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Abstract. We present a multiyear time series of col-
umn abundances of carbon monoxide (CO), hydrogen
cyanide (HCN), and ethane (C2H6) measured using Fourier-
transform infrared (FTIR) spectrometers at 10 sites affiliated
with the Network for the Detection of Atmospheric Com-
position Change (NDACC). Six are high-latitude sites: Eu-
reka, Ny-Ålesund, Thule, Kiruna, Poker Flat, and St. Pe-
tersburg, and four are midlatitude sites: Zugspitze, Jungfrau-
joch, Toronto, and Rikubetsu. For each site, the interannual
trends and seasonal variabilities of the CO time series are
accounted for, allowing background column amounts to be
determined. Enhancements above the seasonal background
were used to identify possible wildfire pollution events. Since
the abundance of each trace gas emitted in a wildfire event
is specific to the type of vegetation burned and the burning
phase, correlations of CO to the long-lived wildfire tracers
HCN and C2H6 allow for further confirmation of the detec-
tion of wildfire pollution. A GEOS-Chem tagged CO sim-

ulation with Global Fire Assimilation System (GFASv1.2)
biomass burning emissions was used to determine the source
attribution of CO concentrations at each site from 2003 to
2018. For each detected wildfire pollution event, FLEXPART
back-trajectory simulations were performed to determine the
transport times of the smoke plume. Accounting for the loss
of each species during transport, the enhancement ratios of
HCN and C2H6 with respect to CO were converted to emis-
sion ratios. We report mean emission ratios with respect to
CO for HCN and C2H6 of 0.0047 and 0.0092, respectively,
with a standard deviation of 0.0014 and 0.0046, respectively,
determined from 23 boreal North American wildfire events.
Similarly, we report mean emission ratios for HCN and C2H6
of 0.0049 and 0.0100, respectively, with a standard devia-
tion of 0.0025 and 0.0042, respectively, determined from 39
boreal Asian wildfire events. The agreement of our emis-
sion ratios with literature values illustrates the capability
of ground-based FTIR measurements to quantify biomass
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burning emissions. We provide a comprehensive dataset that
quantifies HCN and C2H6 emission ratios from 62 wildfire
pollution events. Our dataset provides novel emission ratio
estimates, which are sparsely available in the published liter-
ature, particularly for boreal Asian sources.

1 Introduction

The Arctic is a major receptor for pollution from midlatitude
regions (Stohl et al., 2006; Law and Stohl, 2007; Shindell
et al., 2008). Boreal wildfires are well known to have consid-
erable impacts on the Arctic atmosphere and climate (Amiro
et al., 2009; Warneke et al., 2009). In the Northern Hemi-
sphere, boreal wildfires are a dominant source of particulate
and trace gas emissions, brought on by persistent warm and
dry conditions resulting in increased fire risk and ignition
from lightning. Periods of both greater fire risk and light-
ning activity are expected to occur with increasing frequency
at northern high latitudes as a result of anthropogenically in-
duced climate change (Krause et al., 2014; Veraverbeke et al.,
2017). The magnitude and intensity of boreal wildfire activ-
ity are also projected to increase with future climate change
(Amiro et al., 2009; Westerling et al., 2006; Flannigan et al.,
2009; Wotton et al., 2010; Boulanger et al., 2014).

Boreal wildfires contribute to the emission of a large num-
ber of reactive trace gas species, including volatile organic
compounds (VOCs), which promote the production of tro-
pospheric ozone (O3) and the formation of aerosols (Jaffe
et al., 1999; Jaffe et al., 2004; Parrington et al., 2013; Went-
worth et al., 2018) and therefore negatively impact air qual-
ity. Emissions of these species remain highly uncertain as a
result of the dependence of emissions on fuel types and com-
bustion conditions (Andreae and Merlet, 2001; Akagi et al.,
2011; Andreae, 2019); emissions from a particular event are
strongly influenced by local meteorology, which has a di-
rect influence on the burning phase and the emission of each
species (Yokelson et al., 1996, 1999, 2003; Goode et al.,
1999, 2000). Additionally, these reactive species may have
lifetimes that range from days to weeks, which may be long
enough for them to undergo long-range transport to the Arc-
tic. Furthermore, these species may have secondary sources
within a smoke plume, while the injection of a smoke plume
into the free troposphere may further extend their lifetime.
Therefore it is necessary to measure the concentrations of
these reactive trace gas species downwind in order to predict
their influence on a global scale.

Quantifying the influence of biomass burning on the Arc-
tic atmosphere requires long-term dedicated measurements
of the transported emissions in the Arctic. The Arctic is a dif-
ficult region to study as a result of the lack of dedicated mea-
surement stations. Ground-based solar-absorption Fourier-
transform infrared (FTIR) spectrometers have proven to
be a useful tool for quantifying trace species abundances.

The Network for the Detection of Atmospheric Composi-
tion Change (NDACC; http://www.ndacc.org, last access:
18 May 2020; De Mazière et al., 2018) provides a global net-
work of FTIR instruments that routinely measure the biomass
burning tracers CO, hydrogen cyanide (HCN), and ethane
(C2H6), in addition to a multitude of other trace gas species.
The FTIR instruments of NDACC have previously been uti-
lized to study biomass burning emissions. Zhao et al. (1997,
2000, 2002) identified Asian and Siberian biomass burning
sources as a major contribution to the measured concen-
trations of CO, HCN, and C2H6 from ground-based FTIR
measurements in Rikubetsu (43◦ N, 143◦ E), Japan. Paton-
Walsh et al. (2004, 2005, 2010) used solar-absorption FTIR
measurements in Australia (Darwin, 34◦ S, 150◦ E; Wol-
longong, 34◦ S, 150◦ E) to quantify emissions of various
trace gas species from Australian wildfires. Vigouroux et al.
(2012) examined the influence of biomass burning in south-
ern Africa and Madagascar on FTIR measurements of HCN,
C2H6, acetylene (C2H2), methanol (CH3OH), and formic
acid (HCOOH) at Réunion (21◦ S, 55◦ E) located in the In-
dian Ocean.

More recently, FTIR measurements in the Arctic have
proven to be particularly useful, providing observational cov-
erage of trace gas species where measurements from other
platforms are scarce or nonexistent. Viatte et al. (2013) iden-
tified enhancements of CO, HCN, and C2H6 in FTIR mea-
surements at Eureka (80◦ N, 86◦W), Canada, that were at-
tributed to the 2010 Russian wildfires. A subsequent study
by Viatte et al. (2014) demonstrated the utility of FTIR spec-
trometry in measuring the biomass burning species acety-
lene (C2H2), methanol (CH3OH), formic acid (HCOOH),
and formaldehyde (H2CO) at Eureka. Analogous retrievals
of these species were also performed for measurements from
a second high-Arctic site at Thule (77◦ N, 69◦W), Green-
land, and emission ratios and emissions factors were derived
for these species from FTIR measurements at both Thule
and Eureka by Viatte et al. (2015). Measurements of am-
monia (NH3) by solar-absorption FTIR spectrometry was
first demonstrated by Paton-Walsh et al. (2004) and later by
Dammers et al. (2015). Lutsch et al. (2016) provided the
first measurements of NH3 in the high Arctic and determined
emission ratios and emission factors for the 2014 Northwest
Territories wildfires of Canada. The contribution of 2017
Canadian wildfires to NH3 in the Arctic was examined us-
ing FTIR measurements at Eureka and Thule by Lutsch et al.
(2019). The results of these studies highlight the ability of
FTIR spectrometry to measure a number of trace gas species,
many of which are difficult to assess using satellite-based
or other platforms. Furthermore, the ability of ground-based
FTIR instruments to measure a variety of trace gas species
over a long-term time period is particularly useful in order to
investigate composition of transported wildfire plumes.

These previous studies have illustrated the ability of FTIR
measurements to quantify biomass burning emissions by de-
termining the emission ratios and emission factors of vari-
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ous trace gas species. Accurate emission ratios and emission
factors are required to simulate biomass burning in chem-
ical transport models; however, previously reported values
are highly variable (Andreae and Merlet, 2001; Akagi et al.,
2011; Andreae, 2019, and the references therein) as a result
of the natural variability of emissions as well as possible dis-
crepancies in sampling methods.

Each of these previously mentioned FTIR studies have
only considered individual events or events that occurred
in a short time series. Measurements using FTIR spectrom-
etry have been routinely made since the mid-1980s (Zan-
der et al., 2008), and the number of measurement sites has
increased since the inception of the Network for the De-
tection of Stratospheric Change (NDSC; Kurylo, 1991) in
1991, which has been formally known as NDACC since 2005
(De Mazière et al., 2018). Several global FTIR sites have
been measuring the biomass burning tracers CO, HCN, and
C2H6 over the last 2 decades. Yurganov (2004) identified en-
hanced CO columns in 1998 using FTIR measurements at
several northern midlatitude to high-latitude NDACC FTIR
sites from 1996 to 2002. The 1998 CO anomaly was at-
tributed to Siberian wildfires. A similar study by Yurganov
et al. (2005) examined the 2002 and 2003 CO anomalies
from Siberian wildfires using satellite-based, in situ, and
FTIR measurements in the Northern Hemisphere. Currently,
no study has explicitly examined the long-term and interan-
nual variability of biomass burning species using FTIR mea-
surements.

In this paper, the influence of wildfires on atmospheric
composition from 2003 to 2018 is examined using FTIR
measurements of multiple trace gas species from three high-
Arctic NDACC sites: Eureka, Canada; Ny-Ålesund, Nor-
way; and Thule, Greenland. Three Arctic sites are also in-
cluded: Kiruna, Sweden; Poker Flat, Alaska; and St. Pe-
tersburg, Russia. Additional measurements are obtained at
four midlatitude sites: Zugspitze, Germany; Jungfraujoch,
Switzerland; Toronto, Canada; and Rikubetsu, Japan. Poten-
tial wildfire pollution events are first identified in the CO
time series at each site through the detection of anomalous
enhancements of CO. For the CO enhancements detected at
each site, enhancement ratios of HCN and C2H6 with re-
spect to CO are calculated. Since CO, HCN, and C2H6 are
co-emitted from biomass burning sources, a linear correla-
tion for the enhancement ratios of HCN and C2H6 indicates
wildfire pollution events. The detection of wildfire pollution
at each site was further confirmed using total aerosol opti-
cal depth (AOD) measurements from adjacent AERONET
(Aerosol Robotic Network) sites. A GEOS-Chem tagged CO
simulation from 2003 to 2018 was performed to identify the
source attribution for the detected events at each FTIR site in
addition to quantifying the contribution to CO from various
biomass burning source regions.

This paper quantifies the impact of more than 60 detected
wildfire events, on six Arctic sites and four midlatitude sites
using FTIR measurements of multiple trace gas species. In

addition to replicating published emissions ratios, we pro-
vide, for the first time, a comprehensive set of emission
ratios for HCN and C2H6 across multiple wildfire events.
The reported emission ratios comport with published val-
ues, demonstrating the ability of FTIR spectrometry to cap-
ture wildfire plumes, as well as provide much needed longer-
term estimates of emissions ratios and their variability. Fur-
thermore, we identify and characterize the contribution of
biomass burning to CO measurements specifically at each
FTIR site.

The structure of this paper is summarized as follows. Sec-
tion 2.1–2.4 provides an overview of each FTIR site, the
GEOS-Chem tagged CO simulation, AERONET data, and
FLEXPART model used in the this study. Section 2.5 de-
scribes the methods used to detect wildfire pollution events
in the FTIR time series. A comparison of the GEOS-Chem
model to FTIR measurements is provided in Sect. 3.2. The
retrieved FTIR products for CO, HCN, and C2H6 are pre-
sented in Sect. 3.1, and the detected wildfire pollution events
at each FTIR site are presented in Sect. 3.3. In Sect. 4.1, the
calculated emission ratios are discussed, while in Sect. 4.2, a
description of the wildfire contribution to CO measurements
at each site is provided. The conclusions and summary of this
study are highlighted in Sect. 5.

2 Methods

2.1 FTIR sites and retrievals

The NDACC FTIR sites included in this study were se-
lected to provide coverage of high-latitude and midlatitude
regions and are listed in Table 1. Due to the broad spec-
tral range measured at high resolution, typically from 700 to
4400 cm−1 at 0.0035 cm−1 resolution, a multitude of trace
gas species may be retrieved from solar-absorption FTIR
measurements. Measurements of CO, HCN, and C2H6, all of
which are standard products of the NDACC Infrared Work-
ing Group (IRWG), are the focus of this study. Retrievals of
each species were performed by processing solar-absorption
spectra using the SFIT4 (https://wiki.ucar.edu/display/sfit4/,
last access: 18 May 2020) or PROFITT9 (Hase et al., 2004,
for Kiruna and Zugspitze) retrieval algorithm which use the
optimal estimation method (Rodgers, 2000) to obtain volume
mixing ratio (VMR) profiles and integrated column abun-
dances by iteratively adjusting VMR profiles to minimize
the difference between the measured and calculated spectra
(Pougatchev et al., 1995; Rinsland et al., 1998). Further de-
tails of the instrumentation and retrievals for each FTIR site
are given in the references listed in Table 1.

2.1.1 High-Arctic sites

The highest-latitude FTIR site of NDACC is Eureka, lo-
cated on Ellesmere Island in the Canadian Archipelago. It
has been shown in previous studies that Eureka is regularly
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Table 1. Summary of NDACC and AERONET sites used in this study.

Site Latitude, longitude Elevation (m a.s.l.) Measurement years Key references

NDACC Eureka 80.05◦ N, 86.42◦W 610 2006–2018 Batchelor et al. (2009); Lutsch et al. (2016, 2019);
Viatte et al. (2013, 2014, 2015)

AERONET PEARL 80.05◦ N, 86.42◦W 610 2007–2018 Saha et al. (2010); O’Neill et al. (2012)

Ny-Ålesund 78.92◦ N, 11.93◦ E 15 1992–2018 Notholt et al. (1997a,b); Notholt et al. (2000)
Hornsund 77.00◦ N, 86.42◦W 12 2004–2018 Rozwadowska et al. (2010)

Thule 76.53◦ N, 68.74◦W 225 1999–2018 Hannigan et al. (2009); Viatte et al. (2015);
Lutsch et al. (2019)

Thule 76.52◦ N, 68.77◦W 225 2007–2018 Tomasi et al. (2015)

Kiruna 67.84◦ N, 20.41◦ E 419 1996–2018 Blumenstock et al. (1997, 2009)
Andenes 69.28◦ N, 16.01◦ E 379 2002–2018 Rodríguez et al. (2012)

Poker Flat 65◦ N, 142◦W 610 1999–2011 Kasai et al. (2005a,b)
Bonanza Creek 65.74◦ N, 148/32◦W 353 1994–2018 Eck et al. (2009)

St. Petersburg 59.88◦ N, 29.83◦ E 20 2009–2018 Makarova et al. (2011); Timofeyev et al. (2016)
Tõravere 58.27◦ N, 26.47◦ E 85 2002–2018 Arola et al. (2007)

Zugspitze 47.42◦ N, 10.98◦ E 2964 1995–2018 Sussmann and Schäfer (1997);
Sussmann and Buchwitz (2005)

Davos 46.81◦ N, 9.84◦ E 1589 2001–2018 Gubler et al. (2012)

Jungfraujoch 46.55◦ N, 7.98◦ E 3580 1984-2018 Mahieu et al. (1997); Zander et al. (2008)
Davos 46.81◦ N, 9.84◦ E 1589 2001–2018 Gubler et al. (2012)

Toronto 43.66◦ N, 79.40◦W 174 2002–2018 Wiacek et al. (2007); Whaley et al. (2015);
Lutsch et al. (2016)

Toronto 43.79◦ N, 79.47◦ E 186 1996–2018 Sioris et al. (2017)

Rikubetsu 43.46◦ N, 143.77◦ E 380 2002–2018 Zhao et al. (1997, 2000, 2002)
Noto 37.34◦ N, 137.14◦ E 200 2001–2018 Makar et al. (2018)

influenced by the transport of boreal wildfire emissions from
North America and Asia (Viatte et al., 2013, 2014, 2015;
Lutsch et al., 2016, 2019). Located approximately 500 km
from Eureka is the site Thule on the northwest coast of
Greenland, which provides complementary measurements to
Eureka as wildfire pollution events detected at Eureka are
generally also observed in measurements at Thule (Viatte
et al., 2015; Lutsch et al., 2019). Ny-Ålesund in Spitsbergen,
Norway, is the second highest-latitude FTIR site of NDACC.
Ny-Ålesund is isolated from the direct influence of anthro-
pogenic and wildfire emissions, but it is affected by the long-
range transport of pollution originating from Northern Hemi-
sphere midlatitudes. For the purposes of this study, Eureka,
Ny-Ålesund, and Thule will be referred to as the “clean”
high-Arctic (> 75◦ N) sites because they are free of local pol-
lution sources.

2.1.2 Arctic sites

The Arctic sites are defined as those located between 60 and
75◦ N and include Poker Flat, Alaska; Kiruna, Sweden; and
St. Petersburg, Russia. Poker Flat is strongly influenced by
the transport of anthropogenic pollution from Siberia and
Asia (Kasai et al., 2005b). Asian anthropogenic emissions
have been found to be a predominant source of pollution
in Alaska, with a greater influence in years with strong El

Niño conditions (Fisher et al., 2010). Siberian wildfires are a
substantial source of summertime pollution in Alaska (Jaffe
et al., 2004; Warneke et al., 2009) in addition to local wild-
fires within the boreal forests of Alaska. It should be noted
that for this reason, and the dependence of FTIR measure-
ments on clear-sky conditions, smoke plumes within Alaska
may prevent measurements by FTIR spectrometers. As a re-
sult, summertime measurements at Poker Flat can be sparse.

Kiruna is mainly influenced by anthropogenic emissions
from midlatitude Europe; however, aerosol smoke layers
from injection of Canadian wildfire emissions into the lower
stratosphere have been identified in the past at Kiruna
(Fromm et al., 2000). Similarly, the urban site of St. Peters-
burg would be most sensitive to local sources within Europe.
Both Kiruna and St. Petersburg may sample the long-range
transport of boreal Asian plumes that could circle the North-
ern Hemisphere (Damoah et al., 2004), although such plumes
would be well aged and diluted. Through injection of wildfire
emissions into the upper troposphere and lower stratosphere,
North American boreal wildfire plumes may be efficiently
transported to Europe (Khaykin et al., 2018; Hu et al., 2019).
Although the effects of the long-range transport of wildfire
emissions on air quality are likely to be minimal, they can
have an influence on tropospheric composition of long-lived
species.
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2.1.3 Alpine sites

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

2.1.4 Midlatitude sites

Toronto, an urban site, is most sensitive to local pollution
sources in southeast Canada and the United States (Wha-
ley et al., 2015) and periodically subject to wildfire pollution
episodes as demonstrated by Griffin et al. (2013) and Whaley
et al. (2015). Rikubetsu, located in Hokkaido, Japan, is free
of considerable local anthropogenic pollution sources, with
contributions of CO mainly due to transported Asian anthro-
pogenic emissions (Zhao et al., 2000). In the summertime,
Rikubetsu is influenced by the transport of biomass burn-
ing pollution from within Asia (Li et al., 2000), while the
region of Hokkaido is often affected by pollution episodes
from Siberian wildfires of boreal Asia (Jeong et al., 2008;
Tanimoto et al., 2000; Yasunari et al., 2018).

2.2 GEOS-Chem

To interpret the influence of anthropogenic, chemical, and
biomass burning sources on CO columns at each FTIR site,
the GEOS-Chem chemical transport model is used (http://
geos-chem.org/, last access: 18 May 2020; Bey et al., 2001b)
in a tagged simulation of CO at a horizontal resolution of
2◦×2.5◦ with 47 vertical hybrid levels. GEOS-Chem ver-
sion 12.1.1 (The International GEOS-Chem User Commu-
nity, 2018) was used and driven by global meteorological
inputs from MERRA-2 (Modern-Era Retrospective Analysis
for Research and Applications, Version 2; Gelaro et al., 2017)
from the NASA Global Modeling and Assimilation Office
(GMAO). MERRA-2 is produced with the GMAO/GEOS-5
(Goddard Earth Observing System) Data Assimilation Sys-
tem Version 5.12.4. The GEOS-Chem simulation was initial-
ized with a 1-year spin-up from 1 January 2002 to 1 Jan-
uary 2003. Chemical and transport operator time steps of 1 h
and 10 min, respectively, were used.

Biomass burning emissions are from GFASv1.2 (Global
Fire Assimilation System, Kaiser et al., 2012; Giuseppe
et al., 2018), which assimilates Moderate Resolution Imag-
ing Spectroradiometer (MODIS) burned area and fire radia-
tive power (FRP) products to estimate emissions for open
fires. GFASv1.2 emissions have a 0.1◦× 0.1◦ horizontal
resolution with daily temporal resolution. GFAS was cho-
sen for the availability of emissions over the analysis pe-
riod from 2003 to 2018. Global anthropogenic emissions are
provided from the EDGARv4.3.1 (Emission Database for
Global Atmospheric Research, Crippa et al., 2016) emis-
sions inventory, overwritten by regional emission invento-
ries in the Northern Hemisphere as described in Fisher et al.
(2010). Biogenic emissions of precursor VOCs are from the
Model of Emissions of Gases and Aerosols from Nature
(MEGANv2.1; Guenther et al., 2012), and biofuel emissions
are taken from Yevich and Logan (2003).

The main loss mechanism for CO is from photochemical
oxidation by the hydroxyl radical (OH). The OH fields are
prescribed in the tagged CO simulation and were obtained
from the TransCom experiment (Patra et al., 2011) which im-
plements semiempirically calculated tropospheric OH con-
centrations from Spivakovsky et al. (2000) to reduce the high
bias of OH from the GEOS-Chem full-chemistry simulation
(Shindell et al., 2006). Surface emissions in GEOS-Chem
are released within the boundary layer, and boundary layer
mixing is implemented using the nonlocal mixing scheme of
Holtslag and Boville (1993). Biomass emissions are released
by uniformly distributing emissions from the surface to the
mean altitude of maximum injection based on the injection
height information as described in Rémy et al. (2017), which
includes an injection height parameterization by Sofiev et al.
(2012) and a plume rise model by Freitas et al. (2007).

The GEOS-Chem version 12.1.1 tagged CO simulation
includes the improved secondary CO production scheme
of Fisher et al. (2017), which assumes production rates of
CO from CH4 and nonmethane volatile organic compound
(NMVOC) oxidation from a GEOS-Chem full-chemistry
simulation, therefore reducing the mismatch between the
CO-only simulation and the full-chemistry simulation. The
anthropogenic source regions are shown in Fig. 1, while
biomass burning source regions are implemented following
the standard GFED (Giglio et al., 2013) regions and are also
shown in Fig. 1.

2.3 AERONET

The Aerosol Robotic Network (AERONET; https://aeronet.
gsfc.nasa.gov, last access: 18 May 2020; Holben et al., 1998)
is a federation of ground-based remote sensing aerosol net-
works established by NASA and PHOTONS (PHOtométrie
pour le Traitement Opérationnel de Normalisation Satelli-
taire; Univ. of Lille 1, CNES, and CNRS-INSU). AERONET
consists of a network of CIMEL sun photometers which pro-
vides globally distributed observations of spectral aerosol
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Figure 1. Locations of ground-based FTIR sites used in this study. The biomass burning regions (shaded) and anthropogenic source regions
(black rectangles) used for the GEOS-Chem tagged CO simulation are also shown and summarized in Table 2.

optical depth (AOD). At each AERONET site, observations
are recorded every 15 min and are cloud screened. Inversion
of aerosol products and cloud screening for the AERONET
Version 3 database are described in Giles et al. (2019).
AERONET sites selected for this study were based on the
availability of data during the operational period of the FTIR
instruments and proximity to the FTIR site. The selected
AERONET sites closest to the NDACC FTIR sites are listed
in Table 1.

2.4 FLEXPART

The FLEXPART (FLEXible PARTicle; Stohl et al., 2005)
Lagrangian transport model version 10.02 is used to diag-
nose the potential emission sensitivity (PES) of FTIR mea-
surements in order to estimate the travel times of identified
wildfire plumes at each FTIR site. The model is driven by
meteorological data from the National Centers for Environ-
mental Prediction (NCEP) Climate Forecast System (CFSv2)
6-hourly product (Saha et al., 2011) at 0.5◦×0.5◦ horizontal
resolution. In this study, an ensemble of 24 000 particles is
released from the location of each FTIR site for each day of
fire-affected measurements. The particles are released from
the surface to an altitude of 12.71 km at each FTIR site,
which corresponds to the FTIR tropospheric column. The
FLEXPART model is run backwards in time for a total of
14 d, simulating the transport of the released particles. The
FLEXPART output is the surface residence time of the re-
leased particles in each 0.5◦×0.5◦ model output grid box.
The residence time is related to the PES and is indicative of
the sensitivity of the released particles to source emissions.

2.5 Detection and attribution of wildfire pollution
events

2.5.1 Enhancement detection in FTIR CO time series

As will be shown in Sect. 3.1.1, a seasonal cycle of CO is
observed, with the amplitude varying by site location. Over a
long time series, CO may be subject to interannual trends as a
result of changing emissions of CO and its precursors. Addi-
tionally, non-clear-sky conditions and instrument downtime
result in periodic gaps in measurements and nonuniform time
intervals between measurements. As a result of these factors
it can be difficult to determine baseline or ambient column
amounts of CO and therefore to detect enhancements of CO
in the FTIR time series. To mitigate these influences, we ac-
count for the seasonal cycle and interannual variability of the
CO time series measured at each FTIR site following Thon-
ing et al. (1989):

C(t)= a0+a1t+a2t
2
+

4∑
n=1

bn cos(2πnt)+cn sin(2πnt), (1)

where C is the CO column amount as a function of time t .
The coefficient an account for the interannual trends of CO,
while the fourth-order Fourier series with coefficients bn and
cn captures the seasonal cycle of CO. The choice of order for
both the polynomial and Fourier components of the fits were
limited to the third and fourth order, respectively, following
past studies (Thoning et al., 1989; Zellweger et al., 2009).

Enhancements in CO are identified following Zellweger
et al. (2009). First, the fitted function is subtracted from the
data to yield the residual. Assuming a normal distribution
of baseline values around the fitted function, the negative
residual is mirrored into the positive direction. Enhanced CO
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measurements are defined as those greater than a specified
threshold of the mirrored residual above the fitted function.
The threshold is defined as a multiple of the standard devia-
tion σ of the mirrored negative residual. The threshold is 1σ
for all sites, with the exception of Rikubetsu and Poker Flat
where a 2σ standard deviation was used as a result of the
greater variability in CO due to nearby Asian anthropogenic
and biomass burning sources, respectively. It should be noted
that the contribution of the biomass burning sources to the
fitted function of Eq. (1) is representative of an increase in
the seasonal background of CO due to the accumulation of
CO from biomass burning sources during the wildfire sea-
son. Enhanced CO measurements detected by the method
described above would therefore correspond to anomalous
enhancements which exceed the seasonal background.

For each event, all fire-affected measurements are found
based on a qualitative assessment of the CO time series in
conjunction with GEOS-Chem CO and AERONET AOD
time series. Periods of fire-affected measurements are de-
termined for periods in which an increase in the GEOS-
Chem total biomass burning contribution to CO is observed.
The total biomass burning contribution is defined as the sum
of all biomass burning tracers in Table 2. The AERONET
AOD provides additional evidence for the presence of wild-
fire smoke when enhanced AOD is observed simultaneously
with enhanced FTIR CO and GEOS-Chem biomass burn-
ing CO. It should be noted that enhanced AOD may also
be the result of anthropogenic pollution; however, enhanced
AOD is likely of wildfire origin when simultaneously en-
hanced with GEOS-Chem biomass burning CO. Further-
more, aerosol scavenging from a smoke plume may result
in the absence of enhanced AOD (Franklin et al., 2014). For
these reasons, AOD is only used as a supplementary means
of identifying wildfire pollution.

2.5.2 Trace gas correlations

To isolate potential wildfire pollution events, we exploit the
fact that trace gas emissions from wildfires are specific to
burning phase and vegetation type (Ward and Hardy, 1991;
Yokelson et al., 1999; Andreae and Merlet, 2001; Yokelson
et al., 2009; Akagi et al., 2011; Urbanski, 2013, 2014), and
therefore it would be expected that emissions of CO, HCN,
and C2H6 originating from a wildfire source would be corre-
lated within a plume. Emissions at the fire source are char-
acterized by the emission ratio (ER; Andreae and Merlet,
2001; Akagi et al., 2011) relative to CO, which quantifies the
amount of a trace gas species emitted relative to the amount
of CO emitted. Since FTIR observations of this kind are mea-
suring the emissions downwind of the source, the enhance-
ment ratio (EnhR; Lefer et al., 1994) is considered:

EnhRX =
d[X]

d[CO]
, (2)

where [X] is the column amount of the trace gas of inter-
est, and [CO] is the column of CO. Here, we have used the
regression slope enhancement ratio, rather than the excess
mixing ratio method of Lefer et al. (1994). The enhancement
ratio is related to the emission ratio with the influence of
plume aging by chemical loss, deposition, and dilution of the
plume during transport. Lifetimes of CO, HCN, and C2H6
are generally longer than plume transport times, which range
from several days to approximately 2 weeks (Damoah et al.,
2004), and therefore these species do not undergo consider-
able chemical loss. Furthermore, we do not take into account
the background concentrations, which can cause uncertainty
in interpreting the enhancement ratio as the ambient condi-
tions are likely to vary along the plume trajectory (Yokelson
et al., 2013). This assumption has been employed extensively
in past studies of wildfire emissions using FTIR spectrome-
try (Paton-Walsh et al., 2010; Vigouroux et al., 2012; Viatte
et al., 2013, 2015; Lutsch et al., 2016, 2019) as taking into
account a constant background of each species does not in-
fluence the slope of the trace gas correlations.

To calculate the enhancement ratios from the FTIR mea-
surements, the detected CO enhancements for each event
were paired with the nearest HCN and C2H6 measurements
taken within 1 h at all sites with the exception of St. Peters-
burg and Toronto where a 2 h window was used. The time
interval was chosen to maximize the number of pairs since
CO, HCN, and C2H6 are measured using different spectral
filters, and hence the measurements do not occur simultane-
ously. For events with paired measurements of HCN or C2H6
with CO that are fewer than six, the event is omitted. Setting
a minimum number of pairs mitigates the potential of false
detections as a result of spurious measurements.

The unified least-squares fitting procedure of York et al.
(2004) which accounts for errors in both the ordinal and ab-
scissa coordinates was used to determine a linear regression
for the paired fire-affected measurements. The errors corre-
spond to the reported retrieval uncertainties of the respective
species. The slope of the linear regression is the enhance-
ment ratio for the respective species defined in Eq. (2). To
identify enhancements due to wildfire pollution events, we
require that the correlation coefficient (r) be greater than or
equal to 0.6 for the enhancement ratios of both HCN and
C2H6, unless otherwise stated.

HCN is retrieved from NDACC filter 2 measurements,
which is generally covered at least once per measurement
sequence of all filters. Similarly, C2H6 is retrieved through
NDACC filter 3. All filters have a different response to the
input solar beam intensity, and therefore, the measurement
noise may vary between subsequent measurements of differ-
ent filters. For this reason, adequate signal may not be ob-
tained through all filters in the case of partially cloudy or
non-clear-sky conditions. It was found that for all sites, with
the exception of Jungfraujoch, there are a greater number
of CO measurements than HCN or C2H6. Because of this
nonuniform distribution of measurements, the number of de-

https://doi.org/10.5194/acp-20-12813-2020 Atmos. Chem. Phys., 20, 12813–12851, 2020



12820 E. Lutsch et al.: Pan-Arctic wildfire pollution

Table 2. Summary of the source regions used in the GEOS-Chem tagged CO simulation.

Type Name Description

Anthropogenic NA North America
EU Europe
AS Asia
ROW Rest of world

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

Other CH4 Methane oxidation
NMVOC Non-methane volatile organic compound oxidation

tected wildfire events is limited by the number of paired mea-
surements for HCN or C2H6 with CO. For this reason, for
Ny-Ålesund, Poker Flat, and Rikubetsu, the enhancement ra-
tio correlation criteria were omitted, resulting in a lower con-
fidence for the detected wildfire pollution events.

Lastly, source attribution of the detected wildfire events
was performed using the GEOS-Chem tagged CO simula-
tion. For each event, the mean contribution of each of the
biomass burning CO tracers over the period of the event was
determined. The source region was then attributed to the CO
tracer for which the mean contribution was a maximum.

2.6 Estimation of plume travel times

For each of the detected wildfire pollution events at each
FTIR site, the travel time of the plume from the source region
to the FTIR site was determined as follows. For each day of
fire-affected measurements, the FLEXPART model was ini-
tialized releasing an ensemble of 24 000 air-tracer particles
over a 24 h period. Particles were released from the surface
of the FTIR site to a maximum altitude of 12.71 km, cor-
responding to the FTIR tropospheric columns used in this
study. The FLEXPART model was run backwards in time for
14 d to yield the surface residence time of the released parti-
cles at a temporal resolution of 3 h and horizontal resolution
of 0.5◦× 0.5◦ with global coverage. The daily GFAS global
CO emissions were regridded from 0.1◦×0.1◦ to 0.5◦×0.5◦

to match the horizontal resolution of the FLEXPART output.
For each day of the FLEXPART output, the daily total res-

idence time in each model grid box was determined. The

product of GFAS CO emissions (molec. s−1) and the resi-
dence time (s) of the FLEXPART air-tracer particles are in-
dicative of the sensitivity of the released particles to wildfire
CO emissions. The travel time for each FLEXPART simula-
tion is then estimated by the number of days backwards in
time for which the sensitivity is a maximum for the identi-
fied wildfire source region of the respective event. A mean
travel time for each plume is determined by the mean of all
travel times for each day of fire-affected measurements in the
identified event; the standard deviation is an estimation of the
uncertainty.

2.7 Emission ratios

The enhancement ratios (Sect. 2.5.2), which were used to iso-
late wildfire pollution events, and the travel times (Sect. 2.6)
were used to calculate the emission ratio (ER) of the respec-
tive trace gas species. The emission ratio represents the wild-
fire source emissions, assuming the plume was unaged (Lefer
et al., 1994). To calculate the emission ratio, we assume the
first-order loss of each species following Viatte et al. (2013,
2015) and Lutsch et al. (2016). The emission ratio may then
be related to the enhancement ratio as

ERX = EnhRX ·
exp

(
t
τX

)
exp

(
t
τCO

) , (3)

where X is the trace gas of interest, t is the plume travel
time, and τ is the lifetime of the species. We assume lifetimes
of 30, 75, and 45 d for CO, HCN, and C2H6, respectively,
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following Viatte et al. (2013, 2015) and Lutsch et al. (2016).
For each identified wildfire event the emission ratio of HCN
and C2H6 is calculated using Eq. (3) and mean travel time for
the event. The uncertainty of the calculated emission ratios
includes the enhancement ratio uncertainty, determined from
the standard error of the linear regression, and the travel time
uncertainty. The uncertainty of the lifetime of each species
was not included as the lifetime can be variable during plume
transport and therefore cannot be quantified.

3 Results

3.1 Retrieved FTIR products

3.1.1 Time series

The weekly-mean time series of CO, HCN, and C2H6 tro-
pospheric partial columns for each site are shown in Figs. 2,
3, and 4, respectively. The tropospheric partial columns are
the integrated column amounts from the surface to an altitude
of 12.71 km at each site. In this study, all presented column
amounts correspond to this partial column for CO, HCN,
and C2H6. The weekly mean is taken over all years of mea-
surements for the respective species at each site, while the
shaded region indicates a 1σ deviation from the mean. For
all sites, the seasonal cycle of CO shows a maximum in win-
ter and early spring (February–March), with decreasing total
columns through the spring. The main sources of CO are the
combustion of fossil fuels and biomass burning, while oxida-
tion of VOCs and CH4 are also a considerable source (Hol-
loway et al., 2000). The main sink of CO is due to reaction
with OH, leading to a lifetime of approximately 1–2 months
(Bey et al., 2001a). In winter and spring months, decreased
sunlit hours limits OH production by photolysis of ozone,
therefore minimizing the loss of CO. The seasonal cycle of
OH largely drives the seasonal variations in CO. Transport of
CO from midlatitude to high-latitude regions also contributes
to the seasonal cycle as the isentropic transport is greater in
the winter and spring months (Klonecki, 2003; Stohl et al.,
2006). Furthermore, the stronger seasonal cycle of OH pro-
duction also contributes to the greater seasonal amplitudes at
high latitudes as observed in Fig. 2.

Enhanced tropospheric columns of CO are observed in the
summertime, mainly in July–September at all sites as illus-
trated in Fig. 2 as a result of the hemispheric influence of
boreal wildfires (Honrath, 2004). These enhancements are
most pronounced at the clean high-Arctic sites of Eureka and
Thule, which are strongly influenced by boreal fires in North
America and Asia as will be shown in Sect. 4.2. Ny-Ålesund
also exhibits an increase in CO beginning in August as a re-
sult of the accumulation of CO from Northern Hemisphere
biomass burning sources. Poker Flat, located in the boreal
forests of Alaska, is greatly influenced by boreal wildfire
emissions in these regions; however, in many instances these

events result in smokey conditions that prevent FTIR mea-
surements. As a result, the number of wildfire enhancement
events detected at Poker Flat is likely to be an underestimate.

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

St. Petersburg and Toronto are urban sites that are strongly
influenced by local anthropogenic sources, but enhanced
columns of CO are observed in July and August as a result
of the boreal wildfire influence as will be shown in Sect. 4.2.
Rikubetsu is strongly affected by anthropogenic CO sources
from Asia, resulting in the large variability of CO (Zhao
et al., 1997, 2002). The greatest enhancements at Rikubetsu
are observed in July and August, due to boreal Asian wild-
fires in Siberia as will be discussed in Sect. 4.2.

HCN has a long atmospheric lifetime ranging from weeks
to months, while its dominant source is due to biomass burn-
ing emissions (Li et al., 2000, 2003, 2009). Plant and fungal
emissions represent a minor source of HCN, while dry depo-
sition to the ocean and oxidation by OH are the main sinks
(Cicerone and Zellner, 1983). As a result, HCN will accumu-
late in the Northern Hemisphere in the summer months due
to the influence of wildfire and biogenic emissions. The sea-
sonal cycle of HCN peaks in the summer months with low
total columns in the winter and fall as illustrated in Fig. 3.
A sharp maximum is observed in August at the high-Arctic
sites (Eureka, Thule, and Ny-Ålesund) due to activation of
its biogenic sources and the onset of wildfire emissions. A
similar increase in the HCN total columns is observed at
the high-latitude sites (Kiruna, Poker Flat, and St. Peters-
burg), although not as pronounced. For Toronto, enhanced
total columns are also observed in August due to wildfires,
consistent with the CO time series. Rikubetsu shows the
greatest concentrations of HCN in the spring in May, with
a secondary peak in August. The springtime enhancements
of HCN are due to the earlier onset of East and Southeast
Asian biomass burning, which occurs annually from March
to May (Streets et al., 2003).

The seasonal cycle of C2H6 is similar to that of CO, as
shown in Fig. 4. The primary sources of C2H6 include natural
gas production, biofuel use, and biomass burning (Rudolph,
1995; Logan et al., 1981; Xiao et al., 2008). The main loss
of C2H6 is due to reaction with OH, resulting in an average
lifetime of approximately 3 months (Xiao et al., 2008). The
summertime wildfire influence of C2H6 is less pronounced
than for CO and HCN. Enhancements of C2H6 are particu-
larly evident at Eureka and Thule, due to the generally clean
background of these sites, while wildfire enhancements of
C2H6 are not evident at the other sites due to the influence

https://doi.org/10.5194/acp-20-12813-2020 Atmos. Chem. Phys., 20, 12813–12851, 2020



12822 E. Lutsch et al.: Pan-Arctic wildfire pollution

Figure 2. Mean CO tropospheric partial columns weekly averaged over all years of measurements at each site. The years included in the
mean are listed in the top right corner of each panel. The shaded region represents a 1σ standard deviation from the mean.

of local sources in addition to dilution of the plume dur-
ing long-range transport. Therefore, C2H6 enhancements due
to wildfire pollution are not generally apparent over back-
ground concentrations. Additionally, the emissions of C2H6
are an order of magnitude lower than those of HCN for boreal
forest, temperate forests, and peatland burning sources (An-
dreae and Merlet, 2001; Akagi et al., 2011; Andreae, 2019).

3.1.2 Retrieved VMR profiles and total column
averaging kernels

The VMR profiles of CO, HCN, and C2H6 for all sites are
shown in the appendix Figs. A1, A2, and A3. A priori pro-
files for CO, HCN, and C2H6 are from a 40-year (1980–
2020) mean from the Whole Atmosphere Community Cli-
mate Model (WACCMv4; Eyring et al., 2007; Marsh et al.,
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Figure 3. Same as Fig. 2 but for HCN.

2013), which has been chosen by the NDACC IRWG for use
by all sites. For all sites, a single a priori profile is used for
each species, with the exception of Thule where monthly-
mean a priori profiles derived from the 40-year WACCMv4
simulation are used. In all cases, the profiles of each species
are similar between sites and tend not to show drastic dif-
ferences. It should be noted that these profiles do not repre-
sent the true atmospheric profile of the species due to limited
vertical resolution of the measurement, which is inherent in

remote sensing measurements of this kind. The retrieved pro-
files generally follow a similar shape to the a priori profile,
where deviations from the a priori are a result of the mea-
surement. In general, the profiles of all species exhibit the
greatest variability in the troposphere due to the abundance
of these species in this region. The tropospheric columns of
CO, HCN, and C2H6 comprise, on average, greater than ap-
proximately 90 % of the total column for CO, 95 % for HCN,
and 98 % for C2H6.
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Figure 4. Same as Fig. 2 but for C2H6.

For the purposes of this study, normalized total column av-
eraging kernel values near unity throughout the troposphere
are desired, which would minimize biases due to differences
in the vertical sensitivities when computing the ratios of
columns of different species in calculating the enhancement
ratio described in Sect. 2.5.1. The mean normalized total col-
umn averaging kernels, referred to as simply the total column
averaging kernel hereinafter, for CO, HCN, and C2H6 are de-
scribed in Appendix A and shown in Appendix Fig. A4. For

all sites, the total column averaging kernels of CO show a
value near 1 throughout the troposphere, with a slight de-
crease to values below unity above 5 km. For HCN, the to-
tal column averaging kernels increase from the surface, with
maximum values in the upper troposphere. The total column
averaging kernels of C2H6 show a similar structure to HCN,
with maximum values in the middle to upper troposphere.
For all sites, it can be concluded that CO retrievals exhibit
minimal sensitivity bias in the troposphere. For HCN and
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C2H6, the total column averaging kernel is greatest in the
upper troposphere.

3.2 GEOS-Chem to FTIR CO comparison

In order to use the GEOS-Chem tagged CO simulation to in-
terpret the FTIR measurements, it is necessary to evaluate
the performance of the model with respect to FTIR measure-
ments. To do so, GEOS-Chem CO partial column profiles are
smoothed by the normalized FTIR CO total column averag-
ing kernel following Rodgers and Connor (2003):

x̂m = xa+ aT (xm− xa) , (4)

where x̂m is the smoothed model total column, xa is the FTIR
a priori total column, xm is the model partial column profile,
a is the FTIR total column averaging kernel, and xa is the
FTIR a priori partial column profile. Although the smooth-
ing has a minor influence on the smoothed partial column
(∼ 1 %), it is performed here to mitigate any biases as a result
of the a priori profile. The GEOS-Chem CO profiles, FTIR
CO profiles, and total column averaging kernels are daily av-
eraged, and the daily averaged GEOS-Chem profiles are sub-
sequently smoothed. Correlations of the smoothed GEOS-
Chem and FTIR CO tropospheric partial columns are shown
in Table 3.

For all sites, moderate to strong linear correlations are ob-
served with correlation coefficients (r) ranging from a min-
imum of 0.66 for Toronto to a maximum of 0.86 at Ny-
Ålesund, Thule, and Kiruna. The slope of the linear regres-
sion is indicative of the GEOS-Chem bias relative to the
FTIR measurements, with a slope greater than 1.0 represent-
ing a high bias and a slope less than 1.0 representing a low
bias. For all sites, GEOS-Chem has a low bias as seen in Ta-
ble 3. The slopes range from a minimum of 0.49 at Jungfrau-
joch to a maximum of 0.84 at Rikubetsu.

The underestimation of GEOS-Chem CO is common
amongst global chemical transport models (CTMs) as a result
of errors in emissions, transport, and biases in the OH con-
centrations (Shindell et al., 2006). It is likely that the consis-
tent underestimation of GEOS-Chem CO at all sites is partly
due to a high bias of OH (Muller et al., 2018). Seasonal vari-
ability of the GEOS-Chem bias is observed as shown Table 3.
The consistent underestimation of GEOS-Chem at Zugspitze
and Jungfraujoch may be the result of excessive stratosphere-
to-troposphere exchange (Fischer et al., 2000; Hoor et al.,
2002; Pan et al., 2004) due to the coarse model resolution,
resulting in a low bias of CO in the upper troposphere. A sim-
ilar underestimation of GEOS-Chem CO in a full-chemistry
simulation in comparison to Jungfraujoch FTIR measure-
ments was observed by Té et al. (2016). The high altitude
of Zugspitze and Jungfraujoch makes these sites more sus-
ceptible to this bias in comparison to the lower-altitude sites
(Ordóñez et al., 2007). The underestimation at Toronto, and
the lower correlation (0.66) than at all other sites, is possi-
bly the result of the temporal and spatial variability of CO Ta
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being not well captured due to the coarse model resolution
(2◦× 2.5◦).

Seasonal variability of the GEOS-Chem minus FTIR rel-
ative difference is also observed as shown in Table 3. The
representation of the seasonal variability of transport at mid-
latitudes and errors in the seasonality are likely to be con-
tributing factors to the variability of the GEOS-Chem mi-
nus FTIR CO difference. However, biomass burning emis-
sions are also seasonally dependent, and underestimation of
GEOS-Chem CO may be partially reflective of an underesti-
mation of GFAS emissions. Particularly evident is the greater
underestimation of GEOS-Chem at Rikubetsu in the summer
months, during the boreal wildfire season. Eureka and Thule
exhibit a greater underestimation of GEOS-Chem in July and
August when the boreal wildfire influence is greatest as will
be shown in Sect. 8. A similar decrease in the GEOS-Chem
minus FTIR relative difference is also observed at Kiruna,
Poker Flat, St. Petersburg, and Toronto. These differences
could be indicative of the unresolved plume transport in the
model as a result of its coarse vertical resolution (Rastige-
jev et al., 2010; Eastham and Jacob, 2017). Additionally, the
summertime low CO bias in GEOS-Chem may also be con-
tributed by an underestimation of the secondary production
of CO from biogenic emissions of NMVOCs.

3.3 Detected wildfire pollution events

Wildfire events in the FTIR time series at each site were iden-
tified using the method described in Sect. 2.5. Enhancements
of CO were first identified following Sect. 2.5.1 and corre-
lated with coincident measurements of HCN and C2H6 to
calculate their enhancement ratios with respect to CO as de-
scribed in Sect. 2.5.2. For the period of fire-affected measure-
ments for each identified event, source attribution was de-
termined using the GEOS-Chem tagged CO simulation. The
source attribution for the detected wildfire pollution events
in the FTIR time series is illustrated in Fig. 5. Examples of
the linear regressions used to determine the enhancement ra-
tios of HCN and C2H6 at each site are shown for BONA
and BOAS sources in Figs. A5 and A6, respectively. The
mean travel times determined using the FLEXPART back-
trajectory simulations and the calculated emission ratios of
HCN and C2H6 are tabulated in Table 4.

The detected episodic wildfire pollution events at all sites
were attributed to either BONA or BOAS sources. Missed
detections of wildfire events in the FTIR time series are
largely the result of the gaps in measurements, which may ei-
ther be due to non-clear-sky conditions or instrument down-
time. For Poker Flat, the presence of nearby wildfire sources
results in large gaps in measurement as a result of the wildfire
smoke. Coincident measurements of CO, HCN, and C2H6
are generally not limiting factors for the detection of wildfire
events. Under normal conditions, measurements are made by
cycling through a series of spectral filters, and all filters are
usually sampled equally. The NDACC IRWG recommends

the use of seven broadband spectral filters. They are used at
all sites, with the exception of St. Petersburg and Jungfrau-
joch, where nonstandard filters are used. Measurements of
CO can be made through two of the seven spectral filters,
while HCN and C2H6 are made through a single spectral fil-
ter. When a sufficient number of CO enhancements were de-
tected, the coincident criterion of six paired measurements
of HCN or C2H6 for the calculation of the enhancement ra-
tio was achieved. However, the exceptions are Ny-Ålesund,
Poker Flat, and Rikubetsu, where the lower measurement
density of these sites prevented the calculation of enhance-
ment ratios. For all sites where the enhancement ratios of
HCN and C2H6 were used as part of the detection, there may
be missed events due to assigning a minimum correlation co-
efficient of 0.6 to the calculations. There may be cases where
CO, HCN, and C2H6 are simultaneously enhanced due to
wildfire emissions; however, there may be poor correlation
as a result of mixing of the plume with ambient air or mixing
of plumes of separate sources. However, setting a minimum
correlation coefficient for the enhancement would ensure that
only coherent plumes are detected, therefore providing more
reliable estimates of the emission ratios.

The reported mean travel times are found to vary by
site and source region as shown in Table 4. A minimum
mean plume travel time of 3 d was found for Poker Flat
from BONA sources due to nearby Alaskan wildfire sources.
The travel times are typically longer at all sites, 10 d or
greater for BOAS sources. Comparable travel times between
BONA and BOAS sources are observed for Ny-Ålesund,
Kiruna, Zugspitze, and Jungfraujoch. For Eureka, Thule, and
Toronto, mean travel times of 8, 9, and 7 d are found for
BONA and are shorter than BOAS, due to the proximity of
these sites to BONA sources.

Temporal correlation of events amongst all sites is ob-
served, with events occurring close in time at different sites
being attributed to the same source. Particularly evident are
the 2012 Siberian wildfires (Kozlov et al., 2014; Teakles
et al., 2017) observed at several sites and attributed to BOAS.
Similarly, the 2017 Canadian wildfires (Khaykin et al., 2018;
Peterson et al., 2018; Kirchmeier-Young et al., 2019; Lutsch
et al., 2019) are also observed at a number of sites. Although
the majority of detected events from 2003 to 2018 are at-
tributed to BOAS (63), from 2013 to 2018 there is an ob-
served increase in the number of events attributed to BONA,
with 18 BONA and 17 BOAS events detected during this pe-
riod amongst all sites. Prior to 2013, 14 BONA and 46 BOAS
events were detected. The recent increase in BONA events
could be indicative of changes in large-scale climatic patterns
(Macias Fauria and Johnson, 2008), resulting in an increase
in lightning-induced wildfires (Macias Fauria and Johnson,
2006; Veraverbeke et al., 2017). However, this apparent in-
crease in BONA events does not take into account the pos-
sibility of missed detections due to instrument downtime or
cloudy-sky conditions. The calculated emission ratios will
be discussed in the following section, and the contributions
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Figure 5. Summary of detected wildfire pollution events. The grey bars indicate periods of CO measurements, and the colored points
represent the identified wildfire pollution events and their respective source attributed by the GEOS-Chem tagged CO simulation.

of the biomass burning source regions to CO tropospheric
columns at each site will be presented in Sect. 4.2.

4 Discussion

4.1 Emission ratios

The calculated emission ratios of HCN and C2H6 are com-
pared to the literature values in Table 4. For BONA, our mean
emission ratios of HCN range from 0.0026 (Zugspitze) to
0.0052 (Thule), whereas our mean emission ratios of C2H6
range from 0.0081 (Thule) to 0.0136 (Kiruna). Our val-
ues derived from FTIR-based methods are well within the
range of literature values derived from ground-, satellite-
, and aircraft-based methods. Furthermore, across all sites,
our mean emission ratios of C2H6 are greater than the mean
emission ratios of HCN. Similarly, previous studies have re-
ported greater C2H6 relative to HCN emission ratios, with the
exception of the values reported by Hornbrook et al. (2011)
and Simpson et al. (2011).

For BOAS, our mean emission ratios of HCN range from
0.0021 (Zugspitze) to 0.0072 (Thule), whereas our mean
emission ratios of C2H6 range from 0.0071 (St. Petersburg)
to 0.0105 (Eureka). There are a limited number of literature
values for BOAS, particularly those derived from aircraft-
based studies. Notwithstanding, our FTIR-derived HCN and
C2H6 emission ratios are within the range of available pub-
lished values (Table 4) across all sites, with the exception
of C2H6 in Toronto. The higher C2H6 emission ratio esti-
mate for Toronto, relative to other sites, may be explained
by nearby anthropogenic sources of C2H6, which may con-
taminate the plume and yield higher emission ratio estimates
(Franco et al., 2016; Tzompa-Sosa et al., 2017). As was ob-
served for BONA, the mean C2H6 emission ratios are greater
than the mean HCN emission ratios for BOAS across all
sites. This comparison of C2H6 to HCN emission ratios is
in agreement with published findings, with the exception of
Hornbrook et al. (2011).

Our FTIR-derived HCN emission ratios are greater than
published estimates based on Atmospheric Chemistry Ex-

periment Fourier Transform Spectrometer (ACE-FTS) mea-
surements, as reported by Tereszchuk et al. (2011), Rins-
land et al. (2007), and Tereszchuk et al. (2013) for BONA
and Tereszchuk et al. (2013) for BOAS. Solar occultation
measurements of the ACE-FTS have a lower altitude range,
of approximately 6 km. Consequently, a plume detected by
ACE-FTS may correspond to flaming combustion and injec-
tion of emissions into the upper troposphere. Flaming, rela-
tive to smoldering combustion, is associated with lower HCN
emissions (Urbanski, 2013). Indeed, literature values of HCN
ratios derived from ground-based FTIR measurement were
higher than those derived from ACE-FTS solar occultation
measurements (Griffin et al., 2013; Viatte et al., 2015; Lutsch
et al., 2016).

Aircraft instruments tend to measure the composition of
fresh plumes with minimal plume aging. Therefore, the vari-
ability of the emission ratios reported for aircraft-based stud-
ies is likely to be reflective of the variability of emissions due
to multiple factors that influence the emissions within a wild-
fire event, such as the type of vegetation that is burned (Ak-
agi et al., 2011; Andreae and Merlet, 2001; Andreae, 2019),
the burning phase (Yokelson et al., 1996, 1999, 2003; Goode
et al., 1999, 2000; Urbanski, 2013), and pyrolysis tempera-
ture (Sekimoto et al., 2018) of the burn. These factors, how-
ever, are likely to vary regionally and may also vary with time
in a particular event.

Taken together, our FTIR-derived mean emission ratios of
HCN and C2H6 for BONA and BOAS sources are congruent
with published literature values, supporting the validity of
the use of FTIR-based methods to quantify the transport of
emissions from BONA and BOAS sources. We report HCN
and C2H6 emission ratios across multiple sites in the Arctic
and midlatitude regions. Moreover, the FTIR-derived emis-
sion ratios presented here provide novel estimates for regions
wherein published values are not available, particularly for
BOAS sources, adding to the sparsely populated dataset and
providing greater insight into the variability of emissions.

Precise knowledge of the emission ratios of various trace
and particulate species is required for more accurate mod-
eling of biomass burning emissions in chemical transport
models. The emission ratio, may be converted to an equiv-
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alent emission factor with the use of the emission factor of
the reference species, usually CO. The emission factor of
CO is determined from reported literature values (i.e., An-
dreae and Merlet, 2001; Akagi et al., 2011; Andreae, 2019)
which are derived from laboratory or field measurements, re-
lating the mass of CO emitted per unit mass of dry matter
burned for various vegetation types. Given the dependence
of the emission factor of the species of interest on the emis-
sion factor of CO, it is advantageous to consider the emission
ratios. Biomass burning emission inventories are dependent
on a single emission factor for each species per vegetation
type or biome. These values are obtained from literature val-
ues such as reported by Akagi et al. (2011), Andreae and
Merlet (2001), and Andreae (2019). These literature values
are the reported means of emission ratios or emission factors
obtained from laboratory studies or field observations from
ground-based, aircraft, or satellite measurement platforms.
Measurements of emission ratios by these methods may only
sample a single or small number of events. Aircraft measure-
ments are often made on a campaign basis, targeting biomass
burning plumes near the source or along a flight transect. As a
result, measurements made by aircraft may only sample the
plume over a short period of time and may not capture the
natural variability of emissions.

Satellite observations are particularly useful as they pro-
vide global coverage; however, emission ratios derived from
satellite observations are limited by the instrument’s capa-
bility to measure multiple trace gas species simultaneously.
To our knowledge, the only satellite-based measurements
of HCN and C2H6 emission ratios for boreal vegetation
types are reported by Rinsland et al. (2007) and Tereszchuk
et al. (2011, 2013) using ACE-FTS. Although ACE-FTS has
global coverage, observations of biomass burning plumes are
dependent on the temporal and spatial sampling of the in-
strument intersecting the biomass burning plume. As result,
measurements within of a biomass burning plume may only
occur in a small number of instances.

Ground-based measurements, particularly by FTIR spec-
trometry, have sampled boreal wildfire plumes on several
occasions (i.e., Viatte et al., 2013, 2015 and Lutsch et al.,
2016), providing emission ratios of both HCN and C2H6.
Each of these studies have only considered a single or select
number of events. Measurements of emissions ratios using
FTIR spectrometry are dependent on the smoke plume pass-
ing over the FTIR site. However, FTIR measurements within
a smoke plume may sample the plume over several days,
providing temporal converge. The emission ratios derived by
FTIR measurements may therefore capture the temporal vari-
ability of the emissions, resulting in a time-averaged emis-
sion ratio since the emission ratio is derived from the slope
of trace gas correlations during the course of the wildfire pol-
lution event.

Using a long-term time series and network of FTIR instru-
ments provides several advantages to quantifying the emis-
sion ratios of biomass burning species. The long-term time

series enables the detection of a greater number of wildfire
pollution events as was illustrated in Sect. 3.3, all of which
may have variable emissions due to vegetation type and the
burning phase of combustion. The transport of emissions
from a particular wildfire source to each FTIR site is depen-
dent on the meteorological conditions; therefore each site is
likely to sample different plumes of varying origins, provid-
ing a means of capturing the variability of emissions between
events. These aspects enable a network of FTIR instruments
to capture a large number of wildfire events to quantify the
emission ratios of HCN and C2H6 along with its variability.
Emission ratios derived by a network of FTIR instruments
therefore provide more robust estimates of the emission ra-
tios and their respective variability.

Our reported mean emission ratios, and their comparison
to literature values, should be interpreted in light of several
limitations. The enhancement and emission ratios were ob-
tained from measurements spanning several days and there-
fore may not sufficiently capture shorter-term variability in
wildfire emissions (e.g., Lutsch et al., 2019) and may be
more susceptible to smoldering phase combustion. Smolder-
ing phase combustion may be a persistent source of emis-
sions that may last several weeks, leading to prolonged pe-
riods of fire-affected measurements. Chemical aging of the
plume may also affect the calculated emission ratios. Here
we have assumed lifetimes of CO, HCN, and C2H6; how-
ever, the actual lifetimes of these species may vary within a
smoke plume, which is dependent on the availability of OH.
The assumed transport times of the plume may also influ-
ence emission ratio estimates. In this study, we calculated
plume travel times based on the FLEXPART back trajecto-
ries, which correspond to the sensitivity of column measure-
ments to surface emissions. The injection of wildfire emis-
sions into the free troposphere could enable more efficient
transport, decreasing the plume travel time (Heilman et al.,
2014). Thus, it is likely that the assumed travel times exceed
the actual travel times. However, differences in travel times
of several days will only have a minor influence on the calcu-
lated emission ratio as the assumed lifetimes of each species
are much longer than the travel times. Plume diffusion and
mixing with background air (McKeen and Liu, 1993; McK-
een et al., 1996; Ehhalt et al., 1998; Xiao et al., 2007) may
also decrease the emission ratios, which are not accounted
for by the first-order loss assumed for each species; however,
plume mixing may be partially captured by the loss of the
linear correlation between the trace gas species in ambient or
background conditions.

4.2 Wildfire contribution to CO

The GEOS-Chem tagged CO simulation provides a means
of evaluating the contribution of CO from anthropogenic,
chemical, and biomass burning sources to the measured CO
columns at each FTIR site. Figures 7 to 10 show the daily-
averaged GEOS-Chem and FTIR CO tropospheric columns
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(surface to 12.71 km) for the simulation period from 2003 to
2018. The relative contributions of biomass burning tracers
are also shown. Biomass burning tracers with a mean contri-
bution of less than 3 % are not shown. For all GEOS-Chem
tagged CO tracers, the partial column profile was linearly in-
terpolated onto the FTIR retrieval grid to account for the dif-
ferences in surface elevation of the model and FTIR sites.

For all sites, the oxidation of CH4 is the greatest contribu-
tion to the tropospheric CO column as illustrated in Fig. 6.
The magnitude of this source is similar amongst all sites,
with the exception of Zugspitze and Jungfraujoch due to their
high altitude. Anthropogenic Asian CO sources exhibit the
greatest seasonal amplitude at all sites, due to the magni-
tude of the emissions and the influence of seasonally variable
transport (Klonecki, 2003; Stohl et al., 2006; Fisher et al.,
2010). European and North American anthropogenic sources
show a similar seasonal cycle but smaller in amplitude in
comparison to the Asian source. Of note, at Zugspitze and
Jungfraujoch, comparable contributions from anthropogenic
sources in Asia, North America, Europe, and the rest of the
world are observed. The oxidation of NMVOCs is a consid-
erable source at all sites, with little seasonal dependence. A
slight increase in the NMVOC contribution is observed in the
summertime, particularly in July and August, as a result of
emissions of NMVOC from biogenic sources and wildfires
(Guenther et al., 2000; Wentworth et al., 2018).

Biomass burning sources of CO exhibit the greatest dif-
ferences amongst sites as seen in Fig. 6. For most sites, the
onset of the biomass burning contribution begins in May
with a maximum in August. Similar to the anthropogenic in-
fluence, Zugspitze and Jungfraujoch are generally isolated
from the direct influence of biomass burning emissions and
only show a minor enhancement in the summer. For Riku-
betsu, the onset of the biomass burning contributions is ob-
served earlier than for the other sites beginning in March as
a result of the influence of Asian biomass burning sources
(CEAS, SEAS, and EQAS), with slight influence in the sum-
mer for boreal emissions from BOAS. The contributions of
the biomass burning sources to each site are discussed below.

4.2.1 High-Arctic sites

The high-Arctic sites of Eureka, Ny-Ålesund, and Thule il-
lustrate strong summertime enhancements of CO and HCN
as seen in Figs. 2 and 3, with a moderate enhancement of
C2H6 shown in Fig. 4. These enhancements have a maximum
in July and August, and from Fig. 7 it is observed that the en-
hancements are largely due to the influence of BONA and
BOAS wildfires. Wildfires in temperate regions (TENA and
CEAS) are a small contribution to the CO tropospheric col-
umn (< 5 %) but do not contribute to the detected episodic
enhancements. A moderate contribution to CO from CEAS
and SEAS is observed, but these are not a source of anoma-
lous enhancements.

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

Furthermore, an early onset in April of the BOAS con-
tribution is observed and is likely the result of the contribu-
tion from Siberian wildfires. Siberian wildfires are associated
with low-level injected emissions, mainly within the plan-
etary boundary layer and lower free troposphere (Val Mar-
tin et al., 2018). The low-level injection of these emissions
and the high latitudes of the sources favor efficient transport
to the Arctic (Stohl, 2006). In contrast, the Asian sources,
CEAS and SEAS, show minor contributions to the CO tropo-
spheric columns at the high-Arctic sites. Transport of these
emissions to the Arctic is limited due to the higher poten-
tial temperature of these regions in the summertime, prevent-
ing isentropic transport to the Arctic (Klonecki, 2003; Stohl,
2006).

4.2.2 Arctic sites

For the high-latitude European sites Kiruna and St. Peters-
burg, smaller contributions to CO from BONA and BOAS
sources are observed, with peak contributions ranging from
approximately 5 % to 44 % for BONA and 12 % to 37 %
for BOAS, with slightly smaller contributions at Kiruna, as
shown in Fig. 8. The smaller contributions from these sites
in comparison to the high-Arctic sites are partly due to the
greater distances from the wildfire sources. The transport of
emissions to these sites is a result of long-range westerly
transport that exceeds 11 d as shown in Table 4. Because of
the long travel times, the plume is often diluted and there-
fore does not generally lead to the episodic enhancements
observed at the high-Arctic sites. In contrast, Poker Flat is
predominantly influenced by Alaskan wildfires, with contri-
butions to the CO tropospheric column exceeding 50 % in
many cases. Similarly, the proximity of Poker Flat to BOAS
sources makes BOAS a significant contributor to episodic
CO enhancements, comparable to the local BONA source.

Similar to the high-Arctic sites, contributions from TENA,
CEAS, and SEAS to the Arctic sites are minimal and do
not contribute to the episodic enhancements of CO, HCN,
and C2H6 detected in the FTIR time series. However, Poker
Flat and St. Petersburg generally exhibit greater contributions
from CEAS. For Poker Flat, this is the result of Asian outflow
transporting emissions from Asia over the Atlantic to Alaska.
For St. Petersburg, the proximity to the CEAS sources makes
it susceptible to this source. Particularly evident is the large
enhancement in July and August of 2010 due to wildfires
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Figure 6. Weekly-mean GEOS-Chem tagged CO tracer tropospheric columns. The tagged CO tracers correspond to those listed in Table 2.
The total biomass burning (BB) contribution is shown and is the sum of all biomass burning tracers from Table 2.

in the Moscow region (Konovalov et al., 2011; Witte et al.,
2011; Yurganov et al., 2011) although not detected in the
FTIR time series as there were no measurements during that
period.

4.2.3 Alpine sites

The Alpine sites, Zugspitze and Jungfraujoch shown in
Fig. 9, differ the most from the other sites considered in this
study as a result of their high altitude. It is seen that Zugspitze
and Jungfraujoch are most strongly influenced by BOAS,
with a mean seasonal maximum contribution of approxi-
mately 14 % at both sites. The contribution of BOAS emis-
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Figure 7. Daily-mean CO tropospheric column time series for FTIR
measurements and GEOS-Chem from 2003 to 2018 for the high-
Arctic sites: (a) Eureka, (b) Ny-Ålesund, and (c) Thule. The bottom
panel of each subfigure shows the relative contribution (%) of the
BONA, TENA, BOAS, CEAS, and SEAS CO tracers in the GEOS-
Chem simulation to the total CO tropospheric column. The grey
shaded regions indicate periods of fire-affected measurements iden-
tified in the FTIR time series and summarized in Fig. 5.

sions to the enhanced columns at Zugspitze and Jungfraujoch
is due to hemispheric-scale transport with transport times ex-
ceeding 10 d, leading to a perturbation in background con-
centrations of each species. As a result, the enhancements
detected in the FTIR time series or GEOS-Chem do not re-
sult in the large episodic enhancements observed at the high-
Arctic sites. The contributions from transatlantic transport

Figure 8. Same as Fig. 7 but for the Arctic sites: (a) Kiruna,
(b) Poker Flat, and (c) St. Petersburg.

of BONA emissions, however, exhibit these anomalous en-
hancements on occasion. Particularly evident are the BONA
wildfires of 2013–2015 and 2018. Emissions from boreal
Canadian wildfires may be injected into the free troposphere
(Val Martin et al., 2018) and in some cases the lower strato-
sphere (Fromm et al., 2000; Khaykin et al., 2018; Peterson
et al., 2018), which may enable the efficient transport of the
plume over intercontinental scales (Heilman et al., 2014).

SEAS emissions are a larger contributor to CO enhance-
ments for Zugspitze and Jungfraujoch than for the Arctic or
high-Arctic sites. However, such enhancements are not ob-
served in the FTIR time series as the contribution from SEAS
is small in comparison to Asian anthropogenic sources as il-
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Figure 9. Same as Fig. 7 but for the Alpine sites: (a) Zugspitze and
(b) Jungfraujoch.

lustrated in Fig. 6. Transport of Asian biomass burning CO
emissions to Europe had been identified in the springtime by
Petetin et al. (2018) and attributed to uplifting of emissions
into the free troposphere and efficient transport of the wester-
lies (Bey et al., 2001a). In all cases, Zugspitze and Jungfrau-
joch are most susceptible to emissions that reach the free
troposphere where long-range transport is favored (Petetin
et al., 2018).

4.2.4 Midlatitude sites

Anomalous enhancements in the Rikubetsu time series are
dominated by the outflow of BOAS emissions that begin in
early springtime and persist throughout the summer and fall.
Episodic BOAS enhancements are observed annually, with
contributions that generally exceed 20 % and are larger than
50 % in many years. The greatest enhancement from BOAS
was observed in 2003 as result of the exceptional emissions
from Siberia wildfires (Jaffe et al., 2004; Ikeda and Tani-
moto, 2015). Although the contribution from BOAS at Riku-
betsu is highly variable between years, anomalous enhance-
ments are observed annually in the GEOS-Chem time series,
while detection of events in the FTIR time series is limited
by the temporal sampling of the FTIR instrument. CEAS
and SEAS have moderate contributions (∼ 10 %) to the CO
tropospheric column at Rikubetsu in the spring and fall, al-

Figure 10. Same as Fig. 7 but for the midlatitude sites: (a) Toronto
and (b) Rikubetsu.

though the influence of these sources is often masked by the
greater BOAS emissions during these periods. Other biomass
burning sources have minimal contributions, and Asian an-
thropogenic sources are dominant throughout the year as
shown in Fig. 6.

Toronto is most strongly influenced by wildfires of BONA,
with detected events in the FTIR time series including
2014 from the Northwest Territories wildfires (Lutsch et al.,
2016; Kochtubajda et al., 2019), 2015 from wildfires in
Saskatchewan (Dreessen et al., 2016), and the 2017 British
Columbia wildfires (Peterson et al., 2018). Although it is in
close proximity to TENA sources, mainly from the west-
ern and southern United States, Toronto is minimally in-
fluenced by TENA as the magnitude of these emissions is
much smaller than for BONA. Background contributions
from CEAS and SEAS are also observed in the springtime,
although the contribution from Asian anthropogenic sources
is dominant. BOAS is also a significant contribution to CO
at Toronto in the summertime but does not generally result
in anomalous enhancements as a result of the longer trans-
port times from this region. The 2018 enhancements were
attributed to BOAS, while in June 2012, enhancements were
present in the FTIR time series and appear to occur simul-
taneously with the large BOAS contribution (> 30 %). Mi-
nor contributions (< 5 %) from CEAS are observed in the
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springtime and fall, while a moderate influence from SEAS
of ∼ 10 % is observed in the spring.

5 Conclusions

Boreal wildfires of North America (BONA) and Asia
(BOAS) were found to be the greatest contributors to
episodic CO enhancements at 10 Northern Hemisphere FTIR
sites: Eureka, Ny-Ålesund, Thule, Kiruna, Poker Flat, St. Pe-
tersburg, Zugspitze, Jungfraujoch, Toronto, and Rikubetsu.
Wildfire pollution events were identified by detection of en-
hancements of CO in the FTIR time series. With the ex-
ception of Ny-Ålesund, Poker Flat, and Rikubetsu, detected
CO enhancements were correlated with coincident measure-
ments of HCN and C2H6 to determine their enhancement ra-
tios with respect to CO, providing evidence for wildfires as
the source of these pollution events.

For the detected wildfire events, the calculated enhance-
ment ratios of HCN and C2H6 were converted to emission
ratios using a mean plume travel time calculated from FLEX-
PART back trajectories. Plume travel times were found to
vary between sites and source regions, with a minimum of
3 d for BONA events transported to Poker Flat and a maxi-
mum of 14 d for BOAS transported to Zugspitze. With the ex-
ception of Rikubetsu (8 d) and Zugspitze (14 d), travel times
were comparable for BOAS sources at all sites, ranging from
10 to 12 d on average. For BONA, the travel times varied by
site, with a minimum of 3 d at Poker Flat and a maximum of
12 d at Kiruna and Ny-Ålesund.

A total of 23 emission ratios of HCN and C2H6 were found
for BONA and 38 for BOAS. The calculated emission ratios
were found to agree well with previous published values, il-
lustrating the FTIR observations of this kind are able to cap-
ture the long-range transport of wildfire emissions. Average
emission ratios of HCN and C2H6 for BONA of 0.0047 and
0.0092, respectively, were found, with standard deviations of
0.0014 and 0.0046, respectively. Similarly, for BOAS, mean
HCN and C2H6 emissions ratios of 0.0049 and 0.0100, re-
spectively, with standard deviations of 0.0025 and 0.0042,
respectively, were found. Due to the similarity of emission
ratios found for BONA and BOAS, there is no clear distinc-
tion in emissions between the two sources. Furthermore, the
emission ratios found here provide additional constraints on
the variability of HCN and C2H6 emissions, adding to the
sparsely populated literature dataset, particularly for BOAS.
Moreover, the emission ratios quantified using the long-term
time series obtained from a network of FTIR instruments
enabled the detection of a larger number of wildfire pollu-
tion events, allowing for more robust estimates of the HCN
and C2H6 emission ratios, whereas previous studies from
aircraft-, satellite-, or ground-based measurement platforms
have only focused on single and or few events.

The results of this study confirm the ability of ground-
based FTIR measurements to capture the transport of bo-

real wildfire emissions. Furthermore, we extend our find-
ings by quantifying the contribution of wildfire sources to
CO measurements at each site using the GEOS-Chem tagged
CO simulations. For Eureka and Thule, BONA and BOAS
sources were found to contribute to greater than 40 % of the
CO tropospheric partial column in many cases. A similar in-
fluence of BONA and BOAS wildfires was observed at Ny-
Ålesund. Kiruna was also strongly influenced by the transat-
lantic transport of BONA emissions and hemispheric trans-
port of BOAS emissions, which may contribute ∼ 5 %–40 %
of the CO tropospheric partial column during the summer
months from June though September of each year. A simi-
lar contribution was observed at St. Petersburg, albeit lower
in magnitude. The GEOS-Chem tagged CO simulation illus-
trated the strong influence of both BONA and BOAS sources
at Poker Flat, which in several years exceeded 60 % of the
CO tropospheric column.

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

Given the substantial contribution of wildfire sources to
CO at sites in this study, and the ability of FTIR spectrom-
eters to quantify wildfire emissions, future studies should
examine the long-term effect of biomass burning emissions
on reactive trace gas species. Reactive trace gas species of
interest that are be readily measured by FTIR spectrome-
try include acetylene (C2H2; e.g., Paton-Walsh et al., 2010;
Vigouroux et al., 2012; Viatte et al., 2014, 2015), methanol
(CH3OH; e.g., Rinsland et al., 2009; Vigouroux et al., 2012;
Viatte et al., 2014, 2015), formic acid (HCOOH; e.g., Zan-
der et al., 2010; Viatte et al., 2014, 2015), formaldehyde
(H2CO;Paton-Walsh et al., 2004; Vigouroux et al., 2009; Vi-
atte et al., 2014, 2015; Vigouroux et al., 2018), and ammo-
nia (NH3; e.g., Paton-Walsh et al., 2004; Dammers et al.,
2015; Lutsch et al., 2016, 2019). FTIR measurements can
inform future studies to characterize the long-range transport
of these species to elucidate the chemical mechanisms within
a smoke plume and potential impacts on air quality.
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Appendix A: Averaging kernels

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

a = CTA, (A1)

where C is the total column operator in units of molecules
per square centimeter, and T denotes the transpose. The
VMR averaging kernel matrix A is in VMR /VMR units.
The total column averaging kernel may be normalized:

âi = ai/Ci, (A2)

where i is the index of the ith level of the FTIR vertical re-
trieval grid. The normalized total column averaging kernel
(â) is unitless and represents the sensitivity to a change in
partial column for the vertical level i. The normalized total
column averaging kernel may then be applied to the partial
column profile to obtain the smoothed column, as shown in
Sect. 3.2.

For all species and sites, the total column averaging ker-
nels are not highly variable in time. The variability of the to-
tal column averaging kernel is mainly due the changes in the
vertical distribution of the species. In particular, total column
averaging kernel values generally increase with greater con-
centration of the species. There is some dependence on the
solar zenith angle (SZA) of the measurement which varies
seasonally, as the SZA is related to the sampled slant path
through the atmosphere. At high SZAs, the longer slant path
results in greater degrees of freedom for signal (DOFS) and
hence greater averaging kernel values. The a priori covari-
ance matrix, which is site and species dependent, also influ-
ences the total column averaging kernel.
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Figure A1. Mean retrieved (red) and a priori (black) VMR profiles of CO taken over all years of measurements at each site. The shaded
region indicates the 1σ standard deviation from the mean. The circle markers indicate the layer centers of the FTIR vertical retrieval grid.
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Figure A2. Same as Fig. A1 but for HCN.
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Figure A3. Same as Fig. A1 but for C2H6.
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Figure A4. Mean CO, HCN, and C2H6 normalized total column averaging kernels (molec. cm−2/molec. cm−2), taken over all years of
measurements at each site. The shaded region indicates a 1σ standard deviation from the mean. The circle markers indicate the layer centers
of the FTIR vertical retrieval grid.
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Figure A5. Examples of the enhancement ratios of HCN and C2H6 for a selected BONA wildfire pollution event at each site. The grey
points indicate all years of measurements. The red points are measurements taken during the fire-affected period stated in the subplot title.
The dashed black line is the linear regression to the red points. The number of measurements (N ), linear equation, and correlation coefficient
(r) are also shown.
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Figure A6. Same as Fig. A5 but for BOAS.
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