources and wildfires, and when it settles out of the atmosphere and lands
on the snow and ice, it can have significant implications for surface albedo ( , ;

, ). In comparison to lower latitudes, the efficiency of sunlight absorption by a layer of
pollution near the surface in the Arctic is much greater due to the high albedo of ice and snow, which
can result in multiple reflections between the surface and scattered light from the layer of haze (

, ). Measurements made by ( ) on Svalbard showed that the Arctic
haze had a measurable radiative forcing effect, altering the flux of downwelling long-wave infrared
radiation by +3 to +4.7 W/m? and outgoing radiation by —0.23 to +1.17 W/m?. Furthermore,
recent increases in emissions of black carbon and ozone (Og) precursors from the Asian continent
are estimated to have contributed to two-thirds of the observed warming in the Arctic ( ,

; , ). The accelerated warming of the Arctic region has already begun
to negatively impact northern indigenous populations through uncertain weather patterns, reduced
sea-ice coverage, and harm to their food security ( , ; , ;

, ).

Arctic tropospheric air pollution has a pronounced seasonal cycle, with peaks in the late winter
and early spring, and this seasonality is driven by various factors. Firstly, during the polar winter,
strong temperature inversions are able to form above the surface, which causes the atmosphere to
become extremely stable ( , ; , ). These stable atmospheric conditions re-
strict the turbulent vertical mixing between atmospheric layers, and inhibit the removal of aerosols
and gases ( , ; , ). This significantly increases the lifetime of tropospheric

pollutants, as the removal or loss processes via dry and wet deposition are almost non-existent. Sec-
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Arctic Front, Summer Major south-to-north air transport
routes into the Arctic and the
percentage frequency of the winds in

=== Arctic Front, Winter summer (orange) and winter (blue).

Figure 1.1: Mean position of the Arctic air mass in winter (blue) and summer (orange), overlaid
with the percentage frequency of south-to-north pollution transport routes in summer and winter.
Image reproduced from AMAP (2006).

ondly, due to the absence of sunlight (and thus the absence of the hydroxyl radical OH) during polar
night, the removal of tropospheric pollutants via photolysis and photochemistry is also inhibited,
further increasing the lifetimes of these pollutant species.

The high Arctic lower troposphere is generally quite well isolated from lower latitudes due to the
very cold air masses in this region. This region is characterized by strong temperature contrasts near
the surface and sloping isentropes (i.e., surfaces of constant potential temperature), and is referred
to as the ‘Arctic front’ or ‘polar dome’ (Bozem et al., 2019; Klonecki, 2003; Stohl, 2006). Air
parcels tend to maintain near-constant potential temperatures during transport, since atmospheric
circulation can be closely described by adiabatic motions in the absence of diabatic processes relating

to turbulence, clouds, and radiation. As a result, since the potential temperature within the polar
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dome area is low, only air parcels which have undergone some degree of diabatic cooling are able to
enter the polar dome from outside ( , ; , ).

During the summer months, the Arctic front is generally constrained to the high Arctic region,
preventing any transported low-level air masses from mid-latitudes from entering the high Arctic
lower troposphere (see Fig. 1.1) ( , ). One notable transport pathway for pollution dur-
ing the summertime is via the direct injection of biomass burning smoke into the upper troposphere
and lower stratosphere (UTLS) by pyrocumulonimbus (pyroCb) storms caused by intense wildfires
(illustrated in Fig. 1.2) ( , , ; , ). These pyroCbs have been
likened to volcanic eruptions in terms of their scale, and a recent example of this is the August 2017
Canadian wildfires, which injected smoke plumes directly into the lower stratosphere (at a height of
approximately 12-13 km), resulting in subsequent rapid transport to the high-Arctic region (

, ; , ; , ). This particular event is discussed in detail in
Chapter 5. Another transport pathway during the summer months is the vertical lifting of polluted
mid-latitude airmasses along the boundary of the polar dome, and subsequent mixing into the polar
dome, however this process is very slow, meaning that most short-lived pollutants and aerosols are
removed before reaching the Arctic atmosphere ( , ; , ). It
should be noted that any direct emissions within the boundaries of the polar dome (e.g., from Arctic
shipping, industry, or high-latitude fires) can be freely transported to the high Arctic troposphere
during the summer months. Sources of air pollution from within the Arctic Circle and the nearby
sub-Arctic have already been found to be important in some areas, and local sources are anticipated
to increase rapidly in the near future ( , : , ; , )

During the winter months, the Arctic front descends southward towards the mid-latitudes, often
extending as low as 40°N over North America and Eurasia as shown in Fig. 1.1 ( ) ).
This facilitates the trapping of emissions from both continents, and allows them to be transported
rapidly northward above the Arctic Circle as shown in Fig. 1.2 ( , ; , ).
These factors allow for the accumulation of significant quantities of pollutants and aerosols in the
Arctic troposphere during the wintertime, resulting in the springtime Arctic haze phenomenon.
As a result, the Arctic region is extremely sensitive to mid-latitude emissions, particularly those
from Eurasia. As wildfire frequency and severity grow, and anthropogenic emissions from Eurasia
and North America continue to rise, the subsequent impacts on the Arctic climate, ecosystem, and

environment are expected to worsen, but the extent and nature of these impacts are highly uncertain

( ; ; ; ; : )-
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Figure 1.2: Various transport pathways of pollution from mid-latitude regions to the Arctic Circle.
Image reproduced from Quinn and Stohl (2015).

1.3 Sources and Impacts of Tropospheric Pollutants in the

Arctic

As briefly discussed in Sect. 1.2, Arctic air pollution is comprised of a broad range of aerosols
and reactive trace gases. Of the trace gases, carbon monoxide (CO), PAN, and VOCs comprise a
significant majority of non-particulate pollution in the Arctic, particularly during the springtime
(Law et al., 2014; Quinn et al.; 2008). These gases have very few local sources, and are primarily
emitted from mid-latitude sources, but they can adversely impact the Arctic climate, environment,
and atmosphere in a variety of ways. In the following subsections, the sources and impacts of CO,

PAN, VOCs and other reactive tropospheric gases will be discussed.

1.3.1 Carbon Monoxide

CO is an ubiquitous air pollutant that has wide-reaching impacts on atmospheric chemistry and the
oxidative capacity of the atmosphere through its influence on the global OH budget. It is estimated
that the reaction of CO with OH accounts for 40% of OH removal in the global troposphere (Lelieveld
et al.,, 2016). As a result, CO is a precursor of O3 and it affects the atmospheric lifetime of methane
(CHy), making it an indirect greenhouse gas. The primary sources of CO in the troposphere are
fossil fuel burning, biomass burning, and the oxidation of CHy (Deeter et al., 2017; Jafle, 1968;

Zheng et al., 2019). The mean global lifetime of CO is approximately two months, which is long
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Figure 1.3: GEOS-Chem tagged-CO simulation for the period 2003—2018 showing the various source
contributions to total CO column concentrations at Eureka, Nunavut. NA, EU, AS, and ROW are
North American, European, Asian, and rest of world anthropogenic emissions, respectively. CHy
and NMVOC represent CO produced by CH, and non-methane VOC oxidation, while BB represents
CO emissions from biomass burning. Figure reproduced from Lutsch et al. (2020).

enough to allow it to be transported from the mid-latitudes to the high Arctic, however under the
conditions of polar night the lifetime of CO can be as long as one year (Iolloway et al., 2000; Khalil
and Rasmussen, 1990; Yurganov, 1997). GEOS-Chem tagged-CO simulations covering the period of
2003-2018 by Lutsch et al. (2020) are shown in Fig. 1.3 and illustrate that anthropogenic emissions
from Asia are one of the largest sources of CO to Eureka, Nunavut during the late winter and early
springtime and that biomass burning is the most significant source during the summer months, while
atmospheric CH4 and non-methane VOC (NMVOC) oxidation provide relatively consistent sources

throughout the whole year.

1.3.2 PAN

PAN is a significant component of springtime Arctic air pollution, and airplane measurements made
during the 2008 NASA Arctic Research of the Composition of the Troposphere from Aircraft and
Satellites (ARCTAS) campaign discovered that PAN was the dominant form of tropospheric odd

nitrogen (NOy = NO, + PAN + HNO3 + organic nitrates) in the Arctic, accounting for approxi-
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mately 50% of NOy in the spring and 70% in the summer ( , ). The average lifetime
of PAN is 1 hour at 298 K, and this lifetime has been shown to increase by a factor of 2 with each
decrease in air temperature of 4 K ( , ; , ). This property of PAN
allows it to form in polluted regions and within biomass burning plumes, be lifted into the colder
regions of the UTLS where its lifetime can be as long as several weeks, and then be transported more
than 10,000 km to remote areas of the globe ( , ; , ). When
the air masses eventually descend from the UTLS, PAN thermally decomposes to re-release NOy.
The resultant NOy is then photolyzed, producing tropospheric O3 which is a primary component of
photochemical smog and acts as a powerful greenhouse gas, having a direct warming effect on the
Arctic region. Model studies have estimated that increases in tropospheric Oz due to rising mid-
latitude fossil fuel emissions have contributed between 40.4° and 40.5°C to surface temperatures

in the Arctic over the 20th century (approximately 30% of the observed warming) ( ,

).

1.3.3 VOCs and Other Reactive Gases

VOCs, often referred to as solvents, are a large group of reactive organic compounds that have
high vapor pressures at room temperature (i.e., they easily evaporate), and typically have low water
solubility ( , ). Many VOCs can have adverse health impacts when inhaled in high
concentrations or ingested in drinking water, and they can be serious environmental contaminants
( , ). VOCs are used in a broad range of household and industrial applications, and
also occur naturally, such as being emitted biogenically from plants, or from biomass burning (

, ; , ; : ; ; ; ; ). In
the work presented in this thesis, we focus on a few VOCs in particular that can readily be measured
and retrieved in the mid-infrared region of the electromagnetic spectrum, namely acetylene (CoHs),
formaldehyde (H2CO), and CH3;OH.

CoHs is a NMVOC primarily emitted from biofuel and fossil fuel combustion, as well as biomass
burning. It is strongly correlated with CO in the atmosphere as they share very similar sources
and sinks ( , : , ). HyCO is one of the most abundant VOCs in the
atmosphere, and it plays an important role in atmospheric photochemistry and air quality (

, ). HoCO is directly emitted from a variety of anthropogenic and natural sources including
fossil fuel combustion, biomass burning, and biogenic emissions, but it is also produced in large

quantities via secondary formation in the atmosphere through the oxidation of CH4 and NMVOCs
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(Holzinger et al., 1999; Luecken et al., 2012, 2018; Wittrock et al., 2006). It is primarily removed
via its reaction with OH yielding hydroperoxy radicals (HO2), which can subsequently be converted
back into OH, meaning that OH plays an important role in both the formation and removal of HoCO
from the atmosphere (Mahajan et al., 2010; Nussbaumer et al., 2021; Wittrock et al., 2006). CH3OH
is the second-most abundant organic gas (after CHy) found in the global remote atmosphere (Bates
et al,, 2021). It is primarily emitted biogenically from plants during their growth stage (and to a
lesser extent when they decay), however, it is also emitted from biomass burning (Fall and Benson,
1996; Holzinger et al., 1999; MacDonald and Fall, 1993; Stavrakou et al., 2011; Wells et al., 2014).
Through its oxidation, CH3OH influences global OH concentrations, produces HO5 radicals and
H,CO, and it can influence the budget of tropospheric Oz (Folberth et al., 2006; Tie et al.; 2003).
In addition to the VOCs, three other reactive species of importance are ethylene (CoHy), ethane
(CoHg), and HCOOH. CoHy is one of the most abundant atmospheric unsaturated hydrocarbons,
with global emissions on the order of 20 Tg/year, half of which is estimated to be the product of
biomass burning (Folberth et al., 2006; Herbin et al., 2009; Horowitz et al., 2003). The atmospheric
lifetime of CyHy is short, at approximately one to three days due to its high reactivity with OH
and O3. CyHy is directly emitted from anthropogenic sources such as motor vehicle exhaust and
petrochemical production, and natural sources including direct emissions from plants and soils, and
forest fires (Folberth et al., 2006; Morgott, 2015; Sawada and Totsuka, 1986). There are currently no
known secondary production pathways of CoH, in the atmosphere. CoHg is the most abundant non-
methane hydrocarbon (NMHC) in the atmosphere, and is an important precursor to tropospheric
O3 and PAN through its oxidation in the presence of NOy in polluted airmasses (Fischer et al.,
2014; Franco et al., 2016a). CyHg also acts as an indirect greenhouse gas through its influence
on the global lifetime of CHy as a result of its removal from the atmosphere by OH. CyHg differs
from many other hydrocarbons in that it is primarily emitted from the various stages of natural
gas production and distribution as opposed to the direct combustion of fossil fuels (Franco et al.,
2016a; Friedrich et al.; 2020; Xiao et al., 2008). HCOOH is the most abundant carboxylic acid in
the global troposphere, with a relatively short lifetime on the order of four days (Stavrakou et al.,
2012). Sources of HCOOH include anthropogenic emissions, direct emissions from plant leaves, and
biomass burning, while the main sinks of HCOOH are oxidation by OH, as well as dry and wet
deposition (Chameides and Davis, 1983; Chen et al., 2021). As a result of its removal from the
atmosphere by dry and wet deposition, HCOOH directly contributes to soil and rainwater acidity

in remote regions (Paulot et al., 2011; Stavrakou et al.; 2012).
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Figure 1.4: The PEARL Ridge Lab in late February 2019.

1.4 The Polar Environment Atmospheric Research
Laboratory

In order to improve our understanding of tropospheric pollution in the high Arctic, we require a
long time-series of reliable measurements in a sparsely sampled region of the globe. To this end, the
Canadian Network for the Detection of Atmospheric Change (CANDAC) has established the Polar
Environment Atmospheric Research Laboratory (PEARL) at Eureka, Nunavut (80.05°N, 86.42°W)
on Ellesmere Island to perform long-term atmospheric measurements in the high Arctic (Fogal
et al,, 2013). PEARL consists of three individual facilities: the Ridge Lab (formerly the Arctic
Stratospheric ozone Observatory, or AStrO; shown in Fig. 1.4) which is located at 610 m.a.s.l.
approximately 15 km from the Environment and Climate Change Canada (ECCC) Eureka Weather
Station, the Zero-altitude PEARL Auxiliary Laboratory (OPAL), and the Surface and Atmospheric
Flux, Irradiance and Radiation Extension (SAFIRE).

Key to the work presented in this thesis is the Bruker IFS 125HR high-spectral-resolution FTIR
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spectrometer, which is located in the IR lab at the PEARL Ridge Lab. The mid-infrared measure-
ments from this instrument are regularly contributed to the Network for the Detection of Atmo-
spheric Composition Change (NDACC) ( , ). The instrument was installed in
July 2006 and made regular measurements during the sunlit portion (approximately late February
to early October) of the year up until March 2020, when the COVID-19 pandemic halted nominal
operations. Full details on the PEARL FTIR are provided in Sect. 2.3. The PEARL FTIR data have
been used to validate measurements from many satellite instruments including ACE-FTS (
, ; , ; , ; , ), TANSO-FTS onboard the
Japanese GOSAT satellite ( , ; , ), MOPITT on NASA Terra (
, ; , ), and the TROPospheric Monitoring Instrument (TROPOMI)
onboard Sentinel-5P ( , ; , ). The PEARL FTIR has also played a

vital role in several past studies of Arctic pollution including many which were focused on wildfires

(e'g'7 ) ) ) ; ) ) ) )'

1.5 Thesis Overview

1.5.1 Scientific Objectives

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

1. To inter-compare and validate satellite observations of tropospheric pollutants over the high

Arctic with ground-based measurements and model simulations.

2. To investigate the enhancements of reactive tropospheric species in the Arctic due to the
August 2017 Canadian wildfires, and to place this event in the context of previously observed

fires.

3. To investigate the inter- and intra-annual variability of tropospheric pollutants in the high

Arctic region over long time-scales.

To achieve the first objective, we utilized the CO total column time-series (2006-2020) retrieved
from the ground-based Bruker 125HR, FTIR at Eureka, Nunavut to inter-compare and validate the
CO products from TROPOMI and ACE-FTS over the high Arctic region. The results of this study
are described in Chapter 4.

To address objective two, we have evaluated the PEARL FTIR total column time-series of CO,

CyHy4, CH30H, HCOOH, and PAN and used them to quantify the emissions from the August 2017
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Canadian fires in terms of the enhancement ratios, emission ratios, and emission factors. Addition-
ally, we performed GEOS-Chem model simulations of these fires and investigated the influence of
the plume injection scheme of the model on the resulting enhancements at Eureka. We have also
performed comparisons of the IAST CO, CoHy, CH3OH, PAN, and HCOOH products with PEARL
FTIR measurements and GEOS-Chem model simulations during the August 2017 wildfire event,
further addressing thesis objective one. The results of this study are presented in Chapter 5.
Lastly, to address objective three, we utilize the total column time-series from the PEARL FTIR,
as well as another Bruker 125HR located at the Pituffik Space Base (PSB; formerly the Thule Air
Force Base) in Thule, Greenland (76.53°N, 68.74°W) to investigate long-term trends and intra-annual
variability of CO, CaHs, CoHy, CoHg, CH3OH, H,CO, HCOOH, and PAN in the high Arctic. FTIR
data from the latter site are currently associated with Thule, so we use that designation throughout
this thesis. We complement these measurements with long simulations covering the period of 2003—
2021 from the GEOS-Chem High Performance (GCHP) model to provide an additional point of
comparison and to examine the capabilities of the model in the high Arctic. This study is summarized

in Chapter 6.

1.5.2 Outline

The remaining chapters of this thesis are outlined as follows:

Chapter 2 provides an overview of Fourier transform spectroscopy, the Eureka PEARL Bruker
IFS 125HR spectrometer, and a summary of retrieval theory in the context of trace gas re-

trievals.

Chapter 3 summarizes the Eureka SFIT4 retrievals, including the newly implemented re-

trievals of PAN and CyH4.

Chapter 4 presents the results of the inter-comparison and validation of global TROPOMI
and ACE-FTS CO measurements, and the localized comparisons of both satellite instruments
with PEARL Bruker 125HR CO measurements at Eureka. This study provides insights into
the data quality and latitudinal biases present in the TROPOMI CO dataset, particularly over

high-latitude regions.

Chapter 5 investigates the enhancements of CO, CoHy, CH30H, HCOOH, and PAN over the
high Arctic resulting from the August 2017 Canadian wildfires in British Columbia and the

Northwest Territories as observed by the PEARL FTIR and the TASI satellite instruments.
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The observational results are complemented by GEOS-Chem model simulations of the wildfire
smoke plumes and their transport, and sensitivity tests relating to the injection height of the

plume in the model were also performed.

Chapter 6 investigates the seasonal variability and long-term trends of CO, CyHy, CoHy,
CoHg, CH3OH, HCOOH, H>CO, and PAN in the high Arctic as measured by the PEARL
(2006-2020) and Thule (1999-2022) FTIR spectrometers. The intra- and inter-annual vari-
abilities of these eight trace gas species were also investigated using a long simulation performed
with the new GEOS-Chem High Performance model covering the period of 2003-2021, pro-
viding an additional point of comparison with observations, and allowing for an evaluation of

the model’s performance at these two high-Arctic sites.

Chapter 7 presents the conclusions of this thesis, and provides suggestions for avenues of

future work.

1.5.3 Contributions

The work in Chapter 3 was carried out by the author, Erik Lutsch, Stephanie Conway,
and Kim Strong. During the period of this thesis work, operation of the PEARL FTIR was
performed by the author, Beatriz Herrera, Erik Lutsch, and Sébastien Roche. Stephanie
Conway implemented the SFIT4 retrieval algorithm at the University of Toronto. The author
implemented the retrievals of PAN and CoHy with support and input from Emmanuel Mahieu

and Mathias Palm.

The work in Chapter 4 was carried out by the author, Kim Strong, Kaley Walker, Erik
Lutsch, Tobias Borsdorff, and Jochen Landgraf. The study was designed by the author, Kim
Strong, and Kaley Walker. The author performed the formal analysis, software development
and presentation of the results, and the PEARL FTIR CO retrievals for 2018-2020. Erik
Lutsch performed the CO retrievals for 2006-2018. Tobias Borsdorff and Jochen Landgraf
oversaw the TROPOMI data analysis and provided support. All authors discussed the results

and provided feedback on the study.

The work in Chapter 5 was carried out by the author, Kim Strong, Dylan Jones, Erik
Lutsch, Emmanuel Mahieu, Bruno Franco, and Lieven Clarisse. The study was designed by
the author, Kim Strong, and Dylan Jones. The author performed the GEOS-Chem model

simulations, formal analysis, software development and presentation of the results, and the
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PEARL FTIR PAN and CoHy retrievals with support from Emmanuel Mahieu, and the re-
trievals of the other species for 2018-2020. Erik Lutsch performed the retrievals of the other
species for 2006-2018, and provided support for the GEOS-Chem simulations. Bruno Franco
and Lieven Clarisse provided the TASI data during the fire period, and assisted in the prepa-

ration of the figures. All co-authors discussed the results and provided feedback on the study.

The work in Chapter 6 was carried out by the author, Kim Strong, Dylan Jones, Jim
Hannigan, Ivan Ortega, and Emmanuel Mahieu. The study was designed by the author,
Kim Strong, and Dylan Jones. The author performed the GEOS-Chem High Performance
model simulations, formal analysis, software development and presentation of the results. Jim
Hannigan and Ivan Ortega implemented the PAN and CoHy retrievals at Thule, and provided
the time-series of all species at that site. All co-authors discussed the results and provided

feedback on the study.



Chapter 2

Fourier Transform Spectroscopy

2.1 Atmospheric Spectroscopy

Spectroscopy is a widely used technique for the analysis of mixtures of substances in the solid, liquid,
and gas phases. By analyzing the absorption, emission or scattering of electromagnetic radiation by
molecules or atoms, we are able to infer information about the chemical composition, structure, and
the distribution of electrons ( , ). Spectroscopy relies on the core principles of quantum
mechanics, and the two fields have evolved in tandem. The discoveries by Planck, Einstein and
Bohr in the early 20th century, which demonstrated that atoms and molecules possess quantized
energy states, laid the groundwork for the field of modern spectroscopy. Molecules have energy
that is distributed between different modes: vibrational energy, resulting from a displacement of
their atoms from the centre of equilibrium; rotational energy, which originates from a rotation of
the molecule about its centre of gravity; electronic energy, which is potential energy associated with
the distribution of the electrons within the atoms themselves; and translational energy, which is the
kinetic energy of the molecule resulting from its motion in space, although this is not quantized
( , ). A molecule that is in one of its energy levels (defined by the combination of its
vibrational, rotational, and electronic energy states), can move to a different energy level only
through the absorption or emission of a finite quantum of electromagnetic energy. Knowledge of
these quantized energy levels provides the basis for the determination of atmospheric trace-gas

composition from solar absorption spectra.

16
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2.1.1 Vibrational-Rotational Spectroscopy

In the case of infrared spectroscopy, we are primarily concerned with the transitions between vibra-
tional and rotational energy levels. The energies of rotational transitions are relatively small, and
these lines these tend to occur in the longer wavelength regions of the electromagnetic spectrum (i.e.,
in the far-infrared or microwave). In contrast, vibrational transitions tend to emit or absorb larger
quantities of energy, with transitions typically manifesting in the mid- or near-infrared (

, ). Vibrational transitions tend to be coupled with a rotational excitation, and
the spectroscopic study of transitions of this type is known as wvibrational-rotational spectroscopy.
Since this work is centered on the infrared spectroscopy of the atmosphere, we will only discuss
vibrational-rotational spectroscopy for the remainder of this section.

Here we provide a basic overview of vibrational-rotation spectroscopy following the derivations
in ( ) and ( ). For the sake of simplicity, we consider the
most basic example of the vibrational-rotational spectra, which is that of a diatomic molecule. If we
make the assumption that it is a rigid rotor (i.e., bond length remains constant regardless of rota-
tional velocity), and that the molecule undergoes electronic, vibrational, and rotational transitions
separately (the Born-Oppenheimer Approximation), then the total energy, E;o, is given by the sum

of the individual energy contributions ( , ):
Eiot = Eelectronic + Erot + Euyip- (21)

However, in the context of infrared spectroscopy we can disregard the electronic energy contribution
in Eq. 2.1 because these higher-energy transitions tend to occur in the visible and ultraviolet regions

of the electromagnetic spectrum. The rotational energy component is given by:

Erot = E;=BJ(J+1), (2.2)

where B = ﬁ is the rotational constant, J is the rotational quantum number (an integer), h is

Planck’s constant, I is the moment of inertia, and c is the speed of light.

The vibrational energy component for a harmonic oscillator is given by:

1
Eyiv = By = hw(v + 5), (2.3)

where w is the frequency of the vibration, and v is the vibrational quantum number. Since the
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vibrational energy transition is considerably larger than the rotational transition, the resulting
vibrational-rotational spectrum consists of several rotational lines located around the central vi-
brational wavenumber. Combining Eqs. 2.2 and 2.3, the total vibrational-rotational energy can be
written as:

1
Etot = BJ(J + 1) + h(.d(’U + 5) (24)

For the rotational energy states of diatomic molecules, the selection rule is AJ = =41, so that

(Griffiths and De Haseth, 2007):
E;—E; 1=BJ(J+1)—BJ(J—1)=2BJ. (2.5)

From Eq. 2.5, we see that for a rigid rotor, the pure rotation spectrum is comprised of a series of
lines which are equally spaced by 2B cm™! (see Fig. 2.1a). For most molecules, B will be small and
the pure rotational spectrum will occur in the microwave region of the electromagnetic spectrum.

However, in the case of lighter molecules such as CO, HoO and HCI, their rotational transitions

absorb in the mid and far-infrared (Griffiths and De Haseth, 2007).
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Figure 2.1: (a) Pure rotational transitions, following the selection rule of AJ = +1 and equally
spaced by 2B cm~!. (b) Simultaneous vibrational and rotational transitions for a non-rigid rotor
where AJ = —1 corresponds to the P-branch, and AJ = +1 corresponds to the R-branch. The
Q-branch (AJ = 0) is also shown, but is forbidden for diatomic molecules. Figure reproduced from
Liou (2002).

A diatomic molecule, X-Y, will have a single fundamental vibration mode at wavenumber 7y,

however this will be infrared active only if X=£Y because of the presence of a dipole moment (Griffiths
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, ). For any vibrational transition of a gaseous diatomic molecule, a simultaneous
rotational transition must also occur, i.e., Av; = 1 and AJ = 1. As a result, the vibrational-
rotational spectrum of a rigid diatomic molecule consists of a series of equally spaced lines above
and below 7y which correspond to the AJ = +1 and AJ = —1 transitions, respectively. The series
of lines which correspond to the AJ = —1, and which are located below 7y is referred to as the
P-branch, while the lines above 7y corresponding to AJ = +1 are known as the R-branch (see
Fig. 2.1b) ( , ). Additionally, there is a Q-branch which corresponds
to AJ = 0, however this is forbidden for diatomic molecules. For complex molecules, the selection
rules depend largely on the type of vibration (i.e., perpendicular or parallel to the axis of rotation)
and rotation that the molecule is undergoing.

In practice, the assumption of a rigid rotor does not hold and centrifugal forces cause the bond
length of X-Y to increase as the angular velocity of the molecule increases. This is known as
centrifugal distortion, and it has the effect of increasing the moment of inertia of the molecule, and
thus decreasing B at high values of J ( , ). To a first approximation, the

effects of centrifugal distortion can be accounted through the inclusion of a second term in Eq. 2.2:

E;=BJ(J+1)— DJ*(J +1)?, (2.6)

where D is the centrifugal distortion constant. Typically, 0.1 < B < 10 em™! and D ~ 10™% em™!
( , ). Centrifugal distortion results in a decrease in the spacing between
rotational transitions at high values of J, which is illustrated in Fig. 2.1b.
For this basic overview of vibrational-rotational spectroscopy, we have only considered the case of
a simple diatomic molecule. However, as molecules become larger and less symmetrical, their spectra
become more complex and the spacing of their vibrational-rotational lines decreases (
, ). For a detailed description of the vibrational-rotational spectra of triatomic and

polyatomic molecules, refer to ( ) and ( ).

2.1.2 Line Broadening and Lineshapes

When making spectroscopic measurements of the atmosphere, one must additionally consider the
effects of spectral line broadening. Line broadening can be caused by three factors: the loss or gain
of energy during emission or absorption, which affects the oscillator’s vibration as a consequence
of the Heisenberg Uncertainty Principle (natural line broadening), perturbations due to collisions

between molecules, and the Doppler effect resulting from variations in the velocities of molecules
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along the line of sight. In comparison to the broadening that results from collisions and from
the Doppler effect, natural broadening is practically negligible. In the middle atmosphere, line
broadening tends to result from a combination of collisional and Doppler broadenings, meanwhile in
the lower atmosphere (<20 km) collisional broadening dominates due to the higher pressures present
there ( , ).

The shape of spectral lines due to collisions, referred to as pressure broadening, is given by the

Lorentz profile ( , ). The Lorentz approximation can be expressed by:

S a

k, =—————
™ (D— 50)2 -‘ra%

= Sf(r— ), (2.7)

where k,, is the absorption coefficient, 7y is the wavenumber of an ideal monochromatic line, «, is
the half-width at half-maximum (HWHM) of the line, f(Z — ) represents the shape factor of a

given spectral line, and S is the line strength given by:

S:/ ke di. (2.8)

The HWHM, «r, depends on both pressure and temperature, and this can be derived using the

ar = ag (;) (?)n (2.9)

where «y is the width at standard atmospheric pressure (pg = 1013 mb) and temperature (7p = 273

kinetic theory of ideal gases as:

K), and n is an index ranging from 1/2 to 1 depending on the type of molecule in question ( ,
).

In a very low-pressure gas for which collisional broadening is negligible the Doppler effect is the
primary source of line broadening. If a molecule has a velocity component in the line of sight (i.e., the
molecule is moving towards or away from the observer), and is moving at a velocity u < ¢, then its
original wavenumber 7y will be Doppler shifted and the observed wavenumber will be o = 7 (1 + %)
If we assume that the molecules follow a Maxwell-Boltzmann distribution in the velocity interval of

u to u + du, we find that the absorption coefficient for Doppler broadening is given by ( , ):

k, = aDSﬁe:Ep [ <’;aD'7°>2] , (2.10)

where ap = i79(2KT/mc?)'/? is the Doppler width of the line, k is the Boltzmann constant, and m

is the mass of the molecule. Here, the Doppler HWHM is given by apvIn2.
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At the altitudes of the middle atmosphere (20-50 km), both Doppler and collisional broadening
must be accounted for when determining the effective line shapes. The Doppler shift component
must be added to pressure-broadened lines at wavenumbers o’ — 7y in order for the two effects to be
combined. The Doppler effect shifts the Lorentz line at wavenumber 7’ to o, and the Lorentz and
Doppler lineshapes are then expressed by f1.(0/ —1p) and fp(0—7'), respectively. To account for the
range of all possible velocities of molecules, the Doppler and Lorentz lineshapes can be convolved to

obtain ( , ):
fo(0 =) = fo(V' =) fo (0 —0")d
— I «a = 1 — (’; — 17,)2 ~/
7773/25/700 (D’—Do)Q—i—aQeXp[ a? dv.

This lineshape is known as the Voigt profile. For all of the retrievals in this work, the Voigt

(2.11)

profile is used and the required spectral line parameters and broadening coefficients are obtained
from the High-Resolution Transmission Molecular Absorption (HITRAN) spectral linelist databases
( , , ), or the Atmospheric (ATM) linelist databases ( , , ).

2.1.3 Equation of Radiative Transfer

To relate the fundamental concepts of vibrational-rotational spectroscopy to the solar absorption
measurements made by the FTIR at PEARL, we must consider the Radiative Transfer Equation
and its applications to the Earth’s atmosphere. In this section, we will describe a simple model for
the transmission of solar radiation through the atmosphere, following the derivation in ( ).

For a thin beam of monochromatic radiation passing through a medium, the intensity of the
incident beam will be reduced through the interaction with matter (i.e., an absorptive trace gas). If
the intensity of the beam I; becomes I; + dI; upon traveling a distance ds in the direction of its

propagation, then the change in intensity is given by ( , ):

dL; = —O'I;pL;dS, (2.12)

where o is the mass extinction cross-section for radiation of wavenumber # (in units of area per
molecule), and p is the number density of the medium. Here, o is the sum of the mass absorption
and scattering cross-sections, and thus the extinction of the beam is due to both absorption and
scattering by the medium.

Conversely, the intensity of the beam of radiation may be increased by emission from the medium,
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as well as through multiple scattering from all other directions into the beam at the same wavelength.

In a similar fashion to Eq. 2.12, here we define the source function coefficient j; such that the

strengthening of the intensity of the beam due to emission and multiple scattering is given by ( ,
):

dl; = joplpds, (2.13)

where j; has the same units as the mass extinction cross-section. Combining Egs. 2.12 and 2.13 |
we then obtain:

dl; = —opplpds + jpplpds. (2.14)

It is often convenient to define the source function J; as J; = j3 /0, then using this Eq. 2.14 can

be rearranged to yield:
dl;
oppds

=—Ii+Js. (2.15)

This is the general Radiative Transfer Equation, and it is fundamental to the discussion of any
radiative transfer process ( , ).

Now, we can examine the Radiative Transfer Equation directly in the context of solar radiation
passing through the Earth’s atmosphere. We start by considering a direct beam of solar radiation
which approximately covers the wavelength range of 0.2 to 5 pm. In most cases, the emission contri-
butions from the Earth-atmosphere system in this spectral region can be neglected, and furthermore,
for infrared wavelengths the effect of multiple scattering can be ignored. Thus, Eq. 2.15 can then

be reduced to ( , ):
al;
oppds

—I. (2.16)

If we let the incident intensity at the top of the atmosphere (s = 0) be I;(0), then the intensity of

the beam after traveling a distance s; through the atmosphere can be found by integrating Eq. 2.16:

I5(s) = I;(0) exp (— /0 N J,;pdS) . (2.17)

If we make the assumption that the atmosphere is homogeneous (i.e., o5 is independent of distance

s), and define the column density v along the path length as:

u:/ pds, (2.18)
0
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then Eq. 2.17 can be re-written as:
I;(s1) = I5(0) e 77", (2.19)

This is known as the Beer-Bouguer-Lambert Law (or more commonly as Beer’s Law). From Beer’s

Law, we can define the monochromatic transmissivity 75 as:
T,; = I,;(S)/L;(O) = 6_0';“. (220)

Similarly, we can define the monochromatic absorptivity (the fraction of the incident radiation which

has been absorbed by the atmosphere) as:
Ay =1-T; =1—e 774, (2.21)

To a first-order approximation, Beer’s Law can be used to model the extinction of a beam of solar
radiation passing through the Earth’s atmosphere. The example presented in this section has been
simplified for the sake of conciseness, but for further details on atmospheric radiative transfer one
can refer to ( ).

For the SFIT4 retrievals described in this work, a line-by-line radiative transfer model (LBLRTM)
is used. The SFIT4 LBLRTM generates a simulated atmosphere which is divided into many altitude
layers (47 in the case of the Eureka retrievals), ranging from the top of the atmosphere to the surface.
It then computes the absorption of solar radiation (assuming a Voigt lineshape profile) for a given
wavelength by summing the individual absorption contributions of each trace gas included in the
retrieval, starting at the upper-most layer and progressing downwards towards the surface (

, ). The end result of the LBLRTM is a calculated spectrum which is then iteratively fitted
to the observed spectrum during the retrieval process. Further discussions on retrieval theory and

the SFIT4 algorithm are provided in Sect. 2.4.

2.2 FTIR Spectroscopy

The FTIR instrument located at the PEARL Ridge Lab is a Bruker IFS 125HR produced by Bruker
Optics GmbH. It is a high-spectral-resolution spectrometer, and is currently one of the most widely
used high-resolution FTIR spectrometers around the world. The Bruker 125HR operates on the

principles of the Michelson interferometer, which is briefly described in the following section. Further
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Figure 2.2: Diagram of the basic Michelson interferometer. Figure reproduced from

(2007).

details on the PEARL Bruker IFS 125HR instrument itself are provided in Sect. 2.3.

2.2.1 The Michelson Interferometer

Fourier transform infrared spectrometers can be used to measure the absorption spectrum of so-
lar radiation passing through the Earth’s atmosphere. Many modern FTIRs rely on the original
principles of the Michelson interferometer to measure the absorption spectra. The Michelson inter-
ferometer is a conceptually straightforward optical device designed by Albert Abraham Michelson
in 1880, and was first detailed in ( ). A diagram of the basic Michelson interferometer
is shown in Fig. 2.2.

Put simply, the Michelson interferometer is a device which is capable of splitting a single beam
of radiation into two separate paths using a beamsplitter, with one beam reflecting off a fixed mirror
and the other beam reflecting off a movable mirror, eventually recombining the beams after a certain
optical path difference (OPD) has been introduced. The OPD between the two separated beams

is given by 2(OM — OF), where OM and OF are the physical distances from the beamsplitter to
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the moving and fixed mirrors respectively. The OPD is also referred to as the retardation, and is
denoted by 6. Under these conditions, interference between the two beams occurs, and a detector
measures the variation in intensity in this interference pattern as a function of the path difference.

A detailed description of the mathematical formalism of the Michelson interferometer is provided
in ( ), and a brief overview is presented here. We first consider the ideal-
ized situation where the source is an infinitely narrow beam of monochromatic, perfectly collimated
light. If we let the wavelength of the beam be A (in cm), then the wavenumber # (in cm™1!) is given
by:

U=

%, (2.22)
and additionally, we denote intensity of this beam at a given OPD by I(§). For simplicity, we take
the beamsplitter to be ideal, such that its reflectance and transmittance are both precisely 50%, and
no intensity is lost from the beam when being reflected or transmitted through the beamsplitter.
We now examine the intensity of the recombined beam measured by the detector when the moving
mirror is held fixed at different positions along the optical path.

If we place the fixed and moving mirrors at equal distances from the beamsplitter, then this is
known as zero path difference (ZPD) or zero retardation, and the two beams will be perfectly in
phase when they are recombined at the beamsplitter. In this situation, upon recombination the two
beams will interfere constructively, and the intensity measured by the detector will be the sum of
the intensities of the individual beams (see Fig. 2.3a). If we now introduce a path difference between
the beams by displacing the movable mirror a distance of A/4, the OPD will now be A\/2 and the
beams will interfere destructively, and the detector will measure a minimum in the intensity (Fig.
2.3b). If the moving mirror is displaced by an additional A/4 (such that it is now at a distance
of \/2 from the beamsplitter), the beams will again interfere constructively and the detector will
measure an intensity of I(d) (Fig. 2.3c).

If we now allow the movable mirror to move with a constant velocity along the optical path, the
detector will measure a sinusoidally varying intensity, and a peak will be observed each time the
OPD is an integer multiple of A (i.e., § = n\). The intensity measured by the detector is measured
as a function of the OPD, and is given by:

I'(6) =051(v) (1 + cos27ri) , (2.23)
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Figure 2.3: Phase of the beams from the fixed (solid line) and moving (dashed line) mirrors at
varying optical path differences: (a) ZPD; OPD of A¢/2, and (¢) OPD of Ag. Note that constructive
interference occurs at integer multiples of Ag. Image reproduced from ( )

or, written in terms of the wavenumber:

I'(6) = 0.5 1(7) (1 + cos2mir) . (2.24)

From the above equations, we can see that there are actually two separate contributions to I'(4), a
constant 0.5 I(¥) component, and a modulated alternating component. For spectroscopic measure-
ments, one is typically only concerned with the alternating component, which is often referred to as
the interferogram and is denoted by I(4). For an ideal interferometer and a monochromatic source,

the interferogram is given by:

I(5) = 0.5 I(7) cos2mdD. (2.25)

So far, we have only been considering an ideal instrument using a monochromatic source, however in
reality several other factors can affect the intensity of the signal measured by the detector. First of
all, beamsplitters almost never possess the ideal characteristics of 50% transmission and 50% reflec-
tion. This can be accounted for in Eq. 2.25 by multiplying the I(7) term by a wavenumber-dependent
factor which is less than 1, representing the relative beamsplitter efficiency. Secondly, many detec-

tors used for infrared measurements do not have a uniform response across all wavenumbers, and
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furthermore the response of many amplifiers within the detectors are dependent on the modulation

frequency. Taking all of this into account, the simplest representation of the interferogram is:

S(6) = B(P) cos2mov, (2.26)

where S(§) is the AC signal measured by the detector (in units of volts), and B(7) is a parameter
that describes the spectral intensity of the source at wavenumber v modified by the characteristics
of the beamsplitter and detector. In mathematical terms, S(J) is the cosine Fourier transform of
B(7g), and the spectrum is computed using the interferogram by taking the cosine Fourier transform
of S(9).

If we consider a non-monochromatic source (such as the Sun), then the interferogram measured

by the detector is given by the integral:

5(6) =

N |

/ B() cos2méi div. (2.27)
0

If we take the Fourier transform of Eq. 2.27 and make use of the fact that S(§) is an even function,
we arrive at:

B(w) =2 | S(d)cos2mdv df. (2.28)

It can be noted from the above equations that one could theoretically measure the entire spectrum
(0 to 0o, in ecm™1) at infinitely high resolution. However, this would require that the movable mirror
of the interferometer be displaced an infinite distance (or in other words, this requires an infinite
OPD). In all modern FTIR spectrometers that are based upon the Michelson interferometer, the
spectral resolution is limited by the maximum OPD (MOPD) of the instrument. To account for the
finite OPD of the the FTIR instrument, an apodization is applied to Eq. 2.27. Typically, a boxcar

apodization is applied, which is of the form ( , ):

0 if & > dmae
D(6) = , (2.29)

1 it <dmaa

where 0,4, is the MOPD. Convolving the interferogram (Eq. 2.27) with the boxcar function yields a
sinc function following the Fourier transform. As a result, the apodization influences the resolution

of the measured spectrum. In the case of a boxcar apodization, the spectral resolution is typically
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defined by the full width at half maximum (FWHM) criterion which gives a resolution of 0.605/6,,44
( , ). In the case of the PEARL-FTS, Bruker Optics GmbH defines the
spectral resolution as 0.9/6,q.-

Once an interferogram has been generated while using the Sun as the source, Eq. 2.28 can be
applied to obtain a solar absorption spectrum. From the resulting spectrum, we are able to use
an OEM retrieval method such as that described later in Sect. 2.4 to derive information on the

concentrations and vertical distribution of trace gases in the Earth’s atmosphere.

2.2.2 Advantages of FTIR Spectroscopy

FTIR instruments provide three fundamental advantages over dispersive grating spectrometers which

make them ideal for atmospheric trace-gas measurements, and these are summarized briefly below.

The Fellgett Advantage

FTIR instruments sample the entire wavelength range of interest in a single scan of the moving
mirror, and multiple scans can be co-added to reduce random noise in the measurement. A shorter
MOPD can be selected to decrease the time per scan, while a longer MOPD can be used to increase
the spectral resolution of the measurement. Meanwhile, with dispersive spectrometers each wave-
length must be sampled individually as the grating scans. This allows for several scans by an FTIR
to be completed in the time it would take for a single measurement by a dispersive spectrometer.

This is known as the Fellgett (or multiplex) advantage ( , ).

The Jacquinot Advantage

FTIR instruments have significantly higher throughput than a grating spectrometer since the absence
of slits allows for much greater intensity in the beam reaching the detectors, providing a higher
signal-to-noise ratio (SNR) ( , ). In the case of many modern FTIRs
including the Bruker IFS 125HR, apertures are used to finely control the amount of light entering the
instrument, yielding greater SNR and decreased signal loss in comparison to dispersive instruments
where the power through the instrument is limited by the area of the entrance slit. This is commonly

referred to as the Jacquinot (or throughput) advantage.
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The Connes Advantage

The Connes (or wavenumber precision) advantage refers to the fact that modern FTIRs use an
internal laser (of a precisely known wavelength) to control both the velocity and position of the
moving mirror, as well as to time the collection of data, leading to a precisely calibrated wavenumber
axis ( , ). In contrast, grating spectrometers often rely on external
calibration standards, and the wavenumber axis is defined by the position of the grating which may
change over time.

An additional minor advantage of FTIR instruments is that they are less sensitive to stray light
(i.e., light from one wavelength appearing at another region in the spectrum). In grating spectrom-
eters, this can occur as a result of accidental reflections inside the instrument or imperfections in
the dispersion grating itself. The combination of these advantages make FTIR instruments ideal for

applications in long-term, high-precision measurements of trace-gas concentrations.

2.3 The PEARL Bruker IFS 125HR FTIR

2.3.1 Instrument Description

As briefly discussed in Sect. 2.2, the Bruker 125HR is based upon the principles of the Michelson
interferometer, and we first describe the general function of the instrument below. An optical
schematic diagram of the Eureka Bruker IFS 125HR is provided in Fig. 2.4. The general operation of
the instrument can be described as follows: an input beam of light from either the Sun or the internal
sources (a globar source for the mid-infrared and a tungsten filament for the near-infrared) passes
through the entrance aperture in the source compartment into the interferometer compartment. The
beam of light is then collimated using a parabolic collimating mirror before being directed onto the
beamsplitter. The beamsplitter then divides the full beam into two beams of equal intensity, with one
beam being directed onto the fixed mirror, and the other onto the moving mirror, which is a corner-
cube mirror that sits on a carriage and is pulled along a straight, flat track consisting of two polished
steel tubes by a DC motor and a thin steel cable. The beams are then both directed back towards the
beamsplitter, where they are re-combined, however, due to the OPD between the fixed and moving
mirrors there is a phase difference introduced into the final resulting beam. The recombined beam
is then directed towards the exit aperture using a series of flat and parabolic mirrors. It should
be noted that in the case of the Bruker IFS 125HR, the entrance and exit apertures are variable

in diameter, and are controlled by a rotating aperture wheel. After the recombined beam passes
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Figure 2.4: Schematic diagram of the Eureka Bruker IFS 125HR showing the optical path of the
solar beam (red arrows), and the internal components which are labelled and indicated by the blue
lines. Figure reproduced from ( ).

through the exit aperture, it can be directed through either the front or rear sample compartments.
The front sample compartment permanently contains the hydrogen chloride (HCI) cell used for the
near-infrared cell tests, so for all mid-infrared measurements, the beam is directed through the
rear sample compartment. After passing through the sample compartments, the beam enters the
detector compartment where the mid-infrared indium antimonide (InSb) and mercury-cadmium-
telluride (HgCdTe or MCT) detectors are located. Before reaching the mid-infrared detectors, the
beam is collimated using a parabolic collimating mirror and directed through the filter wheel. The
rotating filter wheel holds several spectral bandpass filters that limit the sampled spectral range of
the incoming beam. The NDACC Infrared Working Group (IRWG) prescribed spectral filters used
in the filter wheel are provided in Table 2.1. Finally, the filtered beam is directed to one of the two
mid-infrared detectors using a moving flat mirror and a focusing parabolic mirror, and the incoming
signal is recorded by the detector.

The PEARL Bruker IFS 125HR was installed in July 2006 as a replacement for the Environment
and Climate Change Canada (ECCC) ABB Bomem DAS8 FTIR, which was in operation from 1993
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Table 2.1: NDACC narrow-band filters used with the Eureka Bruker IFS 125HR, their wavenumber
ranges, and the retrieved trace gas species.

NDACC  Wavenumber Input Species
Filter # Range (cm~!) Aperture (mm) Retrieved
1 39504300 1.0 HF
2 2700-3500 1.15 CyHs, HCN, H,CO
3 924203080 1.0 CH,, CoHg, HCI, HyCO
N,0, O3
4 1950-2700 1.15 CcO
5 18002200 1.3 CO, NO
6 700-1350 1.5 CH30H, CIONOg, CoHy,
HCOOH, NHs, Os, PAN
7 700-1000 1.5 CIONO,, C3H,, NHj3
to 2009 ( ) ). An image of the instrument and the solar tracker dome are shown in Fig.

2.5. The instrument measures high-spectral-resolution solar-absorption spectra during sunlit clear-
sky conditions, typically between late-February and mid-October of each year ( , ).
The PEARL 125HR has an MOPD of 372 cm, providing a maximal wavenumber resolution (defined
by Bruker Optics as 0.9/MOPD) of 0.0024 cm~* ( , ). Two beamsplitters are
used in the instrument; a potassium bromide (KBr) beamsplitter for the mid-infrared with a spectral
range of 50-4800 cm™!, and a calcium fluoride (CaF3) beamsplitter for the near-infrared with a

wavenumber range of 1200-15000 cm™!.

During normal operation, the instrument is kept under
vacuum except when changing the beamsplitter. When taking mid-infrared solar measurements,
the instrument cycles through the seven NDACC narrowband spectral filters (listed in Table 2.1),
making a measurement with each before repeating the cycle. It should be noted that the input
aperture size is filter-dependent, and these are listed in Table 2.1 as well. All mid-infrared solar
measurements are made with an MOPD of 257 cm, which corresponds to a spectral resolution of
0.0035 cm~!. The instrument contains three detectors: a photovoltaic InSb detector which covers
the wavenumber range from 1850-10000 cm ™!, a photoconductive MCT detector that is sensitive
in the range of 600-6000 cm~!, and an InGaAs detector which is sensitive in the range of 4000
15000 cm~!. Both the InSb and MCT detectors require liquid nitrogen cooling, while the InGaAs
detector does not. Further details on the PEARL-FTS can be found in ( ).

A heliostat is a necessary component of any solar-measuring FTIR system. The PEARL Bruker
125HR, employs a custom-built Community Solar Tracker (CST) which was jointly designed at
Dalhousie University and the University of Toronto ( , ). A diagram of the CST is
provided in Fig. 2.6. The CST was installed in July 2013, and replaced the older ECCC photodiode

solar tracker. A description of the ECCC solar tracker can be found in ( ). The
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a) Solar tracker dome

Figure 2.5: (a) The roof-mounted solar tracker dome which houses the Community Solar Tracker,
and (b) the Bruker IFS 125HR in the infrared lab at PEARL. Note that a Bruker EM27/SUN can
be seen in the background of panel (b) as it was making side-by-side measurements with the PEARL
Bruker 125HR during the 2019 and 2020 Canadian Arctic ACE/OSIRIS Validation Campaigns.

CST is housed in a commercially available Robodome which is located on the roof of the PEARL
Ridge Lab (see Fig. 2.5a). The Robodome and the CST are controlled by the Trax software which is
written in Python, and allows both of these components to be remotely controlled through the use
of a graphical user interface. The CST is capable of tracking the position of the Sun in two modes,
active or passive. When in active tracking mode, continuous real-time corrections are provided to
the tracker by using a webcam (located below the input window of the PEARL Bruker), and fitting
an ellipse to the image of the Sun to precisely locate its center. The tracker then continues to make
minor azimuthal and altitudinal corrections to keep the image of the Sun centered relative to the
camera input. In passive tracking mode, no input from the webcam is needed, and the position
of the Sun is located purely based on ephemeris calculations. However, the primary downside of
passive tracking is that it is prone to systematic errors due to the physical drift of the solar tracker
components. When performing normal solar measurements, the Trax software uses a combination of
active and passive tracking to maintain the position of the Sun even if it becomes obscured by clouds.
The CST and Robodome are controlled using their own laptop which houses the Trax software, and
this laptop can be remotely accessed via a virtual network computing (VNC) connection, allowing
the tracker and dome to be operated from off-site (even from Toronto). During the July 2023 summer
campaign, an additional upward-facing webcam was installed in the solar tracker dome to enhance
remote operation capabilities, allowing off-site operators to confirm the status of the dome (i.e.,

whether it is opened or closed).
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Figure 2.6: A schematic of the Community Solar Tracker (CST). Diagram reproduced from Franklin
(2015).

2.3.2 Data Acquisition

Due to the remote nature of the PEARL Ridge Lab and the limited on-site support, the operation of
the PEARL Bruker and the CST have largely been automated to maximize the number of observa-
tions. As it currently stands, operator support is typically only required at the start of measurements
each day. The InSb and MCT detectors must be cooled manually before the start of measurements
using liquid nitrogen. During the summertime, when there is ample sunlight throughout the entire
day, the detectors (particularly the MCT detector) will sometimes need to be re-filled if measure-
ments continue long enough. The tracker must then be initialized, and the measurements must be
started using the Bruker OPUS software, however these tasks can both be done either manually by
an on-site operator, or remotely via a VNC connection. Solar measurements are performed using
a set of macros via the Bruker OPUS software. These automated macros cycle through each filter,
check for sufficient signal, and then collect a measurement, with the measurement sequence being
terminated when there is no longer sufficient input signal in any of the filters. Cloud cover can cause
the macros to prematurely terminate, and as such it is still necessary to monitor the weather condi-
tions (using webcams installed at the Ridge Lab) and the instrument throughout the day. On-site

operator support is also required for performing beamsplitter swaps, which is typically done mid-way
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through each day to change from mid-infrared to near-infrared measurements (or vice-versa). In the
future, the addition of a large automatic liquid nitrogen dewar and the use of an extended range
KBr beamsplitter (covering both the mid- and near-infrared ranges), which are currently under-
going testing within the Total Carbon Column Observing Network (TCCON) and NDACC-IRWG

networks, would allow for further automation of the PEARL-Bruker and its measurements.

2.3.3 Instrument Alignment and Performance

When maintaining a long time-series of trace-gas measurements from an FTIR spectrometer, it is
important to periodically assess the optical alignment and performance of the instrument. Each
Bruker IFS 125HR is aligned during the initial delivery and installation of the instrument, however,
the optical alignment may drift over long time-scales as a result of routine operation, and from rapid
pressure or temperature changes (e.g., from venting and evacuating the instrument). The PEARL-
FTS is used for both mid- and near-infrared measurements, and thus the beamsplitter is changed
regularly (typically half-way through each measurement day), which requires the instrument to be
vented and re-evacuated. Frequently changing the beamsplitter, as well as venting and evacuating
the instrument may subject the Bruker 125HR to additional stresses which could impact the optical
alignment.

The alignment of the PEARL-FTS is assessed through ‘cell tests’, whereby the absorption spec-
trum of a gas-filled cell with a known quantity of a particular gas is measured using an internal
lamp source. At PEARL, three gas cells are used: HCI, hydrogen bromide (HBr), and nitrous oxide
(N20). The HCI cell is larger than the HBr and NoO cells, and is permanently installed in the front
sample compartment of the instrument (highlighted in Fig. 2.4). The HCI cell is used in conjunction
with the CaFy beamsplitter and tungsten lamp source to assess the near-infrared alignment and
performance of the instrument, while the HBr and N5O cells are used with the KBr beamsplitter
and globar source to evaluate the mid-infrared alignment. Full details of the HCI cell tests for the
near-infrared alignment can be found in ( ).

The HBr cell at the PEARL Ridge Lab (HBr cell #30) was obtained from the National Insti-
tute for Environmental Studies (NIES) in Japan from a batch of cells produced specifically for the
NDACC-IRWG. The cell is made of glass with fused sapphire windows, measures approximately
2.5 cm long and 2 cm in diameter, and is filled with a known quantity of HBr gas (see Fig. 2.7)
( , ). For each HBr cell test, a background spectrum is first collected (i.e., with no

cell in the instrument), followed by a cell measurement with the gas cell placed in the rear sample
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Figure 2.7: HBr cell #30 in its holder inside the PEARL Bruker IFS 125HR rear sample compart-
ment.

compartment. For both the background measurement and the cell measurement, 50 scans are per-

! (corresponding to

formed using the internal globar source at a spectral resolution of 0.0035 cm™
a MOPD of 257 cm) which are then co-added. The HBr cell test is performed using the NDACC-
IRWG filter 4 (listed in Table 2.1) with a 1.15 mm input aperture to replicate the conditions of a
filter 4 solar measurement. The Bruker OPUS software is then used to divide the cell spectrum by
the background spectrum to obtain a transmission spectrum containing the absorption lines to be
fitted.

The transmission spectrum is currently analyzed using version 14.5 of the LINEFIT retrieval
software, which is described in ( ) and ( ). The LINEFIT software generates
a theoretical instrument lineshape (ILS), modulation efficiency (ME), and phase error (PE) based
on the field-of-view (FOV) of the instrument and the OPD. A synthetic HBr spectrum is generated,
and the ILS, ME, and PE are iteratively adjusted until the simulated spectra matches the measured
HBr spectra. LINEFIT also retrieves the column concentration of HBr within the cell during the
iterative fitting procedure. However, as highlighted by ( ), the column concentration
of the PEARL HBr cell has been steadily decreasing over time likely as a result of outside air
entering the cell. LINEFIT is able to account for this during the fitting procedure, but an initial

cell pressure and concentration of 1.55 mbar and 7.6 x 10%° molec. cm™2

respectively, is assumed
by the software. LINEFIT is run iteratively, until a pressure convergence threshold of 0.001 mbar is
reached, typically only requiring a maximum of three iterations to converge. Fourteen microwindows

are used for fitting the HBr absorption features, and these are listed in Table 2.2, with an example
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Table 2.2: Fitting microwindows used for the LINEFIT v14.5 analysis of the HBr cell transmission
spectra at PEARL.

Microwindow Wavenumber

Range (cm™1)
1 2590.32-2590.72
2 2590.71-2591.11
3 2605.60-2606.00
4 2606.00-2606.40
5 2620.39-2620.79
6 2620.80-2621.20
7 2634.70-2635.10
8 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

(a) 230701_eu_HBr_257_e_0 reg=1.8: Microwindow 1

A\

0.9 1

0.8

0.7 1

Transmission
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Figure 2.8: (a) A example fit for microwindow 1, and (b) the corresponding residuals from LINEFIT
v14.5 for an HBr cell spectrum collected with the PEARL-FTS on 1 July 2023.
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of a fitted HBr transmission spectra shown in Fig. 2.8.

The MEs, PEs, and mean column scale factors for HBr cell tests performed since March 2007 are
shown in Fig. 2.9. The retrieved ME for the HBr cell tests varies from approximately 0.90 to 1.025 at
MOPD, indicating generally favorable alignment. It should be noted that the ME is normalized to
1.0 at ZPD by LINEFIT, however this may not always be the case in reality as shear misalignment
can result in an ME lower than unity at ZPD. As noted by Wunch et al. (2011), shear misalignment
is a common issue with the Bruker IFS 125HR caused by gradual wear on the Teflon pads that
support the scanning mirror, and will often manifest in the LINEFIT results in the form of a ME
greater than unity at MOPD due to the normalization of the ME at ZPD. Angular misalignment is

another type of instrument misalignment which can negatively impact the retrieved ME, and is the
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Figure 2.9: (a) Modulation efficiency as a function of OPD, (b) phase error as a function of OPD,
and (c) the mean column scale factor (calculated over all microwindows) for PEARL-FTS HBr cell
tests collected between March 2007 and July 2023 analyzed with LINEFIT v14.5.
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result of the path of the beam being misaligned with respect to the axis of motion of the moving
mirror ( , ). Angular misalignment generally presents as a decrease in ME as a
function of OPD. The retrieved PE is generally in the range of -0.04 to 0.05 radians. One HBr cell
test collected on 19 March 2023 displays a higher phase error between -0.04 to 0.04 radians when
compared to similar recent tests. This cell test from 19 March 2023 also shows a lower ME than all
other tests, and it has been attributed to the temperature of the infrared lab being much lower than
usual. Subsequent cell tests collected shortly after produced results which were considerably more
consistent with other recent cell tests. Uncertainty in the instrument temperature, which is obtained
from the recorded scanner temperature in OPUS, introduces some degree of variability in the HBr
cell test results even for cell tests that are performed in close succession where true changes to the
optical alignment are unlikely. The position of the beamsplitter can also lead to some variation in
the retrieved ME and PE, as its position changes slightly each time it is removed and replaced. The
mean retrieved HBr column scale factor shows a measurable decline between 2007 and 2019, and
has decreased from 1.00 to approximately 0.96 in this time period, indicating that the HBr gas has
steadily been leaking from the cell as highlighted previously by ( , ). The mean column
scale factor is largely unchanged between 2019-2023, and appears to suggest that the rate of leakage
from the cell within this period has slowed.

In addition to the HBr cell tests, an N2O cell is also used to diagnose the mid-infrared alignment
of the instrument. The N5O cell (cell #11) was acquired in March 2016 and was produced by the
NDACC-IRWG to the same physical specifications as the HBr cells. NoO gas is inert, making it
less prone to leakage from the cell than HBr. The NDACC-IRWG has begun to prioritize NoO
cell tests over the older HBr tests as they are likely to provide more consistent results over longer
periods, however many sites still continue to perform HBr cell tests to maintain a consistent record
of instrument alignment. Each NoO cell test consists of 60 co-added scans that are performed at
a lower resolution than the HBr cell tests, with the background and cell spectra being recorded at
spectral resolutions of 0.05 cm™! (18 ecm MOPD) and 0.005 cm™! (180 cm MOPD), respectively
( , ). These lower spectral resolutions provide the advantage of faster measurement times
in comparison to the HBr cell tests. Three microwindows are used for fitting the NoO absorption
features in LINEFIT (see Table 2.3), and an example fitted NoO microwindow is shown in Fig. 2.10.
The N2O cell test results are provided in Fig. 2.11.

The ME of the NyO cell tests at MOPD are generally in the range of 0.8 to 1.0, with some
tests from 2016 and early 2017 displaying some degree of over-modulation up to a maximum of

approximately 1.05 ME at MOPD. A similar over-modulation is observed in the HBr cell tests
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Table 2.3: Fitting microwindows used for the LINEFIT v14.5 analysis of the N5O cell transmission
spectra at PEARL.

. . Wavenumber
Microwindow 1
Range (cm™")
1 2167.03-2185.25
2 2222.825-2223.019
3 2224.475-2224.715

(a) 230630 _eu_N20_180_e_0 reg=1.8: Microwindow 3
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Figure 2.10: (a) A example fit for microwindow 3, and (b) the corresponding residuals from LINEFIT
v14.5 for an NoO cell spectrum collected with the PEARL-FTS on 30 June 2023.
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collected around the same time. The NyO cell results generally show smaller test-to-test variability
in comparison to the HBr results in Fig. 2.9, which may be a consequence of the leaking HBr cell.
In 2017, it was found that the near-infrared alignment had fallen outside of the required TCCON
specifications (0.95-1.05 ME at 45 cm MOPD), and this misalignment was attributed to wear on the
Teflon pads supporting the scanning mirror. A re-alignment of the instrument was performed during
the Spring 2017 Canadian Arctic ACE/OSIRIS Validation Campaign, and a drop in the NyO cell
test ME at MOPD to below 0.9 can be seen in Fig. 2.11a. To ensure proper near-infrared alignment

to meet TCCON specifications, the alignment process was performed using a 1 mm aperture, and the
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Figure 2.11: (a) Modulation efficiency as a function of OPD, (b) phase error as a function of OPD,
and (c) the mean column scale factor (calculated over all microwindows) for PEARL-FTS N,O cell
tests analyzed with LINEFIT v14.5. Note: for consistency, cell tests with aperture sizes other than
1.15 mm were excluded from the figure.
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CaFy beamsplitter. After the re-alignment process was completed, the near-infrared alignment was
significantly improved, and met TCCON requirements, however it was found that the mid-infrared
alignment was negatively impacted, and lower ME at MOPD was observed for both the HBr and
N5O results in subsequent cell tests. During the 2018 Canadian Arctic ACE/OSIRIS Validation
Campaign, it was discovered that the Bruker aperture wheel was incorrectly milled (an issue that
had been noted with other older Bruker 125HR instruments), resulting in changes of the aperture
center position when rotating through different aperture sizes, and causing poorer alignment in the
mid-infrared when using the larger 1.15 mm apertures. NoO cell tests were performed using the
1 mm aperture instead of the typical 1.15 mm aperture, and significantly improved alignment across
all OPDs was found, which was consistent with the near-infrared HCI cell test results.

During the 2019 Canadian Arctic ACE/OSIRIS Validation Campaign, corrected entrance and
exit Bruker aperture wheels were installed on 27 February 2019, followed by a full re-alignment
of the instrument. Cell tests performed following the installation of the new aperture wheels show
significantly improved mid-infrared alignment, and greater consistency between the near-infrared and
mid-infrared alignment and cell test results. Following the re-alignment procedure during the 2019
Canadian Arctic ACE/OSIRIS Validation Campaign, good alignment in the mid-infrared has been
maintained, with ME at MOPD near unity and only a minor degree of over-modulation observed in

some cell tests.

2.4 Trace Gas Retrievals

A fundamental component of this work is the determination of atmospheric concentrations of trace
gases from solar absorption spectra measured by ground-based FTIR instruments. From the solar
absorption spectra measured by an FTIR spectrometer, we are able to indirectly determine the
concentration of a given gas in the atmosphere using both a forward and an inverse model through a
process known as a “retrieval”. The solution to the inverse problem is a volume mixing ratio (VMR)
profile that is the best estimate of the true state of the atmosphere observed in the measurements.
However, the inverse problem is under-determined, meaning that the number of unknown parameters
to be solved for is greater than the number of known parameters. In order to achieve a solution
to the inverse problem, an initial guess of the atmospheric state known as the a prior: profile, is
required. The procedure by which we solve this inverse problem is known as the OEM, which is

detailed in ( ), and is summarized in the following subsection.
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2.4.1 Retrieval Theory

We start by defining a measurement vector y comprised of m elements given by:

y =F(x,b) +¢, (2.30)

where F(x,b) is the forward model which encapsulates the physics of the measurement, x is a state
vector of n unknown elements that we are aiming to retrieve, b is a vector representing all other
variables upon which the measurement is dependent (such as profiles of temperature and pressure),
and € is the measurement error.

Due to the under-determined nature of the inverse problem, it is helpful to perform a linearization
of the forward model about a reference state x,. In the case of trace-gas retrievals, this reference state
X, is the a priori profile, which is the best estimate of the true state of the atmosphere. Likewise, we
also choose a best estimate for b denoted by B, and include an additional vector ¢ which encompasses
any supplementary parameters used in the retrieval process but which do not appear in the forward
model. Taking into account all of the aforementioned assumptions, we define the inverse model I as
the process through which we obtain the retrieved profile X from the measurement vector y, which
is given by:

~ ~

% =1(y,b,c) = I(F(x,b) + &,b,c). (2.31)

Then, linearizing Eq. 2.31 about x, we obtain:

~a 01 OF 01 OF ~ ol
x = I[F b),b ———(x— ——(b—b)+ —¢. 2.32
% = T[F(xa,B), o] + 50 (=) + oo (b= B) + 5 (232
Here, for convenience we can define the gain matrix G as:
01
G=—, 2.33
% (239

which specifies the sensitivity of the retrieval to the measurement. Similarly, it is helpful to define
the partial derivative of the forward model F with respect to the state vector x as the weighting

function matrix K:
_ OF

Kf&.

(2.34)

This weighting function is an m X n matrix which defines the sensitivity of the forward model to the

state vector. The columns of K describe the variability in the measured spectrum resulting from
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a change in the state profile at each altitude level of the retrieval, while its rows describe the part
of the profile that is represented by each measurement ( , ). Additionally, we define
another weighting function matrix Ky, for the partial derivative of the forward model with respect

to the forward model parameters:
OF

Kb :87]3

(2.35)

Similar to K, this weighting function describes the sensitivity of the forward model to its parameters.
We then define the averaging kernel matrix A as the partial derivative of the inverse model with

respect to the state vector:
OI[F(x,b), b, c]

A= ox

= GK. (2.36)

The rows of A are smoothing functions (or ‘averaging kernels’), which describe the sensitivity of
the layers of the retrieved state to the true state, and the shape of the averaging kernels provides
information about the vertical resolution of the measurement. Here, the sensitivity of the retrieval
is defined by the sum of the rows of A, and represents the fraction of the retrieved information that
comes from the measurement versus the a priori ( , ). Additionally, the degrees
of freedom for signal (DOFS) is defined as the trace of A, and serves as a measure of the number of
independent pieces of information contained within the retrieval. In an ideal scenario, A would be
a unit matrix, meaning that the retrieval at a given altitude originates only from the retrieval layer
at that altitude, however in reality this is generally not the case.

Using the definitions above, the retrieved profile X can be rewritten as:

% = I[F(Xa,b),b,Xa,¢] + A(x — xa) + GKp(b — b) + Ge. (2.37)

If no measurements are made and if the retrieval method is unbiased, then the a priori profile would

be the only source of information, and thus Eq. 2.37 would only return the a priori profile:
I[F(Xa,b),b,Xa, ¢ = Xa . (2.38)
Finally, combining Eq. 2.37 and Eq. 2.38, we can write the retrieved profile as:

X = Xa + A(x — Xa) + GKp(b — b) + Ge. (2.39)

In order to arrive at a solution for X in the form of Eq. 2.39, Bayesian statistics are used to determine

the most probable retrieved VMR profile X given measurement y ( , ). This process is
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known as finding the maximum a posteriori (MAP) solution. Here, we apply Bayes’ theorem:

P(x|y) = P(y;,xy)f(x), (2.40)
where P(x | y) is the posterior probability density function (PDF) of the state given the measurement
(i.e., the conditional probability of obtaining a state vector x given measurement y), P(y | x)
describes the knowledge of y that would be obtained given the state x, P(x) represents the prior
knowledge of the state, and P(y) is the probability of obtaining y. The process for achieving the
MAP solution is described in considerable detail in ( ), and here we will only focus on
final results. This is an optimization problem at its core, and the goal is to find a solution for x
which maximizes the PDF while appropriately weighting information from both the measurement
and the a priori profile. To find the most probable solution of x given y, we can define a cost
function J(x):

J(x)=(y - KX)TSE_l(y —Kx)+ (x — xa)TSa_l(X — Xa)- (2.41)

Assuming Gaussian error probabilities and by taking the derivative of Eq. 2.41 and setting it to

zero, we will arrive at a solution of the form:
% = Xa + SaKT(KS.KT +8.) 'K(x — xa), (2.42)

where S, and S. denote the a priori and measurement error covariance matrices, respectively. In
this process, we have assumed that there is a linear relationship between x and y (i.e., y = Kx).
However, the relationship between x and y is typically non-linear, and we will have a more

general cost function of the form:
3(x) = (y = F(x))7S. ™ (y — F(x)) + (x — xa)"Sa ™" (x — Xa), (2.43)
and similarly, we define the gradient of this cost function as:
V,3(x) = ~[V.Fx)]"S. ™ (y - F(x)) + Sa ™ (x — Xa). (2.44)

We then aim to find the solution to V,J(x) = 0, which is done iteratively using the Gauss-Newton
method:

Xit1 =X — [Va VeI 7 VLI (x5) (2.45)
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We can then substitute the expression for the cost function into Eq. 2.44. In addition, it is also

helpful to express the iteration x;;1 as a departure from x, instead of x;, to obtain:
X1 = Xa + Sa { KT [KiSaK] + 8.7 [(y — v) + Kilxi — xa)]} (2.46)

where we have used the substitution of K; = V,F(x;), and where y; = F(x;) results from the
forward model using the i*? estimate of x. Eq. 2.46 provides us with means of finding a solution to
the inverse problem. Typically, a convergence criterion is applied to terminate the iterative process
once a suitable solution has been achieved, and usually this is done through the comparison of
yvi = F(x;) to the measured spectrum, terminating the iterations when the difference between the
original y and y; is smaller than the estimated error multiplied by a tolerance factor. When the
iteration is terminated and the convergence criterion has been met, we have arrived at the optimal

solution for x.

2.4.2 SFIT4 Retrieval Software

To retrieve trace gas concentrations from the solar absorption spectra measured by the PEARL-
FTS, we use the SFIT4 retrieval software, the most recent iteration of the SFIT retrieval algorithm.
SFIT4 is based upon an earlier version of the SFIT algorithm, SFIT2, which was jointly developed
by researchers at NASA Langley and NIWA Lauder ( , ). The primary purpose
of SFIT4 is the analysis of ground-based IR solar spectra, however SFIT4 can also be used to analyze
emission spectra such as from the Extended-range Atmospheric Emitted Range Interferometer (E-
AERI) instrument located at @PAL. SFIT4 is used by most NDACC-IRWG member sites, however
a few sites use the PROFFIT retrieval software ( , )

SFIT4 is largely built upon the OEM of ( ) previously summarized in Sect. 4.2.1,
and it works by fitting a theoretical calculated spectrum to the observed spectrum. To do this, the
a priori VMR profile of the gas of interest is iteratively adjusted using the OEM to more closely
match the observed spectrum. In SFIT4, the iterative process of adjusting the VMR profile of
the target gas continues until the difference between subsequent iterations is lower than a specified
tolerance. Generally, the tolerance value is defined by some factor (typically 0.1) multiplied by the
measurement error covariance (S.), which is calculated in SFIT4 as:

I
Se

- 2.47
= R (2.47)
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where I is the identity matrix, and the SNR is estimated directly from the observed spectra in
user-specified microwindows for each filter. The iteration proceeds until the difference falls below
the tolerance value, or until a specified maximum number of iterations is exceeded. If the maximum
number of iterations is exceeded, the retrieval is said to diverge and no result is produced.

The forward model of SFIT4 is an LBLRTM, which encompasses multiple atmospheric layers
(47 for Eureka) and multiple trace-gas species ( , ). A few assumptions are made
in the SFIT4 forward model, primarily that the atmospheric layers are homogeneous, and that each
layer is in a state of local thermodynamic equilibrium. It also assumes a Voigt line shape function,
which was described in Sect. 2.1.2.

As outlined in Sect. 2.4.1, the OEM requires several pieces of prior information in order for the
inverse problem to be solved. In the case of the Eureka trace-gas retrievals, this includes: 1) a
pressure-temperature profile for the atmosphere; 2) absorption parameters for the target gas and
any interfering species in the selected microwindows, 3) an a priori profile of the target gas, and
4) the a priori error covariance matrix S,. For the atmospheric pressure-temperature profile, daily
averaged profiles from the US National Centers for Environmental Prediction (NCEP) are used.
Spectroscopic absorption parameters for most trace gases of interest are taken from the HITRAN
2008 linelist database ( , ) following NDACC-IRWG recommendations, however,
for some target or interfering trace-gas species spectroscopic lines from newer versions of HITRAN
or the ATM linelist are used ( , ). This is discussed in further detail in Chapter 3. For the
a priori profiles of all target gases in this work, we use a 40-year average (1980-2020) for the site
from the Whole Atmosphere Community Climate Model v4.0 (WACCMv4) ( , )

Additionally, choosing an appropriate a priori error covariance matrix is an important part of
the retrieval process. In general, the diagonals of the a priori error covariance matrix S, are given
by:

S, =102 (2.48)

where o is the standard deviation of the target species (in %) which is often derived from the WACCM
a priori profile. Although the diagonals of the S, should generally represent the variability of the
target gas in the atmosphere, these values can be manually adjusted and used as tuning parameter for
the retrieval to optimize the DOFS and to reduce unphysical profile variations. When the diagonals
of the S, are adjusted in this manner, it is referred to as an “empirical implementation of optimal
estimation” or an OEM S, ( , ; , ). To dampen unphysical

oscillations in the retrieved VMR, profiles, an optional inter-layer correlation (ILC) may be applied
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to the retrieval. By using an ILC, an assumption is made that the VMR is correlated between
adjacent retrieval layers, and thus the ILC is used to define the off-diagonal values of the S, matrix.

An exponential ILC is commonly used in SFIT4 retrievals where the S, elements are defined by:

_lzi—zjl

Saij = Sajii€” W, (2.49)

where z; is the altitude at the respective level and W is the correlation width. The correlation width
can be species dependent, however 4 km is the standard value used by the NDACC-IRWG.

For target gases which exhibit a high degree of natural profile variability or where the true
profiles are highly uncertain, it may be difficult to derive a reliable S, through the OEM approach.
In these cases, the S, can alternatively be derived through a first-order Tikhonov regularization

scheme ( , ).

Tikhonov Regularization

In early retrievals from solar absorption spectra, total column concentrations were derived through
the iterative scaling of an a priori VMR profile via a single (unconstrained) altitude-constant factor.
This approach is widely used in older non-linear least squares fitting algorithms such as SFIT1 and
GFIT ( , ; , ). Full profile retrievals are now performed with SFIT4,
but to prevent over-fitting, a regularization is applied via a diagonal a priori covariance matrix
that must be empirically tuned to avoid oscillations in the retrieved profiles. If done incorrectly, an
empirically tuned OEM S, can smooth out true variability in the retrieved profile ( ,
; , ). This issue becomes more critical in cases where the retrieval contains
only low information content, which is true for the retrieval of PAN and CoHy ( , ).
Both the profile scaling and full profile retrieval approaches have their own benefits and drawbacks,
and we ideally want a robust approach that provides the advantages of both, while minimizing their
drawbacks. For the retrievals of PAN and CoHy, we have used the Tikhonov regularization scheme
to construct an a priori covariance matrix that allows for some flexibility in the retrieved profiles
while also ensuring that profile-scaling variations are allowed to occur ( , ).
A brief description of Tikhonov regularization is provided here. As was outlined in Sect. 2.4.1, the
inverse-model of the OEM is ill-posed and is formulated as a least squares problem. Since the forward
model F is non-linear, a Gauss-Newton iteration is applied and a regularization term R € R™*™

-1

o, is included to reduce oscillations in the

(for an inverse model with n layers), defined by R = S

retrieved profile by constraining the solution. Rewriting Eq. 2.46 from Sect. 2.4.1 in an alternative



CHAPTER 2. FOURIER TRANSFORM SPECTROSCOPY 48

form, following the formulation of ( ) we have:
xit1 =% + (KTS.'KGR) ™ x [KTS. "My — F(x,)) — R(x; — Xa)] (2.50)

where K = 0F/0x is the Jacobian, and S. is the measurement error covariance matrix. Using a

first-order Tikhonov regularization scheme ( , ), we can generate R by the relation:
R = oLTL; € R™*", (2.51)

where « is the regularization strength, and L; is the discrete first derivative operator given by:

-1 1 0 0
o -1 1 .

L, = e Rn=1xn, (2.52)
0 0o -1 1

What remains is to select a value of the regularization strength parameter o that allows for appro-
priate variability in the retrieved profile without over-constraining the retrieval. If the value of « is
chosen to be too large such that the retrieval is over-constrained, then the DOFS will be limited to
1, and the retrieval will in essence be a scaling of the a priori profile. Conversely, if the value of «
is chosen to be too small then the retrieved profile may exhibit unrealistic oscillations, and the total

column concentrations may be highly variable and can even become negative.



Chapter 3

PEARL-FTS Retrievals

In this chapter, we describe the methods used to retrieve VMR profiles and the column concentrations
of CO, CoH,y, CoHy, CoHg, CH3OH, Ho,CO, HCOOH, and PAN from the measured PEARL-FTS
mid-infrared solar absorption spectra. In this work, all retrievals were performed using version
0.9.4.4 of the SFIT4 retrieval algorithm (accessible at: https://wiki.ucar.edu/display/sfit4/).

CO, C3Hg, and HyCO are standard NDACC-IRWG species, and thus, the retrieval strategy
implemented at Eureka for these gases follows NDACC-IRWG guidelines. The remaining gases
are non-standard, meaning that NDACC member sites are not required to retrieve them, and that
there may not be harmonized retrieval strategies for a given species. SFIT2 retrievals of CO and
CyHg were first implemented for the PEARL-FTS by ( ) and
( ), while the retrievals of CoHs, CH3OH, HCOOH, and HyCO were implemented by

( ). When SFIT4 was released in 2014, work was done by Stephanie Conway to adapt

the retrievals from SFIT2, and these retrieval strategies have been largely unchanged since then,
with the exception of CO and HoCO. The CO and H5CO retrievals were most recently revised by
Erik Lutsch as part of the EU-funded Copernicus Atmospheric Monitoring Service (CAMS) Rapid
Delivery (RD) project that began in March 2018, and the Sentinel-5 Precursor TROPOMI validation
efforts described in ( ), respectively. The retrievals of CoHy and PAN are new,
and were developed and implemented for the PEARL-FTS as part of this thesis. A description of the
retrieval parameters and methods for each trace-gas are summarized in Table 3.1 and are described
in the following subsections. For the a priori profiles of all target gases described in this chapter,
we use a 40-year average (1980-2020) for Eureka from the Whole Atmosphere Community Climate
Model v4.0 (WACCMv4) ( , ).
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Figure 3.1: Mean 20062020 PEARL-FTS VMR averaging kernels for (a) CO, (b) CoHa, (c) CoHy,
(d) CoHg, (e) CH;0H, (f) HCOOH, (g) HoCO, and (h) PAN.
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Figure 3.2: Mean 2006-2020 PEARL-FTS total column averaging kernels and retrieval sensitivity
for (a) CO7 (b) CQHQ, (C) CQH4, (d) CQHG, (e) CHgoH, (f) HCOOH, (g) HQCO7 and (h) PAN.
The black and red shaded areas denote one standard deviation from the means.
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Figure 3.3: PEARL-FTS a priori profiles and mean 2006-2020 retrieved VMR profiles for (a) CO,
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shaded area denotes one standard deviation from the mean.
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Figure 3.4: PEARL-FTS retrieved total column time-series at Eureka of (a) CO, (b) CzHs, (c)
CoHy, (d) CoHg, (e) CH3OH, (f) HCOOH, (g) HoCO, and (h) PAN.
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3.1 CO

The PEARL-FTS CO retrievals are performed following NDACC-IRWG guidelines using a harmo-
nized retrieval strategy. The retrieval microwindows, interfering gases, ILC width, S, constraints,
and the corresponding references are provided in Table 3.1. There are three standard microwindows
for CO: a strong line at 2157.50-2159.15 cm™!, and two weak lines at 2057.70-2058.00 cm ™!, and
2069.56-2069.76 cm ! ( , ; , ; , ). The use of both
strong and weak lines provides enhanced vertical sensitivity when compared to retrievals with only a
single line ( , ; , ). The S, was adjusted by Erik Lutsch based on the re-
quirements of the earlier ESA-funded Quality Assurance for Essential Climate Variable (QA4ECYV)
project in 2016, and more recently the CAMS27 RD initiative in 2018. These main requirements

were ( , ):
1. A retrieved DOFS between 1.5 and 3.5 in the altitude range from the surface to 35 km.
2. Total column averaging kernel values between 0 and 1.4 from the surface to 35 km.
3. A harmonized error analysis approach that is consistent across all sites.

To meet these requirements, the diagonal values of the S, matrix were reduced from 20% used by

( , ) to 2% ( , ). The SNR in SFIT4 is significantly higher (~1100 for the
PEARL-FTS CO retrievals) than in the earlier SFIT2 retrievals which used an ad hoc SNR value of
85 derived from a trade-off curve of the root mean square (RMS) error residuals versus SNR. This
provides an increase in the information content from the measurement versus the a priori, and thus
motivates a reduction in the S, diagonal values in the SFIT4 retrieval. The off-diagonal elements
were generated using an exponential ILC with a 2 km correlation width following Eq. 2.49 ( ,
). CO2, Hy0, N3O, O3, and OCS are interfering species in the CO retrieval, with NoO and

O3 being retrieved as profiles, while all other interferers are retrieved as total columns through a
scaling of the a priori values. As highlighted by ( ), the strong constraints placed on
the S, result in a reduction of CO variability in the stratosphere and mesosphere as a result of the
profiles being constrained to the a priori profile shape. There is a significant strato-mesospheric
CO component in the high Arctic during the early spring months ( , ; ,
), and this is not properly captured in the WACCMv4 CO a priori profile since it is an average
over a 40-year period (1980-2020). Consequentially, the averaging kernel values near the top of the
retrieval grid are lower, while the values in the stratosphere below 50 km are greater than unity,

giving very high sensitivity in this altitude region (shown in Fig. 3.1a and Fig. 3.2a).
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For the spectroscopic parameters, the ATM12 linelist ( , ) is used for CO, while for the
interfering species the HITRAN 2008 linelist parameters are used ( , ). Pseudo-
linelists generated by G. C. Toon (Jet Propulsion Laboratory, California Institute of Technology,
Pasadena, CA; available from https://mark4sun.jpl.nasa.gov/pseudo.html) are used to sup-
plement the spectroscopic databases where absorption parameters were not available, namely those
of carbon tetrachloride (CCly), chlorine nitrate (CIONOg), CFC-12 (CClyF3), HCFC-22 (CHCIF),
HFC-23 (CHF3), and CFC-113 (CCl,FCCIF,).

The mean retrieved DOFS for CO over the period of 2006-2020 are 2.17 with a standard deviation
of 0.34 (listed in Table 3.1). The mean retrieved CO VMR profile is plotted along with the a priori
profile in Fig. 3.3a. The mean retrieved VMR profile is larger than the a priori between the surface
to approximately 9 km, with surface values of approximately 120 ppb and 90 ppb, respectively.
Between 9 and 20 km above the surface, the a priori and retrieved profiles are relatively close,
however, above 20 km the retrieved and a priori profiles begin to diverge more. The CO VMR can
be seen increasing with height in the stratosphere due to production of CO from the oxidation of
CH,4 and the photolysis of COs, and this is reflected in both the retrieved and a priori profiles. The
time-series of retrieved CO total columns is shown in Fig. 3.4a. CO displays a strong seasonal cycle
at Eureka, with the largest columns during the springtime, and a steady decrease in the columns
going towards the summer months. Additionally, significant enhancements in the CO total columns
due to transported biomass burning plumes can often be observed during the late summer months.
The seasonal cycle of CO and biomass burning enhancements are discussed in greater detail in

Chapters 5 and 6.

3.2 CyH,

The retrieval of CoHs for the PEARL-FTS is performed following the approach of

( ). Three spectral fitting microwindows are used: one window spanning 3250.43-3250.77 cm ™!
based on the work by ( ), and two windows from ( )
covering 3255.180-3255.725 cm~! and 3304.825-3305.350 cm~!. H,O and deuterated water (HDO)
are the only interfering species in the CoHjy retrieval, and they are retrieved by scaling the a priori
profiles. Spectroscopic absorption parameters are sourced from the HITRAN 2008 linelist database
for all species in the retrieval. The diagonals of the CoHy S, matrix correspond to a standard

deviation of 50%, but are scaled by the square root of the layer thickness to optimize the DOFS and

to increase the variability of the retrieved profiles in the troposphere. An exponential ILC with a
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correlation width of 4 km is used to set the off-diagonal elements of the S,, and dampens unphysical
oscillations in the retrieved CoHy profiles.

A mean retrieved DOFS of 1.4 with a standard deviation of 0.3 is found over the period of
2007-2020 (see Table 3.1). The mean CoHy VMR averaging kernel is plotted in Fig. 3.1b and the
mean total column averaging kernel and sensitivity are shown in Fig. 3.2b. The Cy;H; retrieval
has a sensitivity greater than 0.5 in the altitude range from the surface to approximately 16 km.
The a priori and mean retrieved CoHy VMR, profiles are plotted in Fig. 3.3b. The mean retrieved
profile is approximately double the a priori near the surface with values of 0.24 ppbv and 0.12 ppbv,
respectively. The mean retrieved profile is relatively constant from the surface to approximately
6 km, and then rapidly decreases to near zero around 15 km. The total column time-series of CoHg
is shown in Fig. 3.4. CyH, displays a similar seasonal cycle to CO at Eureka due to their common
anthropogenic emission sources (mainly fossil fuel combustion) and atmospheric sinks (primarily
removal by OH). The largest total columns are observed during the spring months and the smallest
total columns are seen during the summertime. Biomass burning also presents a periodic source of

CoHs during the late summer months at Eureka.

3.3 CH,

Ground-based retrievals of CoHy were previously implemented in SFIT2 by

( ), ( ), and ( ). However, to the best of our
knowledge these retrievals have not yet been performed using SFIT4. Here, we describe the imple-
mentation of the CoHy retrieval for the PEARL-FTS in SFIT4 based most closely on the spectral
fitting windows used by ( ) at Jungfraujoch, Switzerland. Only a single
wide microwindow spanning 948.80-952.40 cm ™! is used in the retrieval of CoHy, COs, COF5, H50,
N,O, NHs, Os, and SFg are interfering species in this spectral fitting microwindow. All of these
interferers are fitted simultaneously and retrieved as total columns via a scaling of their a priori
profiles. An example spectral fit of CoHy and the interfering species is shown in Fig. 3.5. Addition-
ally, the CoHy retrieval microwindow falls within the wavenumber bandpass range of both NDACC
filters 6 and 7 (listed in Table 2.1), significantly increasing the number of available measurements.
For the spectroscopic parameters, the ATM20 linelist was used for CoHy and all of the interfering
gases ( , ). The retrieval was also tested with the HITRAN 2008 and HITRAN 2016 linelist
databases, but the ATM20 linelist was found to yield the lowest RMS errors in the residuals of

the fits for CoHy and the interfering species. Similar to PAN, Tikhonov regularization was used
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to construct the S, matrix for CoH4. A range of regularization strength values were tested, and a
final value of @ = 50 was found to minimize unphysical oscillations in the retrieved profiles without
constraining the retrieved profiles too strongly to the a priori profile shape.

A mean DOFS of 1.00 with a small standard deviation of 0.01 was retrieved for CoHy over
the full 20062020 PEARL-FTS time-series (Table 3.1), meaning that the retrieval is in essence a
profile scaling of the a priori. The mean CoHy VMR averaging kernel is shown in Fig. 3.1c, and
the mean total column averaging kernel and sensitivity are shown in Fig. 3.2c. The CoHy retrieval
has a sensitivity greater than 0.5 from the surface to approximately 12 km, and has little to no
sensitivity above 12 km. The a priori and mean retrieved CoHy profiles are provided in Fig. 3.3c.
The mean retrieved CoHy profile is larger than the a priori profile below 10 km, with surface values
of 0.02 ppbv and 0.06 ppbv, respectively. Above 10 km, both the a priori and the mean retrieved
profile are zero. The time-series of retrieved CoHy total columns is shown in Fig. 3.4c. In general,
due to absence of local sources of CoHy in the Arctic, the column concentrations are extremely low at
Eureka for much of the year and there is no detectable seasonal cycle. The primary source of CoHy at
Eureka is transported biomass burning plumes, and large enhancements in the CoHy total columns

can regularly be observed during the late summer months as a result of wildfires. Because of the
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Figure 3.5: An example spectral fit of CoHy and interfering species for a PEARL-FTS measurement
taken on 19 August 2017.
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extremely low ambient concentrations at Eureka, the CoHy product may hold value in identifying
wildfire enhancements in the PEARL-FTS data record. Biomass burning enhancements of CoH, at

Eureka are discussed in further detail in Chapter 5.

3.4 C,Hg

Since CoHg is a standard NDACC species, the PEARL-FTS retrieval of CoHg is performed following
NDACC-IRWG reccomendations. The original SFIT2 retrieval of CoHg at Eureka is described

in ( ), and the retrieval was later implemented in SFIT4 by Stephanie Conway.
Three retrieval microwindows are used: 2976.66-2976.95 cm™! ( , ), 2983.20—
2983.55 cm ! ( , ), and 2986.50-2986.95 cm~! ( , ). The diagonals

of the S, matrix are set to a standard deviation of 50% and the off-diagonal values are set using an
exponential ILC with a correlation width of 4 km. H5O, O3, and CH,4 are interfering species, and
are retrieved as scaled a priori profiles. Spectroscopic parameters are taken from the HITRAN 2008
linelist database for CoHg and all interfering species.

The mean DOFS for 2006-2020 is 1.87 with a standard deviation of 0.34 (provided in Table
3.1). The mean CyHg VMR averaging kernel is plotted in Fig. 3.1d and the mean total column
averaging kernel and sensitivity are shown in Fig. 3.2d. The CoHg VMR and total column averaging
kernels have a similar shape to CoHa, and the retrieval has sensitivity (> 0.5) from the surface to
approximately 14 km. The a priori and mean retrieved profiles are plotted in Fig. 3.3d. The mean
retrieved profile is greater than the a priori below approximately 11 km, with surface values of
1.2 ppbv and 0.03 ppbv, respectively. The mean retrieved profile is largely constant throughout the
lower- to mid-troposphere, with a small increase in the VMR from the surface to 4 km, and then
a rapid decrease from approximately 5 km to near zero around 11 km. The retrieved total column
time-series of CoHg is plotted in Fig. 3.4d. CoHg displays a similar seasonal cycle to CO and CoHy
at Eureka again due to their common sources from fossil fuel combustion and their removal from
the atmosphere via oxidation by OH. Enhancements in the CoHg total columns due to transported
wildfire plumes can be seen during the late summer months, however these tend to be smaller than

other biomass burning species due to the lower CoHg emissions from boreal wildfires ( ,

Y ) I ) I ) )'
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3.5 CH3;0H

The retrieval of CH3OH at Eureka is based upon the approach of ( ),

( ), and ( ). Two wide microwindows are used: 992.00-998.70 cm~! and
1029.00-1037.00 cm~!. Hy0, CO2, and Oz and its isotopologues (listed in Table 3.1) are the main
interfering species in these microwindows. Og is retrieved as a profile, while all of the other interferers
are retrieved only as columns. The spectroscopic parameters for CH3OH and the interfering species
are taken from HITRAN 2008. Since CH3OH concentrations are highly variable throughout the
year, the diagonals of the S, matrix are set to a standard deviation of 100%, but are scaled based
on the retrieval layer thickness, which allows for greater variability in the retrieved profiles in the
troposphere. The off-diagonal elements of the S, matrix are generated using an exponential ILC
with a correlation width of 4 km.

A mean retrieved DOFS of 1.04 with a standard deviation of 0.04 is found for the period of
2006-2020 (Table 3.1). The mean CH3OH VMR averaging kernel is shown in Fig. 3.1le and the
mean total column averaging kernel and sensitivity are plotted in Fig. 3.2e. The CH3OH retrieval
has a sensitivity greater than 0.5 in the altitude range from the surface to approximately 13 km.
The CH30H a priori and mean retrieved profiles are plotted in Fig. 3.3e. The retrieved profile
is notably larger than the a priori throughout the troposphere, with surface values of 1.4 ppbv
and 0.5 ppbv, respectively. The mean retrieved profile increases from the surface to approximately
3 km, before decreasing rapidly in the upper troposphere and lower stratosphere. The CH30H total
column time-series is plotted in Fig. 3.4e. As highlighted by ( ), the retrievals of CH;OH
during the spring and fall months generally do not converge as a result of the strong interference
from O3z and the low CH30H abundance during these periods. Consequentially, CH3OH columns
are typically only reliably retrieved between May and August each year, which can be seen in Fig.
3.4e. Some enhancements from biomass burning can be seen in the CH3OH total column time series
during the late summer months, however, these enhancements tend to be small relative to some of

the other biomass burning tracer species.

3.6 HCOOH

The PEARL-FTS retrieval strategy for HCOOH is based upon the approach of
( ) and ( ). Two microwindows are used: a primary microwindow spanning

1102.00-1109.00 cm™! that contains the main HCOOH absorption feature, and a secondary mi-
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crowindow covering 1178.40-1178.80 cm ™! that does not contain any HCOOH absorption features
but is used to improve the fitting of the interfering species HDO. HDO is not fitted in the primary mi-
crowindow, but rather a strong HDO absorption line is fitted in the secondary microwindow and this
information is used to constrain the HDO retrieval through the SFIT4 forward model calculation.
This approach using the primary and secondary microwindows was found to improve the spectral
fits, and increase the stability of the retrieval (i.e., fewer profile oscillations and more converged
measurements) in comparison to using only a single microwindow ( , ;

, ). For HCOOH, it was found that the WACCMv4 a priori profile was very low in compar-
ison to the retrieved profiles (shown in Fig. 3.3f), and as a result the S, matrix is constructed using
Tikhonov regularization, with a relatively weak regularization strength of @ = 5. This regularization
strength was chosen to maintain a DOFS greater than 1, and to allow for sufficient variability in
the retrieved profiles relative to the very low a priori values. CClyFy, CHy, chlorodifluoromethane
(CHF,Cl), H,O, HDO, N3O, NH;, and Og are all interfering gases in the specified microwindows.
Oj3 is retrieved as a profile, while all other interfering species are retrieved via a priori profile scaling.

The mean retrieved DOFS of HCOOH for 20062020 is 1.12 with a standard deviation of 0.05
(provided in Table 3.1), indicating that there is little to no vertical profile information in the retrieval.
The mean VMR averaging kernel is plotted in Fig. 3.1f and the mean total column averaging kernel
and sensitivity are shown in Fig. 3.2f. The HCOOH retrieval has a sensitivity greater than 0.5 in the
altitude range from the surface to approximately 21 km. The HCOOH a priori and mean retrieved
VMR profiles are shown in Fig. 3.3f. The VMR profile displays two peaks at approximately 2 km
and 10 km, but generally high concentrations of HCOOH are found between the surface and 20 km.
The HCOOH VMR decreases slowly above 20 km to near zero at around 40 km. Although HCOOH
is primarily a tropospheric gas, a lower-stratospheric component is visible in the mean VMR profile
in Fig. 3.3f. The HCOOH total column time-series is plotted in Fig. 3.4f. Similar to CH3OH and
H>CO, transported biogenic emissions are a major driver of the seasonal cycle of HCOOH at Eureka,
and the largest columns are observed during the summer months, while the smallest columns are
seen during the early and late year. Significant biomass burning enhancements can also be observed
during the late summer months, in particular during August 2017. This will be discussed in further

detail in Chapter 5.
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3.7 H,CO

The PEARL-FTS retrievals of HoCO were revised by Erik Lutsch in 2017-2018 as part of the ESA
Nitrogen Dioxide and Formaldehyde for Validation (NIDFORVal) harmonization project with the
purpose of validating the TROPOMI HyCO product. The current retrieval strategy is described
in ( ) and references therein, and is summarized here for the PEARL-FTS
retrievals. The HoCO retrieval uses four microwindows: two windows containing weak absorption
features from 2763.42-2764.17 cm™' and 2765.65-2766.01 cm™!, and two narrow microwindows
containing strong absorption lines from 2778.15-2779.10 cm~! and 2780.65-2782.00 cm~!. Although
the retrieval is possible using only the two microwindows with strong lines, the microwindows with
the weak lines were added to improve the DOFS of the retrieval ( , ). Tikhonov
regularization with a regularized strength v = 25 was used to construct the S, matrix and constrain
the retrieved profiles. HDO, CHy, O3, and N2O are interfering species in the retrieval with HDO,
CH,4, and O3 being retrieved as full profiles, while N5O is retrieved as a column through a priori
profile scaling. The ATM16 linelist ( , ) is used for all species in the retrieval, which
was found to provide better spectral fits in comparison to HITRAN 2008 ( , ).
In the ATM16 linelist, the HoCO and N5O lines correspond to the HITRAN 2012 spectroscopic
database ( ) ).

The H>CO retrieval has a mean retrieved DOFS of 1.25 with a standard deviation of 0.15 over
the period of 2006-2020 (Table 3.1). The mean HyCO VMR averaging kernel is plotted in Fig.
3.1g and the mean total column averaging kernel and sensitivity are provided in Fig. 3.2g. The
H>CO retrieval has a sensitivity greater than 0.5 from the surface to approximately 33 km, with the
majority of the information content in the retrieval coming from the region below 20 km (shown in
Fig. 3.1g). The mean H,CO VMR profile and a priori profile are plotted in Fig. 3.3g. The mean
retrieved profile does not differ significantly from the a priori with surface values of approximately
0.12 ppbv and 0.8 ppbv, respectively. The mean VMR profile decreases rapidly from the surface to
around 15 km, above which it begins to increase again into the stratosphere, reaching a second peak
around 42 km. The total column time-series of HoCO at Eureka is plotted in Fig. 3.4g, and shows a
seasonal cycle with larger total columns during the summer months, and lower total columns during
the spring and fall, similar to CH3OH (shown in Fig. 3.4e) due to their common biogenic sources.
Biomass burning enhancements are also visible in the HoCO time-series during the late summer

months.
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3.8 PAN

The ground-based FTIR retrieval of PAN is novel and was first described by ( ),
which included the Eureka retrievals. The absorption features of PAN are extremely broad (shown

in Fig. 3.6), with full-width at half-maximum values on the order of 20 cm™!

, necessitating wide mi-
crowindows. Two wide retrieval microwindows were tested for PAN: 779.90-811.37 cm ™! (hereafter
referred to as MW1) and 1150.57-1178.83cm ™! (hereafter referred to as MW2). MW1 encompasses
the absorption feature with a center at approximately 794 cm™!, while MW2 encompasses the ab-
sorption feature centered around 1163 cm™!. Unfortunately, the strongest absorption feature that
can be seen in Fig. 3.6, which is located at 1740 cm ™!, falls just outside of the NDACC filter band-
pass ranges, and thus we are unable to retrieve PAN from this stronger feature. As discussed in

( ), MW2 was found to yield inconsistent and often unphysical retrieved columns
at the polar sites, and a lower signal-to-noise ratio on average than MW1. A retrieval was also
tested using both MW1 and MW2 simultaneously, however, due to the broad width of the two
retrieval microwindows, the retrieval was unfeasibly slow and did not provide a significant benefit
over a single-window retrieval using MW1 only. As a result, the final PAN retrieval at Eureka
only uses MW1. An example spectral fit is shown in Fig. 3.7. The spectral region selected for
the computation of the SNR is located between 1139.205 cm ™! and 1139.260 cm™!, and does not
contain any absorption features, providing an optimal SNR, calculation. The HITRAN and ATM
linelist databases did not have absorption cross-sections for PAN available, so G.C. Toon’s pseudo-
linelist was used. A description of the PAN pseudo-lines and how they were generated can be
found at: https://mark4sun. jpl.nasa.gov/data/spec/Pseudo/Readme.pan. The HITRAN 2016
linelist was used for HoO, while for all other interfering species the standard HITRAN 2008 linelist
database was used. To construct the S, matrix for PAN, Tikhonov regularization was employed. A
broad range of regularization strengths a were tested for PAN, and a value of o = 35 was found to
sufficiently limit unphysical oscillations, while still allowing for a sufficient degree of variability in
the retrieved profile with respect to the a priori.

A DOFS of 1.02 with a standard deviation of 0.02 was retrieved over the full 2006—2020 time-
series (provided in Table 3.1). The mean PAN VMR averaging kernel is shown in Fig. 3.1h, while the
mean total column averaging kernel and the sensitivity are shown in Fig. 3.2h. The PAN retrieval
has sensitivity (> 0.5) in the altitude range from the surface to approximately 12 km, and has no
sensitivity above 20 km. The mean retrieved PAN profile and a priori profile are plotted in Fig.

3.3h. The retrieved profile is lower than the a priori from the surface to around 4 km, with surface
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Figure 3.6: PAN absorption cross-sections with peak positions labeled, measured at 295 K. Figure

adapted from Allen et al. (2005).
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Figure 3.7: An example spectral fit of PAN and interfering species in MW1 for a PEARL-FTS

measurement taken on 19 August 2017.
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values of 0.19 ppbv and 0.23 ppbv, respectively. Between 4 km and 13 km, the retrieved profile is
larger than the a priori, with a peak in the retrieved VMR at approximately 8 km. Both the a
priori and mean retrieved profile decrease rapidly above 8 km, approaching near zero values around
16 km. The total column time-series of PAN is shown in Fig. 3.4h. The largest PAN columns are
observed during the springtime, and the measured columns gradually decrease towards the summer
months due the temperature dependence of the lifetime of PAN in the atmosphere. Biomass burning
enhancements of PAN are often observed during the summertime, and this is discussed in more detail

in Chapter 5.

3.9 Error Analysis

SFIT4 includes a full error calculation based on the methodology of ( ) and

( ). The error budget for the PEARL-FTS is described in detail in ( ),
and we briefly summarize the uncertainty components here. In addition to the measurement noise
error (Siueas), the uncertainty calculation takes into account forward model errors including the
solar zenith angle (SZA) error (Ss.q), spectroscopic line errors (Syn.) (typically calculated from
the HITRAN 2008 errors), and uncertainties in the assumed temperature profiles (Siemp). As
described in ( ), interference errors due to both the simultaneous retrieval
of interfering species (S;ntspec), and errors due to retrieval parameters (Syeparam ) Such as wavelength
shift, ILS, background slope and curvature, and phase error, are also included in the error budget.
Lastly, the finite nature of the SFIT4 retrieval grid introduces a smoothing error (Ss,; also referred
to as the null-space error) which is calculated, but is not included in the final error budget as
recommended by the NDACC-IRWG. The various uncertainty components are divided into two
groups: random errors (S,q,) and systematic errors (Ssys). The temperature profile uncertainty
has both a random and systematic component. The line intensity and air broadening uncertainties
are considered as systematic errors, while all other uncertainties are considered as random errors.
The total error (S;:) is determined by adding all of the random and systematic error components
in quadrature.

The systematic and random temperature profile uncertainties used for the PEARL-FTS retrievals
were determined by comparisons of the daily NCEP profiles to Eureka radiosonde measurements,
with the average difference taken to be the systematic error and the standard deviation taken to
be the random uncertainty. The systematic and random temperature profile uncertainties used

for the PEARL-FTS retrievals are summarized in Table 3.2. The spectroscopic line errors include
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Table 3.2: Temperature uncertainties used for the PEARL-FTS retrievals. For retrieval layers at
50.70 km and above, the uncertainties are constant at the values indicated.

Retrieval layer centre (km)

Systematic uncertainty (K)

Random uncertainty (K)

113.00 - 50.70
46.68
43.19
40.17
37.56
35.29
33.30
31.53
29.92
28.40
26.94
25.52
24.13
22.77
21.45
20.17
18.93
17.72
16.54
15.40
14.30
13.24
12.21
11.21
10.25
9.33
8.45
7.61
6.80
6.03
5.30
4.61
3.95
3.33
2.75
2.21
1.70
1.24
0.81

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.04
1.08
1.04
0.84
0.74
0.65
0.61
0.60
0.60
0.58
0.50
0.52
0.50
0.49
0.61
0.75
0.81
1.07
1.10
0.80
0.79
0.78
0.74
0.76
0.85
0.88
0.92
1.04
1.04
1.25
1.60

9.00
7.00
7.00
7.00
6.00
6.00
5.00
5.00
1.30
1.37
1.36
1.11
0.90
0.81
0.76
0.68
0.71
0.69
0.62
0.64
0.63
0.65
0.79
1.21
1.44
1.45
1.10
1.08
0.96
0.96
0.95
0.98
1.10
1.16
1.22
1.38
1.33
1.54
1.95
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uncertainties due to line intensity, pressure-broadening, and temperature-broadening, and these are
provided for all species in Table 3.3. For the SZA uncertainty, a standard value of 0.06° is used for
all retrievals at Eureka since this is the approximate variation in the SZA over the course of a single
mid-IR measurement (approximately 12 minutes each). The mean random, systematic, and total
uncertainties for the retrievals of CO, CoHy, CoHy, CoHg, CH3OH, HCOOH, HoCO, and PAN are
listed in Table 3.4. The relative total uncertainty of ~ 67% associated with the CoHy total columns
appears very large, however this is primarily due to the extremely low ambient concentrations of
CoHy in the Arctic in the absence of biomass burning pollution. During the 17-23 August 2017
biomass burning event, the mean relative total uncertainty in the retrieved CoHy columns was 7.9%.
Table 3.3: Line intensity, pressure-broadening half-width, and temperature-broadening half-width

errors for all species used in the PEARL-FTS retrieval uncertainty budget. Uncertainties are sourced
from HITRAN 2008 unless specified otherwise.

Species  Line intensity (%) Pressure-broadening (%) Temperature-broadening (%)

CO 2.0 5.0 5.0

CoHy 15.0 15.0 15.0
CoHy 5.0 10.0% N/Ab
CoHg 4.0 4.0 4.0

CH;0H 15.0 20.0¢ 20.0¢
HCOOH 7.5 20.0° 20.0°
H,CO 15.0 20.0° 20.0°
PAN 8.0¢ 2.0¢ 3.0¢
¢ Uncertainties based on ( ).

b No estimate of the CoHy temperature broadening was available in the literature.
¢ Assumed value/rough estimate.

4 Value based on ( ).

¢ Empirically estimated values from ( ).

Table 3.4: Mean random, systematic, and total retrieval uncertainties of the PEARL-FTS retrievals
calculated over 2006—2020.

Species Random Systematic Total
uncertainty (%) uncertainty (%) uncertainty (%)
CO 1.6 2.3 2.75
CoHy 5.4 0.29 5.4
CoHy 64.0 17.9 67.3*
CoHg 1.0 4.2 4.3
CH3;0H 4.7 10.5 11.8
HCOOH 5.3 11.3 13.2
H,CO 11.7 12.4 18.5
PAN 22.4 8.0 25.6

a Mean total uncertainty was 7.9% during the August 2017 enhancement
event.



CHAPTER 3. PEARL-FTS RETRIEVALS 68

3.10 Quality Assurance

The final step of the PEARL-FTS data processing routine is quality assurance and quality control
(QA/QQC). Since the retrieved PEARL-FTS datasets are publicly available on the NDACC archive
(accessible at: https://ndacc.org), it is important to remove measurements with poor quality
spectra and erroneous outliers from the time-series. Quality assurance is often a trade-off between
optimizing data quality and maintaining a sufficient number of observations in the time-series. One
possible approach is to filter the dataset based on the total column amounts and their deviation
from the monthly means across all years, however, this may inadvertently remove measurements
during transient events such as transported wildfire smoke plumes which can result in total columns
significantly above the baseline concentrations. Alternatively, using diagnostics based on the quality
of the spectra and the spectral fits such as the RMS error and the DOFS to filter the data may be
preferable. The RMS error of the fit between the measured spectra and the simulated spectra from
the SFIT4 LBLRTM is often used as a metric for the goodness-of-fit for the retrieval microwindows.
Large RMS values typically correspond to poor quality spectra with small SNR values. The retrieved
DOFS are another diagnostic quantity that can be used to assess the quality of the data. The DOFS
are generally inversely correlated with the RMS error of the fits, and poor quality spectra typically
have a smaller than average DOFS. The retrieved DOFS has a seasonal cycle, with larger values
of the DOFS found early and late in the year due to the longer measured slant-path through the
atmosphere (as a result of the higher SZA values). However, the RMS errors follow a similar seasonal
cycle, with larger RMS errors occurring during the spring and fall months due to the smaller SNR
and a greater contribution from interfering species during this time.

It is standard practice in the NDACC-IRWG to use the ratio of the RMS/DOFS as a filtering
criterion based on the approach of ( ), and this method is applied to the PEARL-
FTS retrievals. As discussed above, the ratio of the RMS to the DOFS should remain relatively
constant throughout the year, and values that are significantly above a pre-defined RMS/DOFS
threshold are likely to be poor quality measurements. The value of the RMS/DOFS filter is typically
determined through the use of a trade-off curve of the number of observations excluded as outlined in

( ). The RMS/DOFS threshold values for the retrieved species in this work are
listed in Table 3.5. On occasion, erroneous outliers will evade the RMS/DOFS filtering routine. In
these cases, a visual inspection of the spectral fits and manual removal of the individual observations
may be necessary. In addition to the RMS/DOFS filter, any observations with negative partial or

total columns are filtered out of the final time-series, as well as any measurements with a recorded
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SZA > 90°.

Table 3.5: RMS/DOFS filtering thresholds used for QA/QC of the PEARL-FTS retrievals.

Species  RMS/DOFS threshold

CO 2.5
CoH, 2.0
CoH, 2.0
CoHg 1.5
CH;0H 5.0
H,CO 3.0
HCOOH 2.5

PAN 3.5




Chapter 4

Validation of TROPOMI CO

Measurements Over the High

Arctic

4.1 Introduction

In this chapter, we perform a global intercomparison of CO measurements from the TROPOMI in-
strument on-board the Sentinel-5 Precursor satellite with partial column measurements from ACE-
FTS on board the SCISAT satellite, as well as localized comparisons of the measurements from each
satellite instrument against CO column measurements from the PEARL-FTS in Eureka, Nunavut to
quantify the relative biases in each satellite dataset over the high-Arctic region. Prior to this study,
no comparisons had been performed between TROPOMI and a limb-sounding satellite instrument.
Due to their differing orbits, TROPOMI and ACE-FTS benefit from the highest degree of overlap
in their measurements at the north and south polar regions, providing a unique opportunity for an
intercomparison of these two data products at high latitudes. Through the inclusion of correlative
high-spectral-resolution ground-based measurements from the PEARL-FTS, we gain additional con-
text and a baseline standard to which the two satellite instruments can be compared. This study
is published in: Wizenberg et al., Intercomparison of CO measurements from TROPOMI, ACE-

FTS, and a high-Arctic ground-based Fourier transform spectrometer, Atmos. Meas. Tech., 2021

( , 2021).
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4.2 Datasets

4.2.1 TROPOspheric Monitoring Instrument (TROPOMI)

TROPOMI is the exclusive payload aboard the European Space Agency’s Sentinel 5-Precursor (S5-
P) satellite, which was launched on 13 October 2017 into a high-inclination (98.7°), sun-synchronous
orbit at an altitude of 824 km, with a 13:30 local standard time Equator crossing time (

, ). The TROPOMI instrument is a nadir-viewing push-broom grating spectrometer array,
comprised of four individual spectrometers (UV-Vis-NIR-SWIR), with a swath width of 2600 km, and
a 7.2 x 7.2 km? footprint at nadir for CO ( , ). The footprint at nadir was further
reduced to 7 x 5.6 km? from 6 August 2019 on-wards through improvements to the electronic read-
out rate of the spectrometer analog-to-digital converter. For CO, total column densities are obtained
from Earth radiance spectra in the shortwave infrared spectral window around 2.3 pm, where the first
overtone absorption band of CO is located. Retrievals over land are performed for both clear-sky and
cloudy conditions, however retrievals over oceans and other large bodies of water are only possible
during cloudy conditions due to the low reflectivity of open water ( , ). The
TROPOMI CO version 1 processor uses spectroscopic parameters from the HITRAN 2008 linelist
database ( , ) with updates to the water vapor spectroscopy ( ,

).

Vertically integrated CO column densities are retrieved from TROPOMI’s shortwave infrared
measurements using the Shortwave Infrared Carbon Monoxide Retrieval (SICOR) algorithm, which
was developed specifically for the S5-P and S5 missions ( , ). The SICOR retrieval
algorithm employs a profile-scaling approach whereby the retrieval state vector contains a single
scaling factor that represents the ratio of the retrieved CO total column to the a priori CO total
column abundance. The a priori reference profiles are generated from the Tracer Model, version
5 (TM5) 3D global chemical transport model ( , ), and they vary based on location,
month, and year. The radiative transfer calculations in the retrievals are performed on a 50-layer
fixed height vertical grid relative to the topographic surface, typically spanning 0-50 km above sea
level ( , ). Thus, the final retrieved CO total column density corresponds to
the vertically-integrated scaled reference profile ( , ). The shape of the column
averaging kernels of the CO retrievals varies based on the cloud fraction of a given measurement,
reflecting the sensitivity loss of the retrieval due to cloud contamination. In general, for clear-
sky retrievals over land, the averaging kernel of the SICOR retrieval is near unity for the entire

vertical extent of the profile, meaning that all altitudes contribute equally to the final retrieved
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column value. However, for retrievals performed in the presence of cloud fractions greater than
0, the column averaging kernel values will decrease towards zero in the region below the clouds,
while simultaneously increasing to values larger than one above the cloud, leading to an increased
sensitivity to the CO partial column above the height of the clouds ( , ). This
approach compensates for the effects of cloud shielding on the retrieved CO column, however for

retrievals made in these conditions, the shape of the a priori profiles may introduce some additional

error into the retrieved total columns ( , ). The mission accuracy and precision
requirements for TROPOMI’s CO product are 15 % and 10 %, respectively ( , ).
Further details on the TROPOMI CO retrieval algorithm can be found in ( ).

In this work, we analyze TROPOMI CO measurements for the period from 28 November 2017
to 31 May 2020. We use either the reprocessed (RPRO) or offline (OFFL) data files from processor
versions 010202, 010300, 010301, and 010302 depending on availability for a given day of observa-
tions. Processor versions earlier than 010202 were not used due to wrongly flagged sunglint pixels
( , ). Individual pixels are filtered using the quality flag variable “qa_value”),
which is a discrete value that provides a quality percentage ( , ). Pixels with
a qa_value < 0.5 are removed prior to analysis as suggested in the algorithm theoretical baseline
document (ATBD) ( , ). Furthermore, the quality values were also used to differ-
entiate clear-sky scenes (qa_value = 1.0, representing an optical thickness < 0.5 and cloud height <
500 m) from cloudy scenes (0.5 < qa_value < 0.7, representing an optical thickness > 0.5 and cloud

height < 5000 m) for later analysis, as described in the CO product read-me file ( ,

).

4.2.2 ACE-FTS

ACE-FTS was launched on board the Canadian Space Agency’s SCISAT satellite into a low-Earth
circular orbit at an altitude of 650 km and an inclination of 74° on 12 August 2003. This orbit
provides ACE with latitudinal coverage between 85° N and 85° S ( , ). The
FTS is the primary instrument aboard SCISAT, but it is also accompanied by Measurement of
Aerosol Extinction in the Stratosphere and Troposphere Retrieved by Occultation (MAESTRO), a
dual spectrophotometer primarily aimed at improving our understanding of polar ozone chemistry
( , ). In this work, we focus solely on measurements from ACE-FTS.

ACE-FTS is an infrared Michelson interferometer that was designed and constructed by ABB

Inc. in Quebec City, Canada. It has a high spectral resolution of 0.02 cm™!, and it covers the
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wavenumber range 750-4440 cm . ACE-FTS makes up to 30 measurements per day by solar occul-
tation at sunrise and sunset, and provides vertical profile information (typically between 5-120 km)
of temperature, pressure and volume mixing ratios (VMR) for 68 molecules and isotopologues in
the version 4.1 data product ( , ). ACE-FTS has a variable vertical sampling of
1.5-6 km, and a mean vertical resolution of ~3-4 km, which varies based on the orbit, beta angle,
and instrument field-of-view ( , ).
CO VMR profiles from version 4.1 of the ACE-FTS data are used in this study ( ,
). The VMR profiles are retrieved from the measured infrared spectra using a global-fit algo-
rithm which employs a Levenburg-Marquardt non-linear least-squares fitting method as described
in ( ). For the version 4 ACE-FTS dataset, a general retrieval uncertainty estimate
of 5% is provided by ( ). ACE-FTS L2 data are provided in two versions: one
that is on the original retrieval altitude grid, and another that has been interpolated onto a fixed
1-km grid. Here, we use only the version with the 1-km grid. Individual ACE-FTS occultations are
filtered using the quality flags, following the suggestions provided in ( ). Further-
more, to maximize the vertical information coming from ACE-FTS, we discard retrieved profiles
with an excessive number of fill values (i.e., missing data), and those for which the lowest measured

altitude is above 10.5 km.

4.2.3 PEARL-FTS

A detailed description of the PEARL-FTS instrument in Eureka, Nunavut is provided in Chapter
2, while a description of the PEARL-FTS CO retrieval is provided in Chapter 3. The PEARL-
FTS was installed in July 2006, and has been involved in the annual Canadian Arctic ACE-OSIRIS
Validation Campaigns held during polar sunrise since Spring 2007 ( , ).
Measurements from the PEARL-FTS have been previously compared with ACE-FTS and other

satellite-borne instruments, for example: ( ), ( ),

(2016), (2017), (2017), (2017), (2019),
( ), and ( ).

The PEARL-FTS CO retrievals have a mean DOFS of 2.2, and a mean total retrieval uncertainty
of 2.75% over the full 2006 to 2020 time series. This retrieval uncertainty estimate was calculated
by adding the systematic and random uncertainty components in quadrature, and it consists of the
measurement error (determined from the SNR of the observed spectra), the smoothing error, the

spectroscopic line width and line intensity uncertainties from HITRAN, and temperature and SZA
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uncertainties.

4.3 Methods

4.3.1 Collocations and Averaging

In this study, we consider a pair of instruments to be collocated when they are observing the
same approximate airmass, at the same approximate time. For the comparisons presented here,
broad collocation criteria of 24 hours in time, and 500 km in space were used to maximize the
quantity of data available. A range of stricter collocation criteria were tested, but no significant
trend between the inter-instrument differences and the spatial and temporal collocation criteria was
found. Similarly broad collocation criterion were used in previous ACE-FTS CO validation studies
by (200%) and (2017).

In the determination of collocated measurements, we consider each ACE-FTS profile as a point
measurement, using the geographical location of the 30-km tangent-point for the calculation of the
inter-instrument distances. For comparisons involving the PEARL-FTS, we use the location of the
PEARL Ridge Laboratory. It should be noted that for both ACE-FTS and the PEARL-FTS, these
measurements do not occur at a single point, but rather along a broad horizontal slant path through
the atmosphere. Drawing upon the example provided in ( ), for a limb-sounding
measurement with a 10-km tangent height, the horizontal extent of the slant path is approximately
715 km in the altitude range of 10-50 km.

For the comparison of ACE-FTS and TROPOMI, collocations between the two instruments occur
globally, spanning the latitudinal range of 82° N to 81° S. For comparisons involving the PEARL-FTS,
collocations are limited to the geographical area within a great-circle radius of 500 km surrounding
the PEARL Ridge Laboratory. A summary of the collocation statistics for each instrument pair is
provided in Table 4.1.

Due to the broad swath width of TROPOMI, a single ACE-FTS or PEARL-FTS measurement
can collocate with thousands of TROPOMI pixels at once. As a result, for the comparisons of
TROPOMI with ACE-FTS and the PEARL-FTS, we compute the arithmetic average of all collo-
cated TROPOMI pixels for each ACE-FTS or PEARL-FTS observation. A similar approach was
applied in the comparisons of CH4 measurements from ACE-FTS and the nadir-sounder TANSO-
FTS onboard GOSAT in ( ), as well as in ( ). To ensure the

statistical robustness of the averaging, collocations with a small number of TROPOMI pixels (< 50)
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Table 4.1: Summary of the collocation statistics for each pair of instruments. Collocations between
TROPOMI and ACE-FTS occur globally, while collocations involving the PEARL-FTS are limited
to the region within a 500 km radius from the Ridge Laboratory. The uncertainties provided for the
mean distances and times are the standard deviations.

Primary instrument ACE-FTS PEARL-FTS PEARL-FTS

Secondary instrument TROPOMI ACE-FTS TROPOMI
First collocation 28 November 2017 25 February 2007 3 March 2018
Last collocation 31 May 2020 18 March 2020 27 March 2020
No. collocations 5955 3015 1875

Mean distance (km) 145.01 + 135.79 327.44 + 100.31  122.83 4+ 126.10
Mean time (h) 7.73 + 7.69 11.95 + 8.73 7.23 + 6.88

are removed prior to analysis. These cases displayed significantly larger variances than those with a
larger number of pixels. In the comparisons of ACE-FTS to TROPOMI, the mean number of pixels
included in the averages was 11,452, and a total of 1190 collocations were removed due to this pixel
filtering criterion. In the comparisons of PEARL-FTS to TROPOMI, the mean number of pixels
included in the collocations was 124,858 and only 8 collocations were removed. For comparisons of
ACE-FTS to the PEARL-FTS, no averaging was applied, and a single ACE-FTS profile was allowed

to collocate with multiple PEARL-FTS measurements and vice-versa.

4.3.2 TROPOMI versus ACE-FTS

To assess how TROPOMI’s CO measurements compare with retrieved ACE-FTS profiles, we first
compare these datasets on a global scale. During the period of interest from 28 November 2017
to 31 May 2020, there were 5955 unique collocations after filtering and averaging (i.e., TROPOMI
averages collocated with 5955 unique ACE-FTS observations). These collocations spanned a latitude
range encompassing the polar, mid-latitude and equatorial regions, providing a broad basis for
an intercomparison of the two instruments. For the collocated observations, the mean number of
TROPOMI pixels included in the averages was 11,452, indicating that the computed TROPOMI
averages are statistically robust, and that pixel-to-pixel variability should be negligible. Given that
each ACE-FTS solar occultation provides a CO VMR, profile (typically in the altitude range of
5-120 km) instead of a total column value, some additional steps are needed to allow for a direct
comparison between these two instruments.

As previously mentioned in Sect. 4.2.1, the TROPOMI CO retrieval employs a profile-scaling
approach, and a single scaling factor, which represents the ratio of the retrieved to the prior column,
is applied to the reference profile to obtain the “retrieved” profile. However, these scaling factors are

not provided in the TROPOMI CO product files, so these must be calculated. First, however, the



CHAPTER 4. VALIDATION OF TROPOMI CO MEASUREMENTS OVER THE HIGH ARCTIC 76

CO reference profiles (provided in units of mol mol~! with respect to dry air) must be converted to
partial columns, and then summed to obtain the total column concentration c¢. For a VMR profile

with respect to dry air, this can be done using the following equation:

C:i X:i(lffh)ﬁpiﬂ%%i Apiz; (4.1)
P Pia Maag(hi) — Maag(h;)’ '

=1

where N = 25 is the number of layers in the TM5 a priori grid, pg, is the dry air partial column
profile, x is the TM5 VMR profile, ¢ is the specific humidity, Ap is the thickness of a given partial
column layer in Pa, z is the mean VMR in the layer above level i, My, = 0.02897 is the molar mass
of dry air in kg mol=!, and g(h;) is the height-dependent gravitational acceleration calculated at
each level from the WGS84 reference ellipsoid ( ) ). In
the above equation, due to the lack of HyO profile information in the TM5 priors, we have made
the approximation that ¢ = 0 and thus pg, =~ Wp(ihi). An identical approximation was made by

( ), who found that this resulted in only a small difference of 0.2% in the bias in
comparisons of TROPOMI CO against a ground-based F'TS at the tropical site of Paramaribo. The
scaling factors for each collocation are then calculated by taking the ratio of the retrieved to the
a priori total column. The scaling factor is then applied to the TM5 reference profile to obtain
the“retrieved” profile, allowing for a direct comparison against ACE-FTS profiles.

Following a similar approach to what was done for the TROPOMI reference profiles, since the
ACE-FTS profiles are reported in VMR, units (with respect to wet air), these must converted to
partial columns as well. In addition to the VMR profiles, the ACE-FTS L2 product includes re-
trieved profiles of temperature and pressure that can be used in accurately determining the partial

column profile p*¢°

( , 1834):

. Following the method of ( ), this is done using the ideal gas law

ace __ g
P = kTAh’ (4.2)

where x is the VMR profile, p is the retrieved pressure in Pa, T is the retrieved ACE-FTS temper-
ature profile in K, k = 1.380653 x 10723 J K~! is Boltzmann’s constant, and Ah is the thickness
of each layer in m. The resulting partial column profiles only extend to the lowest ACE-FTS VMR
measurement altitude, so for altitudes below this point, the partial column profile is filled using the
nearest value from the TM5 reference profile, yielding a complete partial column profile from the
surface to the top of the atmosphere (TOA).

Since ACE-FTS has a significantly higher vertical resolution than TROPOMI, the partial column
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profiles are linearly interpolated from the 1-km altitude grid of ACE-FTS, to the 50-layer retrieval
grid used by the TROPOMI SICOR retrievals. As discussed in Sect. 4.2.1, for cloudy observations,
TROPOMI retrievals are more sensitive to the above-cloud column than the below-cloud portion,
which is reflected in the column averaging kernel values. As a result, to correctly inter-compare the
measurements from ACE-FTS and TROPOMI, we must smooth the interpolated ACE-FTS partial
column profiles with the TROPOMI column averaging kernels. Following the methods of

( ), ( ), and ( ), the smoothed ACE-FTS partial

ace

column profile p35e 1,

is given by:

pgﬁ“?ooth = ACOlpacea (43)

where Ao is the TROPOMI column averaging kernel, and p*°° is the ACE-FTS partial column
profile interpolated to the TROPOMI 50-layer retrieval grid. Generally, in comparisons such as this,
the a priori profile of the higher-vertical-resolution instrument would typically be substituted with
that of the lower-vertical-resolution instrument to reduce the smoothing error ( ,

). However, since ACE-FTS performs solar occultation measurements, a sensitivity (i.e., the
ratio of information coming from the measurement versus the a priori as defined by ( )
of 1 is assumed at each level with a negligible influence from the a priori profile except at the
uppermost altitudes of the ACE-FTS grid, which is beyond the ACE-FTS retrieval and the range of
the TROPOMI CO retrieval grid (which typically spans 0-50 km) ( , ). As a result,
a full a priori substitution is not performed in the comparison of ACE-FTS with TROPOMI.

To minimize the influence of filling the missing lower altitudes of the ACE-FTS profile with
the TROPOMI a priori profile, the column from the lowest ACE-FTS altitude to the top of the
TROPOMI retrieval grid is computed by integrating the smoothed ACE-FTS partial column profile
above the altitude of the lowest ACE-FTS measurement. Similarly, to estimate the TROPOMI
partial column in the same altitude range, the partial column below the lowest ACE-FTS altitude
is computed by summing the scaled TM5 reference profile from the surface to the lowest measured
ACE-FTS altitude. This “below-ACE” column is then subtracted from the retrieved TROPOMI
total column, providing an estimate of the measured partial column in the same altitude range
as ACE-FTS, thus allowing a direct comparison of the two measurements. A similar method was
applied in ( ) for comparisons of TROPOMI’s CO measurements with
above-cloud partial columns computed from ATom-4 in-situ airplane profiles.

Furthermore, to assess the retrieval error associated with using the shape of the TROPOMI TM5

reference profiles to approximate the shape of the atmospheric CO profile below the lowest ACE-FTS
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measurement, we calculate the smoothing error egmoothing following the method of

( )s ( ), and ( ):

€smoothing = (I - Acol)ptrue; (44)

where I is the corresponding altitude integral operator (a unit vector in the case of a profile in partial

true pepresents the true CO profile ( , ). For retrievals

column units), and p
performed over clear, cloudless scenes, the smoothing error will be small since the column averaging
kernel values are close to one at all altitude levels. For retrievals over cloudy scenes however, the
magnitude of the smoothing error is expected to be significantly larger. Here, we determine the
relative smoothing error (in %) in reference to the coincident unsmoothed ACE-FTS columns. If the
reference profile accurately represents the true vertical trace gas distribution p*™“¢, then we expect
that esmoothing should disappear and the column retrieved by TROPOMI should be an estimate of
the true total column ( , ). Furthermore, the direction of the relative smoothing
error (i.e., positive or negative) can indicate whether the TROPOMI reference profiles underestimate
or overestimate the true vertical CO distribution.

Lastly, we compute the partial column bias values of TROPOMI with respect to ACE-FTS
(TROPOMI — ACE), as well as the relative bias values (in %) between ACE-FTS and TROPOMI
as (100 x(TROPOMI—ACE)/ACE). Biases are computed both globally, and within the following
latitude bands: south Polar (90° S to 60° S), south Mid-latitudes (60° S to 20° S), Equatorial (20°
S to 20° N), north Mid-latitudes (20° N to 60° N), and north Polar (60° N to 90° N) to investigate
latitudinal trends in the differences. For each comparison, we provide the standard deviation of the
differences opi.s as a measure of the spread in the observed differences as well as the standard error
of the mean, defined as opias/ V/N with N the number of collocations, as a metric for the statistical

significance of the reported bias.

4.3.3 TROPOMI versus PEARL-FTS

Ground-based instruments such as the PEARL-FTS provide context and a point of reference for
instrument inter-comparisons such as that of ACE-FTS and TROPOMI. The following section de-
scribes the methods used to compare the TROPOMI and PEARL-FTS datasets. Since the PEARL-
FTS only makes measurements during the period of polar sunlight, no collocations between these
instruments occurred in 2017. The earliest collocation between TROPOMI and the PEARL-FTS

dates to 3 March 2018, and the final collocation took place on 27 March 2020, after which mid-
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infrared measurements by the PEARL-FTS were halted due to the lack of an on-site operator as a
result of the COVID-19 pandemic.

Similar to the methodology applied to the ACE-FTS and TROPOMI comparison, for each
PEARL-FTS observation the arithmetic mean of all collocated TROPOMI pixels within a 500 km
radius of Eureka is computed to reduce the pixel-to-pixel variability and enhance the statistical ro-
bustness of the comparisons. However, unlike in the ACE-FTS and TROPOMI comparison, a priori
information is provided for both the PEARL-FTS and TROPOMI, so we perform an additional step
of prior substitution to place both retrievals on a common a priori (in this case, the TROPOMI a
priori) ( , ). This additional step serves to minimize the smoothing error
when comparing two remote sensing retrievals, and a similar method was applied for the recent
comparisons of ground-based TCCON and NDACC measurements in ( ), and of
TROPOMI and MOPITT by ( ). Following ( ),

fts

the prior substitution to obtain the optimized retrieved profile x,3

is done by the following;:

Xt = (1— A) (% — 1), (45)

op

where I is the identity matrix, A is the unitless VMR/VMR averaging kernel of the PEARL-FTS,
x3% is the TROPOMI a priori which has been interpolated to the PEARL-FTS retrieval grid, and
xi¥ is the PEARL-FTS a priori profile.

With the PEARL-FTS VMR profile optimized with respect to TROPOMI and its a priori profile,
the former can be interpolated to the TROPOMI 50-layer retrieval grid and the partial column
profile calculated using the right-hand portion of Eq. 4.1 and the TROPOMI pressure grid. The
‘best estimate’ of the PEARL-FTS total column & is determined by smoothing the partial column
profile by the TROPOMI column averaging kernel following the method of
(2003):

Afts __ shbp fts s5p
Csmooth — Cqa + ACOl(pop ~ Pa )a (46)

where ¢$°P is the TROPOMI a priori total column, Ay is the TROPOMI column averaging kernel,
pgts is the optimized PEARL-FTS partial column profile interpolated to the TROPOMI retrieval
grid, and pS°P is the TROPOMI a priori partial column profile. In theory, this operation can be
done in the opposite direction by bringing the scaled TROPOMI profile to the PEARL-FTS retrieval
grid, to then be smoothed by the PEARL-FTS averaging kernel. However, these two approaches are

not symmetrical, and one way is expected to produce a better result than the other. This is because



CHAPTER 4. VALIDATION OF TROPOMI CO MEASUREMENTS OVER THE HIGH ARCTIC 80

the higher resolution will more realistically reproduce the lower resolution measurement, rather
than the other way around ( , ). Since TROPOMI is the lower vertical
resolution measurement in this particular instance, we chose to bring the PEARL-FTS profiles to
the TROPOMI retrieval grid.

Once the best estimate of the PEARL-FTS column with respect to TROPOMI is obtained, the
bias in the retrieved TROPOMI total columns relative to the PEARL-FTS as well as the standard
deviations and the standard errors of the means are computed in the same manner as was done for

the ACE-FTS and TROPOMI comparison described in Sect. 4.3.2.

4.3.4 ACE-FTS versus PEARL-FTS

As discussed in Sect. 4.2.3, earlier versions of the ACE-FTS CO data product have been validated
against the PEARL-FTS and other ground-based FTSs in NDACC, namely by ( )
and ( ). Both of these studies showed generally good agreement between ACE-FTS
and the ground-based instruments. Since ACE-FTS profiles do not extend to the surface, these
previous studies primarily focused on comparisons of partial column abundances instead of total
columns. In this work, we employ a similar approach, which is described below.

Firstly, since we aim to compare the partial column abundances of ACE-FTS and the PEARL-
FTS, we must determine the optimal altitude range for the PEARL-FTS in which to perform this
comparison. This step is crucial because if the selected range is too wide, then a priori information
may dominate the partial column comparisons, and the true vertical information coming from the
PEARL-FTS may be limited. On the other hand, if the selected altitude range is too small, then
the comparison will essentially be reduced to a single layer. To achieve this, the sensitivity of
the retrievals (as defined by ( )) at each level k was first computed by summing the
corresponding rows of the averaging kernel matrix, >, Ay;, following the method of
( ). The sensitivity density (i.e., the fraction of retrievals with sensitivity at a given altitude) of
the PEARL-FTS retrievals was then investigated for all collocated ACE-FTS measurements (Fig.
4.1). From an analysis of the sensitivity density, an optimal altitude range of 9.33-66.58 km was
selected for the comparison of the partial columns. This chosen range is similar to the the altitude
range of 9.0-48.5 km used by ( ), albeit slightly broader to encompass the secondary
peak in the retrieval sensitivity in the approximate range of 40-70 km. However, the SFIT4 CO
retrieval has been modified in the meantime due to an NDACC-wide harmonization initiative, and

the range used by ( ) may no longer be ideal. A smaller altitude region with high
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Figure 4.1: The mean sensitivity density of the PEARL-FTS CO retrieval for all collocated ACE-FTS
measurements. The y-axis altitudes correspond to the mid-points of the PEARL-FTS retrieval layers,
and the black dashed lines denote the selected altitude range for the partial column comparisons of
9.33 to 66.58 km.

sensitivity can be seen from 0.61-2.21 km, however ACE-FTS retrieved profiles do not typically
extend this close to the surface, and as a result this region was not used. Again drawing from
Rodgers and Connor (2003), since the PEARL-FTS is of a lower vertical resolution than ACE-FTS,
the retrieved ACE VMR profiles must be interpolated to the coarser altitude grid of the PEARL-
FTS. However, since the retrieval grid of the PEARL-FTS (0.61 km to 120 km) extends further
towards the surface than ACE-FTS, the bottom-most altitudes of each coincident ACE-FTS VMR
profile beneath the lowest measurement must first be filled in using the nearest value from the

PEARL-FTS a priori profile. In this case, since it is assumed that ACE-FTS has a sensitivity of
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1 at each measured altitude, and no a priori information is provided with the ACE data, we do
not perform any prior substitution step here. ACE-FTS VMR profiles are then smoothed using the
VMR/VMR averaging kernel A of the PEARL-FTS using a similar form to Eq. 4.6 (

» 2003):

xace — X(flts + A(Xace . Xf‘cs)7 (47)

smooth a

where x2¢¢ . is the smoothed ACE-FTS VMR profile, x** is the PEARL-FTS a priori, and x*°
is the original ACE-FTS profile that has been interpolated to the PEARL-FTS retrieval grid. The
partial column profile for ACE-FTS is calculated using Eq. 4.2, and then the partial columns from
9.33-66.58 km are summed. The difference between the ACE-FTS and the PEARL-FTS partial

columns, dcp., is found by:

__ ace fts
0Cpe = Cped = Cpas (4.8)

where ¢ and clffcs are the ACE-FTS and PEARL-FTS partial columns respectively, between 9.33

and 66.58 km.

4.4 Results and Discussion

4.4.1 TROPOMI versus ACE-FTS: Global Comparison of CO

A global comparison of ACE-FTS and TROPOMI CO partial columns was performed for the period
from 28 November 2017 to 31 May 2020. During this period, there were a total of 5955 unique
collocations, spanning 82° N to 81° S and broadly encompassing all longitudinal meridians. Due
to the nature of the overlap between the ACE-FTS and TROPOMI orbits, a higher density of
collocations occurred at the higher latitudes (both north and south) than towards the equator.
Linear regressions were performed and the mean biases and standard deviations of the differences
were computed for the global comparison, as well as in five latitude bands; the north Polar region
(60° N to 90° N), northern Mid-latitudes (20° N to 60° N), the Equatorial region (20° S to 20°
N), southern Mid-latitudes (60° S to 20° S), and the south Polar region (90° S to 60° S). Figure
4.2 and Table 4.2 show the results of these comparisons. Globally, there is very strong correlation
between the measurements from both instruments (R = 0.93), with a small mean bias of —4.35 £
1.42 x 10'® molec. cm=2 (—0.79 4 0.26 %; bias + standard error of the mean), and a standard

deviation of the differences of 1.09x 1017 molec. cm~2 (19.99 %). The observed global mean bias
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between ACE-FTS and TROPOMI is well within the mission accuracy requirement of + 15 %
(Landgraf et al., 2016), and is consistent with global comparisons of the CO product to the ECMWF
Integrated Forecasting System (IFS) by Borsdorff et al. (2018) who found a global mean relative
bias of 3.2 £+ 5.5 % (bias £ standard deviation).
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Figure 4.2: Correlation plots of collocated ACE-FTS and TROPOMI partial columns in the following
latitude bands: (a) Global (90° S to 90° N), (b) northern Polar (60° N to 90° N), (¢) northern Mid-
latitudes (20° N to 60° N), (d) Equatorial (20° S to 20° N), (e) southern Mid-latitudes (20° S to 60°
S), and (f) southern Polar (60° S to 90° S). In panel (a), the color of the data points corresponds
to the respective latitude regions. Values of the Pearson correlation coefficient R, the standard
deviation of the TROPOMI columns o, and the mean bias p of the respective latitude band are

displayed in the lower right of each panel.
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Figure 4.3: (a) and (b) Time-series of smoothed ACE-FTS and TROPOMI partial columns, (¢) and
(d) the relative differences between the instruments, and (e) and (f) the latitude of the coincident
ACE-FTS measurement for both the northern hemisphere (left column) and the southern hemisphere
(right column). The black dashed horizontal lines in panels (¢) and (d) denote the mean of the
differences.

From the latitudinal comparisons between ACE-FTS and TROPOMI shown in Fig. 4.2 and
summarized in Table 4.2, it can be seen that the magnitude (as well as the sign) of the biases varies
by latitude band. The largest positive relative biases are observed in the north and south Polar
regions, with mean differences of 4.1340.32 x 10'® molec. cm™2 and 2.1440.16 x 10'® molec. cm 2
(7.93 £ 0.61 % and 7.21 £ 0.52 %) respectively, indicative of high TROPOMI column values in the
Polar regions relative to ACE-FTS. The largest negative relative bias was found in the Equatorial
region, with a mean difference of —7.8140.46 x 10'® molec. cm =2 (—9.41+0.55 %). Smaller negative
biases of —1.72 £ 0.33 x 10 molec. cm™2 (—2.54 £ 0.49 %) and —3.25 & 0.24 x 10'6 molec. cm ™2
(—=5.91 £+ 0.44 %) are seen in the northern and southern Mid-latitude regions respectively. The
standard deviations of the mean relative differences range between 13.07 % (Equatorial region) and

23.70 % (north Polar region). Despite the variability in the mean of the differences with respect
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to latitude, generally strong correlations between ACE-FTS and TROPOMI are observed across all
latitude bands, with the weakest correlation occurring in the Equatorial region (R = 0.86), which
may be due in part to the smaller overall number of collocations (N = 557) in this latitude band
relative to all others.

Overall, these observed correlations suggest that both instruments measure similar temporal
trends in CO partial columns globally. Time-series of the TROPOMI and smoothed ACE-FTS
partial columns, their relative differences, and the latitude of the coincident ACE-FTS measurements
are shown for both the northern and southern hemispheres (NH and SH) in Fig. 4.3. From this, it is
clear that both instruments do observe similar seasonal cycles in the CO columns, particularly in the
SH where anthropogenic CO sources are less influential, and overall no clear seasonal dependence of

the biases is apparent. The aforementioned latitudinal variability in the biases, however, can still be
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Figure 4.4: Relative difference between TROPOMI and ACE-FTS versus latitude in (a) the southern
hemisphere and (b) the northern hemisphere for the period from 28 November 2017 to 31 May 2020.
The data points are binned by color depending on the month in which the collocation occurred.
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observed in Fig. 4.3c and Fig. 4.3d. The largest relative differences between the two instruments can
be seen during March and September of each year when collocations are occurring at high latitudes
in both hemispheres (i.e., towards the polar regions), while generally smaller relative differences,
conversely, are observed for collocations occurring at lower latitudes (i.e., nearer to the equator). It
can also be noted that the dynamic range of ACE-FTS partial column values is noticeably larger
than TROPOMI in both hemispheres.

To examine the relationship between the partial column differences and latitude, the differences
versus the latitude of each collocation are shown in Fig. 4.4. On average, larger differences occur at
the higher latitudes (most notably in the northern hemisphere), with smaller or negative differences
present towards the equator. A similar pattern in the biases of the TROPOMI CO product was
observed in comparisons with the ECMWF-IFS model in ( ), which displayed
negative biases near the equator, and higher positive biases on the order of 10 % towards the poles.
Comparisons of the TROPOMI CO product to ATom-4 in-situ aircraft profiles in

( ) displayed no latitudinal dependence in the biases, however, these comparisons were
limited to only 103 collocated profiles over a smaller geographical and latitudinal range (60° S to
85° N).

To assess whether any differences are introduced by the TROPOMI retrievals over cloudless
versus cloud-covered scenes, the mean differences between ACE-FTS and TROPOMI were inde-
pendently investigated for clear-sky and cloudy scenes (in addition to all scenes), and are shown
in Fig. 4.5 for both the unsmoothed and smoothed cases. In general, smoothing ACE-FTS by the
TROPOMI column averaging kernels reduces the mean relative bias by a significant margin both in
the global comparison as well as in all distinct latitude bands, but yields slightly poorer correlations
in some regions (maximum difference of 0.03 in the Pearson correlation coefficients). The smoothing
operation has a noticeably larger effect in the cloud-covered scenes than for the clear-sky pixels,
and it shifts the mean biases in the Equatorial and Mid-latitude regions from positive to slightly
negative. Furthermore, in both the unsmoothed and smoothed cases, the clear-sky-only scenes tend
to be biased higher than the clear+cloudy scenes and cloud-covered scenes only. It should also
be noted that particularly in the unsmoothed case, there is consistently better correlation between
ACE-FTS and TROPOMI for cloud-covered vs. clear-sky scenes. This observed tendency is related
to the aforementioned changes in the shape of the TROPOMI column averaging kernels over clear
versus cloudy scenes. As outlined in Sect. 4.2.1, the shape of the TROPOMI column averaging
kernels varies based on the cloud fraction of the measurement to reflect a reduction in sensitivity of

the retrieval due to cloud contamination. For observations over clear-sky scenes, the values of the
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Figure 4.5: Summary of the relative differences between TROPOMI and ACE-FTS for (a) the
unsmoothed and (b) smoothed comparisons for all TROPOMI pixels (qa_value > 0.5; blue bars),
clear pixels only (qa_value = 1.0; green bars), and cloud-covered pixels only (0.5 < qa_value < 0.7;
red bars). The error bars correspond to the standard errors of the mean and the values above/below
the error bars are the Pearson correlation coefficients for that particular case and latitude region.

column averaging kernel will be close to one at all levels, and the influence of the reference profile on
the computation of the scaling factor will be minimal. However, for measurements made over cloud-
covered scenes, the column averaging kernel values rapidly decrease towards zero below the height
of the cloud, while simultaneously increasing above the cloud. Because of this, in cloudy scenes, the
above-cloud column (which is in the same approximate altitude range that ACE-FTS measures) is
used to estimate the total column, and a greater reliance is placed on the TM5 reference profiles.
If the reference profiles are underestimating the CO column below the height of the cloud, then
the resulting retrieved total column value will be biased lower, which is broadly consistent with the
observed relationship. Despite the differences between the unsmoothed and smoothed comparisons,
both cases still display a latitudinal bias, with the largest mean differences occurring in the north
and south polar regions.

As discussed in Sect. 4.3.2, the smoothing error esmoothing can be helpful in diagnosing the error
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associated with the choice of the a priori profile shape on the retrieved CO column in a profile-
scaling approach, particularly for measurements made over cloudy scenes. The smoothing error was
computed for all collocated cloudy pixels (0.5 < qa_value < 0.7) relative to the true (unsmoothed)
ACE-FTS profiles, as shown in Fig. 4.6. The values of the relative smoothing errors are almost
entirely negative across all latitudes, with a global mean of —28.63 + 10.03 % (bias + standard
deviation). Furthermore, a pattern in the relative smoothing error with respect to latitude can also
be observed, with the most strongly negative values occurring between 60° to 90° in both the NH
and SH. The larger observed difference in this latitude band may be due to differing cloud properties
relative to lower-latitude regions, such as cloud height and optical thickness. This implies that the
magnitude of the error associated with this choice of reference profile is on average larger in these
high-latitude regions.

The correlation between the relative differences and the relative smoothing errors was also in-
vestigated in the same latitude bands as the partial column comparisons, and this is shown in Fig.
4.7. In Fig. 4.7a, no clear relationship between the relative smoothing errors (R = 0.04) can be
seen in the global comparison. However, within the latitude bands, weak correlations between the
smoothing error and the partial column differences can be observed. In particular, in the northern
Polar, Equatorial, and southern Polar regions, the relative partial column differences increase with
relative smoothing errors, with Pearson correlation coefficients of R = 0.22, R = 0.41, and R = 0.19,
respectively. The north and south Polar regions display the most strongly negative mean relative
smoothing errors, with —33.55 + 10.78 % and —29.96 + 8.06 %, respectively, while the Equatorial
region has the least negative mean smoothing error with —23.46 + 8.04 %. In the northern and
southern Mid-latitude regions, no notable correlation between the relative smoothing error and the
relative partial column differences is observed, with R = 0.09 and R = —0.11, respectively. Over-
all, the observed pattern in the mean relative smoothing errors suggests that relative to retrieved
ACE-FTS columns, the error associated with the choice of the TM5 reference profiles is largest in

the northern and southern Polar regions, and lowest in the Equatorial region.

4.4.2 High-Arctic Ground-based Comparisons
TROPOMI versus PEARL-FTS

A total of 1875 collocations between TROPOMI and the PEARL-FTS at Eureka, Nunavut were
found from 3 March 2018 to 27 March 2020. Correlation plots of TROPOMI total columns versus

both the unsmoothed and smoothed PEARL-FTS total columns are displayed in Fig. 4.8a and
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Figure 4.6: The relative smoothing error of TROPOMI pixels over cloudy scenes in (a) the southern
hemisphere and (b) the northern hemisphere with respect to the true (unsmoothed) ACE-FTS
partial columns versus latitude for the period from 28 November 2017 to 31 May 2020. A 3rd-order
polynomial fit (denoted by the dashed red line) was applied to the data to better highlight the
underlying pattern.

Fig. 4.8b, respectively. Smoothing the PEARL-FTS profiles by the TROPOMI column averaging
kernels has a significant effect on the agreement between the two instruments. In the unsmoothed
comparison, a correlation is observed between the two instruments (R = 0.84), but the slope of
the linear fit is 1.75 and there is a large mean positive bias of 8.89 + 0.04 x 10'7 molec. cm™2
(73.7 £ 0.33 %) with a standard deviation of the differences of 1.70 x 1017 molec. cm~2 (14.1 %). The
correlation with smoothed PEARL-FTS columns is improved (R = 0.88, slope of linear fit = 1.07),
and the mean bias was reduced to 2.66 +0.03 x 107 molec. cm~2 (14.7 & 0.16 %), with a standard
deviation of 1.24x10'7 molec. cm~2 (6.76 %). While smoothing the PEARL-FTS retrievals by the
TROPOMI column averaging kernels reduced the mean bias by approximately 60 %, a systematic

bias of 14.7 % is still present. The observed positive mean bias is consistent with the recent ground-
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Figure 4.7: Correlation plots of the relative smoothing error of the TROPOMI retrievals for cloudy
scenes versus the relative partial column differences between ACE-FTS and TROPOMI in the same
latitude bins as Fig. 4.2. See the caption of Fig. 4.2 for more details.

based validation efforts of Sha et al. (2021), who found a bias of 12.96 + 4.56 % for TROPOMI
versus the PEARL-FTS while using a stricter collocation criterion of 50 km in space and 3 hours
in time, and is also generally consistent with the positive biases observed between ACE-FTS and
TROPOMI over the north Polar region.

To ascertain whether there is a seasonal dependence in the biases between TROPOMI and the
PEARL-FTS, the time-series of the TROPOMI and smoothed PEARL-FTS total columns is shown
in Fig. 4.9a, along with the total column and relative differences. From Fig. 4.9, it can be seen that
with the exception of a few collocations during the late spring and early summer of 2018 and 2019, a
positive systematic bias is present in the TROPOMI CO total columns with respect to the smoothed
PEARL-FTS CO total columns. Furthermore, the differences display some seasonal variability, with
the largest differences typically present during the spring, and the lowest differences occurring in the
summer months. The larger CO column biases in the early spring may be a result of polar vortex

conditions accompanied by the descent of mesospheric air masses containing high concentrations of
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Figure 4.8: Correlation plots of TROPOMI CO total columns with (a) unsmoothed and (b)
smoothed PEARL-FTS CO columns.

CO as the vortex begins to dissipate, an event previously observed over Eureka in Manney et al.
(2008). Furthermore, larger differences may arise during the spring months from a mismatch in
the TROPOMI footprint and the broader spatial extent of the PEARL-FTS measurements at high
solar zenith angles (i.e., the slant-path of the PEARL-FTS covers a greater horizontal distance in
high SZA conditions). In general, both instruments capture the same temporal patterns in the CO
total columns across all months for which comparisons were possible, however TROPOMI displays

a consistent systematic high bias in the high-Arctic region within 500 km of Eureka.

ACE-FTS versus PEARL-FTS

Comparison of ACE-FTS and PEARL-FTS CO partial columns provides additional context for the
TROPOMI results presented above. Here, a total of 3015 unique collocations between ACE-FTS
and the PEARL-FTS were analyzed spanning the period from 25 February 2007 to 18 March 2020.
As outlined in Sect. 4.3.4, partial columns in the altitude range of 9.33 to 66.58 km are compared.
The vertical information content of the PEARL-FTS is given by the DOFS which is calculated from
the trace of the averaging kernels. The collocated PEARL-FTS retrievals have a mean total DOFS
of 2.2 + 0.37, while in the range of 9.33 to 66.58 km the mean DOFS is 0.72 + 0.31. A DOFS of 1
or greater in the selected altitude range would be ideal, however a DOFS of 0.72 implies that there
is approximately one third of the total vertical information coming from the measurement in this

range.
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Figure 4.9: Time-series of (a) TROPOMI and smoothed PEARL-FTS total columns, (b) absolute
column differences (in molec. cm~2), and (c) relative differences (in %). The error bars in panel (a)
represent the measurement uncertainties of both the PEARL-FTS and TROPOMI.

The correlation plot for ACE-FTS and PEARL-FTS partial columns in the range of 9.33 —
66.58 km is shown in Fig. 4.10. Good agreement is observed between ACE-FTS and the PEARL-
FTS (R = 0.79, slope of linear fit = 0.84), with a mean difference of 1.53 £ 0.04 x 10'® molec. cm~?2
(7.89 £+ 0.21 %) with a standard deviation of 2.42x10'® molec. cm™2 (11.39 %). This observed
relative bias is similar to the findings of Griffin et al. (2017), who obtained a mean relative difference
of 7.1 &+ 1.8 % with a correlation of R = 0.80 and slope of linear fit of 0.86 between ACE-FTS and
the PEARL-FTS for an earlier version of the ACE CO data product (v3.5). Although the ACE-FTS
and PEARL-FTS retrievals have each been updated since this earlier study, the findings presented
here are within the range of the standard errors on the mean of those from Griffin et al. (2017)

indicating reasonable agreement. Both TROPOMI and ACE-FTS display high systematic biases

relative to the PEARL-FTS, however the observed mean relative bias in ACE-FTS relative to the
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Figure 4.10: Correlation plot for ACE-FTS vs. PEARL-FTS CO partial columns in the range of
9.33 to 66.58 km for the period from 25 February 2007 to 18 March 2020. R, o, and p are defined
as in Fig. 4.2.

PEARL-FTS is lower than for TROPOMI (7.89 % versus 14.7 %, respectively). In general, this
result is consistent with the two previous comparisons performed in this work (i.e., both TROPOMI
and ACE-FTS are biased high relative to the PEARL-FTS, but TROPOMI is biased higher relative
to the PEARL-FTS than to ACE-FTS), which suggests that the observed high bias in TROPOMI

over the high Arctic is a genuine feature in the TROPOMI CO product.

4.5 Conclusions

The TROPOMI instrument provides a highly spatially-resolved global dataset of CO columns. How-
ever, the validity and accuracy of TROPOMI’s CO product in remote regions such as the high
Arctic has previously not been well characterized. In this work, we have compared TROPOMI,
ACE-FTS and a high-Arctic ground-based FTS located in Eureka, Nunavut. A global comparison
of TROPOMI with ACE-FTS CO partial columns was performed for the period from 28 Novem-
ber 2017 to 31 May 2020, resulting in excellent agreement, with a Pearson correlation coefficient

of R = 0.93, and a mean relative difference of —0.79 + 0.26 % globally. The agreement between
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TROPOMI and ACE-FTS was also investigated in five latitude bands including: the north Polar
region (60° N to 90° N), the northern Mid-latitudes (20° N to 60° N), the Equatorial region (20° S
to 20° N), the southern Mid-latitudes (20° S to 60° S), and the south Polar region (60°S to 90° S).
A latitudinal dependence on the mean differences was observed, with positive mean relative biases
of 7.93 £ 0.61 % and 7.21 £+ 0.52 % in the north and south Polar regions, respectively, while a neg-
ative bias of —9.41 + 0.55 % was found in the Equatorial region. This observed trend is generally
consistent with earlier comparisons of the TROPOMI CO product with the ECMWEF-IFS model in

( ). Furthermore, to highlight any differences introduced by cloud contamination
in the TROPOMI CO measurements, the latitudinal comparisons were repeated independently for
cloud-covered and clear scenes only, and for the unsmoothed and smoothed cases. Clear-sky pix-
els were found to be biased higher, with slightly poorer correlations on average than clear+cloudy
scenes and cloud-covered scenes only, which suggests that the TM5 reference profile shape used in
the retrieval can have a measurable effect on the TROPOMI columns in the comparisons. Addi-
tionally, the latitudinal dependence of the biases is present in both the unsmoothed and smoothed
cases, and the magnitude of the observed biases exceeds the ACE-FTS retrieval uncertainties of 5%
in all latitude regions except the northern Mid-latitudes, indicating that the observed differences
are significant. Despite the observed variability in the magnitude and direction of the mean biases,
strong correlations ranging from R = 0.93 (SH mid-latitude region) to R = 0.86 (Equatorial region)
were found between TROPOMI and ACE-FTS across all latitude bands.

To provide additional context to the global comparison of TROPOMI with ACE-FTS in the
Arctic, both satellite data products were compared against NDACC measurements from the PEARL-
FTS in Eureka, Nunavut (80.05° N, 86.42° W). Comparisons of TROPOMI with smoothed PEARL-
FTS total columns in the period from 3 March 2018 to 27 March 2020 showed that the datasets
were strongly correlated (R = 0.88, slope of linear fit = 1.07), however a systematic mean positive
bias of 14.7 & 0.16 % was also observed. These results are consistent with recent ground-based
validation efforts by ( ) who found a comparable mean bias of 12.96 + 4.56 % (bias
+ standard deviation) for the PEARL-FTS while using stricter collocation criterion than in this
study. A small degree of seasonal variability in the differences was found, with larger mean biases
on average occurring during the spring months, and the lowest biases present during the summer
months. However, with the exception of a few collocations during the late spring and early summer of
2018 and 2019, TROPOMI was consistently biased higher than the PEARL-FTS. Lastly, a partial
column comparison between ACE-FTS and the PEARL-FTS was performed for the period from

25 February 2007 to 18 March 2020. These comparisons were performed in the optimal altitude
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range of 9.33 — 66.58 km, which was determined from an analysis of the sensitivity density of all
PEARL-FTS retrievals that were collocated with ACE-FTS measurements. These partial column
comparisons showed good agreement (R = 0.79, slope of linear fit = 0.84), and a mean positive bias
of 7.89 &+ 0.21 % in ACE-FTS with respect to the ground-based FTS. These findings are similar to
previous validation results in ( ), who found a mean relative difference of 7.1 + 1.8 %
between ACE-FTS and the PEARL-FTS for an earlier version of the ACE-FTS CO data product
(v3.5).

In general, the magnitude and sign of the mean relative differences are consistent across all inter-
comparisons presented in this work, suggesting that the version 1 TROPOMI CO product exhibits
a high bias in the Arctic in the vicinity of Eureka that is consistent with the recent ground-based
validation results of ( ). The observed mean differences fall within the TROPOMI
mission accuracy requirement of + 15 %, indicating that the data quality of the CO product in these
high-latitude regions meets the specifications. Updates to the TROPOMI CO retrieval spectroscopy
and de-striping methods described in ( ) are expected to improve the latitudinal
bias that is present in the version 1 operational product. It is suggested that a similar validation
exercise be repeated on the version 2 TROPOMI CO product to verify that the observed latitudinal

bias has been corrected.



Chapter 5

The August 2017 Canadian
Wildfires

5.1 Introduction

This chapter summarizes the results of a study which investigated the enhancements of CO, CoHy,
CH30H, HCOOH, and PAN over the high Arctic region resulting from the August 2017 Canadian
wildfires in British Columbia and the Northwest Territories. This work builds upon a previous
study by ( ) that investigated enhancements in CO, NH3, HCN, and CyHg total
columns at Eureka from the August 2017 wildfires. This study is published as: Wizenberg et al.,
Exceptional Wildfire Enhancements of PAN, CoHy, CH30H, and HCOOH Over the Canadian High
Arctic During August 2017, J. Geophys. Res. Atmos., 2023 ( , ).

In this study, we use a combination of ground-based FTIR measurements from Eureka, TASI
satellite observations, and global simulations from the GEOS-Chem CTM to investigate the influence
of two independent fires which occurred in British Columbia (BC) and the Northwest Territories
(NWT) of Canada during August 2017. The BC wildfires were exacerbated by persistent warm and
dry conditions brought on by climate change, and affected a record 1.2 x 10% hectares while displacing
approximately 65,000 people ( , ; , ). These fires
resulted in a volcano-like stratospheric smoke plume that encircled the tropical and extra-tropical
northern hemisphere and lingered for several months ( , ; , ;

, ; , ). Due to the far-reaching effects of anthropogenic climate

change, wildfires are predicted to continue to increase in frequency and severity ( ,

97



CHAPTER 5. THE AUGUST 2017 CANADIAN WILDFIRES 98

; , ; , ), and extreme pyroCb events are expected to become
more commonplace ( , ). As a result, the 2017 wildfires may serve as a bellwether
for future biomass burning events, and may forecast a substantial increase in wildfire-related VOC

concentrations in the high Arctic, which has significant implications for the sensitive climate and

environment of the region.

5.2 Methods

5.2.1 The PEARL-FTS

A detailed description of the PEARL-FTS instrument in Eureka, Nunavut is provided in Chapter
2 and in ( ). The PEARL-FTS retrievals are described in detail in Chapter 3,
however, those for CO, CoHy, CH3OH, HCOOH, and PAN are summarized in the context of this
study below.

The spectral fitting microwindows, the interfering species, and corresponding references for each
of the PEARL-FTS retrievals are summarized in Table 5.1. CO is a standard NDACC product,
and is retrieved from PEARL-FTS measurements following NDACC-IRWG recommendations and
the harmonized microwindows provided by ( ), ( ) and references
therein. PAN, CoHy, CH3OH, HCOOH are non-standard products but are retrieved and processed
in a similar manner. Three microwindows are used to retrieve CO: a strong line at 2157.50-2159.15
em™!, and two weak lines 2057.70-2058.00 cm ™!, and 2069.56-2069.76 cm ™! ( , ;

, ; , ). For CH30H, two windows were used: 992.00-998.70 cm~!
and 1029.00-1037.00 cm ™ ( , ; , ; , ). For the
retrieval of HCOOH, two windows were also used: a primary window spanning 1102.00-1109.00
cm~! that encompasses the 15 Q-branch absorption feature, and a small secondary window at

1178.40-1178.80 cm ™! to improve the fitting of the interfering species HDO, N,O, CHy, and Oj
( ; ; ; ; : ; ; ).

The ground-based FTIR retrieval of PAN is novel and was first described by ( ).
Here, only a single broad window was used for PAN: 779.90-811.37 cm ! ( , ). As
discussed in ( ), the second PAN retrieval window spanning 1150.57-1178.83cm~*

yielded inconsistent and often unphysical retrieved columns at the Polar sites, and a lower signal-
to-noise ratio on average. Lastly, CoH, has previously been retrieved from ground-based FTIR

instruments using the older SFIT2 algorithm (e.g., , ; , ),
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Table 5.1: Spectral fitting microwindows and the interfering species used for the PEARL-FTS
retrievals and corresponding references.

Target species Microwindows (cm™1)  Interfering species References
CO 2057.70-2058.00, COs, H50, ( ),
2069.56-2069.76, N,O, Og, ( ),
2157.50-2159.15 0CS ( )
PAN 779.90-811.37 COg4, CCly, ( )
CHF,Cl, CIONOg,
CFC-113, H-O0,
O3
CoHy 948.80-952.40 COg4, COFq, ( ),
HZOa NQOa ( )7
NH37 033 ( )7
SFg (2014)
CH30H 992.00-998.70, COq, H,0, ( ),
1029.00-1037.00 03, 0§86, ( ),
0876 868
0 (2014)
HCOOH 1102.00-1109.00, CClyF5, CHy ( ),
1178.40-1178.80 CHF,Cl, H,0, ( ),
HDO, N0, (2020)
NH3s, O3

but to our knowledge we are the first to implement these retrievals in SFIT4 and present a long-term

time-series of CoHy total columns at an Arctic FTIR site. For the retrievals of CoHy, we use a single

spectral window at 948.80-952.40 cm ™! which encompasses the Q-branch absorption feature of the

v7 band centered around 949 cm™! ( , ; , ; ,
).

A full error analysis is performed for all retrievals following the approach of ( ). The
error budget includes forward model parameter errors, spectroscopic uncertainties and measurement
noise error. The mean random, systematic, and total uncertainties, and the average DOFS are
tabulated in Table 5.2. Adding the total random and systematic error components in quadrature
gives mean retrieval uncertainties for the total columns of CO, PAN, CoH,, CH3OH, and HCOOH
of 2.75%, 25.6%, 67.3%, 11.8%, and 13.2%. The relative uncertainty associated with the CoHy total
columns appears very large, however this is primarily due to the extremely low ambient concentra-
tions of CoHy in the Arctic in the absence of biomass burning pollution. During the 17-23 August
2017 fire period, the mean relative uncertainty in the retrieved CoHy columns was 7.9%. The DOFS
for CO, PAN, CoH,, CH30H, and HCOOH are 2.17, 1.02, 1.01, 1.04, and 1.12, respectively. For the

retrievals of CO and CH3OH, we use an empirically tuned a priori covariance matrix to constrain
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the retrieved profiles, while in the case of the retrievals of PAN, C3;H,, and HCOOH, Tikhonov
regularization was employed ( , ). A plot of the mean VMR averaging kernels for all
species is shown in Fig. 3.1, and the mean total column averaging kernels and the corresponding
retrieval sensitivity calculated over the 20062020 time-series for each species is plotted in Fig. 3.2.
A sensitivity of 1 indicates that a retrieval is independent of the a priori, while a sensitivity of 0
indicates that the a priori profile is the retrieved state. The CO retrieval has broad sensitivity in
the troposphere and stratosphere, with a sensitivity greater than 0.5 between 0-55 km. The PAN,
CoHy, and CH30OH retrievals are primarily sensitive to the troposphere and lower stratosphere, with
sensitivities greater than 0.5 in the range of 0-12 km for PAN and CyHy, and 0-13 km for CH3OH
species. The HCOOH retrieval displays slightly broader sensitivity to the lower to mid stratosphere
in comparison to PAN, CoHy, and CH3OH, with a sensitivity greater than 0.5 between 0-21 km.
In general, the retrievals of CO, PAN, Co;H4, CH3OH, and HCOOH display good sensitivity to the
troposphere and lower stratosphere where biomass burning plumes are likely to be located. Example
SFIT4 spectral fits of CoHy and PAN from during the August 2017 fire period are shown in Figs.
3.5 and 3.7, while similar fits of CO, CH3OH, and HCOOH are provided in the appendix as Figs.
A1, A2, and A.3.

Table 5.2: Mean total column retrieval uncertainties and DOFS of the PEARL-FTS retrievals cal-
culated over the period of 2006-2020.

Species  Random uncertainty (%) Systematic uncertainty (%) Total uncertainty (%) Mean DOFS

CO 1.56 2.26 2.75 2.17
PAN 224 8.00 25.6 1.02
CoHy 64.0 17.9 67.3 1.01
CH3;0H 4.66 10.5 11.8 1.04
HCOOH 5.28 11.3 13.2 1.12

5.2.2 TIASI Observations

Measurements of CO, PAN, CoH4, CH30H, and HCOOH retrieved from the TASI-A and TASI-B
instruments aboard the MetOp-A and MetOp-B satellites, respectively, were used. The MetOp
platforms provide twice-daily global coverage (~9:30 morning and evening), with a swath width of
approximately 2200 km, and with a circular footprint of ~12 km in diameter at nadir (

, ). These properties provide an advantage over other nadir-sounding satellite instruments
that can retrieve VOCs, such as TES, due to denser sampling and global coverage. To maximize the
available data and the likelihood of coincident measurements with the PEARL-FTS, observations

from both the a.m. and p.m. overpasses were used in the analysis. IASI data has been extensively
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used to investigate the emissions and enhancement ratios of reactive VOC species and NH3 within
fire plumes around the world ( , ; , ; , ;
, 2017 , 2013; , 20215 , 2015, 2016, 2017).

Total column concentrations of CO are retrieved using the FORLI algorithm, which is based
upon the optimal estimation method ( , ; , ). The IASI CO
product has previously been validated against ground-based FTIR measurements from NDACC by

( ), who found no notable biases in the collocated measurements. The
vertical abundances of PAN, C;H4, CH3OH, and HCOOH are obtained using the ANNI retrieval
algorithm Version 3 ( , ). The HCOOH ANNI product was validated against ground-
based NDACC instruments (including the PEARL-FTS) in ( ), and was found to
have generally good agreement (i.e., correlation coefficients greater than 0.6) at most FTIR sites, but
a positive bias at high latitudes. The PAN ANNI product was compared against ground-based FTIR
measurements at the Jungfraujoch station in Switzerland by ( ), who found good
agreement (correlation coefficient of 0.77) with no significant bias for the altitude-corrected TASI
observations. The PAN ANNI product was also qualitatively compared against the PEARL-FTS
PAN retrieval by ( ), however, due to the poor observational conditions for TASI
in the absence of strong enhancements (i.e., low thermal contrast), observations were only made
during a few summer months, and a general high bias relative to the ground-based measurements
was seen. The CoHy ANNI retrieval is new and is described in ( ).

The CH30H, HCOOH and PAN columns from TASI presented in this study were retrieved using
a neural network that assumed a vertical distribution of each target species in an averaged transport
regime, peaking in the free troposphere (see , ). These vertical assumptions are
unfortunately not fully representative for a concentrated fire plume at high altitude, such as observed
in the fire event studied here (the altitude of the plume is discussed in Sect. 5.3.1). As a result,
the retrieved columns of CH3OH, HCOOH and PAN are likely overestimated. In contrast, the more
recent ANNI CyHy retrievals from IASI allow accounting specifically for the high altitude of the
fire plume ( , ). Using the flexibility of these retrievals, we assess that the other
retrieved VOC columns can be overestimated by up to 60% in the fire plume due to the assumption
on the fire plume altitude. However, the same type of overestimation affects also the retrieved CO
column measurements from TASI. As FORLI retrievals are strongly constrained, they do not allow
retrieval of the altitude of the fire plume and the typical retrieved profile of CO is mixed vertically,
even in the fire plume ( , ; , ). As a result, most of these high

biases likely cancel in the TAST VOC:CO ratios that are calculated further in this study, however
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some residual bias may persist.

5.2.3 GEOS-Chem Chemical Transport Model

The GEOS-Chem CTM (www.geos-chen.org; , ), version 13.3.2, with detailed tropo-
spheric and stratospheric chemistry was used. All model simulations in this study were performed
using a horizontal resolution of 2°x2.5°, with 47 vertical hybrid levels from the surface to 0.01 hPa.
The model is driven by assimilated meteorological fields from the Modern-Era Retrospective analysis
for Research and Applications, Version 2 (MERRA-2; , ), which is provided by the
Global Modeling and Assimilation Office (GMAO) at NASA Goddard Space Flight Center. A model
spin-up was performed from the beginning of January 2016 to the end of December 2016, before
running the full year of 2017, with the last year used for the analysis presented here. Transport and
chemical operator time steps of 10 and 20 minutes, respectively, were selected to minimize simulation
errors ( , ).

Starting with GEOS-Chem version 13.1.0, all emissions in the model are configured at run-time
using the Harmonized Emissions Component 3.0 (HEMCO; , ) and various inventories.
Global anthropogenic trace gas and aerosol emissions are sourced from the Community Emissions
Data System (CEDS; , ) version 2, while biogenic emissions are provided by the
Model of Emissions of Gasses and Aerosols from Nature (MEGAN; , ) version
2.1. Biomass burning emissions from the Global Fire Assimilation System (GFAS; ,

) version 1.2 were used. GFAS provides global emissions for open fires on a 0.1° x 0.1° grid at
3-hourly resolution, which are derived from assimilated measurements of fire radiative power (FRP)
from the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the NASA Aqua and
Terra satellites. All emissions are re-gridded internally from their native resolutions to the 2° x 2.5°
model resolution by the HEMCO module. GFAS was selected rather than the Global Fire Emissions
Database, version 4.1 (GFEDv4.1) because it better represented the spatial and temporal patterns of
the emissions from the 2017 fires when compared with TAST observations (i.e., the onset of emissions
in GFED began much earlier in August than GFAS). Emissions of HCOOH are not included in
the current version of GFAS, so in order to approximate these emissions, we scaled the GFAS CO
emissions by the ratio of the emissions factors (i.e., EFgcoon/EFco, in molar units) taken for
boreal forests from ( ), and then assigned these emissions to HCOOH for the August
2017 fire period. Additionally, CoH, was recently added to GEOS-Chem chemical mechanism in

version 13.3.0, and this is possibly the first application of this new simulation to wildfire studies,


www.geos-chem.org
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providing an opportunity to compare the performance of the model against ground- and space-based

observations.

5.3 Results and Discussion

5.3.1 Observed Enhancements
PEARL-FTS Time-series

The total column time series for CO, PAN, CoH,, CH3OH, and HCOOH retrieved from the PEARL-
FTS for the 2006-2020 period at Eureka are shown in Fig. 5.1, along with monthly means. A similar
figure to Fig. 5.1 but with measurements from each year differentiated to better highlight previous
enhancements is provided as Fig. A.4 in the appendix. The largest mean CO columns typically occur
during February and March, with minima during July, as seen in Fig. 5.1a. The main sources of
CO are fossil fuel combustion and the oxidation of VOCs and CHy, and it is primarily transported
to the Arctic from mid-latitude sources, with biomass burning being a significant secondary source
during the summer months ( , ; , ). The main sink of CO in the
Arctic is the oxidation reaction with OH. Due to the absence of sunlight during the Polar night, no
OH is produced and the atmospheric lifetime of CO is extended significantly ( , ).
This allows transported mid-latitude CO emissions to accumulate in high concentrations, and leads
to the large observed total columns in the spring months ( , ; , ). With
the return of sunlight and the resumption of OH photolysis at the end of Polar night, CO columns
gradually decrease towards the summer months. The mean column increases in August, when the
influence of biomass burning is most prominent.

From Fig. 5.1b, the largest mean PAN total columns are observed in the springtime, with a
maximum in April and a minimum in July. The main source of PAN to the Arctic is long-range
transport from polluted mid-latitude regions where it is formed via the reaction of NMVOCs with
NOy ( , ). The primary sink of PAN is thermal decomposition ( ,

; , ), with a smaller secondary sink due to photolysis that is thought to domi-
nate in the upper troposphere above 7 km ( , ). The cold and stable atmosphere
during the Polar night coupled with the lack of removal processes can lead to an accumulation of
transported PAN, resulting in the large total columns observed in the spring months, as seen in Fig.
5.1b, which coincides with the ‘Arctic haze’ pollution phenomenon ( , ;

, ; , ). Once the atmosphere begins to warm in the spring, PAN concen-
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Figure 5.1: Total column time series of (a) CO, (b) PAN, (c) C3Hy, (d) CH30H, and (e) HCOOH
retrieved from the PEARL-FTS at Eureka for the period of 2006-2020. All years are plotted in light
grey, while 2017 is highlighted in red. The solid black line denotes the monthly mean total columns
calculated over all years and the dashed black line indicates +10 from the monthly mean.
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trations begin to decrease, leading to smaller measured columns in the summer months. Biomass
burning presents a significant contribution to Arctic PAN columns during the summertime, leading
to an increase in the mean columns in August that is reflected in the time-series in Fig. 5.1b (

, ; , ). As a result, although it has differing sources and sinks, PAN
presents a similar seasonal cycle at Eureka as CO.

Fig. 5.1c shows that there is no detectable seasonal cycle for CoHy columns at Eureka. In general,
the column abundances of CoHy at Eureka are extremely low, with mean total columns of 6.45 x 1014
molec. cm™2 calculated over all years. Globally, the primary sources of CoHy are biomass burning
(approximately 50% of global emissions), anthropogenic emissions from the petrochemical indus-
try, automotive emissions, garbage incineration, and a smaller component from biogenic emissions
( , ; , ; , ). In the Arctic region, there
are very few local sources of CoHy, and due to its extremely short lifetime (approximately 14-35 hours
in the Arctic summer atmosphere) resulting from its high reactivity with OH and Ojs, transported
mid-latitude anthropogenic emissions present a negligible contribution to Arctic CoHy4 concentra-
tions ( , ; , ). Transported biomass burning emissions appear to
be the largest driver of the observed annual cycle of CoHy at Eureka, with notable enhancements
above the baseline visible in the time-series in Fig. 5.1c from previously detected Canadian and

) Y )'

At Eureka, a clear seasonal cycle of CH3OH total columns can be seen in Fig. 5.1d, with the

Siberian fires in 2014 and 2016, respectively (

smallest total columns during the springtime and the largest columns in July and August, which is
in agreement with ACE-FTS observations in ( ). However, the exact nature of local
sources and sinks of CH3OH in the Arctic are not currently well understood. CH3OH is primarily
emitted biogenically from plants during their growth and decay phase ( , ;

, ; , ; , ), with smaller sources including
the reaction of methylperoxy radicals (CH302) with themselves and other organic peroxy radicals,
oceanic emissions ( , ), as well as biomass burning ( , ; ,

). Its primary sinks are the reaction with OH, surface deposition, and uptake by the ocean
( , ; , ). A recent model study by ( ) indicates
that atmospheric production via the reaction of CH302 + CH302/ROy and biogenic emissions are
a significant driver of the seasonal cycle, resulting in a peak in the observed total columns in July
and August. Despite this, chemical transport models have been shown to consistently underestimate
CH3OH concentrations, with the largest biases present at high latitudes, suggesting a significant and

ubiquitous unknown source ( , ; , ). Transported biomass burning
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emissions also influence the Arctic CH3OH budget during the summer months, although to a lesser
degree than biogenic emissions ( , ).

In the case of HCOOH, the seasonal cycle at Eureka is relatively weak as seen in Fig. 5.1e,
however, some seasonality is apparent in the time-series, with smaller total columns in the spring
and fall, and larger total columns during the summer. The sinks of HCOOH are believed to be well
understood, with dry/wet deposition being the primary sink, however the sources of HCOOH in the
Arctic are not particularly well understood ( , ; , ). Similar to
CH3OH, previous comparisons of HCOOH observations with models (including GEOS-Chem) show
significant underestimations in HCOOH abundances particularly at high northern latitudes, which
suggests missing chemistry or unknown sources ( , ; , ;

, ; , ). In situ measurements of HCOOH concentrations by

( ) at Alert, Nunavut (82.30° N, 62.22° W) showed a high degree of diurnal vari-

ability and suggest a complex variety of regional sources in the Arctic that vary with meteorological

conditions including snow melt emissions, soil emissions, and plant/vegetation emissions. The Eu-

reka time-series demonstrates that biomass burning is a significant source of HCOOH to the high

Arctic and a clear driver of the annual cycle, with the largest short-term perturbations in the total

columns being the result of biomass-burning-related enhancements. The impact that these transient

injections of high HCOOH concentrations to the Arctic atmosphere might have on soil and rainwater
acidity should be investigated in future studies.

Enhancements in CO, CH30OH and HCOOH columns resulting from biomass burning have been
observed in the past by the PEARL-FTS at Eureka, with notable events including the August 2010
Russian fires ( , , ), the August 2014 NWT wildfires ( , ), and
the July 2015 Alaskan wildfires ( , ). ( ) found that the August
2017 Canadian wildfires led to the greatest observed enhancements of CO, NH3, HCN and CoHg
at Eureka in the 2006-2017 time-series. Importantly, it should be noted that all of the largest
wildfire-driven enhancements observed at Eureka have occurred in the latter half of the time-series
(evident in Fig. A.4), suggesting that biomass burning is becoming an increasingly significant source
of these reactive trace gases to the high Arctic during the summer months. During the August
2017 fire period, with the exception of CH3OH, all of the VOC species along with CO exhibited
the largest enhancements in their total columns over the whole 2006-2020 Eureka time-series. The
observed enhancement reaches a peak on 19 August 2017, with maximum total column values of
3.28 & 0.09 x 10'® molec. cm~2, 1.50 £ 0.13 x 10' molec. cm™2, 1.61 £ 0.12 x 10'® molec. cm~2,

5.15 4 0.56 x 10'® molec. cm~2, and 4.38 £ 0.33 x 10 molec. cm~?2 (total column 4+ measurement
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uncertainty) for CO, PAN, CoHy, CH;0H, and HCOOH, respectively. It should be noted that no
measurements were available on 18 August 2017 due to poor weather conditions, and it is possible
that the PEARL-FTS did not capture the full extent of this enhancement event. These peak column
values represent a perturbation on the order of approximately 2—-12 times above the mean August
total columns for these species at Eureka. In the case of CH3OH, the total columns resulting from
the 2017 fires are dwarfed by an un-attributed short-term enhancement that occurred in early May
2009, as well as an enhancement that is linked to boreal North American fires in August 2009 (

, ). In the following section, we will discuss the IASI observations over the Arctic during

the August 2017 fire period.

TASI Observations

Under typical measurement conditions, retrievals of reactive VOCs from IASI over the high Arctic
are difficult due to the low or even negative thermal contrast between the surface and the air directly
above it, resulting in weaker signals in the recorded radiances, and hence in larger retrieval errors
( , ). Despite this, elevated concentrations of the target gases and the altitude of
the transported plumes from the August 2017 fires provided sufficient sensitivity during the fire-
affected period to allow for low-noise observations of these species over the Canadian Arctic region.
Daily averages of CO, PAN, C;H,, CH30H, and HCOOH observations from ITASI-A and TASI-
B over the Arctic region on 19 August 2017 (the day of the peak measured enhancement of the
PEARL-FTS) are shown in Fig. 5.2. TASI-A and IASI-B observations display strong enhancements
in each species in the vicinity of Eureka, and capture the full spatial extent of the plume as it
was transported from the Canadian fires northward to the Arctic region. IASI measurements show
the plume passing directly over Eureka on 18 and 19 August 2017, corresponding with the peak
in the PEARL-FTS total column measurements. The maximum hourly-mean columns observed by
the TASI instruments of CO, PAN, C;H,, CH30H, and HCOOH on 19 August 2017 within 150
km of Eureka are 4.31 #+ 0.84 x 10'® molec. cm™2, 2.45 £ 0.57 x 10'6 molec. cm™2, 6.95 & 3.40 x
10*® molec. em™2, 6.10 & 1.94 x 10'® molec. cm ™2, and 2.57 4 0.58 x 10' molec. cm ™2 respectively
(mean total column + standard deviation). These values broadly agree with the maximum total
columns measured by the PEARL-FTS, although the total columns of the VOC species from TASI
are on-average biased lower than those from the PEARL-FTS. In particular, the observed peak
CoHy columns from TASI are significantly smaller than those from the ground-based instrument
(6.95 & 3.40 x 10'5 molec. cm™2 versus 1.61 £ 0.12 x 10'® molec. cm™2 from the PEARL-FTS).

Relative to ground-based FTIR measurements, the vertical sensitivity of the IASI VOC retrievals
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may be reduced due to the aforementioned thermal contrast issues, potentially contributing to
differences in the measured total columns. However, since ANNI retrievals do not employ an OEM-
based approach, they do not produce averaging kernels, making it difficult to diagnose any differences
in the vertical sensitivities between the instruments (Franco et al., 2018).

Additionally, the TASI observations shown in Fig. 5.2 provide a clear picture of the fragmentation
of the biomass burning plume. A large portion of the plume can be seen passing over Eureka and
the high Arctic, while another substantial fragment of the plume (centered around 60° N) is shown
being lofted eastward towards the Atlantic Ocean and Europe, where it contributed to a stratospheric
smoke layer and enhanced aerosol optical depth measurements over western Europe (I<haykin et al.,
2018). The transported plumes from the BC and NWT fires resulted in the largest CoHy total
columns, and the second largest PAN total columns measured on 20 August 2017 by a Bruker
120HR ground-based FTIR at Jungfraujoch, Switzerland (46.55° N, 7.98° E, 3580 m a.s.l) which

has been in operation since 1995. A time-series of CoHy total columns measured at Jungfraujoch

with the observations from 20 August 2017 highlighted is provided in the appendix as Fig. A.5. The

Total column (molecules cm'z) x10'8 Total column (molecules cm'z) %108 Total column (molecules cm’z) %108

Y¢ Eureka FTIR station

Aug-19-2017

IASI/Metop-A & -B

1.5 2
Total column (molecules cm2) %1016 Total column (molecules cm™2) %106

Figure 5.2: Daily average IASI-A and IASI-B total column measurements of (a) CO, (b) PAN, (c)
CyHy, (d) CH30H, and (e) HCOOH over the mid- and high-latitude regions of North America on
19 August 2017. The location of Eureka, Nunavut is denoted by the white star in the top of each
panel.
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smoke from the August 2017 fires persisted in the stratosphere above Europe for several months,
and the magnitude of the smoke injection has since been likened to that of a moderate volcanic
eruption, demonstrating the exceptional nature of this particular fire event ( , ;

, ). In the following section, we will discuss the trace gas correlations, emission ratios,
and emission factors that have been derived from PEARL-FTS and TASI measurements, as well as

contrast them with the values provided in the literature.

5.3.2 Emissions Estimates
Trace Gas Correlations

The enhancement ratio (EnhR) enables a quantification of trace-gas emissions from biomass burning
during wildfire events. Fire-affected measurements were first identified by those which had total
column amounts greater than 1o standard deviation from the monthly mean of all measurements
and over all years following the methods of ( ) and ( , ). Due to
the fact that the FTIR measurements are made across various spectral regions using a series of optical
filters (i.e., CO and the VOCs may not be measured simultaneously), we only pair CO and VOC
measurements made within 1 hr of each other, with each CO measurement only being used once.
The 1-hr window was selected following the approach of ( ) to maximize the number
of measurement pairs, while simultaneously minimizing the effects of plume aging between paired
observations. On average, the difference in measurement times for each species and the coincident
CO measurement is approximately 20 minutes. The EnhR (in units of molec. cm~2/molec. cm~2)
is then given by the slope of a linear least-squares regression between the target species and CO
for all fire-affected measurements. Bootstrap resampling (with 5000 ensemble members) was used
to determine the 95% confidence intervals as the uncertainties for the fitted slopes. Bootstrap
resampling such as this allows for a robust treatment of non-normally distributed datasets (

, ). This process was repeated using IASI-A and TASI-B measurements within 150
km of Eureka to provide a second set of EnhRs for comparison with the values derived from the
PEARL-FTS. The trace-gas correlations for each VOC species versus CO for the PEARL-FTS are
shown in Fig. 5.3, and the resulting enhancement ratios are provided in the fourth column of Table
5.3. A similar figure as Fig. 5.3 but for IASI is shown in Fig. A.6 in the appendix. Enhancement
ratios are sensitive to plume travel times, fuel types, combustion phases, and transport trajectories
particularly for short-lived species ( , ). As a result, comparisons with previously

reported EnhRs from the literature can be challenging. However, for completeness we have included
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values from previous studies in Table 5.3 wherever they were available.

PAN, CsHy, CH30H, and HCOOH display strong correlations with CO during the fire-affected
period of 17-23 August 2017, with Pearson correlation coefficients of R = 0.91, R = 0.97, R = 0.73,
and R = 0.96, respectively. In the case of CH3OH, the smaller correlation coefficient may be due in
part to the smaller number of observations during the fire period and the weaker overall enhance-
ment relative to the other VOC species. However, this is consistent with ( ) who
found CH3OH to have generally weaker correlations with CO than most other biomass burning tracer
species at Eureka. The linear regressions obtained from TASI measurements for PAN, CoH4, CH30H,
and HCOOH display good to moderate correlations with CO with R = 0.87, R = 0.68, R = 0.47, and
R = 0.79, respectively. TAST measurements show the weakest correlation for CHsOH with CO, which
is consistent with the correlations derived from the PEARL-FTS measurements. The calculated en-
hancement ratios from the PEARL-FTS for PAN, CoHy, CH3OH, and HCOOH relative to CO are
(6.36 & 0.65) x 1073, (10.6 4 0.72) x 1073, (10.6 4 2.64) x 1073, and (24.3 £ 1.43) x 1073,
respectively. These values can be compared with the enhancement ratios derived from TASI-A
and TASI-B measurements (shown in Fig. A.6 in the appendix) which are (5.86 £ 0.66) x 1073,
(1.60 & 0.37) x 1073, (10.7 & 4.60) x 1073, and (9.47 £ 1.78) x 1073 for PAN, CyH,, CH30H, and
HCOOH relative to CO, respectively. For CH3OH and PAN, the PEARL-FTS and TASI measure-
ments yield the same enhancement ratios within combined uncertainties. The CH3OH enhancement
ratios can be roughly compared with ( ), who obtained a mean CH30H:CO ratio
of (25.9 £ 20.6) x 1073 across all fire events detected at Eureka between 2008 and 2012. The mean
value from ( ) is more than double the values from the PEARL-FTS and IASI in
this study, however our values fall within their bounds of uncertainty.

Since ground-based FTIR retrievals of PAN are new, there were no ground-based studies available
for comparison. However, ACE-FTS measurements over aged Canadian and Alaskan plumes by

( ) yielded a PAN enhancement ratio of (3.61 £ 0.54) x 1073, and while this
value is quite close to the enhancement ratios in this study, they fall just outside of the bounds
of error. Aircraft measurements of aged Canadian boreal plumes during the ARCTAS-B campaign
by ( ) yielded a mean PAN enhancement ratio of (3.50 + 2.60) x 1073, with
a range of individual PAN:CO enhancement ratios between 1.10 x 1072 to 8.70 x 1073. While
their reported mean value is smaller than the ones measured in this study as well as those reported
by ( ), our values from the PEARL-FTS and IASI fall inside their range of
reported enhancement ratios, and the upper bound of their mean value when accounting for the

uncertainty.
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Figure 5.3: Enhancement ratios derived from PEARL-FTS measurements of (a) PAN, (b) CoHy,
(c¢) CH50H, and (d) HCOOH relative to CO during the fire-affected period of 17 to 23 August
2017. Data points from the fire period are colored based on the day on which the measurements
were made, and all other measurements (from 2006-2020) are plotted in light grey. The equation for
the linear fit, the Pearson correlation coefficient R, and the number of fire-affected measurements
are shown in the upper left of each panel.
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For CoHy and HCOOH, there are large differences in the EnhRs from the PEARL-FTS and
TASI. The CoHy EnhR from PEARL-FTS measurements is an order of magnitude larger than the
one derived from TASI ((10.6 4 0.72) x 1073 versus (1.60 & 0.37) x 1073, respectively). The
difference in the HCOOH EnhRs is smaller, but the FTIR-derived value is more than twice the
IASI-derived EnhR ((24.3 & 1.43) x 1073 versus (9.47 & 1.78) x 1073, respectively). It should be
noted however, that the IASI-derived EnhR for HCOOH of (9.47 4 1.78) x 1072 is independently
larger than the mean EnhR of (8.08 4 5.87) x 1072 derived from ground-based FTIR measurements
for all fires detected at Eureka between 2008 and 2012 provided by ( ). The low bias
in the TASI EnhRs for CoH, and HCOOH is related to the smaller retrieved mean total columns for
these species relative to the PEARL-FTS, which is likely a result of the generally lower sensitivity

of the TASI retrievals and the poor observational conditions for TASI.

Calculation of emission ratios and emission factors

Since the FTIR and TASI measurements at Eureka are being made at a significant distance from the
fire sources, the transported biomass burning plumes have undergone chemical aging, which leads to
some loss of each species. We can estimate the emission ratio (ER) at the fire source by adjusting

the EnhRs to account for the plume travel time and the subsequent chemical aging. The ER is given

by ( ; ; ; ):

ERX = El’lhRX . &(fr) 5 (51)
exp(5-)

Tco

where 7, is the lifetime of the target species, and ¢ is the travel time of the plume. For CO, an
atmospheric lifetime of 30 days was chosen based on ( ), who performed model
comparisons with FTIR measurements at Eureka. For CoH,, CH3OH, and HCOOH, atmospheric
lifetimes of 2, 5.8 and 4 days were chosen based on ( ), ( ),
and ( ), respectively. For the calculation of the ERs, a plume travel time of
5 days was selected based on the FLEXPART model back-trajectories described in

( ). The ERs presented here are only rough estimates and the true uncertainties on the ERs are
likely larger than those quoted in this study. There are additional uncertainties that are difficult to
quantify such as the atmospheric lifetimes of each species inside of the smoke plumes which can be
highly variable relative to the mean lifetimes used here, as well as uncertainties in the plume travel
time resulting from the fact that the smoke originated from two distinct fires.

Additionally, biomass burning emissions are often characterized using the emission factor (EF),
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which quantifies the amount of a given trace-gas species emitted per kg of dry biomass combusted
(in units of g kg=!). Emission factors are commonly reported in the literature, allowing for direct

comparisons with the values derived in this study. The emission factor is defined as (

) Y ) )'

EFy = EF,, - ERy - (MWX) ,

MW (5.2)

where MW is the molecular weight of a given species (in units of g mol=!). To convert from the
calculated emission ratios to emission factors, we use the emission factor for CO of 121 + 47 g kg~!
for boreal forests from the most recent compilation study by ( ). The uncertainty in
the calculated emission factors is determined by adding the relative uncertainty contributions from
the emission ratio of each respective species and the CO emission factor. The calculated emission
ratios and emission factors for the PEARL-FTS and TASI, as well as those collected from previous
studies are provided in columns 5 and 6 of Table 5.3, respectively. Additionally, the emission factors
of CO used in the calculations of the emission ratios and emission factors are provided in column
3 of Table 5.3 where available. For PAN, since it only results from secondary formation, we do not
calculate the emission ratio or emission factor.

From the measured CoH, enhancement ratio, we obtain emission ratios of (109 & 7.40) x 1073
and (16.5 £ 3.87) x 1073 for the PEARL-FTS and IASI, respectively. The derived emission factors
are 13.2 &+ 6.02 g kg~! from the PEARL-FTS, and 1.99 &+ 1.25 g kg~! from IASI, reflecting a
difference of approximately 560% in the emission factors. The emission factor computed from the
FTIR is an order of magnitude larger than those provided by the compilation studies by
( ) and ( ), as well as the value used in GFASv1.2, which give emission factors of
1.54 4+ 0.66 g kg~', 1.42 £ 0.43 g kg™', and 1.18 + 0.55 g kg !, respectively. Furthermore, aircraft
measurements by ( ) over Canadian boreal fires during the 2008 ARCTAS-B

L while aircraft measurements

campaign yielded an emission factor for CoHy of 0.82 4+ 0.09 g kg™
over Alaskan fires by ( ) vielded an emission factor of 3.28 (with no uncertainty
reported), both of which are significantly smaller than the value obtained from the FTIR in this
study. The CoHy emission factor of 1.99 4+ 1.25 obtained from TASI measurements in this study is
larger than all previous studies with the exception of ( ), and only overlaps within
the bounds of uncertainty of the reported value of ( ). As previously discussed in Sect.

5.2.2, limitations in the measurement sensitivity of the IASI retrievals over the high Arctic compared

to the ground-based FTIR may lead to the satellite measurements not capturing the full magnitude
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Table 5.3: Comparison of calculated enhancement ratios, emission ratios, and emission factors for
PAN, C;H,, CH30H, HCOOH at Eureka. The reported uncertainties are provided in parentheses.

Source Type EFco(g kg™!) EnhR x 1072 ER x 1073 EF (gkg™!)
PAN
This study - PEARL-FTS  Ground-based - 6.36 (0.65) - -
This study - TASI Satellite - 5.86 (0.66) - -
( )? Satellite - 3.61 (0.54) - -
( )P Aircraft - 3.50 (2.60) - -
CoHy
This study - PEARL-FTS  Ground-based 121 (47)¢ 10.6 (0.72) 109 (7.40) 13.2 (6.02)
This study - IASI Satellite 121 (47)° 1.60 (0.37)  16.5 (3.87)  1.99 (1.25)
GFASv1.24 Compilation 106 (37) - - 1.18 (0.55)
( )e Compilation 121 (47) - - 1.54 (0.66)
( ) Compilation 127 (45) - - 1.42 (0.43)
(2011)f Aircraft 113 (72) - 7.30 (0.10)  0.82 (0.09)
(2000)® Aircraft 88.8 - 38.4 3.28
CH3OH
This study - PEARL-FTS  Ground-based 121 (47)° 10.6 (2.64)  21.2 (5.43)  2.94 (1.89)
This study - IASI Satellite 121 (47)° 10.7 (4.60)  21.4 (9.52)  2.96 (2.47)
GFASv1.24 Compilation 106 (37) - - 1.89 (1.40)
(2019)¢ Compilation 121 (47) _ - 2.33 (1.45)
(2011) Compilation 127 (45) - - 2.82 (1.62)
(2015)b Ground-based 127 (45) 25.9 (20.6)  28.1 (12.5)  3.44 (1.68)
( )? Satellite - 1.99 (0.40) - -
( ) Satellite 86 (17) - 27.8 (4.56)  2.73 (0.71)
(2011t Aircraft 113 (72) - 9.60 (1.90)  1.20 (0.30)
( )& Aircraft 88.8 - 15.3 1.45
HCOOH
This study - PEARL-FTS  Ground-based 121 (47)° 24.3 (1.43) 71.7 (4.23)  14.3 (6.38)
This study - TASI Satellite 121 (47)¢ 9.47 (1.78) 28.0 (5.33)  5.56 (3.22)
(2019)° Compilation 121 (47) - - 1.04 (0.89)
( ) Compilation 127 (45) - - 0.57 (0.46)
(2015)b Ground-based 127 (45) 8.08 (5.87) 153 (4.03)  2.69 (1.14)
( ) Satellite - 4.40 (0.09) - -
( )k Satellite - 11.0 47.0 -
(2013)2 Satellite - 1.46 (0.49) - -
(2007)i Satellite 86 (17) - 4.63 (0.67)  0.65 (0.16)
( )8 Aircraft 88.8 - 11.6 1.57
& ACE-FTS observations of Canadian and Alaskan plumes aged by 120-144 h.
b NASA DC-8 measurements of aged Canadian boreal plumes during the 2008 ARCTAS-B campaign.
¢ To convert from ER to EF in this work, we use the EF o for boreal forests from ( ).
4 Emission factors for boreal forests based on ( ) with updates by M.O. Andreae.

¢ Values reported for boreal forests.

f Measurements of Canadian boreal fires during the 2008 ARCTAS-B campaign.

& Measurements of Alaskan fires.

h Mean values derived from ground-based FTIR measurements at Eureka, Nunavut between 2008 and 2012.

I Also ACE-FTS observations of Canadian and Alaskan fires.

3 TASI observations of Siberian boreal fires.

K TASI measurements of plumes from the 2010 central Russian fires. The EnhR is an average over all days
of the fires.
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of the enhancement in the total column abundances, and may contribute to the observed difference
in the derived emission factors and emission ratios compared to the FTIR results.

In the case of CH3OH, there is extremely good agreement between the derived emission ratios
and emission factors from the PEARL-FTS and IASIL. The emission ratios are (21.2 4 5.43) x 1073
and (21.4 £ 9.52) x 1073 for the PEARL-FTS and IASI, respectively. These emission ratios yield
emission factors of 2.94 + 1.89 g kg~! for the PEARL-FTS, and 2.96 + 2.47 g kg~! for IASI. The
derived emission factors in this study agree well with the values from the two most recent compilation
studies by ( ) and ( ), who reported values of 2.33 + 1.45 g kg=! and
2.81 £ 1.62 g kg~ !, respectively. PEARL-FTS and IASI emission factors are both larger than
the GFASv1.2 emission factor of 1.89 & 1.40 g kg~!, which falls towards the lower end of the
literature values, however, this value is based on ( ) and is likely out-dated
in comparison to the newer study by ( ). ( ) reported a mean CH3OH
emission factor of 3.44 & 1.68 g kg~! across all fires at Eureka between 2008-2012, which is larger
than the values derived in this study, but still agrees within the combined bounds of uncertainty. A
study by ( ) that used ACE-FTS satellite observations of Canadian and Alaskan

fires provides an emission factor of 2.73 £ 0.71 g kg!

, which is in agreement with our values,
and falls between the values provided in the compilation studies by ( ) and
( ). Lastly, studies by ( ) and ( ) using aircraft measurements

1 respectively, which do not

reported smaller emission factors of 1.2 + 0.3 g kg=! and 1.45 g kg~
agree within the bounds of uncertainty of our values. In general, our CH3OH emission factors fall
towards the upper end of the values reported in the literature, but show excellent agreement with
recent studies.

For HCOOH, the calculated emission ratio from the PEARL-FTS is (71.7 £ 4.23) x 1073, which
is notably larger than the emission ratio of (28.0 £ 5.33) x 10~3 determined from IASI measure-
ments. The resulting emission factors display similar differences, with values of 14.3 & 6.38 g kg™!
and 5.56 + 3.22 g kg~! for the PEARL-FTS and IASI, respectively, reflecting a difference of ap-
proximately 150%. In comparison to the HCOOH emission ratios and factors previously reported in
the literature, both of the values derived in this study are significantly larger. One exception to this
is ( ) who obtained a mean emission ratio for HCOOH of 47.0 x 1073 using IASI
measurements over plumes from the 2010 central Russian wildfires, which falls in between the values
derived from PEARL-FTS and TASI in this study. The compilation studies by ( ) and

( ) provide emission factors of 1.04 4+ 0.89 g kg~! and 0.57 £ 0.46, respectively,
which are roughly 1/10th and 1/20th of the emission factor from the FTIR, and 1/5th and 1/10th
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of the emission factor from IASI in this study. The ground-based study by ( )
reported a mean emission factor for HCOOH of 2.69 + 1.14, which is larger than the aforementioned
compilation studies, but is still significantly smaller than the values in this study. It should be noted,
however, that for one particularly large enhancement event in August 2010 resulting from fires in
Russia, ( ) obtained an emission ratio of 40.9 x 10~3, which falls between the range
of the values derived from the PEARL-FTS and IASI in this work. ( ) provide

1 which is in-line with ( ), but is smaller

an emission factor of 0.65 + 0.16 g kg™
than this study and the other previous studies listed in Table 5.3. Lastly, aircraft measurements by
( ) in Alaskan fire plumes yielded an emission factor for HCOOH of 1.57 g kg1,

which is larger than the values from the studies by ( ), ( ), and
( ), but is still significantly smaller than the derived emission factors from IASI and the
PEARL-FTS in this study. The high emission ratio and emission factor calculated for HCOOH may

indicate that significant secondary production of this species occurred in the plumes. This will be

investigated further using GEOS-Chem sensitivity tests in Section 5.3.3.

5.3.3 GEOS-Chem Comparisons to Observations

Simulated plume transport and enhancement

Since measurements of reactive VOC species are sparse in the high-Arctic region, global chemical
transport models such as GEOS-Chem can provide an additional perspective on the transport and
enhancements resulting from wildfires in these remote regions. Furthermore, PEARL-FTS and TASI
measurements of these reactive species can serve as a means for evaluating the performance of the
model during this fire event, in particular, for the new CyH,4 simulation that was recently added
to GEOS-Chem version 13.3.0. In this study, we use CO as a tracer of the wildfire emissions and
the subsequent transport since due to its long atmospheric lifetime of approximately 30 days, it is
relatively unaffected by chemical aging in the plume over the span of a several days. In comparison,
CyHy, CH30H, and HCOOH all have lifetimes on the order of a few days, and while the lifetime of
PAN is highly temperature dependent, its lifetime due to thermal decomposition is generally shorter
than that of CO in the troposphere ( , ; , ).

Comparisons of GEOS-Chem simulations with TAST and the PEARL-FTS were performed as
follows. For comparisons with TASI, the TASI data was re-gridded onto the 2°x2.5° spatial grid used
by the model. Since the TAST ANNI retrievals do not produce averaging kernels, we do not apply

averaging kernel smoothing in these comparisons. When performing direct comparisons between
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GEOS-Chem and the PEARL-FTS, we first select the nearest grid-box of the model to PEARL,
and then pair the GEOS-Chem simulated profiles (which are outputted at a two-hour frequency)
with FTIR observations within +1 h of the time of the FTIR measurement, allowing multiple FTIR
measurements to pair with a single GEOS-Chem profile. The GEOS-Chem profiles are interpolated
to the FTIR vertical grid, and then smoothed by the mean FTIR total column averaging kernel
calculated over all years for the respective species following ( ). The
application of averaging kernel smoothing such as this minimizes any biases introduced by the a
priori profile and the sensitivity of the instrument, allowing for an optimized comparison between
the model and the FTIR measurements. When qualitatively inter-comparing both the PEARL-FTS
and TASI with GEOS-Chem, no smoothing or re-gridding was applied to the GEOS-Chem data.

We first performed a baseline GEOS-Chem simulation for the period of August 2017 with no
modifications made to the GFAS emissions or the method through which the emissions were being
injected. By default, in version 13 of the model, biomass burning emissions from GFAS are dis-
tributed evenly between the surface and the “mean altitude of maximum injection” (MAMI), which
is determined using a simple 1-D plume-rise model as described in ( ) and

( ). The mean MAMI values during the period of peak fire activity between 10 to 15 August
2017 for the BC and NWT fires were approximately 1500 m and 1100 m, respectively. However, in
the case of wildfires such as the 2017 BC fires where strong pyroCb events occurred, this injection
scheme may not properly reflect reality as pyroCb smoke plumes can rise to extreme altitudes before
they are transported laterally. ( ) and ( ) termed the BC pyroCb
event the Pacific Northwest Event (PNE), and demonstrated that the smoke from these fires was
injected directly into the lower stratosphere at an altitude of approximately 12-13 km before being
lofted northwards, which represents a significant disparity with the values provided by GFAS.

The baseline simulation displays a severe model discrepancy with respect to IASI observations
whereby the plume is diverted around Eureka almost entirely, resulting in much smaller enhance-
ments in the total column abundances of CO and the VOC species than was observed by the
PEARL-FTS and TASI. To exclude the possibility that the model error was being introduced by the
choice of meteorology, an identical baseline simulation was performed using GEOS-FP meteorology
in place of MERRA-2, however both simulations exhibited a nearly identical model error. This
model error was determined to be a direct result of the method through which the biomass burning
emissions are injected into the vertical model grid. The injection height of the BC fires has been
examined in detail in the literature (e.g., , ; , ; ,

; , ), and it is generally understood that the plume was injected into the UTLS
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Figure 5.4: Time-series of un-smoothed GEOS-Chem columns of (a) CO, and (b) PAN for simu-
lations with varying emission injection heights for the NWT wildfires. PEARL-FTS measurements
are shown in grey, and TASI-A and TASI-B hourly averages within 150 km of Eureka are shown in
cyan. The error bars on the FTIR data points indicate the measurement uncertainties and the error

bars on the TASI data points correspond to the standard deviations.

with a mean altitude of 12-13 km above the fires, with the top of the injected plume reaching as
high as 13.7 km. However, the injection and plume height of the NWT fires has not been examined
in the same depth, and is not well constrained.

To ascertain an appropriate injection height for the NWT fires, we performed a series of sim-
ulations with variable injection heights for the NWT fires, while using a fixed injection height of
12.5 km for the BC fires based on Peterson et al. (2018) and Fromm et al. (2021), and we used
both CO and PAN as tracers for the plume transport. CO was chosen because its long atmospheric
lifetime means that it will be minimally affected by chemical aging over the course of a few days,
and PAN was selected as a secondary tracer since it is highly sensitive to the transport altitude as
a result of the strong temperature dependence of its atmospheric lifetime. To quantitatively assess
the performance of each simulation, we calculated the correlations of the smoothed GEOS-Chem

columns with those observed by the PEARL-FTS. A time-series of GEOS-Chem simulated columns



CHAPTER 5. THE AUGUST 2017 CANADIAN WILDFIRES 119

of CO and PAN for the various injection height simulations, along with PEARL-FTS observations
and hourly-averaged IASI measurements are shown in Fig. 5.4, and correlation plots of GEOS-Chem
with the PEARL-FTS for CO and PAN for each simulation are provided as Figures A.7 and A.8 in
the appendix. For both CO and PAN, it can be seen from Fig. 5.4 that the simulation using the
default GFAS injection height scheme fails to produce a noticeable enhancement in the total columns
on 18 and 19 August 2017 when TASI and the PEARL-FTS observed the peak enhancement. Setting
the injection height for the BC fires to 12.5 km and increasing the injection height for the NWT fires
to 4 km starts to produce a stronger simulated enhancement at Eureka, however, the magnitude of
the resulting enhancement is still smaller than that from both TASI and FTIR observations. Further
increasing the NW'T injection height leads to a larger subsequent enhancement at Eureka up to a
value of approximately 8 km, after which the magnitude of the peak enhancement begins to decrease
again. The simulation with a 5 km injection height for NW'T matches the magnitude of the peak CO
enhancement of TASI most closely, however, this simulation has only a moderate correlation with the
PEARL-FTS measurements of R = 0.74 for CO, and R = 0.70 for PAN. The strongest correlation
between GEOS-Chem and the PEARL-FTS for both CO and PAN is seen with an injection height
for the NWT fires of 10 km, with Pearson correlation coefficients of R = 0.85 and R = 0.77, respec-
tively. Furthermore, the simulation using a 10 km injection height for the NWT fires reproduces the
secondary peak observed in the FTIR measurements on 21 August 2017 most effectively. Although
an injection height of 10 km for the NWT fires may be higher than in reality, injecting the emissions
at a higher altitude such as this may compensate for the slower vertical transport in the troposhere
of the GEOS-Chem model which has previously been highlighted by ( ) and

( ). For the remainder of the comparisons with observations, we use an injection height
of 12.5 km for the BC fires, and 10 km for the NWT fires, and this is referred to as the“modified
injection height” simulation.

Fig. 5.5 shows daily-averaged IASI-A and IASI-B measurements re-gridded onto the 2°x2.5°
GEOS-Chem model grid in addition to the simulated columns from the modified injection height
simulation for CO, PAN, C;H,, CH30H, and HCOOH on 19 August 2017. The modified injection
height simulation appears to capture the shape and spatial distribution of the plume extremely
well in comparison to IASI observations. Furthermore, the GEOS-Chem simulation shown in Fig.
5.5 exhibits a similar pattern of the fragmentation of the plume as seen in TASI observations as
discussed in Section 5.3.1. GEOS-Chem shows one fragment being transported northwards towards
Eureka, and the other (centered around 60° N, 55° W) that was transported eastwards towards

Europe. TASI daily means display larger columns than the model in the eastern plume fragment,
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Figure 5.5: (left column) Daily averaged IASI-A and TASI-B total columns of CO, PAN, CyHy,
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Figure 5.6: Time-series of un-smoothed GEOS-Chem columns of (a) CO, (b) PAN, (c) CoHy,
(d) CH30H, and (e) HCOOH for the baseline simulation (blue), and the modified injection height
simulation (green). PEARL-FTS measurements are shown in grey, and TASI-A and TASI-B hourly

averages within 150 km of Eureka are shown in cyan.
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which may be a result of numerical diffusion of the plume that has previously been identified as a
source of transport errors at coarser horizontal resolutions in the GEOS-Chem model, particularly
in the free troposphere ( , ). The magnitude of the columns in the northern
fragment of the plume in GEOS-Chem is in closer agreement with TASI observations, particularly
for PAN and CH3OH. Some differences in the total columns are seen for CO, HCOOH, and CyHy,
which are overall smaller in the TASI observations than in GEOS-Chem, however this may also
be impacted by the lower density of IASI measurements at these high latitudes. Despite this, the
GEOS-Chem simulation with the modified injection heights successfully reproduces the spatial and
temporal pattern of the plume that is observed by TASI.

The time-series for each species of GEOS-Chem simulated columns, as well as PEARL-FTS mea-
surements and TASI observations near Eureka are shown in Fig. 5.6. In the vicinity of Eureka, TASI
and GEOS-Chem display comparable PAN total columns, but for all other species, TASI observes
smaller total columns than are predicted by GEOS-Chem, particularly during the peak enhancement
on 18-19 August 2017. The largest measurement-model difference is seen for CoHy, of which only a
very small enhancement is seen by IASI near Eureka on 19 August 2017. The observed differences
between TASI and the model are likely again related to the reduced sensitivity of the TASI instrument
and retrievals over high-latitude regions such as the Arctic. In comparison to the PEARL-FTS, the
GEOS-Chem columns of all species in the baseline simulation are severely underestimated relative
to the ground-based measurements, and this simulation fails to capture the temporal pattern of the
enhancement. In contrast, the simulated total columns of all species in the modified injection height
simulation broadly agree with the magnitude of the columns observed by the PEARL-FTS on 19
August 2017, the day following peak enhancement observed by IASI. Since no FTTIR measurements
were taken on 18 August 2017, we lack a third point of comparison, and it is difficult to assess

whether the magnitude of the enhancement on that day is being simulated accurately.

More specifically, the GEOS-Chem CO columns on 18 August are approximately 2x10'® molec cm™

(~+50%) larger than the IASI daily mean, and approximately 4 x 1018 molec cm =2 (~+100%) larger
than those measured with the PEARL-FTS on the following day. Between 19 and 21 August 2017,
there is general agreement across the PEARL-FTS and TASI observations, and the simulated GEOS-
Chem CO columns. GEOS-Chem PAN columns agree well with the PEARL-FTS measurements on
19 August, but are biased low relative to the ground-based measurements on 20 and 21 August.
A similar pattern to that for PAN between GEOS-Chem and the PEARL-FTS is seen for CoHy,
CH30H, and HCOOH, which are all biased low in the model on 20 and 21 August. The gen-

eral agreement between the GEOS-Chem simulated columns and the PEARL-FTS measurements

2
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near the peak enhancement on 19 August suggests that the large retrieved columns from the FTIR
(particularly for CoHy and HCOOH) are not unrealistic.

Lastly, we investigated the vertical localization of the GEOS-Chem simulated biomass burning
plumes in the vicinity of Eureka in the modified injection height simulation. A plot of daily mean
un-smoothed GEOS-Chem CO VMR and partial column profiles during the fire period of 17 to 23
August 2017 are provided as Fig. A.9 in the appendix, along with the mean FTIR profiles in the
same period. A clear peak representing the biomass burning plume can be seen in the GEOS-Chem
CO profiles on 17 and 18 August in the range of 4-6 km, broadly agreeing with location of the peak
in the mean retrieved FTIR CO profiles. A study of the 2017 smoke plumes using a ground-based
lidar at Eureka and the Navy Aerosol Analysis and Prediction System (NAAPS) model by

( ) found that the BC and NWT plumes were vertically distinct, and that the BC plume
was located at an altitude of approximately 7 km above PEARL, while the smoke from the NWT
fires was located at an approximate altitude of 4 km. While the model profiles show some layering,
the FTIR measurements are not able to vertically resolve the two distinct biomass burning plumes
in the profiles, resulting in a single wide peak in the FTIR CO profiles at Eureka. However, the
general altitude of the plume is consistent across the PEARL-FTS and GEOS-Chem profiles in this

work, and the findings of ( ).

Estimating Secondary VOC Production

To determine whether the values of our derived emission ratios and emission factors for CH3OH and
HCOOH are being influenced by secondary production of these species as the plume was transported,
we use GEOS-Chem to obtain an estimate of the fraction of the total columns observed at Eureka
that are a result of secondary in-plume production. To accomplish this, we performed a set of
independent simulations with the GFAS emissions of each species switched off. We then compared
the simulated columns on 18 and 19 August 2017, the days of the peak observed enhancement, with
the simulations with the GFAS fire emissions switched on. To negate any influence from ambient
column abundances of each species, we calculated the mean pre-fire total columns in the period of
1-15 August 2017, and then subtracted this from the fire-affected total columns of each simulation.

The time series of these simulations is shown in Fig. 5.7. For both CH30H and HCOOH, the
simulations without direct fire emissions lead to a significant decrease in the resulting columns at
Eureka on 18 and 19 August. For CH30H, there is a very small enhancement, and the mean peak
columns in the no-emission simulation are approximately 3% of the those in the simulation with direct

fire emissions, suggesting a very small in-plume secondary production component. This indicates that
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Figure 5.7: Time-series of un-smoothed GEOS-Chem columns of (a) CH3;OH, and (b) HCOOH for
the modified injection height simulation (blue dashed line), and simulations where direct GFAS fire
emissions of each species were turned off (black dashed line). The fraction of secondary production

was determined as the mean relative difference (i.e., 100 x mm;ﬁ) between the two simulations
on

during the peak enhancement on 18 and 19 August, after correcting for the background pre-fire

column abundances.

the derived emission ratio and emission factor for CH3OH is likely not overestimated due to secondary
production. For HCOOH in the no-emissions scenario, there is still a notable enhancement at Eureka
that is approximately 18% of the peak columns in the original simulation, indicating that there is a
non-negligible secondary in-plume production component in the resulting enhancement at Eureka.
This finding is consistent with a recent study by Chen et al. (2021) who used airborne measurements
from the ATom missions and GEOS-Chem to highlight a significant secondary production component
of HCOOH in aged biomass burning plumes, leading to CO:HCOOH enhancement ratios that broadly
increase with plume age. It should be noted, however, that due to the effects of numerical diffusion on
transported plumes in global Eulerian models (Fastham and Jacob, 2017) and the fact that precursor
species within these plumes are diluted over the model grid-boxes, these estimates of secondary
production should likely be viewed as a lower limit. In addition, missing chemical pathways in the
model could contribute to discrepancies in the model simulation. Reducing the HCOOH emission

factors from the PEARL-FTS and IASI by 18% to account for this secondary production, we arrive
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at values of 11.69 g & 4.78 g kg~ ! and 4.56 + 2.06 g kg~ !, respectively. These corrected emission
factors are still significantly larger than the values provided in all previous studies, suggesting that

the emissions of HCOOH from the NWT and BC fires were much larger than previously reported.

5.4 Conclusions

The August 2017 BC and NWT wildfires led to the largest observed short-term perturbations in
the budgets of CO, PAN, CyH,4, and HCOOH in the 2006-2020 time-series of measurements by the
PEARL-FTS at Eureka. In general, IAST observed a similar temporal pattern in the enhancements
but smaller columns of most species in comparison to the PEARL-FTS, which can likely be attributed
to the reduced sensitivity of the IASI retrievals at high latitudes as a result of low thermal contrast
in the region. We have derived enhancement and emission ratios, as well as emission factors for all
species relative to CO from both PEARL-FTS and IASI measurements. The derived emission factors
for PAN and CH30H are in good agreement between the PEARL-FTS, TASI, and previous studies,
while those for CoHy and HCOOH, particularly those from the PEARL-FTS, are significantly larger
than previously reported in the literature.

The GEOS-Chem CTM was used to simulate the transport of the wildfire plumes and the subse-
quent enhancements of each species at Eureka. Using the default biomass burning injection scheme
of GFAS in the model produces a severe transport error leading to unrealistically small enhance-
ments, and poor correlations with PEARL-FTS and TASI measurements in the vicinity of Eureka.
By modifying the injection height scheme, and injecting the emissions directly at higher model lev-
els, GEOS-Chem reproduces the transport and the observed enhancements much more accurately.
Using CO and PAN as tracer species for the fire plumes, we performed model sensitivity tests to
determine the appropriate injection heights for the fires, finding that injection heights of 12.5 km
for the BC fires, based on ( ) and ( ), and 10 km for the NWT
fires, produced the strongest correlations with ground-based FTIR observations at Eureka for CO
and PAN. Lastly, we used GEOS-Chem to approximate the portions of the observed total columns
at Eureka which resulted from secondary in-plume production. It was found that for CH3OH, there
was minimal secondary production (approximately 3% of the observed total columns). However, for
HCOOH, secondary production was a more significant component (approximately 18%) of the peak
observed columns at Eureka. After applying a correction to the calculated HCOOH emission factors
from the PEARL-FTS and TASI, there is still a significant discrepancy with the values previously

reported in the literature, which suggests unusually large HCOOH emissions from the August 2017
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fires.

In general, the August 2017 wildfires were a major biomass burning event, one that demonstrates
how resulting biomass burning plumes can lead to significant transient perturbations far above
baseline concentrations of short-lived VOCs in the high Arctic. It is expected that as wildfires
increase in frequency and severity due to anthropogenic climate change, events such as these will
continue to occur and may grow in magnitude and scale. Biomass burning is expected to become an
increasingly large component of the budgets and annual cycles of reactive VOCs at high latitudes;
the climatic and environmental impacts of these VOCs on the highly sensitive Arctic region thus

deserve further investigation.



Chapter 6

Long-term Trends in Arctic

Tropospheric Pollutants

6.1 Introduction

In this chapter, we investigate the observed seasonal variability and long-term trends of CO, CoHs,
CyoHy4, CoHg, CH30H, HCOOH, H,CO, and PAN in the total column time-series of two North
American high-Arctic FTIR sites; PEARL at Eureka, Nunavut (2006-2020), and PSB in Thule,
Greenland (1999-2022). Additionally, we perform a long-term simulation using the GEOS-Chem
High Performance (GCHP) CTM which covers the period of 2003-2021. We examine the modeled
seasonal and inter-annual variability in these eight tropospheric trace gas species, and evaluate the
performance of the model against the ground-based FTIR observations at the two high-Arctic sites.
A manuscript on this work is being prepared for submission to Journal of Geophysical Research:

Atmospheres.

6.2 Methods

6.2.1 Ground-Based FTIR Measurements
FTIR Sites

In this study, measurements from two high-Arctic ground-based FTIRs were used. The first in-

strument is located at PEARL at Eureka, Nunavut (80.05° N, 86.42° W, 610m a.s.l) on Ellesmere

127
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Island in the Canadian Arctic. The instrument is a Bruker IFS 125HR FTIR spectrometer, and
was installed at PEARL in July 2006. Measurements are made during sunlit clear-sky conditions
using a custom-built heliostat. At present, the time-series of PEARL-FTS measurements extends
from August 2006 until March 2020, when the COVID-19 pandemic halted nominal operations. A
detailed description of the PEARL-FTS is provided in Sect. 2.3.

The second ground-based instrument is located at PSB in Thule, Greenland (76.53° N, 68.74° W,
225m a.s.l.). A Bruker IFS 120M FTIR was installed at PSB in mid 1999, with measurements
beginning in Fall 1999. The Thule FTIR is also equipped with a computer-controlled heliostat, and
an automated liquid nitrogen fill-system to cool the detectors, allowing the instrument to be operated
semi-autonomously. In 2015, the Bruker IFS 120M was replaced by a Bruker IFS 125HR, and an
improved heliostat system was also installed. The time-series of Thule FTIR measurements covers
the period of October 1999 to October 2022, although some trace-gas species are not retrieved over
the full time-series. A detailed description of the Thule FTIR and the semi-autonomous measurement
station is provided in ( ).

Measurements at both Eureka and Thule are made in the mid-infrared at a spectral resolution of
0.0035 cm~! using a KBr beamsplitter that covers the spectral range of 700-5000 cm ™!, a series of
optical filters, and two photovoltaic detectors; an InSb detector (1850-10,000 cm~1!), and a HgCdTe
detector (6006000 cm~1). Trace gas profiles and total column concentrations are retrieved from the
measured spectra, and the data are regularly contributed to NDACC. In the following subsection, we
describe the retrieval methods for estimating the trace-gas column concentrations from the measured

solar-absorption spectra.

FTIR Retrieval Methods

The FTIR retrieval methods are described in detail in Chapter 2 and Chapter 3, however we briefly
re-summarize the methodology here. The measured solar-absorption spectra from the Eureka and
Thule FTIRs are processed using the SFIT4 retrieval algorithm (https://wiki.ucar.edu/display/
sfit4/) that is based upon the OEM described in ( ). The trace gas VMR profiles are
iteratively adjusted until the difference between the calculated and measured solar-absorption spectra
is minimized. The SFIT4 forward model is a line-by-line radiative transfer model that assumes a
Voigt line shape profile and encompasses multiple atmospheric layers spanning the altitude of the
instrument to 120 km above the surface ( , ).

For the retrievals of CoHy, CoHg, CH3OH, and HCOOH, spectroscopic parameters from the

HITRAN 2008 line list database ( , ) are used for the target gas and all interfering
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species. In the retrieval of PAN, pseudo-lines generated by G. C. Toon (Jet Propulsion Laboratory,
California Institute of Technology, Pasadena, CA; available from https://mark4sun.jpl.nasa.
gov/pseudo.html) are used for the spectral features of PAN, while HoO lines from the HITRAN
2016 line list database ( ) were used based on the recommendations in

( ), and HITRAN 2008 was used for all other interfering species. For the retrieval of CO,
the ATM12 linelist is used for the CO spectroscopy, while HITRAN 2008 is used for all interfering
species. For the retrieval of HoCO, the ATM16 line list is used ( , ), while in the
retrieval of CoHy, the more recent ATM20 line list is used ( , ). In these retrievals, pseudo-
linelists were used to supplement the spectroscopic databases in the case of any unresolved interfering
features, namely those of CCly, CIONOy, CClyFy, CHCIF,, CHF3, and CCI,FCCIF;. Additionally,
atmospheric temperature and pressure profiles are daily averages provided by NCEP, and the a
priori profiles of each species are taken from a 40-year average (1980-2020) of a WACCM version 4
simulation ( , ).

The SFIT4 spectral microwindows, the interfering trace-gas species, and the corresponding ref-
erences for each of the retrievals are provided in Table 3.1. CO and CyHg are standard NDACC
products, and are retrieved using specified NDACC-IRWG recommendations and harmonized spec-
tral microwindows (i.e., the same microwindows and retrieval approach are used for all sites in the
network). CoHy, CoHy, CH;OH, H,CO, HCOOH, and PAN are non-standard species, meaning that
not all NDACC sites retrieve these products, however, these species are processed and retrieved
in a similar manner as the standard products. For detailed descriptions of each retrieval, refer to
Chapter 3.

For all retrievals, a full error analysis is performed following ( ) and which is described
in depth in Sect. 3.9. The total error budgets include contributions from forward model parameter
errors, spectroscopic uncertainties, and measurement errors. The mean random and systematic
uncertainties, as well as the DOFS for the Eureka and Thule FTIR retrievals are summarized in
Table 6.1. The mean VMR averaging kernels for Eureka are provided in Fig. 3.1, while the mean
Eureka total column averaging kernels and the retrieval sensitivity are shown in Fig. 3.2. The mean
VMR averaging kernels for Thule are provided in the appendix as Fig. B.1, and the mean total
column averaging kernels and retrieval sensitivity for Thule are plotted in Fig. B.2. All of the trace
gas retrievals display good vertical sensitivity throughout the troposphere, while CO and H,CO
display additional sensitivity to the mid- and lower-stratosphere. All retrievals have a DOFS of 1
or greater indicating that total column concentrations can be retrieved, while the retrieval of CO

displays a higher DOFS of 2-3 on average, meaning that there is sufficient vertical information to
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Table 6.1: Mean retrieval uncertainties and DOFS of the Eureka and Thule FTIR retrievals.

Species Random uncertainty Systematic uncertainty DOFS

CO 1% 3% 2-3
CzHsy 5% 1% 1-1.5
CoHy 50% 25% 1
CoHsg 2.5% 6% 1.5-2
CH;0H 4.5% 12% 1
H,CO 10% 13% 1-1.5
HCOOH 3% 9% 1
PAN 20% 10% 1

derive partial columns from the retrievals.

6.2.2 GEOS-Chem Chemical Transport Model

The GCHP CTM ( , ; , ), version 14.1.1 was used in this study.
GCHP is a new and highly parallelizable version of the GEOS-Chem model, allowing simulations to
be completed in a much shorter duration when utilizing a high number of CPU cores. GCHP uses a
equidistant gnomonic cubed-sphere grid, a type of map projection where all great-circles are straight
lines, which differs from the standard rectilinear latitude-longitude grid used in GEOS-Chem Classic.
The equidistant gnomonic projection divides each cube edge into N equally sized segments that are
connected with the opposite cube edge by great circle arcs to generate a mesh grid ( ,

). As a result, the model grid resolution in GCHP is referred to as CN, where a C48 grid will
have 48x48 grid cells on each of the six cube faces, and the mean spatial resolution is approximated
by 10000/N km ( , ).

The model simulation in this work was performed at a horizontal resolution of C48 (~2° x
2.5°), with 72 vertical layers from the surface to 0.01 hPa (approximately 80 km). The simulation
is driven by assimilated meteorological fields from MERRA-2 provided by GMAO at the NASA
Goddard Space Flight Center. The simulation covers the period of 1 January 2003 to 31 December
2021, with a 2-hourly output frequency. A model spin-up was performed for the full year of 2002 to
provide the initial conditions for the simulation. Based on the recommendations provided in

( ), model transport and chemical operator time steps of 10 and 20 minutes, respectively,
were selected to minimize simulation errors.

The emissions in the model are configured at run-time using HEMCO ( , ), taking
into account various inventories. All emission fields are re-gridded by HEMCO from their native
resolutions to the C48 cubed-sphere grid. Global anthropogenic emissions for the period of 1980-2019

are provided by CEDSv2, a comprehensive bottom-up inventory developed for use in Earth system
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models that utilizes regional and country-specific inventories to scale base emissions to produce
trends over recent decades while maintaining a consistent methodology ( , ). These
regional and country-scale inventories include the US EPA National Emissions Inventory (NEI)
for the United States, the European Monitoring and Evaluation Programme inventory (EMEP)
for Europe, and the Emissions Database for Global Atmospheric Research (EDGAR) for countries
where national inventories are not available ( , ). For the years in the simulation
which extend beyond the end of the CEDSv2 inventory (i.e., 2020 and 2021), the 2019 emissions
are applied. In the case of CoHg, in the default configuration of the model anthropogenic emissions
are sourced from the emissions inventory of ( ) instead of CEDSv2, as
other anthropogenic inventories were found to underestimate CoHg emissions by approximately 40%.
Additionally, biogenic emissions in the model are sourced from MEGAN version 2.1 ( ,

), and biomass burning emissions are provided by GFAS version 1.2 ( , ). The
GFASv1.2 inventory provides global fire emissions at a 3-hourly frequency on a 0.1° x 0.1° grid
for the period of 2003-2021. The GFASv1.2 inventory was selected over the default Global Fire
Emissions Database, version 4.1 inventory (GFEDv4.1; , ) as it was found
that northern mid- and high-latitude fires were better represented by GFAS when compared against
satellite observations as discussed in Sect. 5.2.3.

Emissions of CoHy and HCOOH are absent from the current version of the GFAS inventory, so to
approximate the emissions of these species we follow the approach described in Sect. 5.2.3 and cal-
culate the ERs relative to CO (in molar units) using values from ( ) for various biomass
types (i.e., boreal forests, temperate forests, tropical forests, and grasslands). The GFEDv4.1 basis
region map (shown in Fig. B.3 in the appendix) was then used to allocate and apply the emissions
globally in the model by scaling the existing GFAS CO emissions fields by the pre-determined molar
ERs in each region via the HEMCO module. An example of the resulting mean monthly HCOOH
emission flux and a map of the scaling ratios for August 2017 are shown in Fig. B.4 in the appendix.

It should be noted that the GFEDv4.1 inventory was used for the biomass burning emissions during

the model spin-up year of 2002, since the earliest year available for the GFASv1.2 inventory is 2003.

6.2.3 Trend Analysis

The Eureka and Thule ground-based FTIR time-series span 14 years (2006-2020) and 23 years
(1999-2022), respectively, allowing long-term trends to be assessed. Since the time-series of each

trace-gas species contains both intra-annual variability (seasonal cycles) and inter-annual variability
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(long-term trends), we apply Fourier series fitting of multiple orders to daily means of the total

column time-series data from the two Arctic FTIRs, and the simulated total columns from GCHP

following the method of ( ) and ( ). We apply a least-squares
fit to the data with a function F' of the form ( , ):
F(t,a,b) = at+ V(t,b), (6.1)

where a is the annual trend in the data, ¢ is the time measured in years, and V (¢, b) is the Fourier

series component that is given by:

V (¢, b) = by + bycos2mt + basin2nt + bzcosdnt + bysindnt + ..., (6.2)

where by to b, are the Fourier series parameters contained in the vector b. Fourier series models
of this type allow for the underlying periodicity of the data to be captured while also reducing the
impact of sparse data. This method also allows for regular gaps in the data, such as during the polar
night, to be accounted for without causing a discontinuity in the intra-annual fit function (

, ). In this study, a Fourier series of order 3 was used for all fits, with the exception of
CH30H at Eureka where a Fourier series of order 2 was used because an appropriate fit to the FTIR
data could not be established with order 3 as a result of the sparser nature of the data set and
prominent data gap between 2012-2013. To derive the confidence intervals for the fitted trends,
we apply bootstrap resampling with @ = 5000 (the number of bootstrapping ensemble members).
Bootstrap resampling allows for a statistically robust treatment of non-normally distributed datasets,
and this approach has been widely used to evaluate the confidence intervals of trends derived from
FTIR measurements ( , ; ; ; ) ;

, 2008; , 2021).

Since the FTIR and GEOS-Chem total column time-series contain transient events such as
biomass burning enhancements, we identify these events using Fourier fitting following
( ) and ( ). The fitted Fourier series function is first subtracted from the
data to obtain the residuals, and then assuming a normal distribution of the residuals about zero,
the negative residuals are mirrored into positive values (by taking the absolute value). A cutoff
threshold of 20 is then applied to the data based on the standard deviation of the absolute residuals,
and another Fourier series fit is performed with the identified enhancements removed. The trend

analysis was performed twice; first on the full data set, and then on time-series with the enhance-
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ments removed. The trends derived from the “enhancement-removed” Fourier fit are likely more
representative of the true long-term variability in the background concentrations of each trace-gas
species, however, comparing the differences between the Fourier fits (i.e., with and without enhance-
ments) may highlight how significantly each time-series is impacted by wildfires and other transient

events.

6.3 Results and Discussion

6.3.1 FTIR-derived Seasonal Cycles

In this section, we evaluate the seasonal cycles of CO, CoHs, CoHy, CoHg, CH3OH, HCOOH, H,CO,
and PAN derived from the ground-based FTIR measurements at Fureka and Thule. The retrieved
total column time-series of these eight tropospheric species and the corresponding monthly means

calculated across all years are shown for Eureka and Thule in Fig. 6.1 and Fig. 6.2, respectively.

CcO

The seasonal cycle of CO is shown for Eureka in Fig. 6.1a, and for Thule in Fig. 6.2a. CO displays
a strong seasonal cycle that is consistent at both Arctic sites, with the largest mean CO columns
observed during the late winter and early spring (February to April), and a minimum during the
summer in July. The mean maximum total columns are approximately 2.0 x 10'® molec. cm™2 and
2.1 x 10'® molec. cm~2, while the mean minimum total columns are around 1.5 x 10'® molec. cm™2
and 1.6 x 10'® molec. cm™? at Eureka and Thule, respectively. The primary sources of CO are fossil
fuel combustion and the oxidation of VOCs and CHy, which is transported to the Arctic from mid-
latitude sources, with biomass burning being a significant periodic source during the late summer
months ( , ; , ; , ). CO is primarily removed from
the atmosphere through oxidation by OH, which consumes OH and yields COs, making CO an
indirect greenhouse gas. During polar night, no OH is present in the Arctic troposphere and the
atmospheric lifetime of CO can be on the order of several months ( , ). As a
consequence, transported mid-latitude CO tends to accumulate in high concentrations, resulting
in the peak in the observed total columns in the late winter and early spring months (

, ; , ). As polar night ends and sunlight gradually returns to the high Arctic, the
observed CO total columns rapidly decrease, leading to a minimum in July. Periodic enhancements

in the CO total columns can be seen in August at both Eureka and Thule, resulting from the
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influence of transported biomass burning plumes.

C.H,

The total column time-series and monthly means for CoHy are shown for Eureka and Thule in
Figs. 6.1b and 6.2b, respectively. CoHs presents a very similar seasonal cycle to CO at both Eu-
reka and Thule, with a maxima in the observed total columns in February and March, and a
minima in the total columns during June. The mean maximum columns are approximately 4.5 x
10'% molec. cm™2 at both sites, while the mean minimum total columns are 2.5 x 10'® molec. cm ™2
and 1.8 x 10'® molec. cm™? at Eureka and Thule, respectively. CyHsy is primarily emitted from
biofuel and fossil fuel combustion, and is co-emitted with CO in many cases. Biomass burning is
also a notable source of CoHs to the high Arctic, which is clearly seen at both sites during August
in Figs. 6.1b and 6.2b ( , , ). Like CO, the primary atmospheric sink of CoHs
is oxidation by OH, which is a crucial driver of its strong seasonality at high latitudes. As a result,

CqoHs is strongly correlated with CO in the atmosphere as they share very similar sources and sinks

which is evidenced in the seasonal cycles at both Arctic sites ( , ; , ).

CoH,y

The CoHy time-series and monthly means are plotted for Eureka and Thule in Fig. 6.1c and 6.2c,
respectively. The observed CoHy total columns at Eureka and Thule do not vary significantly

2

over the course of the year, with mean columns over all months of 6.2 x 10'* molec. cm™2 and

2, respectively. CoH, is one of the most abundant atmospheric unsaturated

1.2 x 10'5 molec. cm™
hydrocarbons in the global atmosphere, with annual emissions on the order of 20 Tg, half of which is
estimated to be the product of biomass burning ( , ; , ;

, ). The atmospheric lifetime of CyHy is short, at approximately 1 to 3 days due to its
high reactivity with OH and Os. CyHy is directly emitted from anthropogenic sources such as
motor vehicle exhaust and petrochemical production, waste burning, and natural sources including
direct emissions from plants and soils, and forest fires ( , ; , ;

, ). CyHy is only emitted directly, and there are currently no known secondary
production pathways of CoHy in the atmosphere. In the high Arctic, there are very few known local
sources of CoHy, and the extremely short lifetime of 1-3 days broadly inhibits long-range transport
from mid-latitude anthropogenic sources. As a result, there is no discernible seasonal cycle in the high

Arctic. As discussed in Chapter 5, competition for reactants within transported biomass burning

plumes can significantly extend the lifetime of CoHy, leading to large observed enhancements in the
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Figure 6.1: Total column time series of (a) CO, (b) C2Hs, (¢) CoHy, (d) CoHg, () CH30H, (f)
HCOOH, (g) H2CO, and (h) PAN retrieved from PEARL-FTS measurements at Eureka for the
period of 2006-2020. Measurements from each year are plotted in differing colors and marker styles

to better highlight enhancements and anomalies. The monthly means across all years are denoted
by the black line.
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total columns relative to ambient levels at the high Arctic FTIR sites as a result of these wildfire
emissions. Consequentially, biomass burning appears to be the most significant source of CoHy at

Eureka and Thule.

CyHs

The seasonal cycle and monthly means of CoHg are plotted for Eureka and Thule in Figs. 6.1d and
6.2d, respectively. CoHg displays a strong seasonal cycle at both sites akin to that of CO and CoHs,
with the largest observed total columns in February and March, and the smallest columns in July.
The mean maximum columns are 3.1 x 1016 molec. cm™2 and 2.8 x 10'® molec. cm~2, while the mean
minimum total columns are 1.1 x 1016 molec. cm™2 and 1.3 x 10'® molec. cm~2 at Eureka and Thule,
respectively. CoHg is the most abundant NMHC in the atmosphere, and is an important precursor
to tropospheric ozone and PAN through its oxidation in the presence of NOy in polluted airmasses
( , ; , ). C3Hg also acts as an indirect greenhouse gas through
its influence on the global lifetime of CHy as a result of its removal from the atmosphere by OH.
In contrast to CO and CyHs, CoHg differs in that it is primarily emitted from the various stages of
natural gas production and distribution as opposed to the direct combustion of fossil fuels (

, ; , ; , ). The main sources of CoHg to the high Arctic
are biomass burning and transported mid-latitude pollution, and it is primarily removed from the
Arctic troposphere through oxidation by OH which strongly modulates the observed seasonal cycles

at Eureka and Thule.

CH,0H

The total column time-series and the corresponding monthly means of CH3OH calculated across
all years are shown in Fig. 6.1e and Fig. 6.2e for Eureka and Thule, respectively. CH3OH displays
a clear seasonal cycle at Eureka and Thule, with the smallest total columns in the spring and fall
months, and the largest observed columns in the summertime between June and August. The mean
maximum columns are 2.3 x 10'® molec. cm~2 and 2.5 x 10 molec. cm~2, and the mean minimum
columns are 1.4 x 10'6 and 2.7 x 10'® molec. cm~? at Eureka and Thule, respectively. It should
be noted that CH3OH measurements at Thule extend earlier into the year than at Eureka, with
measurements available beginning in February at Thule and April at Eureka. Retrievals during
the early year often fail to converge at Eureka due to the low abundance of CH3OH and strong
interference from Og in the early spring. The mean columns in April at Thule are approximately

1.1 x 10%*¢ molec. cm™2, which is broadly consistent with the mean minimum columns at Eureka.
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CH3OH is the second-most abundant organic gas (after CHy) found in the global remote atmosphere
( , ). Tt is primarily emitted biogenically from plants during their growth stage
(and to a lesser extent when they decay), however, it is also emitted from biomass burning (

) ; ) ; , ; , ). The oceans can
also serve as a source of CH3OH, however, globally they are thought to represent a small net sink
( , ). Through its oxidation, CH3OH influences global OH concentrations, producing
the hydroperoxyl radical (HO3) and HyCO, and it can influence the budget of tropospheric Os
( , ; , ). As a result, the seasonal cycle at both Eureka and Thule
is largely correlated with the growth cycle of plants and vegetation, leading to the highest observed
columns during the summer months, and lower columns during the early spring and fall. Biomass
burning enhancements are visible in the time-series at Eureka and Thule in Figs. 6.1e and Fig. 6.2,
however, these enhancements tend to be more moderate than for some of the other biomass burning

tracer species such as CO, CyHs, and CoHy.

HCOOH

The seasonal cycle and monthly means of HCOOH are shown in Fig. 6.1f and Fig. 6.2f for Eureka
and Thule, respectively. HCOOH displays a similar seasonal cycle as CH3OH albeit less pronounced
at the two Arctic sites, with smaller total columns seen in the spring and fall, and larger columns on
average during the summer. The mean maximum columns across all years at Eureka and Thule are
4.1 x 10" molec. cm™2 and 3.6 x 10'® molec. cm™2, and the mean minimum columns are 5.6 x 10

and 9.3 x 10 molec. cm™2

, respectively. HCOOH is the most abundant carboxylic acid in the
global troposphere, with a relatively short lifetime typically on the order of four days (

, ). Sources of HCOOH include anthropogenic emissions, direct emissions from plant
leaves, and biomass burning, while the main sinks of HCOOH are oxidation by OH, as well as dry
and wet deposition ( , ; , ). As a result of its removal
from the atmosphere by dry and wet deposition, HCOOH directly contributes to soil and rainwater
acidity in remote regions such as the Arctic ( , ; , ). As with
CH3OH, emissions from plants are an important driver of the seasonal cycle at Eureka and Thule.
Additionally, a study of ground-level HCOOH concentrations at Alert, Nunavut by
( ) suggests that there may be a complex system of local photochemical sources of HCOOH in the
Arctic, however these are currently not well quantified, and the magnitude of their influence on the

overall budget is unclear. Very large enhancements in the total columns resulting from transported

biomass burning plumes can also be seen in the late summer months at both Eureka and Thule in
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Figs. 6.1f and 6.2f, respectively.

H,CO

The total columns and monthly means of HoCO are shown in Fig. 6.1g and Fig. 6.2g for Eureka and
Thule, respectively. HoCO displays a distinct seasonal cycle at both FTIR sites, with lower total
columns in the spring and fall, and higher total columns on average during the summer months. The

mean maximum columns across all years at Eureka and Thule are 1.9 x 10*® molec. cm~2 and 2.5 x

2 2

105 molec. cm ™2, respectively, and mean minimum columns of approximately 9.5 x 10'* molec. cm™
observed at both sites. HoCO is one of the most abundant VOCs in the atmosphere, and it plays
an important role in atmospheric photochemistry and air quality ( , ). HoCO is
directly emitted from a variety of anthropogenic and natural sources including fossil fuel combustion,
biomass burning, and biogenic emissions from plants and soil, but it is also produced in large
quantities via secondary formation in the atmosphere through the oxidation of CHy and NMVOCs
( ) ; ) , ; , ). It is primarily removed
via its reaction with OH yielding HO5 radicals, which can subsequently be converted back into OH,
meaning that OH plays an important role in both the formation and removal of HoCO from the
atmosphere ( , ; , ; , ). As a result, the
seasonal cycle of HoCO at Eureka and Thule is largely driven by the availability of sunlight and
OH in the Arctic atmosphere. Biogenic emissions of HoCO from high latitude boreal forests also
contribute to the observed seasonal maxima in the summertime ( , ). Some biomass
burning enhancements are visible in the time-series at Eureka and Thule between June to August.

However, the influence of wildfires on the overall HoCO columns during the summertime appears to

be relatively small, particularly at Thule.

PAN

The seasonal cycle and monthly means of PAN are shown for Eureka and Thule in Figs. 6.1h and 6.2h,
respectively. PAN exhibits a seasonal cycle similar in appearance to CO and CoHs, with the largest
columns observed between February and March which corresponds with the peak in the Arctic Haze
pollution phenomena ( , ), and the smallest total columns during June to July.
The mean maximum columns across all years are 5.4 x 101 molec. cm™2 and 7.3 x 10'® molec. cm™2,
and the mean minimum columns are 2.8 x 10'® and 3.3 x 10'® molec. cm~2 at Eureka and Thule,

respectively. PAN’s atmospheric lifetime is highly variable, ranging from approximately one hour

at 298 K to several months at the colder temperatures found in the UTLS ( , ;
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) ; ) ; , ; , ). PAN is not directly
emitted, but rather it results from secondary formation through the oxidation of NMVOCs such as
acetone (CsHgO), acetaldehyde (CH3CHO), and methylglyoxal (C3H4O2) in the presence of NOy.
These PAN precursors have both anthropogenic and natural sources including direct emissions from
human activities and industry, and biomass burning ( , ; , ;

) ; ) ; ) ; , ). As a result, PAN is
primarily formed in polluted mid-latitude regions, particularly during the springtime, and then it
undergoes long-range transport to the high-Arctic region ( , ; , ).
Consequently, this leads to an accumulation of high concentrations of PAN during polar night and
the early spring (visible in Figs. 6.1h and 6.2h). The temperature dependence of PAN’s atmospheric
lifetime is a major driver of the observed seasonal cycle at the two Arctic sites, leading to a steady
decrease in the observed PAN columns at both sites beginning in April and reaching a minimum
in July. Biomass burning enhancements can be seen to some extent at both Eureka and Thule,
however, the influence of wildfires on the PAN total columns in the late summer months appears to

be more significant at Eureka.

6.3.2 FTIR-derived Trends

The Fourier series fitting approach described in Sect. 6.2.3 was applied to the daily-mean total
columns of all species at each site. The fitted trends and 95% confidence intervals (CIs) in % yr~! are
summarized in Table 6.2, and are plotted in Fig. 6.3 and Fig. 6.4 for Eureka and Thule, respectively.
In the text, we provide the trend values in relative units. A version of Table 6.2 in absolute units

2 yr=1) is included in the appendix as Table B.1, and the reader can refer to this

(i.e., molec. cm™
table for the absolute values of the trends. Additionally, the residuals of the first Fourier series fit
(i.e., with all data included) used to identify enhancement events at Eureka and Thule are provided

in the appendix as Fig. B.5 and Fig. B.6, respectively.

CcO

CO at Eureka was found to have a clear decreasing trend of —0.84 [~1.07, —0.62] % yr—! (slope
[lower 95% CI, upper 95% CI]) over the period of 2006-2020 (see Fig. 6.3a). Similarly, at Thule a
decreasing trend of —0.76 [—0.94, —0.58] % yr~! is found for the period of 1999-2022 (see Fig. 6.4a).
If enhancement events are excluded from the time-series, we obtain slightly more negative trends of

—1.10 [-1.23, —0.97] % yr~! and —0.89% [—0.99, —0.79] % yr~—! at Eureka and Thule, respectively.
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Figure 6.3: Fourier series fit and the corresponding trendlines plotted over the total column time-
series of (a) CO, (b) C2Hs, (c) CoHy, (d) C2Hg, (e) CH30H, (f) HCOOH, (g) H2CO, and (h)

PAN retrieved from PEARL-FTS measurements at Eureka.

Note that the y-axis limits of some

panels have been adjusted for increased visibility of the fitted trends. Note that the y-axis limits of
some panels have been adjusted relative to Fig. 6.1 for increased visibility of the fitted trends.
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Figure 6.4: Fourier series fit and the corresponding trendlines plotted over the total column time-
increased visibility of the fitted trends.

series of (a) CO, (b) CzHs, (c) CoHy, (d) C2Hg, (e) CH30H, (f) H2CO, (g) HCOOH, and (h)

PAN retrieved from the Bruker 120M (1999-2015) and Bruker 125HR (2015-2022) measurements

at Thule.
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Table 6.2: Fitted trends derived from daily-mean FTIR total columns at Eureka and Thule in relative
units (% yr~!). The 95% confidence intervals calculated from bootstrap resampling with Q =
5000 ensemble members are provided below each value in parentheses. Trends that are considered
statistically significant (i.e., the 95% confidence intervals do not overlap with zero) are in bold.

Eureka, Nunavut (2006-2020) Thule, Greenland (1999-2022)

Species Trend Trend Trend Trend
(% yr—1) w /o enhancements (% yr-1) w/o enhancements
Y (% yr~) (% yr)
CO —0.84 ~1.10 —0.76 —0.89
(—-1.07, —0.62) (—1.23, —0.97) (—0.93, —0.58) (—0.99, —0.79)
CoH, —2.202 —2.572 -1.71 —-1.61
(—3.03, —1.34) (—3.14, —1.96) (—2.03, —1.38) (—1.83, —1.39)
CoHy —0.43 —0.02 —6.69 —5.13P
(—2.05, 1.30) (—0.65, 0.61) (—9.34, —4.02) (—6.62, —3.66)
CyHg 1.07 0.98 0.61 0.56
(0.76, 1.38) (0.77, 1.18) (0.39, 0.84) (0.42, 0.70)
CH3;0H —0.24°¢ —0.57¢ —2.024 —1.644
(-1.01, 0.51) (—-1.07, —0.08) (—2.73, —1.30) (—2.09, —1.20)
HCOOH —2.14 —2.98 0.26 —0.17
(—5.09, 0.82) (—4.13, —1.82) (—0.58, 1.08) (—0.68, 0.35)
H,CO 2.00 1.80 1.15 0.98
(1.21, 2.79) (1.34, 2.25) (0.64, 1.65) (0.67, 1.29)
PAN 2.17 2.13 2.20P 1.29P
(1.28, 3.05) (1.64, 2.62) (—0.31, 4.61) (—0.59, 3.22)

2 The time-series of CoH2 at Eureka begins in July 2007.

b The time-series of CoH4 and PAN at Thule begins in May 2015.

¢ Only one day of CH30H total columns was available at Eureka in 2020, so this data is excluded from
the analysis.

d The time-series of CH3OH at Thule begins in March 2011.

The decrease in the fitted trends when removing enhancement events suggests that larger and more
frequent enhancement events are occurring in the latter portion of the data record at Eureka and
Thule, and this can be seen to some extent in Figs. 6.3a and 6.4a.

The observed trends at Eureka and Thule are consistent with recent satellite-derived CO trends
over the last two decades, which are generally in the range of —0.5% yr—! to —1% yr~! in the
northern hemisphere depending on the period of study ( , ; , ;

, ). A recent trend study using ground-based FTIR data at Toronto by
( ) found a CO trend of —0.904-0.07% yr~! over the period of 2002-2019, and an older study
by (

0.19% yr—!, and —0.614+0.16% yr~! from NDACC FTIR measurements in Europe at Jungfraujoch,

) derived CO trends of —0.4540.16% yr—!, —1.00 £0.24% yr—*, —0.62 &

Zugspitze, Harestua and Kiruna over the period of 1996-2006, respectively. The observed downward
trend in CO is believed to be largely driven by reductions in fossil fuel-based emissions resulting

from the increased efficiency of internal combustion engines in recent years (

) I ) )'

) )
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C.H;

A decreasing trend of —2.20 [—3.03, —1.34] % yr~—! over the period of 20072020 was found for CyH,
at Eureka (Fig. 6.3b). At Thule, a decreasing CoHy trend of —1.71 [—2.03, —1.38] % yr~! is seen
during the period of 1999-2022 (Fig. 6.4b). Excluding enhancement events, we obtain a stronger
negative trend at Eureka of —2.57 [—3.14, —1.96] % yr~! but the trend at Thule becomes slightly less
negative with a value of —1.61 [—1.83, —1.39] % yr~!. At Eureka, the largest enhancement events
occur in the latter half of the 2007-2020 time-series, while at Thule a very large CoHs enhancement
event occurred in 2004 (shown in Fig. 6.4b), leading to the slight difference in the trends with and
without enhancements at the two sites.

Since CO and CoHs are co-emitted from fossil fuel combustion and are highly correlated in the
atmosphere ( , ), the observed negative trends at Eureka and Thule are anticipated,
and are broadly consistent with recent studies. ( ) reported a CoHy trend
of —1.12 4 0.30% yr—! derived from FTIR measurements at Toronto in the period of 2002-2019.
Similarly, ( ) report a trend of —1.70 4 0.38% yr~! derived from ACE-FTS

measurements between 30° N-90° N in the period of 2004-2020.

C.H,y

The retrieved CoHy total columns at Eureka show no statistically significant trend in the period of
2006-2020, with a fitted slope of —0.43 [—2.05, 1.30] % yr~! (see Fig. 6.3c). With enhancement
events removed, the CoHy trend at Eureka remains statistically insignificant, with a fitted slope of
—0.02 [-0.65, 0.61] % yr~!. At Thule, a significant negative trend of —6.69 [—9.34, —4.02] % yr—!
was found for the period of 2015-2022 (see Fig. 6.4c). Without enhancement events, a slightly less
negative trend of —5.13 [-6.62, —3.66] % yr—! is found. Although the trends at Thule can be
considered statistically significant in the context of the Fourier series fitting, they are not robust
due to the small number of years (2015-2022) used to derive the trend, and the high year-to-
year variability in the retrieved CoHy total columns at the site. Since the atmospheric lifetime of
CyHy is extremely short and there no local sources in the high Arctic, the absence of a statistically
significant trend is expected as is the case with Eureka, particularly when enhancement events caused

by biomass burning are removed from the total column time-series.
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CoHg

An increasing trend in CoHg is observed at both high Arctic sites. At Eureka, a trend of 1.07 [0.76,
1.38] % yr~! in the period of 2006-2020 was found (Fig. 6.3d). At Thule, a trend of 0.61 [0.39,
0.84] % yr~! is observed between 1999-2022 (Fig. 6.4d). If a fit is performed on the Thule time-
series over the same period as the Eureka dataset (August 2006 to March 2020), a more strongly
positive trend of 1.66 [1.26, 2.06] % yr~! is found. When excluding enhancement events, the positive
trends at both sites decrease slightly to 0.98 [0.77, 1.18] % yr~—! and 0.56 [0.42, 0.70] % yr—! at Eureka
and Thule, respectively. An apparent brief decline in CoHg can be seen in the Eureka time-series
between 2015-2018 before returning to higher levels in 2019, however this feature is not discernible
in the Thule time-series and the cause is unclear.

Positive trends in atmospheric CoHg concentrations in the Northern Hemisphere after 2009 have
been widely reported in recent studies (e.g., , ; , , ;

, ; , ; , ), and this has been linked to
significant increases in oil and natural gas production and distribution in the United States (

, ; , 2016; , 2018; , 2017). ( )
obtained positive trends of approximately 3% yr—! at Eureka and Thule between 2009-2014, and
if the methodology presented here is used for the same time period, we obtain consistent trends of
3.63 [2.53, 4.74] % yr~! and 2.93 [1.72, 4.08] % yr~! at Eureka and Thule, respectively.

( ) report a positive trend of 1.19 4 0.27% yr~! determined from FTIR measurements at
Toronto between 20092019, which is broadly consistent with the trends presented here for Eureka
and Thule. Lastly, ( ) found a positive CyHg trend of 1.26 & 0.30% yr—! in the
northern hemisphere between 30° N-90° N using ACE-FTS data in the period of 2004-2020, which

falls within the range of uncertainty of the fitted trend at Eureka.

CH;0H

The measured CH3OH total columns at Eureka show no statistically significant trend in the period
of 2006-2019, with a fitted slope of —0.24 [~1.01, 0.51] % yr~! (see Fig. 6.3e). At Thule, a significant
negative trend of —2.02 [—2.73, —1.30] % yr~! was obtained for 2011-2022 (shown in Fig. 6.4e). If
the Eureka time-series is truncated to 2011-2020, a more strongly negative slope of —1.04 [—2.71,
0.49] % yr—! is obtained, however the trend is still not considered statistically significant. When
enhancement events are excluded from the Fourier series fit, a statistically significant negative trend

is found at Eureka of —0.57 [-1.07, —0.08] % yr~—! between 2006-2020. At Thule, the trend becomes
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slightly less negative when enhancements are removed, with a slope of —1.64 [-2.09, —1.20] % yr—*.
It is currently uncertain what factors might drive a negative trend in CH3OH in the Arctic region,

as the general understanding of the local sources and sinks at these high latitudes is relatively limited.
( ) found no trend in CH3OH in ACE-FTS measurements between 2004-2020,

however, their trend analysis was limited to the region of —60° S to 60° N. Their results also indicate
high concentrations of CH3OH between 80°-90° N, but this was not included in their discussion.
Similarly, ( ) found no statistically significant trend in CH3OH at Toronto
over the period of 2002-2019. In remote regions such as the Arctic, the ocean serves as a net sink of
atmospheric CH3OH due to deposition on the sea surface and subsequent uptake by marine bacteria
( , ; , ). A recent study by ( ) that measured dissolved
concentrations of CH3OH and other VOCs in regions of varying ice coverage in the Canadian Arctic
ocean suggests a complex interplay between sea ice coverage and the strength of the ocean as a sink
for CH3OH. It is believed that as sea ice coverage decreases and the air-to-sea flux in the Arctic
increases, the ocean will become a stronger sink of oxygenated VOCs, causing a reduction in their
atmospheric concentrations ( , ). It is possible that this may be a driver of the

observed CH3OH trends at Eureka and Thule, however further study is needed.

HCOOH

No statistically significant trend is found in the measured HCOOH total columns at Eureka when
all data are included, with a fitted slope of —2.14 [=5.09, 0.82] % yr~! (see Fig. 6.3f). When
enhancement events are excluded from the Fourier series fit at Eureka, a significant negative trend
of —2.98 [—4.13, —1.82] % yr~! is found between 2006-2020. At Thule, no statistically significant

L and

trends are found with or without enhancement events, with slopes of 0.26 [—0.58, 1.08] % yr~
—0.17 [-0.68, 0.35] % yr—1!, respectively (shown in Fig. 6.4f).
To our knowledge, no studies have reported long-term HCOOH trends in the high Arctic.

( ) found negative HCOOH trends of —2.154-0.64% yr~! with enhancements and
—0.73 +0.53% yr—! without enhancements at Toronto in the period of 2002-2019, which are more
negative than the trend derived from ACE-FTS measurements of —0.51 & 0.28% yr~! in the range
of 60° S to 60° N between 2004-2020 reported by ( ). These reported negative
trends broadly agree with the observations at Eureka, but they may not be fully representative of
trends in the Arctic. Several studies in the Arctic have found that snowpack photochemistry is an

important local source of HCOOH in the region, and that the high measured concentrations could

not be sustained by transport alone ( ) ; ) ; )
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). ( ) found that surface HCOOH concentrations measured during early sum-
mer 2016 at Alert, Nunavut displayed occasional excursions to extremely high values and a strong
diurnal cycle during sunny conditions, indicating a notable photochemical source near the ground
and highlighting the complex nature of local HCOOH sources. The extent to which these local
sources may influence the measured atmospheric concentrations and trends at Eureka and Thule is

currently not well quantified.

H,CO

Increasing trends were found for HoCO at Eureka and Thule. At Eureka, a trend of 2.00 [1.21,
2.79] % yr~! was found for the period of 2006-2020 (see Fig. 6.3g). At Thule, a trend of 1.15 [0.64,
1.65] % yr—! was found between 1999-2022 (Fig. 6.4g). If enhancement events are excluded, the
slope of the trends decrease slightly to 1.80 [1.34, 2.25] % yr—! and 0.98 [0.67, 1.29] % yr—! at Eureka
and Thule, respectively.

Both positive and negative HoCO trends have been reported in the literature, and the direction of
the trends appears to vary based on region. ( ) found no statistically significant
trends at Eureka or Thule, but obtained negative trends at mid-latitude FTIR sites, with trends of
—0.39 £ 0.33% yr~—! and —0.96 £ 0.51% yr~! at St. Petersburg and Mexico City, respectively, and
strong positive trends of 1.73 £ 1.52% yr—! and 1.58 +0.52% yr~! the tropical sites of Izana (2005
2016) and Saint-Denis (2004-2013), respectively. ( ) found a slightly negative
trend at Toronto of —0.43 £+ 0.25% yr~—! only after removing enhancement events.

( ) found a positive trend at Jungfraujoch of 0.814:0.62% yr—! using FTIR data between 2003
2015, which they suggest is likely related to increases in atmospheric CH4 concentrations.

( ) found a positive but non-significant trend in stratospheric HoCO of 0.18 & 0.18% yr—!
between 30° S and 30° N with ACE-FTS, but a positive significant trend in the troposphere in the
same region. Lastly, ( ) found strongly positive trends over Asia driven by
greater emissions, but negative trends over Europe and North America using measurements from
the Ozone Monitoring Instrument (OMI) and the Global Ozone Monitoring Experiment-2 (GOME-
2) between 2004-2014. The observed positive trends at Eureka and Thule may be driven in-part
by greater emissions from Asia coupled with steadily rising CH4 concentrations, however a broader

study of these observed trends at high northern latitudes may be needed.
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PAN

A clear upwards trend of 2.17 [1.28, 3.05] % yr~! is seen in the observed PAN total columns at
Eureka between 2006-2020. When enhancement events are removed, the slope of the trend at
Eureka is largely unchanged with a value of 2.13 [1.64, 2.62] % yr—!, however the range of the
95% CIs decreases, indicating a higher confidence in the observed positive trend. At Thule, PAN
measurements are only available between 2015-2022, and positive but non-significant trends are
found, with values of 2.20 [—0.31, 4.61] % yr~! with all measurements, and 1.29 [—0.59, 3.22] % yr—!
when enhancement events are excluded from the time-series. The magnitude of the slope at Thule
is generally consistent with the observations at Eureka, however more years of measurements at the
site are likely needed to derive a statistically significant trend.

Relatively few studies are available that report long-term trends in PAN. ( )
report no statistically significant trend between 2004-2012, and then a strongly decreasing trend of
—11.7 £ 2.3% yr—! averaged over 60° S to 60° N between 2004-2020. ( ) found
positive annual PAN trends ranging from 0.4+1.3 to 3.240.49 ppt yr~—! over India, and 1.040.25 to
3.4+ 1.3 ppt yr~! over China (no relative trend values provided). Additionally, several studies have
demonstrated that PAN production is highly spatially heterogeneous, and that Asian emissions of
O3 and PAN precursors have been steadily rising, leading to increased export of PAN particularly
during the springtime ( , ; ; ; ) ) ;

, ; , ). Since Asian anthropogenic emissions are a dominant source of
transported pollution at Eureka ( , ) (see Fig. 1.3), the upward trend at Eureka is

likely influenced by greater PAN export from Asia in recent decades.

6.3.3 GEOS-Chem Simulation and Comparison with Observations

Since measurements of CO, CoHy, CoHy, CoHg, CH3OH, HCOOH, HyCO, and PAN are sparse
in the high-Arctic region, global chemical transport models such as GEOS-Chem can provide an
additional perspective on the transport, distribution, and temporal variability and evolution of these
trace gases. Ground-based FTIR measurements of these gases can serve as a means for evaluating
the performance of the model and can help to identify biases or potential areas of improvement. In
the following subsections, we compare the modeled intra- and inter-annual variability of CO, CoHa,
CoHy, C3Hg, CH30H, HCOOH, HyCO, and PAN with the ground-based FTIR measurements at
Eureka and Thule.
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Seasonal Cycles

The monthly mean simulated total columns from GCHP of all eight tropospheric species are plotted
along with the FTIR monthly mean total columns in Fig. 6.5 and Fig. 6.6 for Eureka and Thule,
respectively. It should be noted that in Fig. 6.5 the GEOS-Chem time-series was truncated to 2006—
2020 before calculating the monthly means to more accurately correspond to the Eureka FTIR time-
series, while in Fig. 6.6 the Thule FTIR time-series was truncated to 2003—2021 prior to calculating
the monthly means for easier comparison with the GEOS-Chem simulation. Additionally, correlation
plots comparing the daily mean simulated total columns with the daily mean FTIR-retrieved total
columns at Eureka and Thule are included in the appendix as Figs. B.7 and B.8, providing a more

quantitative means of evaluating the model against the FTIR measurements at both sites.

(610

The seasonal cycle of CO is well captured by GEOS-Chem at both Arctic FTIR sites, and is shown
in Fig. 6.5a and Fig. 6.6a for Eureka and Thule, respectively. The model reflects the observed
springtime maximum in February to April and low total columns in July at both sites, with a strong
correlation of R = 0.78 and a mean relative bias of —5.5% at Eureka, and a correlation coefficient of
R = 0.84 and mean relative bias of —14.1% at Thule (see appendix Figs. B.7a and B.8a). The closest
agreement between the modeled and FTIR-observed mean total columns is seen during the period
of May to July, and larger differences are found during the early spring months and the late summer
and into early fall. The observed springtime low bias at Eureka and Thule is consistent with previous
modeling studies using GEOS-Chem, which have shown that northern mid-latitude CO emissions
during the wintertime are broadly underestimated in many anthropogenic emissions inventories due
to underestimated vehicle combustion and residential heating emissions ( , ;

, ; , ). The GEOS-Chem CO simulation captures biomass burning
enhancement events at both Arctic sites in August, however, the magnitude of these enhancements
appears to be underestimated in the model, particularly at Thule where a larger measurement-model
difference is seen in August compared to Eureka. The observed discrepancy in the simulated versus
observed biomass burning enhancements is due in-part to the rudimentary default biomass burning
injection height scheme as discussed in Chapter 5, which can negatively impact the transport of the
plumes and the subsequent enhancements at the Arctic FTIR sites. However, despite this GEOS-
Chem generally performs quite well in simulating the annual CO cycle in the region and is highly

correlated with the FTIR observations at Eureka and Thule.
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Figure 6.5: FTIR and GCHP-simulated seasonal cycles at Eureka for (a) CO, (b) C2Hs, (c) CoHy,
(d) C3Hg, (e) CH30H, (f) HCOOH, (g) HoCO, and (h). The shaded regions denote 1o from the
monthly means. Note that the GCHP monthly means presented here were calculated over 2006-2020
to correspond with the Eureka FTIR time-series.
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Figure 6.6: FTIR and GCHP-simulated seasonal cycles at Thule for (a) CO, (b) C2Ha, (c) CoHy,
(d) C2Hs, (e) CH30H, (f) HCOOH, (g) H2CO, and (h) PAN. The shaded regions denote 1o from
the monthly means. Note that the Thule FTIR monthly means presented here were calculated over
2003-2021 to correspond with the time range of the GCHP simulation.
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C.H;

The addition of a full-chemistry simulation of CoHs to the GEOS-Chem model is a relatively recent
development (added in version 13.3 in November 2021), and to our knowledge this is the first study
to evaluate this simulation against FTIR observations. The monthly mean GEOS-Chem CsHs total
columns for Eureka and Thule are shown in Fig. 6.5b and Fig. 6.6b, respectively. The GEOS-Chem
simulation displays an intra-annual cycle that is largely consistent with the monthly mean FTIR-
observed total columns at both Arctic sites, however a consistent low bias is seen in the model across
all months. The modeled C3Hs daily-mean total columns display a good correlation of R = 0.75 with
the FTIR daily-mean total columns at Eureka, however, a mean measurement-model bias of —43.4%
was found in the period of 2006-2020 (Fig. B.7b). Similarly, at Thule the GEOS-Chem CyH, total
columns are well-correlated with the FTIR measurements (R = 0.88), but a mean negative relative
bias of —47.6% was found for the period 2003-2021 (Fig. B.8b). The strong correlations but large
negative model versus measurement biases at both Arctic FTIR sites suggest that the emissions of
CyH, in the model should be increased by approximately 40-50%. Additionally, at Eureka larger
biomass burning enhancements of CoHj are observed in comparison to Thule, however, GEOS-Chem
shows a relatively small influence of wildfires in the month of August. This effect can also be observed
in the correlation plot for Eureka (Fig. B.7b), where the distribution of the data points displays a
bifurcation, and some large daily mean FTIR total columns can be seen that correspond to smaller

GEOS-Chem simulated total columns.

CoH,

As with CoHg, a full-chemistry simulation of CoHy was only recently added to the GEOS-Chem
model (version 13.3 in November 2021). The CoHy simulation was evaluated at Eureka during the
August 2017 biomass burning event in Chapter 5, however no studies have evaluated this simulation
on a broader scale yet. The monthly mean GEOS-Chem CyH, total columns at Eureka and Thule are
shown in Fig. 6.5¢ and Fig. 6.6c, respectively. The GEOS-Chem and FTIR monthly means broadly
agree during February to March and September to October at Eureka, however during the summer
months, the model and FTIR measurements diverge more significantly. GEOS-Chem indicates near-
zero CoHy total columns at Eureka in June and July, while the FTIR monthly means reflect higher
ambient concentrations. Similarly, at Thule the GEOS-Chem simulation agrees closely with FTIR
observations in February and October, however between this period there is a notable low bias

in the model with respect to the measurements. Interestingly, GEOS-Chem displays a significant
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accumulation of CoHy in the Arctic atmosphere over the wintertime possibly as a result of the absence
of OH, but FTIR measurements are not available during this period to verify this phenomenon. The
GEOS-Chem daily mean CoH,4 columns are poorly correlated with FTIR observations, with Pearson
correlation coefficients of R = 0.08 and R = 0.21, and with mean relative biases of —16.9% and
—82.1% at Eureka and Thule, respectively (see Figs. B.7c and B.8c in the appendix). The larger
mean negative bias at Thule relative to Eureka is related to the larger retrieved mean total columns
at that site (discussed in Sect. 6.3.1), however the comparison at Thule only covers 2015-2021 and
is less statistically robust than the comparison at Eureka. The GEOS-Chem simulation does show
some influence from biomass burning at both sites during the month of August but the magnitude
of these enhancements appears to be underestimated relative to FTIR observations, which may be
related to the simplistic default biomass burning injection height scheme in the model as discussed

in Chapter 5.

CyHs

The monthly mean model and FTIR CyHg total columns are plotted in Fig. 6.5d and Fig. 6.6d for
Eureka and Thule, respectively. GEOS-Chem and the measured total columns generally display a
similar seasonal cycle, with a maxima in the total columns occurring in February and March, and a
minima in the total columns occurring in July. The simulated CoHg columns are strongly correlated
with the FTIR total columns, with correlation coefficients of R = 0.90 and R = 0.91 and mean
relative biases of —20.8% and —25.1% at Eureka and Thule, respectively (see Figs. B.7d and B.7d
in the appendix). A seasonally-dependent bias can be seen at both Arctic sites, with larger mean
differences during the early spring months and closer agreement during the late spring and early
summer months (May to July). In the default configuration of the model, the

( ) emissions inventory was selected by the GEOS-Chem Emissions Working Group because the
CEDS inventory tended to underestimate CoHg emissions in the Northern Hemisphere relative to
observations (e.g., , ). However, a drawback of the Tzompa-Sosa inventory is that
it only includes emissions for 2010 (which are applied to all years in the simulation) and it does not
exhibit intra-annual variability in the emissions outside of North America. To investigate whether
the springtime model bias is related to the choice of anthropogenic emissions, we repeated a GCHP
simulation for 2019 using the CEDSv2 CoHg emission inventory in place of the Tzompa-Sosa CoHg
inventory, while all other model parameters were kept the same. We compare the monthly means for
these simulations in Fig. 6.7, and we provide correlation plots for each scenario for Eureka and Thule

in the appendix as Figs. B.9 and B.10, respectively. In these figures, we also include an additional
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Figure 6.7: FTIR and GCHP-simulated monthly mean total columns of CoHg for 2019 at (a)
Eureka, and (b) Thule for three scenarios; the default simulation using the

( ) emissions inventory (red solid line), a simulation using CEDSv2 emissions (blue solid line),
and the CEDSv2 simulation with the total columns scaled up by a factor of 3.0 (blue dashed line).
The shaded regions denote 1o from the means.

scenario whereby the GEOS-Chem CsHg total columns are scaled up by a factor of 3 to account
for the observed measurement-model bias. The new simulation using CEDSv2 displays improved
correlations of R = 0.93 versus R = 0.88 and R = 0.96 versus R = 0.94, but larger biases of —66.6%
versus —28.3% and —69.6% versus —34.8% during 2019 at Eureka and Thule, respectively. This
observed low bias in the CEDSv2 simulation is consistent with a recent study by

( ), who evaluated the CEDS inventory using GEOS-Chem against in-situ measurements on the
Japanese island of Hateruma, and found that the Asian CyHg emissions needed to be increased by
a factor of 2.22 in order to reproduce their observations. Similar low biases have also previously
been observed in the Hemispheric Transport of Air Pollutants, Phase II (HTAPv2) inventory using

CAM-Chem simulations in ( ). In Fig. 6.7 and Figs. B.9¢ and B.10c, we show that
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when the modeled CoHg total columns in our simulation using CEDSv2 are increased by a factor
of 3.0, we find improved slopes in the linear regressions and much closer agreement with the FTIR
measurements at Eureka and Thule. Although this is only an ad hoc analysis, it indicates that by
using a scaled version of the CEDSv2 CoHg emissions in place of the default Tzompa-Sosa inventory,
the simulation could be improved relative to observations and would better capture the intra-annual

variability of CoHg in the Arctic region.

CH;0H

Fig. 6.5e and 6.6e show the monthly mean simulated and observed CH3OH total columns at Eureka
and Thule, respectively. The GEOS-Chem total columns display a seasonal cycle similar to the FTIR
observations, with smaller columns on average during the spring and fall, and larger columns during
the summer months of July to September, however a very large bias can be seen at both Arctic sites.
Regression plots comparing the GEOS-Chem and FTIR CH30H daily-means are shown in Fig. B.7e
for Eureka and B.8e for Thule. Consistent negative biases relative to the FTIR measurements on
the order of approximately —70% are found at both Eureka and Thule, suggesting that there may
be a large source of CH3OH or unknown chemical pathways which are not accounted for in the
model. We find a relatively weak correlation of R = 0.28 between the model and measurements
at Eureka, but a stronger correlation of R = 0.69 at Thule, which is related to the fact that the
FTIR CH30H measurements at Thule cover a larger portion of the year (February to October at
Thule, and April to September at Eureka) and exhibit a higher dynamic range than at Eureka. The
observed model bias in CH3OH is generally consistent with recent GEOS-Chem modeling studies
by ( ) and ( ), who found that the modeled CH3OH concentrations
over North America are broadly underestimated relative to observations, with the largest biases at
high latitudes. Improvements were made to the CH3OH simulation in GEOS-Chem version 13.3.0
in November 2021 through the addition of a new aromatic VOC oxidation scheme and the inclusion
of a CH305 + OH reaction into the chemistry scheme, which generally reduced the observed biases,
however, it is evident that more improvements are needed to remediate the large measurement-model

biases in the Arctic.

HCOOH

The modeled and observed seasonal cycles of HCOOH are shown in Fig. 6.5f and 6.6f for Eureka
and Thule, respectively. The GEOS-Chem simulation displays seasonality which is mostly consistent

with the FTIR observations at both sites, with smaller mean columns early and late in the year,



CHAPTER 6. LONG-TERM TRENDS IN ARCTIC TROPOSPHERIC POLLUTANTS 156

and larger columns on average during the late spring and summer. However, the model presents a
maximum in May, while the FTIR measurements show a peak in August that is related to the large
wildfire enhancements that can occur during the mid to late summer, but which may not be properly
captured in the model due to the injection height scheme. Correlation plots comparing the daily
mean GEOS-Chem HCOOH total columns and the FTIR daily means are shown in Figs. B.7f and
B.8f in the appendix. These figures show moderate correlations of R = 0.43 and R = 0.53 between
the model and measurements, with mean relative biases of —7.9% and —36.7% at Eureka and Thule,
respectively. The observed biases are generally in-line with previous comparisons of models with
observations that found underestimations in HCOOH abundances, particularly at high northern
latitudes, suggesting missing chemistry or unknown local sources ( , ;

, ; , ). The inclusion of a surface-level source of HCOOH in the
Arctic from the snow-pack based on the observations of ( ) may help bridge
the gap of the observed biases in the late spring to some extent, however the nature of this local
source of HCOOH is still highly uncertain and requires further investigation. Furthermore, an
improved parameterization of the biomass burning injection height in the model would help to

improve agreement with observations in the late summer months as demonstrated in Chapter 5.

H,CO

Figs. 6.5g and 6.6g show the simulated and observed HoCO monthly means at Eureka and Thule,
respectively. GEOS-Chem is able to reproduce the distinct seasonality in the total columns observed
by the FTIRs at both sites, and shows the largest total columns occurring during the winter months
of November to January, however no FTIR measurements are available during this period for com-
parison. The simulated HoCO columns reach a minimum at both sites in April and then increase
until July before decreasing again, which is generally consistent with the observed seasonal cycle at
Eureka and Thule but a low model bias can be seen across all months relative to the FTIR monthly
means. The correlations between the daily-mean GEOS-Chem and FTIR H5CO total columns are
shown in Fig. B.7g for Eureka and B.8g for Thule. The GEOS-Chem columns are generally well-
correlated with the FTIR observations, with a correlation coefficient of R = 0.69 at Eureka, and
R = 0.76 at Thule. Moderate relative biases of —20.5% and —26.7% calculated across all years
were found for Eureka and Thule, respectively. These mean biases are consistent with the study by

( ), who found similar measurement-model biases of —20% and —28% with the

IMAGES CTM at Eureka and Thule in the periods of 2006-2017 and 2002-2017, respectively.
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PAN

The simulated and observed monthly mean PAN total columns are shown in Fig. 6.5h at Eureka
and Fig. 6.6h at Thule. GEOS-Chem does capture some seasonal cycle, with the lowest mean
total columns in December and January, and a springtime peak in April, with some large columns
occurring in August as the result of transported wildfire plumes. However, a very large negative bias
in the model can be seen from February to May. Correlation plots comparing the GEOS-Chem daily
mean PAN columns with those retrieved from the Arctic FTIRs are shown in Figs. B.7h and B.8h.
A moderate correlation of R = 0.43 is found at Eureka, while no correlation (R = —0.01) is found
at Thule, however the comparison at Thule covers a shorter time period (2015-2021) compared to
Eureka (2007-2020). Mean relative biases of —18.6% and —17.5% were found for Eureka and Thule,
respectively, indicating a similar underestimation in the model at both Arctic sites. The observed
springtime bias in the total columns is likely related to lower than expected wintertime outflows
of PAN from China, which is attributed partly to missing or underestimated NMVOC emissions
in the region as highlighted by ( ) and ( ). Additionally, currently
no emissions of methylglyoxal are included in GEOS-Chem, which is an important PAN precursor
(contributing approximately 30% to global PAN production) and may be an additional factor in
the observed springtime bias in the model ( , ; , ). Increasing the
Asian NMVOC emissions and including direct emissions of methylglyoxal in the model would likely

enhance the simulation of PAN in the Arctic region relative to the FTIR observations.

Simulated Trends

To further evaluate the performance of the model and its ability to reproduce the observed trends,
the Fourier series fitting approach that was described in Sect. 6.2.3 and applied to the FTIR
daily-mean total columns in Sect. 6.3.2 was also applied to the GEOS-Chem simulated daily mean
total columns. To increase the inter-comparability of the observed and modeled trends, the GCHP-
simulated trends at Eureka were calculated over the same approximate time range as where the
Eureka FTIR measurements are available (July 2006 to March 2020). At Thule, since the FTIR
time-series extends slightly beyond the time range of the GCHP simulation, we calculate the GCHP-
simulated trends over the full simulation period (January 2003 to December 2021). The daily-mean
simulated total columns of all species at each site, and the fitted trends and 95% CIs in % yr~—' are

summarized in Table 6.3, and are plotted in Fig. 6.8 and Fig. 6.9 for Eureka and Thule, respectively.

A version of Table 6.3 in total column units is included in the appendix as Table B.2. The residuals
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Table 6.3: Fitted trends derived from daily-mean GEOS-Chem total columns at Eureka and Thule
in relative units (% yr—!). The 95% confidence intervals calculated from bootstrap resampling
with Q = 5000 ensemble members are provided below each value in parentheses. Trends that are
considered statistically significant (i.e., the 95% confidence intervals do not overlap with zero) are
in bold.

Eureka, Nunavut (2006-2020) Thule, Greenland (2003-2021)
Species Trend Trend Trend Trend
(% yr-1) w/0 enhancements (% yr-1) w/o enhancements
(% yr~1) (% yr~t)
CO —0.88 —0.85 —-0.79 —0.86
(—1.09, —0.67)  (—0.98, —0.72)  (—0.98, —0.61)  (—0.94, —0.77)
CoH, —-2.03 —-1.95 —-1.63 -1.71
(—2.46, —1.61) (222, —1.68)  (—1.91, —1.35)  (—1.85, —1.55)
CoHy —0.20 —0.11 0.49 0.40
(~1.11, 0.68) (—0.56, 0.34) (—0.28, 1.25) (0.02, 0.76)
CoHg —-0.19 —-0.16 —-0.26 —-0.28
(—0.38,0.01) (=027, —0.05)  (—0.42, —0.11)  (—0.34, —0.21)
CH3O0H —0.45 —0.43 —-0.24 —-0.20
(—0.90,0.02)  (—0.63, —0.24)  (~0.52,0.05)  (—0.33, —0.07)
HCOOH —-1.17 —-1.09 -0.71 —0.59
(—1.97, —0.36)  (—1.41, —0.77) (=111, —0.32)  (—0.78, —0.41)
H,CO —0.18 -0.13 0.08 0.02
(—0.47, 0.13) (—0.29, 0.03) (—0.16, 0.16) (—0.11, 0.16)
PAN —0.80 —0.83 —-0.61 —0.58

(—1.00, —0.60)  (—0.94, —0.71)  (—0.75, —0.48)  (—0.66, —0.50)

of the first Fourier series fit used to identify enhancement events at Eureka and Thule are provided

in the appendix as Fig. B.11 and Fig. B.12, respectively.

(610

The fitted trends in the GEOS-Chem simulated CO columns are shown in Fig. 6.8a and Fig. 6.9a
for Eureka and Thule, respectively. From GEOS-Chem, we obtain a negative trend in the CO
total columns of —0.88 [—1.09, —0.67] % yr~—! at Eureka between 2006-2020, and —0.79 [—0.98,
—0.61] % yr=! at Thule between 2003-2021. When enhancement events are excluded from the
Fourier series fit, we find a slightly less negative trend at Eureka of —0.85 [-0.98, —0.72] % yr—!,
and a slightly more negative trend at Thule of —0.86 [~0.94, —0.77] % yr~!. This effect appears
to be caused by the fact that some larger enhancement events occur earlier in the simulation at
Eureka, while at Thule, the largest identified enhancements occur towards the end of the simulated
time-series. These trends can be contrasted with the FTIR-derived trends of —0.84 [—1.07, —0.62]
and —0.76 [—0.94, —0.58] (with enhancements), and —1.10 [-1.23, —0.97] and —0.89 [-0.99, —0.79]

(without enhancements) at Eureka and Thule, respectively. The measured and modeled trends are
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Figure 6.8: Fourier series fit and the corresponding trendlines plotted over the GCHP simulated
total column time-series of (a) CO, (b) C3Hs, (¢) C2Hy, (d) C2Hg, (e) CH30H, (f) HCOOH, (g)

H5CO, and (h) PAN at Eureka.
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broadly consistent, and fall within the bounds of the 95% confidence intervals with the exception of
the enhancement-removed FTIR-derived trend at Eureka which is more strongly negative than that
estimated from GEOS-Chem. In general, CO appears to be well-modeled in GCHP at both Arctic
FTIR sites, showing good consistency in the inter-annual variability when compared with the FTIR

observations.

C.Hy

For CyH,, we derive negative trends from the daily-mean GEOS-Chem total columns of —2.03 [—2.46,
—1.95] % yr~! at Eureka (Fig. 6.8b), and —1.63 [-1.91, —1.35] % yr~! at Thule (Fig. 6.9b).
If enhancement events are removed, we obtain a slightly less negative trend of —1.95 [—2.22,
—1.68] % yr~! at Eureka, and —1.71 [~1.85, —1.55] % yr~! at Thule. The tendency of the CoHy
trend to become more strongly negative at Thule when removing the identified enhancement events
is consistent with the modeled CO trends at this site, and appears to be influenced by a partic-
ularly large wildfire enhancement that occurred in August 2021 but which is not included when
fitting the trends at Eureka. We can compare these modeled trends with the FTTIR-derived trends of
—2.20 [-3.03, —1.34] % yr~! and —1.71 [-2.03, —1.38] % yr~! when all measurements are included,
and —2.57 [-3.14, —1.96] % yr~! and —1.61 [-1.83, —1.39] % yr~! when enhancements are removed
for Eureka and Thule, respectively. Consistent with the modeled CO trends, we find that there is
generally good agreement between the FTIR-derived and GEOS-Chem simulated CyH, trends at
both sites, with all trends overlapping within the bounds of the 95% CIs except for the enhancement-

removed trend at Eureka, which is more strongly negative than the GEOS-Chem derived trend.

CoH,y

When all data are included, GEOS-Chem shows no statistically significant trends in CoHy at Eureka
or Thule with slopes of —0.20 [~1.11, —0.68] % yr—! and 0.49 [—-0.28, 1.25] % yr—!, respectively
(see Fig. 6.8c and Fig. 6.9c). When enhancements are removed from the GEOS-Chem time-series
the trend at Eureka remains statistically insignificant with a slope of —0.11 [~0.56, 0.34] % yr—!,
but we find a slightly positive significant trend at Thule of 0.40 [0.02, 0.76] % yr—!. No statistically
significant trends were found in the CoHy FTIR time-series at Eureka over the period of 2006-2020,
while negative trends of —6.69 [—9.34, —4.02] % yr~! (with all data) and —5.13 [—6.62, —5.13] % yr~!
(with enhancements removed) were found at Thule in the limited period of 2015-2022, however these

trends are not robust due to the few number of years used in the Fourier series fitting and the high

year-to-year variability in the columns. The slight upward trend found in the enhancement-removed
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simulated CoHy time-series at Thule is almost statistically insignificant (the lower CI is 0.02 and
almost overlaps with zero), and without more years of FTIR data at this site it is difficult to discern

whether there is a real detectable trend.

CoHg

The Fourier series fits to the GEOS-Chem CoHg daily-mean total columns are shown in Fig. 6.8d
and Fig. 6.9d for Eureka and Thule, respectively. We find no significant trend at Eureka when fitting
the full simulated time-series with a slope of —0.19 [—0.38, 0.01] % yr~!, but a small negative trend
when enhancements are removed of —0.16 [—0.27, —0.05] % yr—!. At Thule, slight negative trends
are also found in the GEOS-Chem CyHg time-series with values of —0.26 [—0.42, —0.11] % yr~!
with all data and —0.28 [—0.34, —0.21] % yr~! when enhancements are removed. These simulated
trends can be contrasted with the positive trends derived from the Arctic FTIR measurements of
1.07 [0.76, 1.38] % yr~! and 0.61 [0.39, 0.84] % yr~! (all data), and 0.98 [0.77, 1.18] % yr~! and
0.56 [0.42, 0.70] % yr~! (enhancements excluded) at Eureka and Thule, respectively. The difference
in the observed versus modeled trends can be attributed to the use of the

( ) emissions inventory which is the default option for the anthropogenic CoHg emissions in the
current version of GEOS-Chem. As briefly discussed in Sect. 6.3.3, the Tzompa-Sosa emissions
inventory only contains data for the year of 2010, which is applied to all years in the simulation,
and thus does not exhibit any inter-annual variability in the global CoHg emissions. To further
investigate the long-term temporal variability in the Tzompa-Sosa and CEDSv2 CoHg inventories,
the HEMCO Standalone module (https://hemco.readthedocs.io/en/stable/) version 3.6.2 was
used to generate the time-series of emissions over the same period as the GCHP simulation (2003—
2021). Time-series of CoHg emissions over Asia and North America using both the Tzompa-Sosa and
CEDSv2 emissions inventories are shown in Fig. B.13 in the appendix. When comparing the time-
series from the two inventories, a clear discrepancy can be seen in the magnitude of the emissions,
with CEDSv2 being significantly lower than the Tzompa-Sosa inventory in both regions. However,
while there is seasonality in the Tzompa-Sosa emissions over North America, there is no seasonal
variability in the emissions over Asia (and all other regions) and they are constant throughout the
simulation period. In addition, the Tzompa-Sosa inventory shows no inter-annual variability in the
emissions, while with the CEDSv2 inventory there is a clear evolution of the emissions over the
period of 2003-2021. As a simple ad hoc solution to reconcile the differences between these two
inventories, we suggest that the CEDSv2 emissions time-series be scaled up to match the magnitude

of the Tzompa-Sosa emissions during the year of 2010, with the scaling factors being calculated
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on a by-region basis. This could yield an inventory that better captures both the magnitude and
the temporal variability of the emissions, and would improve the simulation of CoHg in the model

relative to observations.

CH;0H

For CH30H, no statistically significant trends are found when fitting the full time-series of GEOS-
Chem daily-mean total columns, with slopes of —0.45 [—0.90, 0.01] % yr~! at Eureka (Fig. 6.8¢) and
—0.24 [-0.52, 0.05] % yr~! at Thule (Fig. 6.9¢). When enhancements are excluded from the fit, we
find small but statistically significant decreasing trends at both locations with values of —0.43 [—0.63,
—0.24] % yr=! and —0.20 [-0.33, —0.07] % yr~! at Eureka and Thule, respectively. At Eureka, no
statistically significant trend was detected in the FTIR time-series when all data were fitted, but a
negative trend on the order of —0.57 [~1.07, —0.08] % yr~! was found for the period of 20072019
when enhancement events were removed from the time-series. At Thule, statistically significant
negative trends were found in both cases with relative values of —2.02 [-2.73, —1.30] % yr~! (all
measurements) and —1.64 [—2.09, —1.20] % yr~! (enhancements excluded). There is general consis-
tency in the direction of the observed and modeled CH3OH trends, and the enhancement-removed
GEOS-Chem trend at Eureka falls within the range of the 95% ClIs of the fitted FTIR trend, but
the FTIR-derived trend at Thule is more strongly negative than the one derived from GEOS-Chem
and the confidence intervals do not overlap. Further study is required to identify the source of the

decreasing CH30H trends in the Arctic region.

HCOOH

Statistically significant decreasing trends in the modeled daily-mean total columns of HCOOH
were found at Eureka and Thule with values of —1.17 [~1.97, —0.36] % yr—! and —0.71 [-1.11,
—0.32] % yr~!, respectively (shown in Fig. 6.8f and Fig. 6.9f). If enhancement events are ex-
cluded from the GEOS-Chem time-series, we obtain slightly less negative trends of —1.09 [—1.41,
—0.77] % yr=! and —0.59 [-0.78, —0.41] % yr~!. From the FTIR data sets, a trend of —2.98 [—4.13,
—1.82] % yr~! was found at Eureka between 2006-2020 when enhancements were excluded from
the Fourier series fit, but no statistically significant trends were found when fitting the full Eureka
time-series, and at Thule with or without enhancements. The decreasing trends simulated by GEOS-
Chem appear to be driven by broad reductions in Northern Hemisphere anthropogenic emissions of
HCOOH between 2003 and 2021, particularly in North America and Asia, which is shown in Fig.

B.14 in the appendix. The values of the fitted slopes from GEOS-Chem fall in between the negative
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trends reported by ( ) (—2.15 £ 0.64 % yr—!) at Toronto and
( ) (—0.514+0.28 % yr—!) in the range of 60° S to 60° N.

H,CO

No statistically significant trends could be derived from the GEOS-Chem simulated HoCO total
columns at either Arctic FTIR site (Fig. 6.8¢ and Fig. 6.9g). At Eureka, a slope of —0.18 [—0.47,
0.13] % yr~! when all data are included in the Fourier series fit, and —0.13 [~0.29, 0.03] % yr~! when
enhancements are excluded from the fit. At Thule, we find slopes of 0.08 [—0.16, 0.16] % yr—! with all
data, and 0.02 [-0.11, 0.16] % yr—! without enhancement events. In comparison, statistically signif-
icant positive trends were derived from the FTIR measurements at both Arctic sites, with values at
Eureka of 2.00 [1.21, 2.79] % yr~! (all measurements) and 1.80 [1.34, 2.25] % yr~! (enhancements re-
moved), and 1.15 [0.64, 1.65] % yr~—! (all measurements) and 0.98 [0.67, 1.29] % yr~! (enhancements
removed) at Thule. To investigate whether increasing CH4 concentrations have an influence on the
simulated HoCO columns in the Arctic, we repeated the Fourier series fitting on the modeled Ho,CO
partial columns at both sites. We apply separate Fourier fits to the lower troposphere (defined here
as the surface to the model planetary boundary layer), free troposphere (planetary boundary layer
to the model tropopause), the whole troposphere (surface to tropopause), as well as the stratosphere
to TOA (tropopause to the top of the model grid) where the formation of HoCO via CHy4 oxidation
is expected to play the largest role. The fits to the partial columns are shown in Fig. B.15 and Fig.
B.16 in the appendix for Eureka and Thule, respectively. At Eureka, we find no statistically signifi-
cant trends in the simulated HoCO partial columns in the troposphere, but a negative trend on the
order of —0.69 [—1.00, —0.38] % yr~! in the stratospheric partial columns (enhancements excluded).

At Thule, we observe a decreasing trend in the lower troposphere of —0.66 [—0.86, —0.46] % yr—!,

1 and a decreasing trend

a slight increasing trend in the free troposphere of 0.23 [0.05, 0.40] % yr~
in the stratosphere of —0.23 [—0.44, —0.02] % yr~!, but no trend when fitting the full-troposphere
partial columns. The presence of decreasing HoCO trends in the stratosphere of the model at both
Arctic sites is surprising because the modeled CHy total columns were found to be steadily increasing
by 0.36 [0.347, 0.368] % yr~! and 0.32 [0.316, 0.331] % yr—! at Eureka and Thule, respectively (not

shown). The source of the observed downward trend in HoCO in the stratosphere of the model is

currently unclear.
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PAN

The simulated PAN daily-mean total columns are plotted along with the fitted trendlines in Fig.
6.8h and Fig. 6.9h and show statistically significant decreasing trends at both Arctic FTIR sites.
At Eureka, we obtain trends of —0.80 [—1.00, —0.60] % yr—! (—2.12 x 1013 [-2.66 x 10'3, —1.59 x
10*3] molec. ecm™2 yr~!) when all data are included, and —0.83 [—0.94, —0.71] % yr=! (-=2.19 x
10* [-2.50 x 103, —1.88 x 10'3] molec. ecm~2 yr~!) when enhancements are excluded for the
period of 2006-2020. At Thule, we derive trends from GEOS-Chem of —0.61 [—0.75, —0.48] % yr~!
(—1.72 x 10 [-2.10 x 103, —1.35 x 10'3] molec. cm~2 yr~!) and —0.58 [—0.66, —0.50] % yr~—*
(—1.64 x 1013 [-1.87 x 1012] —1.41 x 10**] molec. cm~2 yr~!) between 2003-2021 for all data and
the enhancement-removed cases, respectively. These simulated trends are in disagreement with the
positive trends derived from the FTIR at Eureka of 2.17 [1.28, 3.05] % yr~! (all data) and 2.13 [1.64,
2.62] % yr—! (enhancements excluded). As discussed earlier, this discrepancy between the modeled
and observed trend in PAN can most likely be attributed to missing or underestimated emissions of
precursor NMVOCs in Asia, as well as the absence of direct emissions of methylglyoxal in the model

) I ) )'

which is an substantial source of PAN in the global budget (

6.4 Conclusions

This chapter presented the first long-term study of the trends and seasonal variability of eight
tropospheric pollutant species: CO, CyHs, CoHy, CoHg, CH30H, HCOOH, HoCO, and PAN in
the North American high-Arctic region. The intra- and inter-annual variability of these eight trace
gases was derived from the total column time-series measured by two high-resolution ground-based
FTIR instruments located at Eureka, Nunavut (2006-2020) and Thule, Greenland (1999-2022).
Strong consistency in the measured seasonal cycles was found across the two sites for all gases,
and the influence of transported mid-latitude biomass burning plumes was observed to varying
degrees in the time-series of all gases at Eureka and Thule. Decreasing trends consistent with
past studies were found for CO and CyHy with relative values of —1.10 [—1.23, —0.97] % yr~!
and —2.57 [-3.14, —1.96] % yr~—! at Eureka, and —0.89 [—0.99, —0.79] % yr~! and —1.61 [-1.83,
—1.39] % yr~! at Thule, respectively (enhancement-excluded trends). Decreasing trends were also
observed in the measured CH3OH total columns with slopes of —0.57 [~1.07, —0.08] % yr~! at
Eureka and —1.64 [-2.09, —1.20] % yr~! at Thule. A decreasing trend in HCOOH was found

at Bureka of —2.98 [—4.13, —1.82] % yr~! when enhancements were excluded, but no trend was
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observed at Thule. Increasing trends were detected for CoHg and HoCO of 0.98 [0.77, 1.18] % yr—!
and 1.80 [1.34, 2.25] % yr~! at Eureka, and 0.61 [0.39, 0.84] % yr~! and 0.98 [0.67, 1.29] % yr~!
at Thule, respectively. A positive trend in PAN of 2.13 [1.64, 2.62] % yr~! was also detected in
the Eureka time-series, while at Thule the time-series of PAN only spans the period of 2015-2022
and was too short to reliably discern a trend. The time-series of CoHy displayed no statistically
significant trend at Eureka, but is strongly influenced by transported mid-latitude biomass burning
plumes, while at Thule there were too few years (2015-2022) to establish the presence or absence of
a statistically robust trend.

To provide an additional point of comparison and to assess the performance of the novel GCHP
CTM in this high-latitude region, a global C48 simulation covering the period of 2003-2021 was
performed using version 14.1.1 of the model. We evaluated the simulated intra- and inter-annual
variability against the FTIR-derived seasonal cycles and trends at Eureka and Thule. GEOS-Chem
was generally able to reproduce the shape of the FTIR-observed seasonal cycles, however significant
measurement-model biases exist for some species, with the concentrations of all gases being biased
low on average relative to the Arctic FTIRs. GCHP CO, CoHs, CoHg, and HoCO were found to
be well-correlated with the FTIR observations and with relative biases ranging from —5.5% (CO
at Eureka) to —47.6% (C3Hs at Thule). GCHP HCOOH was moderately correlated with FTIR
observations at both sites, with mean biases of —36.7% and —7.9% at Eureka and Thule, respectively.
GCHP CoHy and PAN show poor agreement with the FTIR at Thule, but improved agreement at
Eureka which may be attributed to the shorter time-series of these species at Thule (2015-2022
versus 2006-2020 at Eureka). GCHP CH3OH was found to have a very large bias on the order of
—70% relative to the FTIR measurements at both Eureka and Thule, possibly indicating missing
local sources or unknown chemistry that are not accounted for in the model. The modeled trends
showed broad consistency with those derived from the FTIRs for CO (modeled trends of —0.85% yr~!
at Eureka, and —0.86% yr—! at Thule), CoHy (Eureka: —1.95% yr—!, Thule: —1.71% yr—1!), and
CH30H (Eureka: —0.43% yr—!, Thule: —0.20% yr—!). However, opposing trends in the model
relative to the FTIRs were found for CoHg (Eureka: —0.16% yr—!, Thule: —0.28% yr—!) and PAN
(Eureka: —0.83% yr—!, Thule: —0.58% yr~!), and no trend was found in the modeled H,CO columns
despite positive trends being observed in the FTIR datasets at both sites.

Most discrepancies between the measured and modeled trends are believed to be attributed to
errors or underestimations in the emissions of the model. In particular, the default configuration
of the model uses the ( ) inventory for CoHg but it only contains emissions

for the year of 2010 and does not exhibit seasonality in the emissions outside of North America,



CHAPTER 6. LONG-TERM TRENDS IN ARCTIC TROPOSPHERIC POLLUTANTS 167

resulting in large springtime biases at the Arctic sites and trends which disagree with observations.
The modeling results of this study highlight the necessity for more frequent and rigorous model
evaluation exercises over these high-latitude regions, which can be under-represented in the validation

efforts for global chemical transport models such as GEOS-Chem.



Chapter 7

Conclusions and Future Work

There were three primary scientific objectives of this thesis work with a focus on improving our
understanding and quantification of tropospheric pollution in the Arctic region. The first scientific
objective of this thesis was to inter-compare and validate satellite observations of tropospheric pol-
lutants over the high Arctic region with ground-based measurements and model simulations. To
achieve this objective, we have performed a global inter-comparison of the CO product from the
TROPOMI instrument on board the European Space Agency’s Sentinel-5 Precursor satellite against
solar occultation measurements from the ACE-FTS satellite instrument, as well as a targeted val-
idation of both satellite datasets over the high Arctic against the ground-based PEARL-FTS CO
time-series at Eureka, Nunavut. This was the focus of Chapter 4. Additionally, in support of this
objective, I have developed and implemented two new retrievals of tropospheric pollutants for the
PEARL-FTS; ethylene (CoH,) and peroxyacetyl nitrate (PAN). A total column time-series of both
species was retrieved for 2006-2020, and has been contributed to the public NDACC archive for
future use in satellite and model inter-comparisons. These new data products were also compared
against the GEOS-Chem model and novel neural network retrievals of these species from the TASI in-
struments aboard the MetOp-A and MetOp-B satellite platforms during the August 2017 Canadian
wildfire enhancement event, which was an important component of the work presented in Chapter
5 of this thesis.

The second scientific objective of this thesis was to investigate the enhancements of reactive
tropospheric species in the Arctic due to the August 2017 Canadian wildfires, and to place this event
in the context of previously studied fires. To address this objective, the observed enhancements in

the measured total columns of CO, CoH,, CH3OH, HCOOH and PAN from the PEARL-FTS, as well
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as from the IASI satellite instruments have been evaluated. The wildfire emissions were estimated
using the PEARL-FTS and TASI datasets in terms of the enhancement ratios, emission ratios, and
emission factors and the derived values were compared against the literature. These wildfires and
the subsequent plume transport were also simulated using the GEOS-Chem model, andthe plume
injection heights as well as the secondary in-plume production of CH3OH and HCOOH have been
evaluated. This was the subject of Chapter 5.

The third scientific objective of this thesis was to investigate the inter- and intra-annual variability
of tropospheric pollutants over the high Arctic region over long time-scales. To address this objective,
the measured total column time-series of eight tropospheric pollutant species: CO, CoHs, CoHy,
CoHg, CH30H, HCOOH, H,CO, and PAN has been evaluated from the PEARL-FTS at Fureka,
and an additional FTIR in Thule, Greenland. The seasonal variability and the long-term trends were
analyzed and inter-compared with the literature where available. To complement the FTIR datasets
and to assess the performance of the new GEOS-Chem High Performance model in the Arctic, a long
simulation covering the period of 2003-2021 was performed. The inter- and intra-annual variability
of these eight trace-gases were derived from the model simulation and compared these against the
FTIR-derived trends and seasonality. This was the primary focus of Chapter 6. The key results of
each of these studies, as well as their scientific significance in the context of the objectives of this

thesis are discussed in the following subsections.

7.1 Validation of TROPOMI CO Measurements Over the

High Arctic

7.1.1 Summary

Chapter 4 describes the global inter-comparisons of the TROPOMI CO product with ACE-FTS
measurements, as well as the localized comparisons in the Arctic of both satellite instruments against
the ground-based PEARL-FTS dataset. A methodology was developed enabling the comparisons of
the TROPOMI CO column product against the measured ACE-FTS profiles, and a total of 5955
unique collocations between these two satellite instruments over the period of 28 November 2017 to
31 May 2020 were analyzed. The agreement between TROPOMI and ACE-FTS was investigated
in five latitude bands: the north Polar region (60° N to 90° N), the northern Mid-latitudes (20° N
to 60° N), the Equatorial region (20° S to 20° N), the southern Mid-latitudes (20° S to 60° S), and

the south Polar region (60° S to 90° S). A latitudinal dependence on the mean biases was observed,
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with the positive mean biases in the north and south Polar regions (7.93 +0.61% and 7.21 + 0.52%,
respectively), and a negative mean bias of —9.41 +0.55% in the Equatorial region. The influence of
cloud contamination in the TROPOMI CO dataset and the impacts of averaging kernel smoothing
on the comparisons with ACE-FTS was also investigated. Clear-sky pixels were found to be biased
higher, with poorer correlations on average than the clear+cloudy scenes and cloud-covered scenes,
suggesting that the TM5 reference profile shape used in the TROPOMI CO retrieval can have a
measurable impact on the TROPOMI columns in the comparisons. The latitudinal dependence of
the biases was found to be present in both the unsmoothed and smoothed cases, and the magnitude
of the observed mean biases exceeds the ACE-FTS retrieval uncertainties of 5% in all latitude regions
except the northern Mid-latitudes. However, despite the observed biases, strong correlations in the
range of R = 0.93 to R = 0.86 were found between the TROPOMI and ACE-FTS CO data products
across all latitude bands indicating robust agreement between these two instruments.

To complement the global comparisons of TROPOMI and ACE-FTS and to provide additional
context to the observed biases at high latitudes, both satellite data products were compared against
smoothed CO measurements from the PEARL-FTS at Eureka. A total of 1875 collocations between
the PEARL-FTS and TROPOMI were processed in the period of 3 March 2018 to 27 March 2020,
and a strong correlation of R = 0.88 was found between the two datasets, however a mean positive
bias of 14.7 +0.16% was also observed, which was consistent with the validation efforts of
( ). Lastly, a partial column comparison between the ACE-FTS and PEARL-FTS data products
was performed, with a total of 3015 unique collocations analyzed between the period of 25 February
2007 to 18 March 2020. These partial column comparisons showed good agreement between the
PEARL-FTS and ACE-FTS partial columns, with a correlation coefficient of R = 0.79, and a mean
positive bias of 7.8940.21% in ACE-FTS with respect to the PEARL-FTS. These results were found
to be consistent with the earlier validation results of ( ). In general, the magnitude
and direction of the mean biases was consistent across all intercomparisons, suggesting that the
TROPOMI CO product exhibits a high bias in the high-Arctic region consistent with the results of

( ). However, the mean relative differences fall within the TROPOMI mission accuracy
requirements for the CO product of £15%, indicating that the data quality of the CO product in

these high-latitude regions meets the specifications.
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7.1.2 Significance

The inter-comparisons of the TROPOMI CO product builds upon earlier satellite validation studies
involving the PEARL-FTS by ( ) and ( ). A methodology was
developed based upon the work by ( ) enabling the comparison of the TROPOMI
data product against the partial column product of ACE-FTS, and this methodology was employed
to perform a global comparison of these data products. This study supports the results of the
broader ground-based validation work by ( ), and demonstrates the superb data
quality and accuracy of the TROPOMI instrument, and underscores the fact that this valuable
dataset could be applied to studies of CO in the high-Arctic region. This study also serves to verify
the previously observed agreement between the PEARL-FTS and ACE-FTS CO data products,

which were validated for earlier versions of the data products by ( ).

7.2 The August 2017 Canadian Wildfires

7.2.1 Summary

Chapter 5 investigates the enhancements of CO, CoHy, CH3OH, HCOOH and PAN observed by
the TASI satellite instruments and the ground-based PEARL-FTS resulting from the August 2017
Canadian wildfires in British Columbia and the Northwest Territories. The August 2017 wildfires led
to the largest observed short-term perturbations in the total column concentrations of PAN, CoHy,
and HCOOH in the 2006-2020 time-series of PEARL-FTS measurements. The TASI instruments
were found to observe a similar temporal pattern in the measured enhancements at Eureka but
smaller total columns of most species on average relative to the PEARL-FTS, which can likely be
attributed to the lower overall sensitivity of the IASI retrievals at high latitudes as a result of the
low thermal contrast in the region. Enhancement ratios, emission ratios, and emission factors for all
species relative to CO were calculated from both PEARL-FTS and IASI measurements. The derived
emission factors for PAN and CH30H were found to be in good agreement between the PEARL-
FTS, TASI, and previous studies, while those for CoHy and HCOOH, particularly those derived
from the PEARL-FTS, are significantly larger than previously reported in the literature. These
findings suggest higher than expected emissions of CoHy and HCOOH from the British Columbia
and Northwest Territories wildfires.

The wildfires and the subsequent plume transport to Eureka were simulated using the GEOS-

Chem model. When using the default biomass burning emissions injection scheme, the model pro-
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duces a severe transport error resulting in a poor representation of the observed enhancements and
weak correlations with PEARL-FTS and IASI measurements in the vicinity of Eureka. It was found
that by modifying the injection height scheme, and injecting the wildfire emissions directly into
higher model levels, GEOS-Chem was able to reproduce the plume transport and the observed en-
hancements much more accurately, and displayed greatly improved correlations with observations at
Eureka. CO and PAN were also used as tracer species for the fire plumes, and model sensitivity tests
were performed to determine the appropriate injection heights for the fires, finding that injection
heights of 12.5 km for the British Columbia fires (based on ( ) and

( )), and 10 km for the Northwest Territories fires, produced the strongest correlations with
PEARL-FTS measurements at Fureka for CO and PAN.

Additionally, GEOS-Chem was used to investigate the fraction of the enhanced CH30H and
HCOOH total columns at Eureka that could be attributed to secondary in-plume production. It
was found that the effect of secondary production was minimal for CH3OH (approximately 3% of the
enhanced total columns), however for HCOOH secondary production was a significant component
(approximately 18%) of the maximum enhanced total columns at Eureka. The HCOOH emission
factors derived from the PEARL-FTS and IASI were corrected to account for this secondary pro-
duction component, however, a significant discrepancy with the values previously reported in the
literature was still found. These findings further support the conclusions that there were unusually

large emissions of HCOOH from the August 2017 Canadian wildfires.

7.2.2 Significance

The August 2017 Canadian wildfires were an exceptional biomass burning event, and led to the
largest observed enhancements in the total columns of PAN, CoHy, and HCOOH over the 2006—
2020 PEARL-FTS time-series. This study builds upon the earlier work by ( ), who
investigated the enhancements of CO, CoHg, HCN and NHj3 at Eureka resulting from these same
fires. The enhancement ratios, emission ratios, and emission factors of CoH4, CH30H, HCOOH,
and PAN calculated from the PEARL-FTS and TASI datasets are a contribution to the relatively
sparse literature of boreal wildfire emissions, and they highlight the unusually high emissions of
CyoH4 and HCOOH from these fires. Furthermore, this study was also the first to employ the new
TASI neural network PAN and CoH, products to investigate biomass burning enhancements. Lastly,
areas for improvement in the GEOS-Chem model have been suggested, particularly with regards

to the injection scheme for biomass burning emissions. A simple methodology for estimating and
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modeling the biomass burning emissions of species which are absent from the GFAS inventory has
also been outlined, an approach which was later applied on a larger scale in GCHP for the study in
Chapter 6. In general, the results of this study emphasizes that biomass burning is likely to become
an increasingly large component of the budgets and annual cycles of short-lived reactive VOCs at
high northern latitudes. The impacts that these transient wildfire-driven reactive VOC injections
may have on the high-Arctic environment and atmosphere should be investigated in further depth

in future studies.

7.3 Long-term Trends in Arctic Tropospheric Pollutants

7.3.1 Summary

Chapter 6 presents the long-term trends and seasonality of CO, CoHs, CoHy, CoHg, CH3OH,
HCOOH, H,CO, and PAN in the North American high-Arctic region estimated from the total
column time-series of two Arctic ground-based FTIRs at Eureka, Nunavut (2006-2020) and Thule,
Greenland (1999-2022). Good consistency in the measured seasonal cycles was found for all gases
between the two Arctic FTIR sites, and the influence of transported biomass burning plumes is ob-
served to varying degrees in all species. Decreasing trends consistent with the literature were found
for CO and CyH,, with slopes of —1.10 % yr—! and —2.57 % yr~! at Eureka, and —0.89 % yr—!
and —1.61 % yr~! at Thule (enhancement-removed trends). A decreasing trend in CH3OH was
detected of —0.57 % yr~! and —1.64 % yr~! at Eureka and Thule, respectively. A decreasing trend
in HCOOH was found at Eureka of —2.98 % yr—!, but no trend was seen at Thule. Increasing trends
were detected for CoHg and HoCO of 0.98 % yr~! and 1.80 % yr—! at Eureka, and 0.61 % yr—!
and 0.98 % yr~! at Thule. A clear increasing trend in PAN was found at Eureka of 2.13 % yr—!
and no trend was observed in CsHy there, but the Thule PAN and CoH, time-series were too short
(2015-2022) to reliably discern trends in these gases at that site.

To complement the ground-based FTIR observations and to evaluate the capabilities of the
novel GEOS-Chem High Performance CTM in the high Arctic, a global C48 (approximately 2°x2.5°
horizontal resolution) simulation was performed covering the period of 2003-2021 using version
14.1.1 of the model. The seasonal cycles and long-term trends of CO, CoHs, CoHy, CoHg, CH3OH,
HCOOH, H,CO, and PAN were calculated from the GEOS-Chem simulation applying the same
methodology as for the FTIR datasets, and the simulated intra- and inter-annual variability were

evaluated against the FTIR-derived seasonal cycles and trends at Eureka and Thule. GEOS-Chem



CHAPTER 7. CONCLUSIONS AND FUTURE WORK 174

was found to generally reproduce the shape of the FTIR-observed seasonal cycles, however significant
measurement-model biases were found for some of the trace gases, with the GEOS-Chem total
column concentrations being biased low on average at the two sites relative to observations for all
species.

CO, CyHs,, CoHg, and HoCO were found to be well-correlated with the FTIR observations with
small to moderate biases ranging from —5.5% (CO at Eureka) to —47.6% (CeHs at Thule). HCOOH
was found to be moderately correlated with the FTIR observations at Eureka and Thule, with mean
relative biases of —36.7% and —7.9%, respectively. The simulated CoHy and PAN total columns were
found to have poor agreement with the FTIR-measured columns at Thule, but better agreement at
Eureka, which may be attributed to the shorter time-series of measurements at Thule (2015-2022
versus 20062020 at Eureka). GEOS-Chem simulated CH3OH columns were found to display a very
large bias on the order of —70% relative to the FTIR measurements at both Arctic sites, possibly
suggesting that there are missing local sources or unknown chemical pathways which are not being
captured in the model. The modeled trends show broad consistency with the FTIR-derived trends for
CO (modeled trends of —0.85% yr~! at Eureka, and —0.86% yr~! at Thule), CoHy (Eureka: —1.95%
yr=%, Thule: —1.71% yr~!), and CH30H (Eureka: —0.43% yr~!, Thule: —0.20% yr—!). However,
opposing trends were found in the model relative to the FTIRs for CoHg (Eureka: —0.16% yr—!,
Thule: —0.28% yr~!) and PAN (Eureka: —0.83% yr—!, Thule: —0.58% yr—!), and no statistically
significant trend was found for HyCO despite positive trends being observed in the FTIR total
columns at Eureka and Thule. It was found that many of the discrepancies between the measured
and modeled trends can be attributed to errors or underestimations in the emissions inventories used

by the model.

7.3.2 Significance

As it stands, measurements of many of these reactive tropospheric trace gases are extremely sparse
in the high-Arctic region, and very few studies have evaluated the trends of most of these species
both globally and in the Arctic. Although satellite instruments exist that can be used to retrieve
many of these gases (e.g., IASI, TES, and CrIS), they often encounter difficulties when measuring
over these high-latitude regions due to issues with poor thermal contrast. As a result, ground-based
FTIR observations are vital for the measurement and monitoring of these trace gases in the Arctic
region over long time-scales. Understanding the long-term trends of these reactive tropospheric gases

can aid in predicting future changes and impacts on the sensitive Arctic climate, environment, and
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atmosphere. This study is the first to present long-term trends (> 10 years) of CoHs, CoHy, CH3;0H,
HCOOH, and PAN derived from ground-based FTIR measurements in the high Arctic. Additionally,
most global chemical transport models are not well-validated in the Arctic due to the dearth of
reliable observations in the region. This study is the first to evaluate the performance of GCHP
against Arctic ground-based observations, and in Chapter 6, several suggestions are provided for
improvements that could be made in current or future versions of the model to improve the simulation
of these reactive trace-gases and enhance agreement with the ground-based FTIR observations at

high latitudes.

7.4 Future Work

Improving the quality and quantity of measurements from the PEARL-FTS is a continuous effort
that has been carried out by a long line of graduate students since the instrument was installed
at PEARL in July 2006. There are several suggestions on ways in which the FTIR measurements
at PEARL could be improved, namely enhancing the automation of the measurement system to
reduce the amount of input required from on-site operators. A few suggestions that could improve

the operation of the instrument are:

1. Improvements to the solar tracker: Currently the sun-tracker camera is mounted below the
45° input mirror outside of the instrument. However, the current placement of the camera
may be prone to tracking issues over time as it does not take into account the position of
the solar beam on the input aperture. This exact issue had occurred in early 2023, when the
physical position of the solar tracker itself had changed due to sag of the support base, leading
to the solar beam no longer filling the first off-axis parabolic mirror and not being centered on
the input aperture. Placing the sun-tracker camera inside the source compartment, and using
position of the solar beam on the aperture as the center-point of the Sun would negate this
issue. The Bruker-made solar trackers and CamTracker software currently use this approach

with generally favorable results.

2. Enhancing the automation of the system: As it currently stands, a high degree of on-site
support is required for mid-infrared measurements with the PEARL-FTS, including manu-
ally cooling the detectors with liquid nitrogen each day before measurements commence and
swapping the beamsplitter for switching between mid- and near-infrared measurements. An

automatic liquid nitrogen fill-system connected to a large LNs dewar could be installed, al-
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lowing the detectors to be cooled remotely and greatly reducing the amount of input required
from on-site operators. Additionally, extended range KBr beamsplitters have been undergoing
testing recently within the NDACC-IRWG and TCCON networks, which would allow a single
beamsplitter to be used for both NDACC and TCCON measurements. Example results of
an extended range KBr beamsplitter were presented at the 2023 NDACC-COCCON-TCCON
meeting in Spa, Belgium and it showed promise for both NDACC and TCCON solar mea-
surements. The implementation of an automatic LNs fill-system and an extended range KBr
beamsplitter would allow the PEARL-FTS to be run almost fully remotely in mid-infrared

mode, only requiring personnel to refill the LN, dewar approximately once per week.

3. Improvements to the sun-tracker dome: The solar-tracker Robodome and suntracker system
have been encountering a slew of mechanical and software issues in recent years, leading to a
high degree of unreliability when operating the instrument and sun-tracker remotely. These
issues include wear on the Robodome plastic tracks leading to issues opening and closing the
dome, and unresponsiveness when issuing open/close commands (i.e., a dome open command
will be issued from the Trax software and the software will report that the dome is open, but
it is in-fact still closed). One issue with the current Robodome is that the open/close logic
is extremely simple, and there is no feedback to the Trax software on whether the dome is
physically open or closed. To aid in remote operation of the dome, we installed an upward-
facing webcam in July 2023, allowing a remote operator to confirm the physical status of the
dome. Ideally, the Robodome would be replaced with a more mechanically reliable system at
some point in the future, but this would likely require a re-working of the Trax software which

may be a large effort.

In addition to improvements to the PEARL-FTS measurement system, there are some suggestions
for avenues of future work based on the work presented in the chapters of this thesis. In Chapter
3, new retrievals of CoHy and PAN were presented, and although some unsuccessful efforts were
made to implement and test the PAN retrievals for the University of Toronto Toronto Atmospheric
Observatory (largely owing to the greater interference from water vapor there), the retrieval of CoHy
could possibly be tested and implemented for this site. Additionally, the full suite of Eureka FTIR
retrievals will need to be re-processed using the new WACCMv7 a priori generated for the NDACC-
IRWG (which is a 60-year average of the period of 1980-2040), and new spectroscopic line-lists
(HITRAN 2020 or ATM20). This process has already started for several species, and the new line-
lists and WACCM a priori have been tested for CoHg, CIONOo, HCI, HF, and HNO3 with generally
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favorable results, however a future graduate student will need to complete the re-processing efforts.

The comparisons between the PEARL-FTS, ACE-FTS, and TROPOMI CO data products pre-
sented in Chapter 4 could be repeated for the new version 2 TROPOMI CO processor that is
described in ( ) to verify that the latitudinal dependence of the biases has been
ameliorated. Additionally, there are potential avenues for applying the methodology to perform com-
parisons of ACE-FTS measurements with other TROPOMI data products, and possibly datasets
from other nadir-sounding satellite instruments. Building upon the work presented in Chapter 5,
FTIR measurements made during the August 2017 fire event from the TCCON site located at
East Trout Lake, Saskatchewan (54.35° N, 104.98° W) could be incorporated into the analysis. The
EnhRs, ERs, and EFs could be calculated from the measurements at East Trout Lake and compared
with those derived at Eureka, possibly providing an interesting perspective on the aging of these
wildfire smoke plumes and a more accurate quantification of the true ERs as these measurements
were made much closer to the source of the fires.

Based on the GEOS-Chem results presented in Chapter 5 and Chapter 6, it is clear that there
is room for improvement in certain aspects of the model. One area of the model in particular which
could be improved is the biomass burning injection height scheme. An improved injection height
scheme for GEOS-Chem was described by ( ) which showed significant improvements
relative to observations for CO and PAN, however this scheme was never implemented into the main
branch of the GEOS-Chem model. Implementing an improved scheme similar to that described by

( ) would likely greatly improve the representation of boreal wildfires in the model,
which tend to inject smoke much higher into the atmosphere than fires at lower mid-latitudes and
in the tropics. Furthermore, based on the findings in Chapter 6, it is a possibility that the emissions
of many of the tropospheric species (most notably CoHy, CH3OH and PAN precursors) are underes-
timated in the current emissions inventories. Further work could be done to determine appropriate
scaling factors to reduce the measurement-model biases that were observed. This could be done
using either forward model sensitivity tests, or an inverse modeling approach. Additionally, the
emissions of CoHg implemented in the model show room for improvement. The
( ) emissions inventory (currently the default option) does not contain any seasonal variability
outside of North America and no inter-annual variability in the emissions, meanwhile the alterna-
tive CEDSv2 inventory solves the problems of the Tzompa-Sosa inventory but displays a significant
underestimation in terms of the magnitude of the CoHg emissions. As a simple ad hoc solution,
the CEDSv2 inventory could be regionally scaled up to match the magnitude of the Tzompa-Sosa

inventory in the year of 2010, which would preserve the magnitude of the emissions but also capture
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the appropriate intra- and inter-annual variability of the emissions. If improvements are made to the
emissions in GEOS-Chem, another long GCHP simulation could be performed and the agreement

with the FTIR observations at the Arctic sites could be re-evaluated.
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Figure A.1: An example spectral fit of CO and interfering species in the three fitting microwindows
for a PEARL-FTS measurement taken during the wildfire enhancement event on 19 August 2017.
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Figure A.2: An example spectral fit of CH3OH and interfering species in the two fitting microwindows
for a PEARL-FTS measurement taken during the wildfire enhancement event on 19 August 2017.
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Figure A.3: An example spectral fit of HCOOH and interfering species in the two fitting microwin-
dows for a PEARL-FTS measurement taken during the wildfire enhancement event on 19 August

2017.
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Figure A.4: Total column time series of (a) CO, (b) PAN, (c) C2H4, (d) CH3;OH, and (e) HCOOH
retrieved from the PEARL-FTS at Eureka for the period of 2006-2020. Measurements from each
year are plotted in differing colors and marker styles to better highlight previous enhancements and

anomalies.
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Figure A.5: Time series of daily-averaged CoHy total columns retrieved from a ground-based Bruker
120HR FTIR at Jungfraujoch, Switzerland (46.55° N, 7.98° E, 3580 m a.s.l) for the period of 2010—
2020. The daily mean corresponding to 20 August 2017 is highlighted. Data courtesy of Emmanuel
Mabhieu.
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Figure A.6: Enhancement ratios derived from IASI-A and TASI-B hourly-averaged measurements
near Eureka of PAN, Co;H,, CH30H, and HCOOH relative to CO during the fire-affected period
of 17 to 23 August 2017. Data points are colored based on the day on which the measurements
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fire-affected measurements are shown in the upper left of each panel.
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Figure A.9: Simulated GEOS-Chem CO (left) VMR profiles, and (right) partial column profiles at
Eureka (i.e., within the 2°x2.5° gridbox encompassing the FTIR site) for each day during the August
2017 fire period from the simulation with a 10km injection height for the NWT fires and 12.5 km
injection height for the BC fires. The mean of the GEOS-Chem profiles during the fire period is
included as a blue dash-dotted line, and the mean FTIR CO profiles calculated over the same period
are included as a black dashed line.
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Figure B.1: Mean (1999-2022) Thule VMR averaging kernels for (a) CO, (b) CaHa, (c) CoHy,
(d) C3Hg, (e) CH30H, (f) HCOOH, (g) HoCO, and (h) PAN. Note for CH3OH these are means
calculated over 2011-2022, and for CoHy and PAN these are means calculated over 2015-2022.
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Figure B.2: Mean (1999-2022) Thule total column averaging kernels and retrieval sensitivity for
(a) CO, (b) CoHa, (c) CyHy, (d) CoHg, (e) CH30H, (f) HCOOH, (g) HoCO, and (h) PAN.
The black and red shaded areas denote one standard deviation from the means. Note for CH;0OH
these are means calculated over 2011-2022, and for CoH4 and PAN these are means calculated over
2015-2022.
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Figure B.3: The Global Fire Emissions Database version 4.1 (GFASv4.1; Van Der Werl et al., 2017)
basis region map used to distribute the emissions of CoHs and HCOOH in GFASv1.2 as described
in Sect. 6.2.2. Figure obtained from https://www.globalfiredata.org/data.html.
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GCHP v14.1.1 - August 2017 GFAS HCOOH Emissions
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Figure B.4: (Top) A map of the estimated mean HCOOH emission flux for August 2017 derived
using the method described in Sect. 6.2.2, and (bottom) a map of the scaling factors applied to the
GFASv1.2 CO fields to estimate the HCOOH emissions.
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Figure B.5: Fourier series fit residuals of (a) CO, (b) CyHs,, (c) C2Hy, (d) C2Hg, (e) CH3O0H, (f)
H,CO, (g) HCOOH, and (h) PAN for Eureka for the period of 2006-2020.
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Figure B.7: Correlation plots comparing GCHP-simulated daily mean total columns with daily mean
retrieved total columns for (a) CO, (b) C2Ha, (c) C2Hy, (d) C2Hg, (e) CH30H, (f) HCOOH, (g)
H,CO, and (h) PAN at Eureka in the period of 2006-2020. The number of paired days (N),
the Pearson correlation coefficient (R), the mean relative bias (u), and the mean relative standard
deviation of the GEOS-Chem columns (o) are provided in the bottom right of each panel.



APPENDIX B. SUPPLEMENTAL FIGURES FOR CHAPTER 6

N o 1el8 (a) CO

—— y =(0.819 + 0,014)x + 7.48e+16
- xlo

»
=)

w
w

1

€

19

19

Q

o

E 3.0 1:1

£25

3

320

©

£ 15

'_ -

€1.0¢1

[

e

Uos

W\

Q 0.0

G7Y 125 150 175 200 225 250 275 3.00 325
FTIR Total Column [molec cm~2] lel8

T lels (c) CoH,4

g 71 —— y =(0.085 + 0.016)x + 5.76e+13

19

@ P——- H

3 +10

1S 1:1

— 5

e

€4

B [ ]

© 3 .

8

° 2 . .

£ N =633

- = .

9 o L =-8271%

n L 0 =557%

Q-1

& ) 1 2 3 4 5 6

7
FTIR Total Column [molec cm~2] lel5

1el6 (e) CH5OH
5/ —— y=(0.172 + 0.007)x + 1.74e+15
—-—- xlo
4 1:1
3

N

=

o

GEOS-Chem Total Column [molec cm™2]

3 3 2
FTIR Total Column [molec cm~2]

5 1lel5 (g) H,CO
—— y =(0.486 = 0.011)x + 2.54e+14
4l £lo
1:1

w

N

i

o

GEOS-Chem Total Column [molec cm™2]

FTIR Total Column [molec cm~2]

IS o ©

GEOS-Chem Total Column [molec cm™2]
N

520

2.0

15

1.0

0.5

0.0

GEOS-Chem Total Column [molec cm~2]

e B = N N W
. o U» o u o

GEOS-Chem Total Column [molec cm~2]
o
o

o

w

198

lels (b) C,H,
Yy =(0.807  0.011)x + -6.72e+14
1 |

0 1 2 3 ) 5 6 7 8
FTIR Total Column [molec cm~2]

lel6 (d) C;Hg
—— y =(0.738 £ 0.009)x + 2.07e+14
+1lo e
1:1 e -

. N = 1391
- R =091
U =-251%
o=13.9%
1.0 15 2.0 2.5 3.0 3.5

FTIR Total Column [molec cm~2]

lel6 (f) HCOOH
—— y =(0.181 £ 0.007)x + 7.63e+14
- %10
1:1
P .2l
—=—r °
o —-R=056
U =-36.7%
e 0 =160.9%
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
FTIR Total Column [molec cm~2] 1lel6
lel6 (h) PAN
—— y =(-0.002 £ 0.009)x + 2.71e+15
- %10
1:1
N = 460
R=-0.01
0=53.5%
0.0 0.5 1.0 1.5 2.0 25 3.0

FTIR Total Column [molec cm~2] 1el6

Figure B.8: Correlation plots comparing GCHP-simulated daily mean total columns with daily mean
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Pearson correlation coefficient (R), the mean relative bias (p), and the mean relative standard
deviation of the GEOS-Chem columns (o) are provided in the bottom right of each panel.
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Figure B.11: Fourier series fit residuals of the GEOS-Chem simulated total columns of (a) CO, (b)
CyHa,, (c) CoHy, (d) C2Hg, () CH50H, (f) H2CO, (g) HCOOH, and (h) PAN for Eureka for the
period of 2006-2020.
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Figure B.12: Fourier series fit residuals of the GEOS-Chem simulated total columns of (a) CO, (b)
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period of 2003-2021.
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Figure B.13: Time-series plots of CoHg emissions generated using the HEMCO Standalone module

for (a) Asian emissions using the Tzompa-Sosa et al. (2

017) (T-S) inventory, (b) Asian emissions

using the CEDSv2 inventory, (c) North American emissions using the Tzompa-Sosa et al. (2017)
inventory, (d) North American emissions using the CEDSv2 inventory. Here Asia is roughly defined
as the region bounded by 20° N-70° N, 60° E-180° E, and North America as the region bounded by

20° N-70° N, 55° W-170° W.
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Figure B.15: Fourier series fit to GEOS-Chem simulated HoCO partial columns and the correspond-
ing trendlines for (a) the full troposphere, (b) the lower troposphere, (c¢) the free troposphere, and
(d) the stratosphere to the top of the atmosphere (TOA) at Eureka. Here the full troposphere
is defined as the surface to the tropopause, the lower troposphere as the surface to the planetary
the upper troposphere as the planetary boundary layer to the tropopause, and the

TOA as the tropopause to the top of the model grid.
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and (d) the stratosphere to the top of the atmosphere (TOA) at Thule. Here the full troposphere
is defined as the surface to the tropopause, the lower troposphere as the surface to the planetary
boundary layer, the upper troposphere as the planetary boundary layer to the tropopause, and the
stratosphere to TOA as the tropopause to the top of the model grid.
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