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Abstract The long‐term trends and seasonality of many tropospheric pollutants are not well characterized
in the high Arctic due to a dearth of trace‐gas measurements in this remote region. In this study, the inter‐ and
intra‐annual variabilities of carbon monoxide (CO), acetylene (C2H2), ethane (C2H6), methanol (CH3OH),
formaldehyde (H2CO), formic acid (HCOOH), and peroxyacetyl nitrate (PAN) in the high Arctic region were
derived from the total column time‐series of ground‐based Fourier transform infrared (FTIR) measurements at
Eureka, Nunavut (80.05°N, 86.42°W, 2006–2020) and Thule, Greenland (76.53°N, 68.74°W, 1999–2022).
Consistent seasonal cycles were observed in the FTIR measurements at both sites for all species. Negative
trends were observed for CO, C2H2, and CH3OH at both sites, and for HCOOH at Eureka. Positive trends were
detected for C2H6 and H2CO at both sites, and for PAN at Eureka. Additionally, a 19‐year simulation was
performed using the novel GEOS‐Chem High Performance model v14.1.1 for the period of 2003–2021. The
model was able to reproduce the observed seasonality of all gases, but all species showed negative biases
relative to observations, and CH3OHwas found to have a particularly large bias of approximately − 70% relative
to the FTIR measurements. The GEOS‐Chem modeled trends broadly agreed with observations for all species
except C2H6, H2CO, and PAN, which were found to have opposite trends in the model. For some species, the
measurement‐model differences are suspected to be the result of errors or underestimations in the emissions
inventories used in the simulation.

Plain Language Summary In this study, we investigate the seasonality and long‐term trends of
seven atmospheric pollutants measured from ground‐based spectrometers at two locations in the North
American high Arctic; Eureka, Nunavut (80.05°N, 86.42°W, 2006–2020), and Thule, Greenland (76.53°N,
68.74°W, 1999–2022). We observe consistent seasonal cycles at both sites for all gases. Carbon monoxide and
acetylene were found to be decreasing over the years at both locations, while others gases, like ethane and
formaldehyde were steadily increasing. At Eureka, formic acid concentrations were also found to be steadily
decreasing. To better understand these changes, we used a chemical transport model to simulate the behavior of
these gases in the high Arctic over a 19‐year period (2003–2021). The model broadly captured the shape of the
seasonal cycles, however, the simulation displayed some discrepancies relative to the ground‐based
measurements. For some gases, such as methanol and peroxyacetyl nitrate, the model showed greater
discrepancies with the measurements than for others. The model reproduced the observed trends for all species
except ethane, formaldehyde, and peroxyacetyl nitrate, which were found to have opposite trends in the model.
Some of these discrepancies are believed to be attributed to errors in the model's emissions inventories.

1. Introduction
The Arctic region is a major receptor of transported mid‐latitude pollution, and it is highly sensitive to changes in
atmospheric composition (Law & Stohl, 2007; Stohl, 2006). Future anthropogenic climate change is expected to
influence the Arctic troposphere by altering the transport pathways of pollutants, and by modulating the strength
of emissions sources (Flannigan et al., 2005; Kirchmeier‐Young et al., 2019; Shindell et al., 2006, 2008).
Furthermore, reductions in summer sea ice coverage in recent years have accelerated the pace of industrialization
in the Arctic and local emissions from mining, shipping, fossil fuel extraction, and infrastructure development
have already been found to have a growing impact on the Arctic atmosphere (Marelle et al., 2016; Roiger
et al., 2015). Wildfires have also been found to present a significant periodic source of air pollution to the Arctic,
and they can contribute significant quantities of both aerosols and reactive trace gases to the region (Lutsch
et al., 2016, 2019, 2020; Roiger et al., 2011; Viatte et al., 2013, 2014, 2015; Wizenberg, Strong, Jones, Lutsch,
et al., 2023). Reactive tropospheric pollutants including volatile organic compounds (VOCs) can have various
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negative impacts on the Arctic climate and environment, which include enhancing warming in the region, the
acidification of soil and rainwater, and contributing to poor air quality episodes (Galloway et al., 1982; Law &
Stohl, 2007; Law et al., 2014; Shindell & Faluvegi, 2009; Whaley et al., 2022).

Monitoring and assessing the inter‐ and intra‐annual variability of tropospheric pollutants in the high‐Arctic
region is challenging due to the scarcity of reliable long‐term measurements. 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 in the Arctic. 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 intra‐ and inter‐
annual variability from these temporally limited measurements (e.g., Alvarado et al., 2010; Law et al., 2014;
Liang et al., 2011; Singh et al., 1992; Wofsy et al., 1992). Satellite observations of many reactive tropospheric
pollutant species have been made from sensors such as the Measurements of Pollution in The Troposphere
(MOPITT; e.g., Deeter et al., 2003), the Tropospheric Emission Spectrometer (TES; e.g., Cady‐Pereira
et al., 2012, 2014; Payne et al., 2014), the Infrared Atmospheric Sounding Interferometer (IASI; e.g., Coheur
et al., 2009; Franco et al., 2021; Pommier et al., 2016; Razavi et al., 2011), and the Cross‐track Infrared Sounder
(CrIS; e.g., Payne et al., 2022; Shogrin et al., 2023). However, the observational conditions for thermal infrared
nadir‐sounding instruments in the high Arctic are generally poor due to low thermal contrast and relatively low
ambient concentrations of many pollutants, leading to higher uncertainties and sparser measurements than at
lower latitudes. To this end, ground‐based Fourier transform infrared (FTIR) spectroscopy is a valuable tool for
studies of reactive tropospheric pollutants in the high Arctic as these instruments provide a consistent data set at a
specific site, and generally possess greater vertical sensitivity and lower detection limits than nadir‐viewing
satellite instruments, particularly where low thermal contrast presents significant challenges for space‐based
infrared measurements.

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, providing information 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, poorly constrained local sources and sinks, and the occurrence of transport errors due the
presence of model grid singularities at the poles leading to discrepancies across models (Shindell et al., 2008;
Stohl et al., 2013; H. Yang et al., 2020; Yu et al., 2018). As a result, it is crucial to evaluate the performance of
CTMs in remote regions such as the high Arctic, which are not often the focus of model validation exercises.

In this study, we assess the seasonal variability and long‐term trends of carbon monoxide (CO), acetylene (C2H2),
ethane (C2H6), methanol (CH3OH), formaldehyde (H2CO), formic acid (HCOOH), and peroxyacetyl nitrate
(PAN) in the high Arctic region from the total column time‐series measured by ground‐based FTIRs at two sites;
Eureka, Nunavut, Canada, and Thule, Greenland. Additionally, we perform a 19‐year simulation using the novel
GEOS‐Chem High Performance (GCHP) CTM which covers the period of 2003–2021. We examine the modeled
seasonal and inter‐annual variability of these seven tropospheric trace gas species, and we evaluate the perfor-
mance of the model against the ground‐based FTIR observations at the two high‐Arctic sites.

This paper is structured as follows. The ground‐based FTIR measurement sites, instruments, and retrieval
methods are described in Section 2.1. The GEOS‐Chemmodel configuration and simulation used in this study are
described in Section 2.2. The methodology used for estimating trends from the measured and modeled data are
discussed in Section 2.3. In Section 3.1, the seasonal cycles obtained from the ground‐based FTIR data at Eureka
and Thule are presented, while in Section 3.2 the observed long‐term trends derived from the FTIR measurements
are discussed. In Section 3.3, the GEOS‐Chem simulated seasonal cycles and trends are presented, and they are
contrasted with the observational results. Conclusions are presented in Section 4.

2. Data and Methods
2.1. Ground‐Based FTIR Measurements

2.1.1. FTIR Sites

In this study, measurements from two high‐Arctic ground‐based FTIRs were used. The first instrument is located
at the Polar Environment Atmospheric Research Laboratory (PEARL) in Eureka, Nunavut (80.05°N, 86.42°W,
610 m a.s.l) on Ellesmere Island in the Canadian Arctic. The instrument is a Bruker IFS 125HR FTIR
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spectrometer, and was installed at PEARL in July 2006. Measurements are made during sunlit clear‐sky con-
ditions using a custom‐built heliostat. At present, the time‐series of PEARL‐FTIR measurements extends from
August 2006 until March 2020, when the COVID‐19 pandemic halted nominal operations. A detailed description
of the Eureka FTIR is provided in Batchelor et al. (2009).

The second ground‐based instrument is located at the Thule Airforce Base (TAB) in Thule, Greenland (76.53°N,
68.74°W, 225 m a.s.l.). A Bruker IFS 120M FTIR was installed at TAB 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 Hannigan et al. (2009).

Measurements at both Eureka and Thule are made in the mid‐infrared at a spectral resolution of 0.0035 cm− 1

using a KBr beamsplitter that covers the spectral range of 700–5,000 cm− 1, a series of optical filters, and two
photovoltaic detectors; a InSb detector (1,850–10,000 cm− 1), and a HgCdTe detector (600–6,000 cm− 1). Trace
gas profiles and total column concentrations are retrieved from the measured spectra, and the data are regularly
contributed to the Network for the Detection of Atmospheric Composition Change (NDACC; www.ndacc.org). In
the following subsection, we describe the retrieval methods for estimating the trace‐gas column concentrations
from the measured solar‐absorption spectra.

2.1.2. FTIR Retrieval Methods

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 an implementation of the Optimal Estimation Method
described in Rodgers (2000) and it is based upon the older SFIT2 algorithm described in Pougatchev et al. (1995).
The trace gas volume mixing ratio (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 CO, C2H2, CH3OH, and HCOOH spectroscopic parameters from the HITRAN 2008 line list
database (Rothman et al., 2009) are used. For the retrieval of C2H6 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 C2H6 and HITRAN 2008 is used for all other species
following the approach of Franco et al. (2015). Similarly, in the retrieval of PAN pseudo‐lines are used for the
absorption features of PAN, while H2O lines from the HITRAN 2016 line list database (Gordon et al., 2017) were
used based on the recommendations in Mahieu et al. (2021), and HITRAN 2008 was used for all other interfering
species. For the retrieval of H2CO, the ATM16 line list was used (Toon et al., 2016). In these retrievals, pseudo‐
linelists were also used to supplement the spectroscopic databases in the case of any unresolved interfering
features, namely those of carbon tetrachloride (CCl4), chlorine nitrate (ClONO2), CFC‐12 (CCl2F2), HCFC‐22
(CHClF2), HFC‐23 (CHF3), and CFC‐113 (CCl2FCClF2). Additionally, atmospheric temperature and pressure
profiles are daily averages provided by the National Centers for Environmental Prediction, and the a priori
profiles of each species are taken from a 40‐year average (1980–2020) of the Whole Atmosphere Community
Climate Model version 4 (Marsh et al., 2013).

The SFIT4 spectral microwindows, the interfering trace‐gas species, and the corresponding references for each of
the retrievals are provided in Table 1. CO and C2H6 are standard NDACC products, and are retrieved using
specified NDACC Infrared Working Group (NDACC‐IRWG; https://www2.acom.ucar.edu/irwg) recommen-
dations and harmonized spectral microwindows (i.e., the same microwindows and retrieval approach are used for
all sites in the network). The retrievals of CO and C2H6 are described in Lutsch et al. (2016) and Viatte
et al. (2014) and references therein. C2H2, CH3OH, HCOOH, H2CO, 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. The retrieval of C2H2 is described in Viatte et al. (2014, 2015), and the retrieval
of H2CO is described in Vigouroux et al. (2018, 2020), while detailed descriptions of the CH3OH, HCOOH, and
PAN retrievals are provided in Wizenberg, Strong, Jones, Lutsch, et al. (2023) and references therein.
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For all retrievals, a full error analysis is performed for each site following Rodgers (2000). The total error budgets
include contributions from forward model parameter errors, spectroscopic uncertainties, and measurement errors.
The retrieval uncertainties are similar at both sites for all species. The random, systematic, and total uncertainties,
as well as the degrees of freedom for signal (DOFS) for the Eureka and Thule FTIR retrievals are summarized in
Table 2. The mean VMR averaging kernels for the Eureka and Thule retrievals are provided in Figures S1 and S2
in Supporting Information S1, and the total column averaging kernels and retrieval sensitivity for Eureka and
Thule are provided in Figures S3 and S4 in Supporting Information S1, respectively. All of the trace gas retrievals
display good vertical sensitivity throughout the troposphere, while CO and H2CO display additional sensitivity to

Table 1
Spectral Microwindows and the Interfering Species Used for the Eureka and Thule Fourier Transform Infrared SFIT4
Retrievals and Corresponding References

Target species Microwindows (cm− 1) Interfering species References

CO 2,057.700–2,058.000, CO2, H2O, Notholt et al. (2000),

2,069.560–2,069.760, N2O, O3, Y. Zhao et al. (2002),

2,157.500–2,159.150 OCS Viatte et al. (2014)

C2H2 3,250.430–3,250.770, H2O, HDO Paton‐Walsh et al. (2010),

3,255.180–3,255.725, Viatte et al. (2014)

3,304.825–3,305.350

C2H6 2,976.660–2,976.950, H2O, O3, Notholt, Toon, Lehmann, et al. (1997),

2,983.200–2,983.550, CH4 Viatte et al. (2014),

2,986.500–2,986.950 Franco et al. (2015)

CH3OH 992.000–998.700, CO2, H2O, Vigouroux et al. (2012),

1,029.000–1,037.000 O3, O3(686), Viatte et al. (2014),

O3(676), O3(668), Bader et al. (2014)

O3(667)

H2CO 2,763.420–2,764.170, HDO, CH4, Notholt, Toon, Lehmann, et al. (1997),

2,765.650–2,766.010, O3, N2O Paton‐Walsh et al. (2005),

2,778.150–2,779.100, Viatte et al. (2014),

2,780.650–2,782.000 Vigouroux et al. (2018)

HCOOH 1,102.000–1,109.000, CCl2F2, CH4, Zander et al. (2010),

1,178.400–1,178.800 CHF2Cl, H2O, Vigouroux et al. (2012),

HDO, N2O, Yamanouchi et al. (2020)

NH3, O3

PAN 779.900–811.370 CO2, CCl4, Mahieu et al. (2021)

CHF2Cl, ClONO2,

CFC‐113, H2O, O3

Table 2
Mean Random, Systematic, and Total Retrieval Uncertainties and Degrees of Freedom for Signal (DOFS) of the Eureka and
Thule Fourier Transform Infrared Retrievals

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

CO 1 3 3.2 2–3

C2H2 5 1 5.1 1–1.5

C2H6 2.5 6 6.5 1.5–2

CH3OH 4.5 12 12.8 1

H2CO 10 13 16.4 1–1.5

HCOOH 3 9 9.5 1

PAN 20 10 22.4 1
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the mid‐ and lower‐stratosphere. All retrievals have a DOFS of 1 or greater, indicating that total column con-
centrations 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 derive partial columns from the retrievals.

2.2. GEOS‐Chem Chemical Transport Model

The GCHP CTM (Eastham et al., 2018; Martin et al., 2022), 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. The model is run on the native NASAGoddard Earth
Observing System cubed‐sphere grid. The model simulation in this work was performed at a horizontal resolution
of C48 (∼2° × 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 the Modern‐Era Retrospective Analysis for Research and
Applications, version 2 (MERRA‐2; Gelaro et al., 2017) provided by the Global Modeling and Assimilation
Office (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 Philip et al. (2016),
model transport and chemical operator time steps of 10 and 20 min, respectively, were selected to minimize
simulation errors.

The emissions in the model are configured at run‐time using the Harmonized Emissions Component (HEMCO;
Lin et al., 2021), taking into account various inventories. All emissions 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
models that utilizes regional and country‐specific inventories to scale base emissions to produce trends over
recent decades while maintaining a consistent methodology (Hoesly et al., 2018). These regional and country‐
scale inventories include the US EPA National Emissions Inventory for the United States, the European Moni-
toring and Evaluation Program Inventory for Europe, and the Emissions Database for Global Atmospheric
Research for countries where national inventories are not available (Hoesly et al., 2018). 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 C2H6, in the default configuration of the model anthropogenic emissions are sourced from
the emissions inventory of Tzompa‐Sosa et al. (2017) instead of CEDSv2, as other anthropogenic inventories
were found to significantly underestimate C2H6 emissions. Additionally, biogenic emissions in the model are
sourced from the Model of Emissions of Gasses and Aerosols from Nature (MEGAN; Guenther et al., 2012)
version 2.1, and biomass burning emissions are provided by the Global Fire Assimilation System (GFAS; Kaiser
et al., 2012) version 1.2. The GFASv1.2 inventory provides global fire emissions at a 3‐hourly frequency on a
0.1° × 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; Van Der Werf et al., 2017) as it was found that northern
mid‐ and high‐latitude fires were better represented by GFAS when compared against satellite observations as
discussed in Wizenberg, Strong, Jones, Lutsch, et al. (2023).

Emissions of C2H2 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 Wizenberg, Strong, Jones, Lutsch, et al. (2023)
and calculate the emission ratios relative to CO (in molar units) using values from Andreae (2019) for various
biomass types (i.e., boreal forests, temperate forests, tropical forests, and grasslands). The GFEDv4.1 basis region
map (available from: https://www.globalfiredata.org/data.html) was then used to allocate and apply the emissions
globally in the model by scaling the existing GFAS CO fields by the pre‐determined molar emission ratios in each
region via the HEMCO module. An example of the resulting HCOOH emission flux and a map of the scaling
ratios for August 2017 are provided as Figure S5 in Supporting Information S1. It should be noted that the
GFEDv4.1 inventory was used during the model spin‐up year of 2002, since the earliest year available for the
GFASv1.2 inventory is 2003.

2.3. Trend Analysis

The Eureka and Thule ground‐based 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 (long‐term trends), we apply Fourier
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series fitting of multiple orders to the total column time‐series data from the two Arctic FTIRs, and the simulated
columns from GCHP following the method of Friedrich et al. (2020), taking into account the auto‐correlation in
the time‐series data. We apply a least‐squares fit to the data with a function F of the form (Gardiner et al., 2008):

F(t, a, b) = at + V(t, b) (1)

where a is the annual trend in the data, t is the time measured in years, and V(t, b) is the Fourier series component
that is given by:

V(t, b) = b0 + b1 cos2πt + b2 sin2πt + b3 cos4πt + b4 sin4πt +… (2)

where b0 to bn 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 (Gardiner et al., 2008). In this study, a Fourier series of order 3 was
used for all fits, with the exception of CH3OH and H2CO where a Fourier series of order 2 was used because an
appropriate fit to the FTIR data could not be established with order 3 due to either the sparseness of the data set or
larger short‐term variability in the measured total columns. To derive the confidence intervals (CIs) for the fitted
trends, we apply bootstrap resampling with Q = 5,000 (the number of bootstrapping ensemble members).
Bootstrap resampling allows for a statistically robust treatment of non‐normally distributed data sets, and this
approach has been widely used to evaluate the CIs of trends derived from FTIR measurements (Franco
et al., 2016a; Friedrich et al., 2020; Gardiner et al., 2008; Gatz & Smith, 1995; Yamanouchi et al., 2021).

Since the FTIR and GCHP total column time‐series contain transient events such as biomass burning enhance-
ments, we identify these events using Fourier fit following Lutsch et al. (2020) and Zellweger et al. (2009). 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 2σ 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 enhancements 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 enhancements) may highlight how significantly each time‐series is
impacted by wildfires and other transient events.

3. Results and Discussion
3.1. FTIR‐Derived Seasonal Cycles

In this section, we evaluate the seasonal cycles of CO, C2H2, C2H6, CH3OH, HCOOH, H2CO, and PAN derived
from the ground‐based FTIR measurements at Eureka and Thule. The retrieved total column time‐series of these
seven tropospheric species and the corresponding monthly means calculated across all years are shown for Eureka
and Thule in Figures 1 and 2, respectively.

3.1.1. CO

The seasonal cycle of CO is shown for Eureka in Figure 1a, and for Thule in Figure 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 × 1018 molec. cm− 2 and 2.1 × 1018 molec. cm− 2, while the mean minimum total
columns are around 1.5 × 1018 molec. cm− 2 and 1.6 × 1018 molec. cm− 2 at Eureka and Thule, respectively. The
primary sources of CO are fossil fuel combustion and the oxidation of VOCs and CH4, which is transported to the
Arctic frommid‐latitude sources, with biomass burning being a significant periodic source during the late summer
months (Holloway et al., 2000; Lutsch et al., 2020; Yurganov et al., 1995). CO is primarily removed from the
atmosphere through oxidation by the hydroxyl radical (OH), which consumes OH and yields CO2, making CO an
indirect greenhouse gas. During polar night, no OH is present in the Arctic troposphere and the atmospheric
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lifetime of CO can be on the order of several months (Holloway et al., 2000). 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 (Holloway et al., 2000; Notholt, Toon, Stordal, et al., 1997; Stohl, 2006). As
polar night ends and sunlight gradually returns to the high Arctic, the observed CO total columns rapidly decrease,

Figure 1. Total column time series of (a) CO, (b) C2H2, (c) C2H6, (d) CH3OH, (e) HCOOH, (f) H2CO, and (g) PAN retrieved from Bruker 125HR 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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Figure 2. Total column time series of (a) CO, (b) C2H2, (c) C2H6, (d) CH3OH, (e) HCOOH, (f) H2CO, and (g) PAN retrieved from the Bruker 120M (1999–2015) and
Bruker 125HR (2015–2022) measurements at Thule. 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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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 influence of transported biomass burning plumes.

3.1.2. C2H2

The total column time‐series and monthly means for C2H2 are shown for Eureka and Thule in Figures 1b and 2b,
respectively. C2H2 presents a very similar seasonal cycle to CO at both Eureka 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 × 1015 molec. cm− 2 at both sites, while the mean minimum total
columns are 2.5 × 1015 molec. cm− 2 and 1.8 × 1015 molec. cm− 2 at Eureka and Thule, respectively. C2H2 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 C2H2 to the high Arctic, which is clearly seen at both sites during August in
Figures 1b and 2b (Viatte et al., 2014, 2015). Like CO, the primary atmospheric sink of C2H2 is oxidation by OH,
which is a crucial driver of its strong seasonality at high latitudes. As a result, C2H2 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 (Duflot et al., 2015; Notholt, Toon, Stordal, et al., 1997; Xiao et al., 2007).

3.1.3. C2H6

The seasonal cycle and monthly means of C2H6 are plotted for Eureka and Thule in Figures 1c and 2c, respec-
tively. C2H6 displays a strong seasonal cycle at both sites akin to that of CO and C2H2, with the largest observed
total columns in February and March, and the smallest columns in July. The observed seasonal cycle is broadly
consistent with that reported at Ny‐Ålesund, Svalbard by Notholt, Toon, Stordal, et al. (1997). The mean
maximum columns are 3.1 × 1016 molec. cm− 2 and 2.8 × 1016 molec. cm− 2, while the mean minimum total
columns are 1.1 × 1016 molec. cm− 2 and 1.3 × 1016 molec. cm− 2 at Eureka and Thule, respectively. C2H6 is the
most abundant non‐methane hydrocarbon in the atmosphere, and is an important precursor to tropospheric ozone
and PAN through its oxidation in the presence of nitrogen oxide radicals (NOx = NO + NO2) in polluted air-
masses (Fischer et al., 2014; Franco et al., 2016a). C2H6 also acts as an indirect greenhouse gas through its in-
fluence on the global lifetime of methane (CH4) as a result of its removal from the atmosphere by OH. In contrast
to CO and C2H2, C2H6 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 (Franco et al., 2016a; Friedrich et al., 2020; Xiao
et al., 2008). The main sources of C2H6 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.

3.1.4. CH3OH

The total column time‐series and the corresponding monthly means of CH3OH calculated across all years are
shown in Figures 1d and 2d 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 × 1016 molec. cm− 2 and
2.5× 1016 molec. cm− 2, and the mean minimum columns are 1.4 × 1016 and 2.7× 1015 molec. cm− 2 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 O3 in
the early spring. The mean columns in April at Thule are approximately 1.1 × 1016 molec. cm− 2, which is broadly
consistent with the mean minimum columns at Eureka. CH3OH is the second‐most abundant organic gas (after
CH4) found in the global remote atmosphere (Stavrakou et al., 2011). 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 & Benson, 1996; Holzinger et al., 1999; MacDonald & Fall, 1993; Wells et al., 2014). The oceans
can also serve as a source of CH3OH, however, globally they are thought to represent a small net sink (Bates
et al., 2021). Through its oxidation, CH3OH influences global OH concentrations, producing the hydroperoxyl
radical (HO2) and H2CO, and it can influence the budget of tropospheric O3 (Folberth et al., 2006; Tie
et al., 2003). 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
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in Figures 1d and 2d, however, these enhancements tend to be more moderate than for some of the other biomass
burning tracer species such as CO, and C2H2.

3.1.5. HCOOH

The seasonal cycle and monthly means of HCOOH are shown in Figures 1e and 2e 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 × 1015 molec. cm− 2 and
3.6 × 1015 molec. cm− 2, and the mean minimum columns are 5.6 × 1014 and 9.3 × 1014 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 4 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 & 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 re-
gions such as the Arctic (Paulot et al., 2011; Stavrakou et al., 2012). 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 Mungall et al. (2018) 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 Figures 1e and 2e, respectively.

3.1.6. H2CO

The total columns and monthly means of H2CO are shown in Figures 1f and 2f for Eureka and Thule, respectively.
H2CO 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 × 1015 molec. cm− 2 and 2.5 × 1015 molec. cm− 2, respectively, and mean minimum
columns of approximately 9.5 × 1014 molec. cm− 2 observed at both sites. H2CO is one of the most abundant
VOCs in the atmosphere, and it plays an important role in atmospheric photochemistry and air quality (Luecken
et al., 2012). H2CO 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 CH4 and non‐methane volatile
organic compounds (NMVOCs) (Holzinger et al., 1999; Luecken et al., 2012, 2018; Wittrock et al., 2006). It is
primarily removed via its reaction with OH yielding HO2 radicals, which can subsequently be converted back into
OH, meaning that OH plays an important role in both the formation and removal of H2CO from the atmosphere
(Mahajan et al., 2010; Nussbaumer et al., 2021; Wittrock et al., 2006). As a result, the seasonal cycle of H2CO at
Eureka and Thule is largely driven by the availability of sunlight and OH in the Arctic atmosphere. Biogenic
emissions of H2CO from high‐latitude boreal forests also contribute to the observed seasonal maxima in the
summertime (T. Zhao et al., 2022). The seasonal cycles in the H2CO total columns at Eureka and Thule resemble
that which was reported by Notholt, Toon, Stordal, et al. (1997). 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
H2CO columns during the summertime appears to be relatively small, particularly at Thule.

3.1.7. PAN

The seasonal cycle and monthly means of PAN are shown for Eureka and Thule in Figures 1g and 2g, respec-
tively. PAN exhibits a seasonal cycle similar in appearance to CO and C2H2, with the largest columns observed
between February and March which corresponds with the peak in the Arctic Haze pollution phenomena (Law &
Stohl, 2007), and the smallest total columns during June to July. The mean maximum columns across all years are
5.4 × 1015 molec. cm− 2 and 7.3 × 1015 molec. cm− 2, and the mean minimum columns are 2.8 × 1015 and
3.3 × 1015 molec. cm− 2 at Eureka and Thule, respectively. PAN's atmospheric lifetime is highly variable, ranging
from approximately 1 hr at 298 K to several months at the colder temperatures found in the upper troposphere and
lower stratosphere (Bridier et al., 1991; Jacob, 2000; Moxim et al., 1996; Orlando et al., 1992; Talukdar
et al., 1995). PAN is not directly emitted, but rather it results from secondary formation through the oxidation of
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NMVOCs such as acetone (C3H6O), acetaldehyde (CH3CHO), and methylglyoxal (C3H4O2) in the presence of
NOx. These PAN precursors have both anthropogenic and natural sources including direct emissions from human
activities and industry, and biomass burning (Akagi et al., 2011; Coheur et al., 2009; Fischer et al., 2014;
Jacob, 2000; Juncosa Calahorrano et al., 2020; Liu et al., 2016). 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 (Fischer et al., 2014; Moxim et al., 1996). Consequently, this leads to an accumulation of high
concentrations of PAN during polar night and the early spring (visible in Figures 1g and 2g). 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.

3.2. FTIR‐Derived Trends

The Fourier series fitting approach described in Section 2.3 was applied to the daily‐mean total columns of all
species at each site. The fitted trends and 95% CIs in % year− 1 are summarized in Table 3, and are plotted in
Figures 3 and 4 for Eureka and Thule, respectively. In the text, we provide the trend values and 95% CIs in relative
units. A version of Table 3 in absolute units (i.e., molec. cm− 2 year− 1) is included in Supporting Information S1 as
Table S1, and the reader can refer to this table for the absolute values of the trends.

3.2.1. CO

CO at Eureka was found to have a clear negative trend of − 0.84 [− 1.07, − 0.62]% year− 1 (slope [lower 95% CI,
upper 95% CI]) over the period of 2006–2020 (see Figure 3a). Similarly, at Thule a negative trend of − 0.76
[− 0.94, − 0.58]% year− 1 is found for the period of 1999–2022 (see Figure 4a). If enhancement events are excluded
from the time‐series, we obtain slightly more negative trends of − 1.10 [− 1.23, − 0.97]% year− 1 and − 0.89%
[− 0.99, − 0.79]% year− 1 at Eureka and Thule, respectively. 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 Figures 3a and 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% year− 1 to − 1% year− 1 in the northern hemisphere depending
on the period of study (Buchholz et al., 2021; Worden et al., 2013; X. Zhang et al., 2020). A recent trend study
using ground‐based FTIR data at Toronto by Yamanouchi et al. (2021) found a CO trend of − 0.90± 0.07% year− 1

over the period of 2002–2019, and an older study by Angelbratt et al. (2011) derived CO trends of
− 0.45 ± 0.16% year− 1, − 1.00 ± 0.24% year− 1, − 0.62 ± 0.19% year− 1, and − 0.61 ± 0.16% year− 1 from NDACC
FTIR measurements in Europe at Jungfraujoch, Zugspitze, Harestua and Kiruna over the period of 1996–2006,

Table 3
Fitted Trends Derived From Daily‐Mean Fourier Transform Infrared Total Columns at Eureka and Thule in Relative Units (% year− 1)

Species

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

Trend (% year− 1) Trend w/o enhancements (% year− 1) Trend (% year− 1) Trend w/o enhancements (% year− 1)

CO −0.84 (− 1.07, − 0.62) −1.10 (− 1.23, − 0.97) −0.76 (− 0.93, − 0.58) −0.89 (− 0.99, − 0.79)

C2H2 −2.20a (− 3.03, − 1.34) −2.57a (− 3.14, − 1.96) −1.71 (− 2.03, − 1.38) −1.61 (− 1.83, − 1.39)

C2H6 1.07 (0.76, 1.38) 0.98 (0.77, 1.18) 0.61 (0.39, 0.84) 0.56 (0.42, 0.70)

CH3OH − 0.24b (− 1.01, 0.51) −0.57b (− 1.07, − 0.08) −2.02c (− 2.73, − 1.30) −1.64c (− 2.09, − 1.20)

HCOOH − 2.14 (− 5.09, 0.82) −2.98 (− 4.13, − 1.82) 0.26 (− 0.58, 1.08) − 0.17 (− 0.68, 0.35)

H2CO 2.02 (1.20, 2.84) 1.91 (1.42, 2.40) 1.19 (0.66, 1.72) 0.97 (0.65, 1.29)

PAN 2.17 (1.28, 3.05) 2.13 (1.64, 2.62) 2.20d (− 0.31, 4.61) 1.29d (− 0.59, 3.22)

Note. The 95% confidence intervals calculated from bootstrap resampling with Q = 5,000 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. aThe time‐series of C2H2 at Eureka begins in July 2007.
bOnly 1 day of CH3OH total columns was available at Eureka in 2020, so these data are excluded from the analysis. cThe time‐series of CH3OH at Thule begins in March
2011. dThe time‐series of PAN at Thule begins in May 2015.
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Figure 3. Fourier series fit and the corresponding trendlines plotted over the total column time‐series of (a) CO, (b) C2H2, (c) C2H6, (d) CH3OH, (e) HCOOH, (f) H2CO,
and (g) PAN retrieved from Bruker 125HR measurements at Eureka. Note that the y‐axis limits of some panels have been adjusted relative to Figure 1 for increased
visibility of the fitted trends.
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Figure 4. Fourier series fit and the corresponding trendlines plotted over the total column time‐series of (a) CO, (b) C2H2, (c) C2H6, (d) CH3OH, (e) HCOOH, (f) H2CO,
and (g) PAN retrieved from the Bruker 120M (1999–2015) and Bruker 125HR (2015–2022) measurements at Thule. Note that the y‐axis limits of some panels have been
adjusted relative to Figure 2 for increased visibility of the fitted trends.
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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 (Buch-
holz et al., 2021; Worden et al., 2013; Yamanouchi et al., 2021).

3.2.2. C2H2

A negative trend of − 2.20 [− 3.03, − 1.34]% year− 1 over the period of 2007–2020 was found for C2H2 at Eureka
(Figure 3b). At Thule, a negative C2H2 trend of − 1.71 [− 2.03, − 1.38]% year− 1 is seen during the period of 1999–
2022 (Figure 4b). Excluding enhancement events, we obtain a stronger negative trend at Eureka of − 2.57 [− 3.14,
− 1.96]% year− 1 but the trend at Thule becomes slightly less negative with a value of − 1.61 [− 1.83,
− 1.39]% year− 1. At Eureka, the largest enhancement events occur in the latter half of the 2007–2020 time‐series,
while at Thule a very large C2H2 enhancement event occurred in 2004 (shown in Figure 4b), leading to the slight
difference in the trends with and without enhancements at the two sites.

Since CO and C2H2 are co‐emitted from fossil fuel combustion and are highly correlated in the atmosphere (Xiao
et al., 2007), the observed negative trends at Eureka and Thule are anticipated, and are broadly consistent with
recent studies. Yamanouchi et al. (2021) reported a C2H2 trend of − 1.12 ± 0.30% year− 1 derived from FTIR
measurements at Toronto in the period of 2002–2019. Similarly, Bernath et al. (2020) report a trend of
− 1.70 ± 0.38% year− 1 derived from ACE‐FTS measurements between 30°N and 90°N in the period of 2004–
2020.

3.2.3. C2H6

An positive trend in C2H6 is observed at both high Arctic sites. At Eureka, a trend of 1.07 [0.76, 1.38]% year− 1 in
the period of 2006–2020 was found (Figure 3c). At Thule, a trend of 0.61 [0.39, 0.84]% year− 1 is observed
between 1999 and 2022 (Figure 4c). If a fit is performed on the Thule time‐series over the same period as the
Eureka data set (August 2006 to March 2020), a more strongly positive trend of 1.66 [1.26, 2.06]% year− 1 is
found. When excluding enhancement events, the positive trends at both sites decrease slightly to 0.98 [0.77,
1.18]% year− 1 and 0.56 [0.42, 0.70]% year− 1 at Eureka and Thule, respectively. An apparent brief decline in C2H6

can be seen in the Eureka time‐series between 2015 and 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 C2H6 concentrations in the Northern Hemisphere after 2009 have been widely
reported in recent studies (e.g., Bernath et al., 2020; Franco et al., 2016a; Friedrich et al., 2020; Maddanu &
Proietti, 2023; Yamanouchi et al., 2021), and this has been linked to significant increases in oil and natural gas
production and distribution in the United States (Franco et al., 2015, 2016a; Helmig et al., 2016; Monks
et al., 2018; Tzompa‐Sosa et al., 2017). Franco et al. (2016a) obtained positive trends of approximately 3% year− 1

at Eureka and Thule between 2009 and 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]% year− 1 and 2.93 [1.72, 4.08]% year− 1 at Eureka and
Thule, respectively. Yamanouchi et al. (2021) report a positive trend of 1.19 ± 0.27% year− 1 determined from
FTIR measurements at Toronto between 2009 and 2019, which is broadly consistent with the trends presented
here for Eureka and Thule. Lastly, Bernath et al. (2020) found a positive C2H6 trend of 1.26± 0.30% year− 1 in the
northern hemisphere between 30°N and 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.

3.2.4. CH3OH

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]% year− 1 (see Figure 3d). At Thule, a significant negative trend of − 2.02
[− 2.73, − 1.30]% year− 1 was obtained for 2011–2022 (shown in Figure 4d). If the Eureka time‐series is truncated
to 2011–2020, a more strongly negative slope of − 1.04 [− 2.71, 0.49]% year− 1 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]% year− 1 between 2006 and
2020. At Thule, the trend becomes slightly less negative when enhancements are removed, with a slope of − 1.64
[− 2.09, − 1.20]% year− 1.
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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. Bernath et al. (2020)
found no trend in CH3OH in ACE‐FTS measurements between 2004 and 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°N
and 90°N, but this was not included in their discussion. Similarly, Yamanouchi et al. (2021) 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 (Bates et al., 2021; M. Yang et al., 2013). A recent study by Wohl et al. (2022) 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 (Wohl et al., 2022).
It is possible that this may be a driver of the observed CH3OH trends at Eureka and Thule, however further study is
needed.

3.2.5. 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]% year− 1 (see Figure 3e). When enhancement events are
excluded from the Fourier series fit at Eureka, a significant negative trend of − 2.98 [− 4.13, − 1.82]% year− 1 is
found between 2006 and 2020. At Thule, no statistically significant trends are found with or without enhancement
events, with slopes of 0.26 [− 0.58, 1.08]% year− 1 and − 0.17 [− 0.68, 0.35]% year− 1, respectively (shown in
Figure 4e).

To our knowledge, no studies have reported long‐term HCOOH trends in the high Arctic. Yamanouchi
et al. (2021) found negative HCOOH trends of − 2.15 ± 0.64% year− 1 with enhancements and
− 0.73 ± 0.53% year− 1 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% year− 1 in the range of 60°S to 60°N
between 2004 and 2020 reported by Bernath et al. (2020). 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 (Dibb & Arsenault, 2002; Mungall
et al., 2018; Paulot et al., 2011). Mungall et al. (2018) found that surface HCOOH concentrations measured during
early summer 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 high-
lighting 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.

3.2.6. H2CO

Positive trends were found for H2CO at Eureka and Thule. At Eureka, a trend of 2.02 [1.20, 2.84]% year− 1 was
found for the period of 2006–2020 (see Figure 3f). At Thule, a trend of 1.19 [0.66, 1.72]% year− 1 was found
between 1999 and 2022 (Figure 4f). If enhancement events are excluded, the slope of the trends decrease slightly
to 1.91 [1.42, 2.40]% year− 1 and 0.97 [0.65, 1.29]% year− 1 at Eureka and Thule, respectively.

Both positive and negative H2CO trends have been reported in the literature, and the direction of the trends
appears to vary based on region. Vigouroux et al. (2018) 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% year− 1 and
− 0.96 ± 0.51% year− 1 at St. Petersburg and Mexico City, respectively, and strong positive trends of
1.73 ± 1.52% year− 1 and 1.58 ± 0.52% year− 1 the tropical sites of Izana (2005–2016) and Saint‐Denis (2004–
2013), respectively. Yamanouchi et al. (2021) found a slightly negative trend at Toronto of − 0.43± 0.25% year− 1

only after removing enhancement events. Franco et al. (2016b) found a positive trend at Jungfraujoch of
0.81 ± 0.62% year− 1 using FTIR data between 2003 and 2015, which they suggest is likely related to increases in
atmospheric CH4 concentrations. Bernath et al. (2020) found a positive but non‐significant trend in stratospheric
H2CO of 0.18 ± 0.18% year− 1 between 30°S and 30°N with ACE‐FTS, but a positive significant trend in the
troposphere in the same region. Lastly, De Smedt et al. (2015) found strongly positive trends over Asia driven by
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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 and
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.

3.2.7. PAN

A clear upwards trend of 2.17 [1.28, 3.05]% year− 1 is seen in the observed PAN total columns at Eureka between
2006 and 2020 (Figure 3g). 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]% year− 1, 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
and 2022, and positive but non‐significant trends are found, with values of 2.20 [− 0.31, 4.61]% year− 1 with all
measurements, and 1.29 [− 0.59, 3.22]% year− 1 when enhancement events are excluded from the time‐series
(Figure 4g). The magnitude of the slope at Thule is generally consistent with the observations at Eureka, how-
ever 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. Bernath et al. (2020) report no statis-
tically significant trend between 2004 and 2012, and then a strongly negative trend of − 11.7 ± 2.3% year− 1

averaged over 60°S to 60°N between 2004 and 2020. Fadnavis et al. (2014) found positive annual PAN trends
ranging from 0.4 ± 1.3 to 3.2 ± 0.49 ppt year− 1 over India, and 1.0 ± 0.25 to 3.4 ± 1.3 ppt year− 1 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 (Cooper et al., 2010; Fadnavis et al., 2014; Fischer
et al., 2011, 2014; Jiang et al., 2016; L. Zhang et al., 2008). Since Asian anthropogenic emissions are a dominant
source of transported pollution at Eureka (Lutsch et al., 2020), the upward trend at Eureka is likely influenced by
greater PAN export from Asia in recent decades.

3.3. GEOS‐Chem Simulation and Comparison With Observations

Since measurements of CO, C2H2, C2H6, CH3OH, HCOOH, H2CO, and PAN are sparse in the high‐Arctic region,
global CTMs 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,
C2H2, C2H6, CH3OH, HCOOH, H2CO, and PAN with the ground‐based FTIR measurements at Eureka and
Thule.

3.3.1. Seasonal Cycles

The monthly mean simulated total columns from GCHP of all seven tropospheric species are plotted along with
the FTIR monthly mean total columns in Figures 5 and 6 for Eureka and Thule, respectively. It should be noted
that in Figure 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 Figure 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 as Figures S6 and S7 in Supporting In-
formation S1 while the summary statistics of these comparisons are provided in Table 4, providing a more
quantitative means of evaluating the model against the FTIR measurements at both sites.

3.3.1.1. CO

The seasonal cycle of CO is well captured by GEOS‐Chem at both Arctic FTIR sites, and is shown in Figures 5a
and 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 Figures
S6a and S7a in Supporting Information S1). The closest agreement between the modeled and FTIR‐observed

Journal of Geophysical Research: Atmospheres 10.1029/2023JD040544

WIZENBERG ET AL. 16 of 33

 21698996, 2024, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

040544, W
iley O

nline L
ibrary on [14/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Figure 5. Fourier transform infrared (FTIR) and GEOS‐Chem High Performance (GCHP)‐simulated seasonal cycles at Eureka for (a) CO, (b) C2H2, (c) C2H6,
(d) CH3OH, (e) HCOOH, (f) H2CO, and (g) PAN. The shaded regions denote 1σ 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. Fourier transform infrared (FTIR) and GEOS‐Chem High Performance (GCHP)‐simulated seasonal cycles at Thule for (a) CO, (b) C2H2, (c) C2H6,
(d) CH3OH, (e) HCOOH, (f) H2CO, and (g) PAN. The shaded regions denote 1σ 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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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 (Jiang
et al., 2015; Kopacz et al., 2010; Whaley et al., 2022). 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 en-
hancements is due in‐part to the rudimentary default biomass burning injec-
tion height scheme as discussed in Wizenberg, Strong, Jones, Lutsch,
et al. (2023), 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.

3.3.1.2. C2H2

The addition of a full‐chemistry simulation of C2H2 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 C2H2 total columns for Eureka and Thule are shown
in Figures 5b and 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 C2H2 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 (Figure S6b in Supporting Information S1). Similarly, at Thule the
GEOS‐Chem C2H2 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 (Figure S7b in Supporting Information S1).
The strong correlations but large negative model versus measurement biases at both Arctic FTIR sites suggest that
the emissions of C2H2 in the model should be increased by approximately 40%–50%. Additionally, at Eureka
larger biomass burning enhancements of C2H2 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 (Figure S6b in Supporting Information S1), 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.

3.3.1.3. C2H6

The monthly mean model and FTIR C2H6 total columns are plotted in Figures 5c and 6c 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 C2H6 columns are strongly correlated with the FTIR total columns, with correlation co-
efficients of R = 0.90 and R = 0.91 and mean relative biases of − 20.8% and − 25.1% at Eureka and Thule,
respectively (see Figures S6c and S7c in Supporting Information S1). 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 Tzompa‐Sosa
et al. (2017) emissions inventory was selected by the GEOS‐Chem Emissions Working Group because the
Community Emissions Data System (CEDS) inventory tended to underestimate C2H6 emissions in the Northern
Hemisphere relative to observations (e.g., Dalsøren et al., 2018). However, a drawback of the Tzompa‐Sosa
inventory is that it only includes emissions for the year of 2010 (which are subsequently applied to all years
in the simulation), and it does not exhibit intra‐annual variability in the emissions outside of North America. To

Table 4
The Number of Paired Daily Means (N), Pearson Correlation Coefficients
(R), and the Mean Relative Biases Between the Fourier Transform Infrared
Measurements and GEOS‐Chem at Eureka and Thule

Species

Eureka, Nunavut (2006–
2020)

Thule, Greenland (2003–
2021)

N R μ (%) N R μ (%)

CO 947 0.78 − 5.5 1,467 0.84 − 14.1

C2H2 770 0.75 − 43.4 1,451 0.88 − 47.6

C2H6 827 0.90 − 20.8 1,391 0.91 − 25.1

CH3OH 378 0.28 − 70.5 766 0.69 − 69.9

HCOOH 860 0.43 − 7.9 1,391 0.56 − 36.7

H2CO 965 0.69 − 20.5 1,403 0.76 − 26.7

PAN 759 0.43 − 18.6 460 − 0.01 − 17.5
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investigate whether the springtime model bias is related to the choice of anthropogenic emissions, we repeated a
GCHP simulation for 2019 using the CEDSv2 C2H6 emission inventory in place of the Tzompa‐Sosa C2H6 in-
ventory, while all other model parameters were kept the same. We compare the monthly means for these sim-
ulations in Figure 7, and we provide correlation plots for each scenario for Eureka and Thule in Supporting
Information S1 as Figures S8 and S9, respectively. In these figures, we also include an additional scenario
whereby the GEOS‐Chem C2H6 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 Adedeji et al. (2023), who evaluated the CEDS inventory using GEOS‐Chem against in‐situ
measurements on the Japanese island of Hateruma, and found that the Asian C2H6 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 Franco et al. (2016a). In Figure 7 and Figures S8c and S9c in Supporting Information S1, we
show that when the modeled C2H6 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 C2H6 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 C2H6 in the Arctic region.

Figure 7. Fourier transform infrared (FTIR) and GEOS‐Chem High Performance (GCHP)‐simulated monthly mean total columns of C2H6 for 2019 at (a) Eureka, and
(b) Thule for three scenarios; the default simulation using the Tzompa‐Sosa et al. (2017) 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 1σ from the means.
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3.3.1.4. CH3OH

Figures 5d and 6d 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 CH3OH daily‐means are shown in Figure S6d in Supporting Information S1 for Eureka and
Figure S7d in Supporting Information S1 for Thule. Consistent negative biases relative to the FTIRmeasurements
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 CH3OHmeasurements 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 Bates et al. (2021) and Chen et al. (2019), 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 CH3O2 + 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.

3.3.1.5. HCOOH

The modeled and observed seasonal cycles of HCOOH are shown in Figures 5e and 6e for Eureka and Thule,
respectively. The GEOS‐Chem simulation displays seasonality which is mostly consistent with the FTIR ob-
servations at both sites, with smaller mean columns during early and late in the year, 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 Figures S6e and S7e in Supporting Information S1. 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 (Paulot et al., 2011; Schobesberger et al., 2016; Stav-
rakou et al., 2012). The inclusion of a surface‐level source of HCOOH in the Arctic from the snow‐pack based on
the observations of Mungall et al. (2018) 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 investi-
gation. 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 Wizenberg, Strong,
Jones, Lutsch, et al. (2023).

3.3.1.6. H2CO

Figures 5f and 6f show the simulated and observed H2CO 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 comparison. The simulated H2CO 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 H2CO total col-
umns are shown in Figure S6f in Supporting Information S1 for Eureka and Figure S7f in Supporting Infor-
mation S1 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
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consistent with the study by Vigouroux et al. (2018), 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.

3.3.1.7. PAN

The simulated and observed monthly mean PAN total columns are shown in Figure 5g at Eureka and Figure 6g 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 Figures S6g and S7g in Supporting Information S1. 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 high-
lighted in the studies by Fischer et al. (2014) and Fu et al. (2007). Increasing Asian NMVOC emissions in the
model would likely enhance the simulation of PAN in the Arctic region and reduce the mean differences relative
to the FTIR observations.

3.4. 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 Section 2.3 and applied to the FTIR daily‐mean total columns in
Section 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% year− 1 are
summarized in Table 5, and are plotted in Figures 8 and 9 for Eureka and Thule, respectively. A version of Table 5
in total column units is included in Supporting Information S1 as Table S2.

3.4.1. CO

The fitted trends in the GEOS‐Chem simulated CO columns are shown in Figures 8a and 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]% year− 1 at Eureka between 2006 and 2020, and − 0.79 [− 0.98, − 0.61]% year− 1 at Thule between 2003
and 2021.When enhancement events are excluded from the Fourier series fit, we find a slightly less negative trend

Table 5
Fitted Trends Derived From Daily‐Mean GEOS‐Chem Total Columns at Eureka and Thule in Relative Units (% year− 1)

Species

Eureka, Nunavut (2006–2020) Thule, Greenland (2003–2021)

Trend (% year− 1) Trend w/o enhancements (% year− 1) Trend (% year− 1) Trend w/o enhancements (% year− 1)

CO −0.88 (− 1.09, − 0.67) −0.85 (− 0.98, − 0.72) −0.79 (− 0.98, − 0.61) −0.86 (− 0.94, − 0.77)

C2H2 −2.03 (− 2.46, − 1.61) −1.95 (− 2.22, − 1.68) −1.63 (− 1.91, − 1.35) −1.71 (− 1.85, − 1.55)

C2H6 − 0.19 (− 0.38, 0.01) −0.16 (− 0.27, − 0.05) −0.26 (− 0.42, − 0.11) −0.28 (− 0.34, − 0.21)

CH3OH − 0.45 (− 0.90, 0.02) −0.43 (− 0.63, − 0.24) − 0.24 (− 0.52, 0.05) −0.20 (− 0.33, − 0.07)

HCOOH −1.17 (− 1.97, − 0.36) −1.09 (− 1.41, − 0.77) −0.71 (− 1.11, − 0.32) −0.59 (− 0.78, − 0.41)

H2CO − 0.18 (− 0.47, 0.13) − 0.13 (− 0.29, 0.03) 0.08 (− 0.16, 0.16) 0.02 (− 0.11, 0.16)

PAN −0.80 (− 1.00, − 0.60) −0.83 (− 0.94, − 0.71) −0.61 (− 0.75, − 0.48) −0.58 (− 0.66, − 0.50)

Note. The 95% confidence intervals calculated from bootstrap resampling with Q = 5,000 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.
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Figure 8. Fourier series fit and the corresponding trendlines plotted over the GEOS‐Chem High Performance (GCHP) simulated total column time‐series of (a) CO,
(b) C2H2, (c) C2H6, (d) CH3OH, (e) HCOOH, (f) H2CO, and (g) PAN at Eureka.
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Figure 9. Fourier series fit and the corresponding trendlines plotted over the GEOS‐Chem High Performance (GCHP) simulated total column time‐series of (a) CO,
(b) C2H2, (c) C2H6, (d) CH3OH, (e) HCOOH, (f) H2CO, and (g) PAN at Thule.
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at Eureka of − 0.85 [− 0.98, − 0.72]% year− 1, and a slightly more negative trend at Thule of − 0.86 [− 0.94,
− 0.77]% year− 1. 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 toward 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 broadly consistent, and
fall within the bounds of the 95% CIs 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.

3.4.2. C2H2

For C2H2, we derive negative trends from the daily‐mean GEOS‐Chem total columns of − 2.03 [− 2.46,
− 1.95]% year− 1 at Eureka (Figure 8b), and − 1.63 [− 1.91, − 1.35]% year− 1 at Thule (Figure 9b). If enhancement
events are removed, we obtain a slightly less negative trend of − 1.95 [− 2.22, − 1.68]% year− 1 at Eureka, and
− 1.71 [− 1.85, − 1.55]% year− 1 at Thule. The tendency of the C2H2 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 particularly 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 FTIR‐derived
trends of − 2.20 [− 3.03, − 1.34]% year− 1 and − 1.71 [− 2.03, − 1.38]% year− 1 when all measurements are
included, and − 2.57 [− 3.14, − 1.96]% year− 1 and − 1.61 [− 1.83, − 1.39]% year− 1 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 C2H2 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.

3.4.3. C2H6

The Fourier series fits to the GEOS‐Chem C2H6 daily‐mean total columns are shown in Figures 8c and 9c 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]% year− 1, but a small negative trend when enhancements are removed of
− 0.16 [− 0.27, − 0.05]% year− 1. At Thule, slight negative trends are also found in the GEOS‐Chem C2H6 time‐
series with values of − 0.26 [− 0.42, − 0.11]% year− 1 with all data and − 0.28 [− 0.34, − 0.21]% year− 1 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]% year− 1 and 0.61 [0.39, 0.84]% year− 1 (all data), and 0.98 [0.77,
1.18]% year− 1 and 0.56 [0.42, 0.70]% year− 1 (enhancements excluded) at Eureka and Thule, respectively. The
difference in the observed versus modeled trends is likely due in part to the use of the Tzompa‐Sosa et al. (2017)
emissions inventory which is the default option for the anthropogenic C2H6 emissions in the current version of
GEOS‐Chem. As briefly discussed in Section 3.3.1, 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 C2H6 emissions. To further investigate the long‐term temporal variability in the
Tzompa‐Sosa and CEDSv2 C2H6 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 C2H6 emissions over Asia and North America using both the Tzompa‐
Sosa and CEDSv2 emissions inventories are shown in Figure S10 in Supporting Information S1.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 on a by‐region basis. This could yield an inventory that better captures both the magnitude and the
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temporal variability of the emissions, and would improve the simulation of C2H6 in the model relative to
observations.

3.4.4. CH3OH

For CH3OH, 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]% year− 1 at Eureka (Figure 8d) and − 0.24 [− 0.52,
0.05]% year− 1 at Thule (Figure 9d). When enhancements are excluded from the fit, we find small but statistically
significant negative trends at both locations with values of − 0.43 [− 0.63, − 0.24]% year− 1 and − 0.20 [− 0.33,
− 0.07]% year− 1 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]% year− 1 was
found for the period of 2007–2019 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]% year− 1 (all measurements) and − 1.64 [− 2.09, − 1.20]% year− 1 (enhancements excluded). There is
general consistency 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% CIs 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 CIs do not overlap.
Further study is required to identify the source of the negative CH3OH trends in the Arctic region.

3.4.5. HCOOH

Statistically significant negative 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]% year− 1 and − 0.71 [− 1.11, − 0.32]% year− 1, respectively
(shown in Figures 8e and 9e). If enhancement events are excluded from the GEOS‐Chem time‐series, we obtain
slightly less negative trends of − 1.09 [− 1.41, − 0.77]% year− 1 and − 0.59 [− 0.78, − 0.41]% year− 1. From the FTIR
data sets, a trend of − 2.98 [− 4.13, − 1.82]% year− 1 was found at Eureka between 2006 and 2020 when en-
hancements 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 negative 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 Figure S11 in
Supporting Information S1. The values of the fitted slopes from GEOS‐Chem fall in between the negative trends
reported by Yamanouchi et al. (2021) (− 2.15 ± 0.64% year− 1) at Toronto and Bernath et al. (2020)
(− 0.51 ± 0.28% year− 1) in the range of 60°S to 60°N.

3.4.6. H2CO

No statistically significant trends could be derived from the GEOS‐Chem simulated H2CO total columns at either
Arctic FTIR site (Figures 8f and 9f). At Eureka, a slope of − 0.18 [− 0.47, 0.13]% year− 1 when all data are included
in the Fourier series fit, and − 0.13 [− 0.29, 0.03]% year− 1 when enhancements are excluded from the fit. At Thule,
we find slopes of 0.08 [− 0.16, 0.16]% year− 1 with all data, and 0.02 [− 0.11, 0.16]% year− 1 without enhancement
events. In comparison, statistically significant positive trends were derived from the FTIR measurements at both
Arctic sites, with values at Eureka of 2.02 [1.20, 2.84]% year− 1 (all measurements) and 1.91 [1.42, 2.40]% year− 1

(enhancements removed), and 1.19 [0.66, 1.72]% year− 1 (all measurements) and 0.97 [0.65, 1.29]% year− 1

(enhancements removed) at Thule. To investigate whether increasing CH4 concentrations have an influence on
the simulated H2CO columns in the Arctic, we repeated the Fourier series fitting on the modeled H2CO 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 the top of the atmosphere (tropopause to the top
of the model grid) where the formation of H2CO via CH4 oxidation is expected to play the largest role. The fits to
the partial columns are shown in Figures S12 and S13 in Supporting Information S1 for Eureka and Thule,
respectively. At Eureka, we find no statistically significant trends in the simulated H2CO partial columns in the
troposphere, but a negative trend on the order of − 0.69 [− 1.00, − 0.38]% year− 1 in the stratospheric partial
columns (enhancements excluded). At Thule, we observe a negative trend in the lower troposphere of − 0.66
[− 0.86, − 0.46]% year− 1, a slight positive trend in the free troposphere of 0.23 [0.05, 0.40]% year− 1, and a
negative trend in the stratosphere of − 0.23 [− 0.44, − 0.02]% year− 1, but no trend when fitting the full‐troposphere
partial columns. The presence of negative H2CO trends in the stratosphere of the model at both Arctic sites is
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surprising because the modeled CH4 total columns were found to be steadily increasing by 0.36 [0.347,
0.368]% year− 1 and 0.32 [0.316, 0.331]% year− 1 at Eureka and Thule, respectively (not shown). The source of the
observed downward trend in H2CO in the stratosphere of the model is currently unclear.

3.4.7. PAN

The simulated PAN daily‐mean total columns are plotted along with the fitted trendlines in Figures 8g and 9g and
show statistically significant negative trends at both Arctic FTIR sites. At Eureka, we obtain trends of − 0.80
[− 1.00, − 0.60]% year− 1 (− 2.12 × 1013 [− 2.66 × 1013, − 1.59 × 1013] molec. cm− 2 year− 1) when all data are
included, and − 0.83 [− 0.94, − 0.71]% year− 1 (− 2.19 × 1013 [− 2.50 × 1013, − 1.88 × 1013] molec. cm− 2 year− 1)
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]% year− 1 (− 1.72 × 1013 [− 2.10 × 1013, − 1.35 × 1013] molec. cm− 2 year− 1) and − 0.58
[− 0.66, − 0.50]% year− 1 (− 1.64 × 1013 [− 1.87 × 1012, − 1.41 × 1013] molec. cm− 2 year− 1) between 2003 and
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]% year− 1 (all data) and 2.13 [1.64,
2.62]% year− 1 (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 which is an substantial
source of PAN in the global budget (Fischer et al., 2014; Fu et al., 2007).

4. Conclusions
We have presented the first long‐term study of the trends and seasonal variability of seven tropospheric pollutant
species: CO, C2H2, C2H6, CH3OH, HCOOH, H2CO, and PAN in the North American high‐Arctic region. The
intra‐ and inter‐annual variability of these seven 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. Negative trends consistent with past studies were found
for CO and C2H2 with relative values of − 1.10 [− 1.23, − 0.97]% year− 1 and − 2.57 [− 3.14, − 1.96]% year− 1 at
Eureka, and − 0.89 [− 0.99, − 0.79]% year− 1 and − 1.61 [− 1.83, − 1.39]% year− 1 at Thule, respectively
(enhancement‐excluded trends). Negative trends were also observed in the measured CH3OH total columns with
slopes of − 0.57 [− 1.07, − 0.08]%year− 1 at Eureka and − 1.64 [− 2.09, − 1.20]%year− 1 at Thule. A negative trend in
HCOOHwas found at Eureka of − 2.98 [− 4.13, − 1.82]% year− 1 when enhancements were excluded, but no trend
was observed at Thule. Positive trends were detected for C2H6 and H2CO of 0.98 [0.77, 1.18]% year− 1 and 1.91
[1.42, 2.40]% year− 1 at Eureka, and 0.61 [0.39, 0.84]% year− 1 and 0.97 [0.65, 1.29]% year− 1 at Thule, respectively.
A positive trend in PANof 2.13 [1.64, 2.62]% year− 1was 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.

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 con-
centrations of all gases being biased low on average relative to the Arctic FTIRs. GCHP CO, C2H2, C2H6, and
H2CO were found to be well‐correlated with the FTIR observations and with relative biases ranging from − 5.5%
(CO at Eureka) to − 47.6% (C2H2 at Thule). GCHPHCOOHwas moderately correlated with FTIR observations at
both sites, with mean biases of − 36.7% and − 7.9% at Eureka and Thule, respectively. GCHP PAN shows 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 vs. 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% year− 1 at Eureka, and
− 0.86% year− 1 at Thule), C2H2 (Eureka: − 1.95% year− 1, Thule: − 1.71% year− 1), and CH3OH (Eureka:
− 0.43% year− 1, Thule: − 0.20% year− 1). However, opposing trends in the model relative to the FTIRs were found
for C2H6 (Eureka: − 0.16% year− 1, Thule: − 0.28% year− 1) and PAN (Eureka: − 0.83% year− 1, Thule:
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− 0.58% year− 1), and no trend was found in the modeled H2CO columns despite positive trends being observed in
the FTIR data sets at both sites. While other forms of model errors (i.e., due to transport, chemistry or numerical
diffusion) can not be excluded as general contributing factors, for some species the observed discrepancies be-
tween the measured and modeled trends can be attributed to errors or underestimations in the model's emissions
inventories. In particular, the default configuration of the model uses the Tzompa‐Sosa et al. (2017) inventory for
C2H6 but it only contains emissions for the year of 2010 and does not exhibit seasonality in the emissions outside
of North America, resulting in large springtime biases at the Arctic sites and trends which disagree with ob-
servations. Future focused studies to better identify the sources of the measurement‐model differences presented
here, particularly for C2H2, CH3OH, H2CO, and PAN, could be highly valuable for improving the modeling of
these species at these high latitudes.

Continued monitoring of the Arctic atmosphere is critical, particularly in the face of anthropogenic climate
change which has already begun to influence pollution sources and transport patterns. The trends and seasonal
cycles derived from ground‐based FTIRs such as those used in this study are valuable for evaluating the impacts
of both natural and anthropogenic emissions on the sensitive Arctic atmosphere, and they are indispensable for the
validation of CTMs in this sparsely measured region of the globe. The long‐term FTIR measurement programs at
Eureka (2006–2020) and Thule (1999–2022) have enabled the quantification of the trends and seasonality of
seven tropospheric pollutants in the North American high‐Arctic region, and efforts should be focused on the
continuation of these time‐series.

Data Availability Statement
Version 14.1.1 of the GEOS‐Chem High Performance model (GEOS‐Chem, 2023) was used in this work, and is
freely available to the public via https://doi.org/10.5281/zenodo.7600586. A description of the model and
configuration used in this study is provided in the text. The authors acknowledge the use of the GFASv1.2
emissions inventory, which contains modified Copernicus Atmosphere Monitoring Service information (2018).
The Eureka and Thule FTIR CO, C2H2, C2H6, CH3OH, HCOOH, H2CO, and PAN data are available on the
Borealis Canadian Dataverse Repository (Wizenberg, Strong, Jones, Hannigan, et al., 2023) which is accessible at
https://doi.org/10.5683/SP3/CSGZBA.
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