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Abstract. This paper presents 8 years (2006-2013) of mea-
surements obtained from Fourier transform spectrometers
(FTSs) in the high Arctic at the Polar Environment Atmo-
spheric Research Laboratory (PEARL; 80.05° N, 86.42° W).
These measurements were taken as part of the Canadian
Arctic ACE (Atmospheric Chemistry Experiment) validation
campaigns that have been carried out since 2004 during the
polar sunrise period (from mid-February to mid-April). Each
spring, two ground-based FTSs were used to measure total
and partial columns of HF, O3, and trace gases that impact
O3 depletion, namely, HCl and HNOs3. Additionally, some
tropospheric greenhouse gases and pollutant species were
measured, namely CHy, N>O, CO, and C,Hg. During the
same time period, the satellite-based ACE-FTS made mea-
surements near Eureka and provided profiles of the same
trace gases. Comparisons have been carried out between
the measurements from the Portable Atmospheric Research
Interferometric Spectrometer for the InfraRed (PARIS-IR)
and the co-located high-resolution Bruker 125HR FTS, as
well as with the latest version of the ACE-FTS retrievals
(v3.5). The total column comparison between the two co-
located ground-based FTSs, PARIS-IR and Bruker 125HR,
found very good agreement for most of these species (ex-

cept HF), with differences well below the estimated uncer-
tainties (< 6 %) and with high correlations (R > 0.8). Partial
columns have been used for the ground-based to space-borne
comparison, with coincident measurements selected based
on time, distance, and scaled potential vorticity (sPV). The
comparisons of the ground-based measurements with ACE-
FTS show good agreement in the partial columns for most
species within 6 % (except for C;Hg and PARIS-IR HF),
which is consistent with the total retrieval uncertainty of the
ground-based instruments. The correlation coefficients (R)
of the partial column comparisons for all eight species range
from approximately 0.75 to 0.95. The comparisons show no
notable increases of the mean differences over these 8 years,
indicating the consistency of these datasets and suggesting
that the space-borne ACE-FTS measurements have been sta-
ble over this period. In addition, changes in the amounts of
these trace gases during springtime between 2006 and 2013
are presented and discussed. Increased O3 (0.9 % yr_l), HCl
(1.7%yr™ "), HF (3.8 %yr~!), CHy (0.5 % yr~"), and C,Hg
(2.3%yr~!,2009-2013) have been found with the PARIS-IR
dataset, the longer of the two ground-based records.
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1 Introduction

Ground-based instruments provide valuable datasets for the
validation of satellite-remote sensing instruments (e.g., Dils
et al., 2014; Lacour et al., 2015). Regular validation of satel-
lite instruments and their retrieval algorithms is necessary to
assess the long-term stability of the measurements as well as
the consistency of these datasets. As such, continuing valida-
tion of the space-borne Atmospheric Chemistry Experiment
Fourier Transform Spectrometer (ACE-FTS) is essential to
support its now over 10-year data record. ACE-FTS started
routine measurements in February 2004, followed quickly by
the first of the Canadian Arctic ACE validation campaigns
which continue to this day. These campaigns (e.g., Kerzen-
macher et al., 2005; Fraser et al., 2008; Batchelor et al.,
2010; Fu et al., 2011; Adams et al., 2012) comprise ground-
based measurements during the polar sunrise period (from
the end of February to early April) at the Polar Environ-
ment Atmospheric Research Laboratory (PEARL) near Eu-
reka, Nunavut (Fogal et al., 2013), at approximately 80° N,
86° W. Two ground-based Fourier transform spectrometers
(FTSs), the Portable Atmospheric Research Interferometric
Spectrometer for the InfraRed (PARIS-IR), and the high-
resolution Bruker 125HR FTS are part of these campaigns.
Here, these datasets are used to compare multiple trace gas
species to the space-borne ACE-FTS v3.5 retrievals between
2006 and 2013 (Bernath et al., 2005). These ground-based
FTS datasets extend over a long time period and capture
many species, thus contributing to the ongoing validation
of the satellite-based instrument and helping assess whether
ACE-FTS measurements have remained consistent over the
last decade.

These multi-year datasets can also help to quantify long-
term changes in the Arctic tropospheric and stratospheric
composition due to natural processes and anthropogenic
emissions. Furthermore, the remote location of PEARL
means there are few local pollutant sources, which helps in
interpreting these changes in a global context without the
influence of local contributions. The measurement period
of these campaigns, i.e., the polar sunrise period, is of im-
portance because it is a time during which chemical ozone
depletion can occur. It is also a time that is dominated by
highly variable dynamical conditions due to the polar vortex.
The polar vortex is a large-scale cyclone (low-pressure sys-
tem) that extends from the upper troposphere to the strato-
sphere. It forms in the winter and generally dissipates be-
tween late March and early April as the solar radiation in-
creases (WMO, 2014). Trace gas amounts inside and outside
the polar vortex are significantly different (e.g., Schoeberl et
al., 1992). For a strong polar vortex, the vortex core is an iso-
lated air mass and mixing with midlatitude air only occurs
around the outer edge. This leads to strong trace gas gradi-
ents across the edge of the polar vortex (e.g., Schoeberl et
al., 1995; Manney et al., 1999). As such, it is important to
consider the differences in the instrument viewing geome-
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tries with respect to the location of the polar vortex when
comparing the measurements. Employing a criterion ensur-
ing that similar air masses are considered is crucial for in-
strument comparisons in the high Arctic, especially in the
springtime when the polar vortex is at its strongest (Batche-
lor et al., 2010; Fu et al., 2011).

Herein, we focus on the analysis of retrieved partial and
total column values, derived from infrared FTS spectra, for
O3 together with several molecules important in catalytic O3
destruction. These trace gases are O3, HCl, and HNO3 (e.g.,
Solomon, 1999). Also retrieved is HF, which is a strato-
spheric tracer for dynamics (e.g., Toon et al., 1999). Addi-
tionally, total columns of primarily tropospheric CH4, N> O,
CO, and C,Hg have been measured. All of these trace gases
are routinely derived from the Bruker 125HR spectra and
have been used in numerous studies (e.g., Batchelor et al.,
2009; Lindenmaier et al., 2010, 2011; Viatte et al., 2014;
Holl et al., 2016). Retrievals of O3, HCI, HNO3, HF, N, O,
CO, and CyHg from PARIS-IR’s spectra have also been pub-
lished and compared to other instruments in previous studies
(e.g., Sung et al., 2007; Wunch et al., 2007; Batchelor et al.,
2010; Fu et al., 2011; Griffin et al., 2013; Franco et al., 2016).
The PARIS-IR CHy4 columns are presented for the first time
in this study.

The earlier ACE-FTS retrieval version, ACE-FTS
v2.24updates, of these trace gases has previously been vali-
dated for most species discussed in this study (O3 in Dupuy
et al., 2009; HCI in Mabhieu et al., 2008; HNO3 in Wolff et
al., 2008; HF in Mahieu et al., 2008; CH4 in De Maziere
et al., 2008; N;O in Strong et al., 2008; CO in Clerbaux
et al., 2008). In these studies, partial column comparisons
between ground-based FTSs and ACE-FTS in the Arctic
typically show larger differences than comparisons at lower
latitudes. The inclusion of criteria ensuring that similar air
masses are sampled with respect to the polar vortex reduces
this difference seen in the Arctic significantly. Using these
additional criteria, Batchelor et al. (2010) and Fu et al.
(2011) found much improved mean differences, between the
ACE-FTS (v2.24updates) and ground-based FTS datasets,
for O3, HCI, HNO3, and HF comparisons by approximately
a factor of 2. These mean differences are comparable to the
typical differences at lower latitudes. While these validation
papers have all used the previous ACE-FTS data version,
this study focuses on the ACE-FTS v3.5 retrievals. The
updates for v3.0/3.5 include new microwindows, updated
spectroscopic parameters, and improved temperature and
pressure retrievals (Boone et al., 2013). ACE-FTS v3.5
corrects for an error in a priori pressure and temperature pro-
files that impacted v3.0 in the period after September 2010
(Boone et al., 2013). Waymark et al. (2013) showed general
improvements between ACE-FTS v2.2 and ACE-FTS v3.0
across all baseline species (O3, H>O, CH4, N2O, NO;, NO,
HNO3, HCl, HF, CO, CCI3F, CClyF,, N2Os, and CIONO»).
Some studies have been published that compare ACE-FTS
v3.0/3.5 and ground-based FTS retrievals, including O3
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and NO, by Adams et al. (2012), several carbon containing
species (including CO and C>Hg) by Viatte et al. (2014), and
CH4 by Holl et al. (2016).

The aim of this study is to perform a detailed comparison
between two ground-based FTSs and ACE-FTS over multi-
ple years and also to assess changes in atmospheric compo-
sition above Eureka, utilizing 8 years (2006-2013) of mea-
surements during the polar sunrise period. A comprehensive
comparison between ACE-FTS v3.5 and ground-based FTS
measurements of multiple trace gases is provided, includ-
ing measurements that were taken inside and outside the po-
lar vortex. The mean differences of the retrievals from the
three FTSs throughout this time period as well as interan-
nual changes in the total or partial column differences are
determined. For the first time, the stability of the ACE-FTS
dataset is examined over an 8-year time period. For these
comparisons, we will use the same method and criteria for
the viewing geometry as Batchelor et al. (2010) and Fu et al.
(2011), which have been shown to improve the comparison
between ground- and satellite-based instruments in the Arc-
tic. Also, the interannual variability of the eight trace gases is
discussed and changes in the trace gas columns near Eureka
are investigated between 2006 and 2013.

This paper is organized as follows. Subsequent to this in-
troduction, the measurement site, the instruments, and the
retrieval procedures used in this study are described. The
third section discusses the comparison methodology and re-
sults of the ground-based intercomparisons between PARIS-
IR and Bruker 125HR. The following section focuses on the
methodology and results of the ACE-FTS comparison re-
sults. The measurement series and trends from PARIS-IR
measurements are presented in the fifth section. This is fol-
lowed by the conclusions and highlights of our results.

2 Instrumentation and datasets
2.1 Measurement site

The ground-based measurements were taken at the Canadian
Network for the Detection of Atmospheric Change (CAN-
DAC), PEARL Ridge Laboratory (80.05°N, 86.42°W;
610ma.s.l.), in Eureka, Nunavut (Fogal et al., 2013). This
laboratory is located 15km away from the Eureka Weather
Station (79.98°N, 85.93°W; Oma.s.l.) and over 400km
away from the closest settlement. This remote location mini-
mizes the influence of locally polluted air on the atmospheric
observations. It is also a good location for measuring Arctic
springtime ozone depletion, since the core of the polar vor-
tex can be above Eureka, which is only ~ 1100 km from the
North Pole.

Ground-based measurements at PEARL have been car-
ried out as part of the Canadian Arctic ACE validation cam-
paigns during the polar sunrise period (typically from late
February to early April) since 2004. As part of this campaign
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project, two ground-based FTSs, PARIS-IR and the CAN-
DAC Bruker 125HR, were operated simultaneously during
the 2007-2013 campaigns to measure total as well as partial
columns of the eight target species. These two instruments
are located side by side in the PEARL Ridge Laboratory and
share a solar beam from the same sun tracker installed on the
roof above. During the campaigns, the satellite-based ACE-
FTS took routine measurements in the high Arctic and pro-
vided profiles of over 30 trace gases. Details of these instru-
ments and their datasets are given below.

2.2 PARIS-IR

PARIS-IR is based on the design of the ACE-FTS (Fu et al.,
2007). It was built by ABB Inc. in 2003 and has been part
of the Canadian Arctic ACE validation campaigns since
2004. It records atmospheric solar absorption spectra be-
tween 750 and 4400 cm™! at a maximum spectral resolution
of 0.02cm™!, equivalent to a maximum optical path differ-
ence (MOPD) of +25 cm. Since the 2006 campaign, the in-
strument has been operated in a consistent way and at its
maximum spectral resolution. Interferograms are recorded
using two liquid-nitrogen-cooled detectors, mercury cad-
mium telluride (HgCdTe) and indium antimonide (InSb) de-
tectors, which are configured in a sandwich arrangement, and
a zinc selenide (ZnSe) beam splitter. The entire spectral range
(750-4400 cm™1) is measured simultaneously for each ob-
servation, since no narrow-band filters are used. No apodiza-
tion is applied to the spectra. Each measurement is recorded
approximately every 7 min and consists of 20 co-added spec-
tra (Sung et al., 2007). All eight species of interest are mea-
sured every 7 min throughout the campaign period, whenever
there are favourable weather conditions.

2.3 Bruker 125HR

The CANDAC Bruker 125HR is a high-resolution ground-
based FTS, operated to produce atmospheric solar absorption
spectra. During the sunlit period, it measures mid-infrared
atmospheric solar absorption between 600 and 4300cm™!
at a maximum resolution of 0.0035cm™! (equivalent to a
MOPD of 257 cm) (Batchelor et al., 2009). It was installed
at PEARL in July 2006 and is part of the Network for the
Detection of Atmospheric Composition Change (NDACC,
http://www.ndsc.ncep.noaa.gov/). These spectra are recorded
with either a HgCdTe or InSb detector using a potassium
bromide (KBr) beam splitter. Seven narrow-band filters are
used and no apodization is applied to the spectra. During
each campaign, spectra were recorded approximately every
4-8 min and are comprised of either two or four co-added
spectra. Therefore, subject to favourable weather conditions
and depending on the filter sequence, each species is mea-
sured approximately every 30 min. All eight species of inter-
est are retrieved from the Bruker 125HR spectra.
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2.4 Ground-based retrieval algorithm

The same retrieval algorithm has been utilized to estimate
the total column amounts of trace gases from the solar ab-
sorption spectra recorded by both ground-based FTSs. The
retrieval technique applied is based on an optimal estimation
method (OEM) (Rodgers, 1976, 2000). This is an iterative
process, wherein a calculated spectrum is fitted to the ob-
served one by adjusting the target trace gas profile. Single or
multiple microwindows, typically each with a width between
0.3 and 1.0cm™!, are employed in the retrieval process. Ta-
ble 1 lists the microwindows used and interfering trace gases
taken into account for the retrieval of each gas. These are
consistent for both instruments and follow the recommenda-
tions from the InfraRed Working Group of NDACC (IRWG,
http://www.acom.ucar.edu/irwg/).

Atmospheric profiles have been retrieved from the
spectra with the SFIT4 version 0.9.4.4 retrieval package
(https://wiki.ucar.edu/display/sfit4/Infrared+Working+
Group+Retrieval+Code,+SFIT) and the HIgh-resolution
TRANsmission database (HITRAN) 2008 spectroscopic
database (Rothman et al., 2009). Total column amounts were
calculated within SFIT4 from the retrieved volume mixing
ratio (VMR) profiles. These columns are estimated by
integrating the retrieved VMR profiles and the atmospheric
density between the ground and the top of the atmosphere
for the total columns, or over given altitude ranges specified
for the partial columns. Due to the lower spectral resolution
of PARIS-IR compared to the Bruker 125HR, two different
altitude grids have been used for the retrieval. The retrievals
from PARIS-IR spectra have been performed on a 29-layer
grid (from the ground (0.61km) to 100 km) and those for
the Bruker 125HR on a 47-layer grid (from the ground
(0.61km) to 120km). It has been shown using SFIT2 that
this prevents non-physical oscillations in the retrieved profile
for the lower-resolution FTS but only results in a very small
difference in the total columns (between 0.1 and 0.6 %
depending on the retrieved gas) (Wunch et al., 2007). We
have confirmed that this is still valid for SFIT4 by testing the
retrieval on both 29-layer and 47-layer grids. For the retrieval
of CHy from the Bruker 125HR spectra, the retrieval strategy
that incorporates a first-order Tikhonov constraint to the
state vector as recommended by Sussmann et al. (2011)
has been used to prevent non-physical oscillations of the
retrieved profiles. This was not necessary for the PARIS-IR
CHy retrieval since no oscillations occurred in the retrieved
profiles with the standard retrieval technique.

The retrieval algorithm requires input meteorological pa-
rameters, which are used in the radiative transfer calcula-
tion. Daily pressure and temperature profiles (versus alti-
tude) are calculated from National Centers for Environmental
Prediction (NCEP, ftp://ftp.cpc.ncep.noaa.gov/ndacc/ncep/)
profiles interpolated to PEARL and are used to approxi-
mately 1.0 mbar (~ 45 km). Above this altitude, the monthly
mean pressure and temperature profiles from the Whole At-
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mosphere Chemistry Community Model (WACCM, https:
/Ilwww?2.acd.ucar.edu/gcm/waccm; Eyring et al., 2007) v6
for Eureka are used. The inversion procedure of the OEM
requires a priori information for the gases involved in the
retrieval (target and interfering species) to stabilize the so-
Iution. This a priori knowledge refers to the VMR profile
and its variability. The a priori profiles used for the re-
trieval of trace gases are the mean of a 40-year run (1980-
2020) of WACCM v6 for Eureka, as recommended by
NDACC/IRWG. Only one single a priori profile for each
species is used for the entire retrieval of the dataset for both
FTSs. This provides consistency within the retrievals and en-
sures that variability in the dataset results from the measure-
ments. The forward model used in SFIT is a radiative trans-
fer model that is utilized to generate a modelled absorption
spectrum from this a priori information based on the daily
pressure and temperature information, as well as the location
of the measurement site.

The characterization of the information content of the re-
trieval is the primary benefit of the OEM approach. The av-
eraging kernel A is a matrix that characterizes this infor-
mation (Rodgers, 2000). The total column averaging kernel
(solid lines) and the sensitivity (dashed-dotted lines) of the
retrieval for each of the eight species for PARIS-IR (red) and
the Bruker 125HR (blue) are shown in Fig. 1. The total col-
umn averaging kernel is estimated by the sum of the columns
of A at each altitude, and the sensitivity equals the sum of the
rows of A at each altitude. The sensitivity presents the frac-
tion of the retrieved value that is derived from the measure-
ment rather than the a priori for a given altitude (Vigouroux
etal., 2007). A sensitivity of 1 indicates that 100 % of the in-
formation at this altitude results from the measurement. Note
that in some cases no dashed-dotted line is visible in the fig-
ure, since the sensitivity and total column averaging kernel
are very similar and the difference cannot be seen. It fol-
lows from Fig. 1 that the O3 retrieval is sensitive from the
surface to approximately 40 and 50km for PARIS-IR and
the Bruker 125HR, respectively. The retrieval of O3 and the
following species are primarily sensitive (with a sensitivity
that is at least 0.1) in the stratosphere in the range given
(and are, therefore, referred to in the following sections as
“stratospheric species”): HCI from 10 to 40 km (60 km for
the Bruker 125HR); HNO3 from 10 to 40 km; and HF from
10 to 40km (50km for the Bruker 125HR). Retrievals for
the other species (N2O, CH4, CO, and C;Hg) are mainly
sensitive in the troposphere and lower stratosphere and are
referred to in this study as “tropospheric species”. The re-
trieved columns of N>,O and C,Hg for both instruments are
mainly sensitive from the surface to almost 30 and almost
20 km, respectively. The CO and CHy4 retrievals from PARIS-
IR are primarily sensitive between the surface and approx-
imately 20-30km, with significantly smaller sensitivity in
the stratosphere than in the troposphere. The sensitivity for
these species is different for the retrievals from the Bruker
125HR, which are sensitive in the troposphere as well as in
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Figure 1. Example of a total column averaging kernel (AVK, solid lines) and sensitivity (dashed-dotted lines) of the retrieval are shown for
each of the eight species for PARIS-IR (red) and the Bruker 125HR (blue). If no dashed-dotted line is shown in the figure, the sensitivity and
total column averaging kernel are too similar to distinguish the difference on the plot.

the stratosphere up to approximately 40 and 80 km for CHy
and CO, respectively. The altitudes for which the retrievals
are most sensitive are later used (in Sect. 4) to determine
the range of the partial columns for the comparison between
the ground-based and satellite-borne instruments. Because a
different retrieval technique has been used to determine the
Bruker 125HR CH4 (Sussmann et al., 2011), the total column
averaging kernel (as shown in Fig. 1) is 1 at all altitudes. The
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degrees of freedom for signal (DOFS) are a measure of the
vertical information of the retrieved profile. It is defined as
the trace of the averaging kernel matrix A (Rodgers, 2000).
The DOFS of each retrieved species used in this study can be
found in Table 1. For quality assurance, a root-mean-square
DOFS filter (RMS/DOFS; see Table 1) has been applied to
the retrieved datasets, as presented in Sussmann et al. (2011).

Atmos. Meas. Tech., 10, 3273-3294, 2017
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Table 1. Summary of the parameters used for the eight trace gas retrievals (retrieval microwindows and interfering species) with an estimate
of the total uncertainty of the retrieval (& in %), degrees of freedom for signal (DOFS), and the root-mean-square (RMS) DOFS values (in
%) used to filter the dataset of the PARIS-IR and the Bruker 125HR retrievals. In each retrieval, a single or multiple microwindows are fitted
simultaneously as listed in the table below. For the calculation of the total uncertainty and contributions, see the description given in the text.

Gas Microwindows (cm™ 1) Interfering species Total uncertainty (%) ‘ DOFS ‘ RMS/DOES (%)
PARIS-IR  Bruker | PARIS-IR  Bruker | PARIS-IR  Bruker
O3 1000.00-1004.50 H;0, CO,, CyHy, 35 5.0 25 4.5 6.0 35
O3 isotopologues
HCl1 2775.70-2775.80 03, N0 2.5 1.9 1.0 2.5 2.5 0.6
2925.80-2926.00 CHy, NO», O3
HNO3  867.50-870.00 H;0, OCS, NH3 19.0 19.0 1.5 25 4.0 22
HF 4038.81-4039.07 H;,0, CHy4, HDO 2.9 35 1.0 2.0 4.0 0.75
4109.77-4110.07 H,0, CHy4, HDO
CHy 2613.70-2615.40 HDO, CO;,, NO, 6.8 8.0 2.0 2.0 2.0 0.35
2650.60-2651.30 HDO, CO;, NO,
2903.60-2904.03 HDO, CO,, NO,
2921.00-2921.60 HDO, CO,, NO,
2835.50-2835.80 HDO
CcO 2057.70-2058.00 CO,, O3, OCS 35 35 1.5 35 3.0 1.2
2069.56-2069.76 CO,, 03, 0CS
2157.50-2159.15 CO,, 03, OCS, N;0, H,O
N,O 2481.30-2482.60 H,0, HDO, CO,, O3, CHy 35 3.7 2.0 3.0 4.0 3.7
2526.40-2528.20 H,0, HDO, CO;,, O3, CHy4
2537.85-2538.80 H,0, HDO, CO;,, O3, CHy4
2540.10-2540.70 H,0, HDO, CO,, O3, CHy
CyHg  2976.66-2976.95 H;0, O3 5.0 4.4 1.0 2.0 3.0 1.5
2983.20-2983.55 H;0, O3
2986.50-2986.95 H»0, O3

The retrieval uncertainties are derived with SFIT4 by em-
ploying the method described by Rodgers (2000) and are
listed in Table 1. The total uncertainties (given in Table 1)
consist of the measurement error, the uncertainties of the line
width and line intensity parameters of the retrieved trace gas
from HITRAN 2008 (Rothman et al., 2009) (where values
are unavailable from HITRAN, 20 % has been used; see Ta-
ble 2), and uncertainties caused by the temperature and so-
lar zenith angle (SZA) uncertainty (see Table 2). The mea-
surement error is based on the signal-to-noise ratio of the
observed spectra and is determined by SFIT4, based on the
algorithm described in Rodgers (2000) and Rodgers et al.
(1990). The SZA error is based on the average change in the
SZA during the time it takes to perform a measurement. The
random temperature error (Table 2) is based on the difference
between the NCEP temperature profiles and “measured pro-
files” created by averaging the twice-daily radiosonde pro-
files. The systematic temperature error is based on the NCEP
temperature error profile (Table 2). The total uncertainty has
then been determined by adding all errors in quadrature. The
smoothing error is not included in the total error (von Clar-
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mann, 2014). The average total uncertainty of each species
is listed in Table 1. The estimated uncertainty for HNO3 is
significantly larger than that of other species. This is due to
the line intensity error and temperature broadening being un-
available in HITRAN 2008. Therefore, we used empirically
estimated 20 % uncertainty for HNOj3 line parameters in the
measurement uncertainty analysis. This creates a large sys-
tematic error for HNO3 and results in a total error of 19 %.

2.5 ACE-FTS

ACE-FTS was launched on board the Canadian satellite
SCISAT on 12 August 2003. The satellite has a circular low-
Earth orbit (650km) with an inclination of 74° and there-
fore measurements cover tropical, midlatitude, and polar re-
gions over the course of 1 year (Bernath et al., 2005). ACE
is equipped with two instruments, ACE-FTS and the Mea-
surement of Aerosol Extinction in the Stratosphere and Tro-
posphere Retrieved by Occultation (MAESTRO) (McElroy
et al., 2007). Its mission goals include improving our under-
standing of polar ozone chemistry; thus every year during
the Arctic sunrise period, ACE takes measurements over the
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Table 2. Inputs used for the error budget to estimate the total retrieval uncertainties. The line width error (discussed in the text) is the
combined uncertainty of the pressure and temperature broadening. The same uncertainties have been used to estimate the errors for PARIS-
IR and the Bruker 125HR, with the exception of the SZA that is dependent on the measurement duration for each FTS. Details can be found

in the text.
Species 03 HCl HNOs3 HF CHy CcO N,O CyHg
Systematic error (fractional value)
Line intensity 0.05 0.015 0.2 0.035 0.075 0.035 0.035 0.04
Pressure broadening 0.035 0.015 0.075 0.015 0.075 0.015 0.035 0.04
Temperature broadening 0.075  0.15 0.2 0.015 0.15 0.035 0.075 0.04

Temperature uncertainty

between 0.49 and 1.44 K depending on altitude

Random error

Temperature uncertainty
SZA uncertainty from change over measurement

between 9.0 and 0.63 K depending on altitude
0.075° (PARIS-IR) and 0.06° (Bruker 125HR)

high Arctic, near Eureka. The observation technique is so-
lar occultation at sunrise and sunset. This work will focus on
the FTS, which covers the spectral region between 750 and
4400 cm~! with a spectral resolution of 0.02cm™! (which
is identical to PARIS-IR). ACE-FTS has a vertical sampling
of 1.5-6km, varying with the orbit and, based on its field-
of-view, a vertical resolution of about 3—4 km (Boone et al.,
2005). This is much higher than the vertical resolution of
both ground-based FTSs, which typically retrieve partial or
total columns with DOFS varying between 1 and 4.5 (see Ta-
ble 1). The retrievals from ACE-FTS infrared spectra provide
profiles for over 30 atmospheric trace gases as well as the me-
teorological variables of temperature and pressure (Boone et
al., 2005).

In this study, the VMR as well as the temperature and
pressure profiles are taken from the latest version, ACE-FTS
v3.5 (Boone et al., 2013). The retrievals are based on the
same global-fit method with a Levenberg—Marquardt non-
linear least-squares fitting algorithm as used in the version
2.24updates processing described by Boone et al. (2005).
The range of the measurements is from the top of the clouds
to the top of the atmosphere (at approximately 150km).
For clear-sky conditions the lower altitude range is approx-
imately 5km, depending on the season and location of the
measurements.

2.6 Derived meteorological parameters

In the high Arctic, particularly during the highly variable
Arctic springtime, it is important to ensure that the air masses
observed by the two instruments being compared are simi-
lar. Therefore, characterizing the viewing geometry with re-
spect to polar vortex dynamics is essential to perform a ro-
bust instrument comparison in the high Arctic. We use the
scaled potential vorticity (sPV; as calculated by Manney et
al., 1994), as well as the temperatures along the line of
sight for each instrument to compare the similarity of the air
masses sampled by the instrument with respect to the polar
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vortex. The ground-based line-of-sight calculations are de-
scribed in Fu et al. (2011) and the sampling of the meteo-
rological fields in Manney et al. (2007). The sPV profiles
along the line of sight have been derived from GEOS ver-
sion 5.2.0 analyses (GEOS-5) (Rienecker et al., 2008). This
provides information on whether measurements were taken
outside or inside the polar vortex. Within this study, the edge
of the polar vortex is defined to be between 1.2 x 10™* and
1.6 x 10~ s~! which is consistent with the discussion in
Manney et al. (2007) and with that used by Manney et al.
(2008) and Batchelor et al. (2010).

3 Comparison between the two ground-based FTSs
3.1 Methodology

Throughout the multi-year Canadian Arctic ACE validation
campaigns, efforts were made to provide the best possi-
ble conditions for instrument comparisons. Thus, as previ-
ously mentioned, the two ground-based FTSs made coin-
cident measurements, sharing the same solar beam. During
the Arctic sunrise period, the SZA is quite large (typically
ranging between 75 and 90°) and consequently the locations
of the air masses sampled by the FTSs vary significantly
throughout the day with the changing SZA. For a meaningful
comparison, a temporal constraint is therefore necessary. We
have chosen the temporal difference between the measure-
ments of the two FTSs to be less than 30 min to restrict the
difference in distance along the line of sight to approximately
50km. Note that a stricter time constraint did not lead to a
better comparison between the two instruments. In the case
when more than one PARIS-IR observation matched the co-
incidence criterion (which happens regularly since PARIS-IR
observations are taken every 7 min), the mean of all the co-
incident PARIS-IR measurements was used to compare with
one Bruker 125HR retrieval.

Atmos. Meas. Tech., 10, 3273-3294, 2017
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Figure 2. PARIS-IR versus Bruker 125HR total columns for each of the trace gases used in this study, showing the correlation before (cyan
triangles) and after smoothing (red dots). The line of best fit is shown as a thin grey line for the unsmoothed total columns and as a thick black
line for the smoothed total columns. The dashed black line represents the one-to-one line as a reference. Slopes and correlation coefficients

are given in Table 3.

As previously mentioned, the observed trace gas amounts
can vary considerably depending on whether air masses are
measured inside or outside the polar vortex. Thus, we have
additionally included a criterion that restricts the difference
of the sPV at 20km along the line of sight of the two in-
struments, so that the maximum difference cannot exceed
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0.3 x 10~*s~! (Batchelor et al., 2010). Note that this crite-
rion is included as a precaution and a significant difference
of the sPV for the two instruments does not occur frequently
within the maximum temporal difference of 30 min.

As described in Sect. 2.2 and 2.3, the spectral resolution
of the two FTSs is different. The instrument resolution can
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Table 3. Comparison of PARIS-IR and the smoothed Bruker 125HR
total columns for all trace gases in this study, averaged between
2007 and 2013. N is the number of coincident pairs involved in this
calculation. The third column (TC diff) represents the mean differ-
ences between the total columns of the two FTSs (in %) along with
the 1o standard deviation and the standard error (15/+/N’; in brack-
ets). The correlation coefficient (R) and the slope of the regression
plot (slope), along with the uncertainty of the slope, are shown in
columns 4 and 5, respectively.

Species N TC diff (%) R slope
03 924  —-0.33+£3.12(0.10) 0.98 0.92+0.01
HCl 907 —237+£3.84(0.13) 096 1.04+0.01
HNO;3 1623 0.72+£5.04 (0.13) 095 0.98+0.01
HF 685 —7.68+£7.03(0.27) 0.89 1.04+0.02
CHy 1055 241£2.24(0.07) 048 0.91+£0.02
N,O 947 3.80£2.41(0.08) 052 0.77£0.02
CO 792 4.56+£2.42(0.09) 095 1.13+0.01
CyHg 1538 5.82+4.60 (0.11) 0.88 1.00£0.01

affect the retrieved total columns, since the retrieval from
measurements with a higher-resolution instrument is typi-
cally less influenced by the a priori profile and has larger
DOFS (Rodgers, 2000). The retrievals from PARIS-IR spec-
tra therefore typically result in fewer DOFS than the re-
trievals from the Bruker 125HR (see Table 1). The different
resolutions are accounted for here by smoothing the VMR
profiles following the method described in Rodgers and Con-
nor (2003). Accounting for the difference in vertical resolu-
tion between the two instruments has been addressed in nu-
merous publications (e.g., Batchelor et al., 2010; Griffin et
al., 2013). The smoothed profile xsmeotn 1S estimated by

Xsmooth = Xa + A - (Xp — X3a), (D

where the profile, xy,, was retrieved by the spectrometer hav-
ing higher vertical resolution (Bruker 125HR), and is linearly
interpolated onto the lower-resolution instrument (PARIS-
IR) retrieval grid and smoothed with the PARIS-IR averaging
kernel, A, and a priori profile, x,. The total or partial columns
for these smoothed profiles have been calculated by integrat-
ing the smoothed VMR profile, X smooth, and the atmospheric
density throughout the altitude range. This is consistent with
the total column calculation method used within SFIT4.

3.2 Results and discussion

The results of the comparisons of the total columns between
PARIS-IR and the Bruker 125HR for all measurements satis-
fying the coincidence criteria (as defined above) are shown
in Table 3 for the comparisons between 2007 and 2013.
The total column differences were calculated as ([PARIS-
Bruker]/[0.5 x (PARIS+Bruker)]) for individual pairs and
then averaged. Note that the Bruker 125HR was installed in
Eureka during the summer of 2006 and thus there are no co-
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incident measurements for 2006. Figure 2 shows the correla-
tion of the total column measurements from the two instru-
ments during the campaigns between 2007 and 2013. The fig-
ure displays both smoothed (red dots) and unsmoothed (cyan
triangles) total columns for the Bruker 125HR and the slopes
of each regression plot (the regression analysis assumes er-
rors on both axes). The black line is the regression plot for the
smoothed total columns and the thin grey line is that for the
unsmoothed total columns. The one-to-one correlation line is
included as a reference (black dashed line).

For most species (O3, HNO3, CH4, and N>O), as can be
seen in Fig. 2, the differences between the Bruker 125HR
smoothed and unsmoothed total columns are very small and
typically less than 1 %, a negligible amount compared to the
total retrieval uncertainty (see Table 1). The difference be-
tween the HCI, CO, and C,Hg is somewhat larger, between
3 and 4 %. The differences between the smoothed and un-
smoothed columns are relatively large ~ 9% for HF, for
which the total column retrievals from PARIS-IR have DOFS
of approximately 1, whereas the Bruker 125HR HF retrievals
have twice as many DOFS (see Table 1). This suggests that
the PARIS-IR columns are more influenced by the a priori
than the Bruker 125HR retrievals. Thus, for this species, it
is important to consider the different vertical resolutions of
the retrieval from the two FTSs. Although the differences
between the smoothed and unsmoothed Bruker 125HR re-
trievals are very small (less than 1 %) for O3, HNO3, CHy4,
and N;O, an approach has been taken that utilizes only
the smoothed columns for the higher-resolution instrument
to provide consistent analysis. Therefore, only differences
between PARIS-IR and the smoothed Bruker 125HR total
columns are discussed in the following.

The correlation is excellent for O3, HCI, HNO3, and CO,
with correlation coefficients R > 0.95 and the slopes of the
regression plot between 0.93 and 1.13 (N =685 to 1623)
(see Table 3). This is also apparent in the mean differences,
which are all small (see Table 3) compared to the com-
bined retrieval uncertainty (based on the total uncertainties of
the retrieval from each instrument that are added in quadra-
ture; see Table 1). These combined retrieval uncertainties are
+6.1 % for O3, £3.1 % for HCIl, £26.9 % for HNO3, and
+5.0 % for CO.

The comparison between the PARIS-IR and Bruker
125HR total columns is very good for CH4, N> O, and C>Hg,
with mean differences that are smaller than the combined
retrieval uncertainty (£10.5% for CHs, £5.1 % for N»O,
+6.7 % for C,Hg). However, PARIS-IR and Bruker 125HR
total column retrievals of CH4 and N,O are not very well
correlated, with a correlation coefficient R ~ 0.5. This low
correlation is likely due to the lack of variability observed
compared to the retrieval uncertainty of the total columns of
these gases, as the total columns only vary by approximately
10 % around 3.5 x 1012 and 5.5 x 10'8 molec cm™2 for CHy4
and N;O, respectively. This variation is within the combined
total retrieval uncertainty for CHy and about half as much as
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Figure 3. Mean differences for the stratospheric species estimated for each year (late February to early April) between PARIS-IR and ACE-
FTS (blue), the Bruker 125HR and ACE-FTS (cyan), and PARIS-IR and the Bruker 125HR using total columns (yellow) and partial columns
(red) for the comparison. The error bars display the standard error of the mean differences. The number displayed below each bar represents
the number of pairs. The combined retrieval uncertainty from PARIS-IR and the Bruker 125HR is shown as a red line. The lower panel
illustrates the average sPV along the line of sight at 20 km of the pairs that are compared. The cyan solid and dashed lines represent the inner
and outer polar vortex edge, respectively.

the combined retrieval uncertainty of N, O. It should be noted
that the correlation is higher, with a correlation coefficient
R > 0.85 for CH4 and N;O, if the partial columns (using the
same altitude range as for the PARIS-IR and ACE-FTS com-
parison in the following section; see Table 6) are considered
for this comparison since the variation of the partial columns
is higher than the total retrieval uncertainty. This is likely due
to the fixed altitudes of the partial columns (see Table 6) and,
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as such, these partial columns can be influenced by subsi-
dence inside the polar vortex.

The PARIS-IR and Bruker 125HR HF total columns have
a high correlation, but the slope of the regression plot (0.63+
0.02) suggests a negative bias between the HF datasets,
which can be seen in the mean difference of the total columns
and is larger than the combined retrieval uncertainty of the
two datasets (4.5 %), suggesting that the PARIS-IR HF re-
trievals underestimate the amount of HF in the atmosphere.
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Figure 4. Same as Fig. 3 but for the tropospheric species.

This bias is mainly apparent for large HF amounts with total
columns greater than 3.0 x 10" moleccm™2. The lower HF
columns lie very close to the one-to-one correlation line. This
negative bias of the PARIS-IR HF retrieval has been seen
previously by Fu et al. (2011), who compared it to another
ground-based FTS in Eureka (Environment Canada Bomem
DARS). The absorption lines of HF are quite narrow and the
observation can be problematic with a ground-based instru-
ment like PARIS-IR due to its limited spectral resolution.
Generally, due to the limited DOFS of PARIS-IR’s HF re-
trieval, the retrieved columns tend to be closer to the a priori
(~1.6x 10% molec cm_z) and, therefore, issues arise in re-
trieving high HF amounts. Relaxing the covariance matrix
constraint within the PARIS-IR retrieval resulted in oscilla-
tions of the retrieved HF profile and was not able to resolve
this issue.

Following this discussion of the mean differences for the
entire dataset between 2007 and 2013, next we focus on in-
dividual years during this time period. Little variation of the
differences was found and they were within the combined
retrieval uncertainty in most years for most species (except
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for HF). These yearly mean differences of the smoothed to-
tal columns together with the standard error can be found in
Figs. 3 and 4 for the stratospheric and tropospheric species,
respectively (yellow bars, for the PARIS-IR and Bruker
125HR total column comparison). The number of pairs com-
pared varies for each year and is displayed above or below the
bars in the figure. The difference in numbers of coincident
pairs is mainly due to the different weather conditions for
each year. For example in 2009 and 2010, there were many
days of sunshine and little to no cloud cover, and measure-
ments could be taken almost every day throughout the cam-
paign. There is interannual variation of the retrieval differ-
ences between PARIS-IR and the Bruker 125HR, however,
these are within the combined retrieval uncertainties for most
species during most years. For the HCI comparison, 2 years
(2010 and 2013) are outside the combined retrieval uncer-
tainty. For the comparisons of N;O, CO, and C,Hg, 1 year
in each case is outside the combined retrieval uncertainty.
Overall, no significant degradation of the comparison could
be found over the 7-year period for any of the eight retrieved
species.
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To conclude, we found that after accounting for the differ-
ent resolutions by smoothing, the mean differences between
PARIS-IR and the Bruker 125HR total columns are below
4 % and within the estimated combined retrieval uncertain-
ties for all species, with the exception of HF. These differ-
ences and correlation coefficients are comparable or slightly
better for some species compared to previous side-by-side
instrument comparisons for PARIS-IR (that used SFIT2) in
Eureka (e.g., Batchelor et al., 2010; Fu et al., 2011) and at
other locations in North America (e.g., Wunch et al., 2007,
Griffin et al., 2013).

4 Comparison between ACE-FTS and the
ground-based FTSs

4.1 Methodology

As described in the introduction, instrument comparisons
between ground- and satellite-based remote sensing instru-
ments in the high Arctic, especially during the springtime
when the Sun rises, are challenging, primarily due to the po-
lar vortex. Here we apply a comparison method similar to
Batchelor et al. (2010) for the stratospheric species (O3, HCI,
HNOs3, and HF), which can have quite different concentra-
tions inside to outside the polar vortex. Measurements are
considered coincident if they were recorded within 12h of
each other and when the distance at specific altitudes along
the line of sight (between 14 and 40 km) is less than 1000 km.
Additionally, for those same altitudes, the difference in sPV
between the measurements was restricted to a maximum of
0.3x 10™*s~! and the difference of the temperature was lim-
ited to less than 10K to ensure that similar air masses are
observed by both instruments. While these criteria filter dis-
similar air masses in most cases, this may still allow occa-
sionally for dissimilar air masses to be compared right near
the edge of the polar vortex.

For the retrievals of the tropospheric trace gases from the
ground-based FTSs (CH4, N7O, CO, and CyHg), an effort
was made to compare partial columns with a lower bound-
ary as far into the troposphere as possible. This lowers the
number of ACE-FTS occultations that can be compared but
improves the comparison. As for the stratospheric species
comparison, measurements are considered coincident if they
were recorded within 12 h of each other. However, to have
enough observations to compare, a less strict criterion has
been used, where only the distance along the line of sight is
considered at 14 km. Including the difference in sPV criterion
along the line of sight at 14 km did not impact the compari-
son, since none of the differences in sPV were found outside
this criterion. Furthermore, we varied the distance criterion
between a maximum of 500 and 1000 km along the line of
sight at 14 km. As will be discussed in detail in the following
section, the tighter distance criterion improves the correlation
between the partial columns for the tropospheric species.
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In order to compare the space-borne to the ground-based
FTS measurements, partial columns have to be considered.
This is because ACE-FTS measurements are not made in
the lower troposphere. The partial column altitude ranges
are specific to each species and are based on where the
ground-based instrument retrievals are the most sensitive (see
Sect. 2.4 and Fig. 1) and on the observation lower-altitude
limit of ACE-FTS. The altitude ranges of the partial columns
are slightly different for each ground-based FTS, since the
instruments’ resolutions, and therefore the sensitivities, are
not the same. These ranges for each partial column are listed
in Tables 4 to 7, for each instrument and species.

Smoothing has been applied to ACE-FTS profiles with ei-
ther the PARIS-IR or the Bruker 125HR averaging kernels in
a similar manner as described in Sect. 3.1. ACE-FTS pro-
files have been interpolated from its 1 km altitude grid to
the 29- and 47-layer altitude grids used for the PARIS-IR
and Bruker 125HR retrievals, respectively. In the lower tro-
posphere, where no ACE-FTS measurements are available,
the ground-based a priori values are used for the calcula-
tion. These interpolated ACE-FTS VMR profiles are then
smoothed with the averaging kernel and the a priori of the
comparison instrument, as described in Eq. (1). The par-
tial columns are then calculated from the smoothed profiles,
based on the partial column altitude ranges (see Tables 4—
7). The included a priori values, in the lower troposphere,
are not considered in this partial column calculation. This
method is consistent with other validation studies that have
compared satellite-based instruments to ground-based FTSs
(e.g., Vigouroux et al., 2007; Kerzenmacher et al., 2008;
Batchelor et al., 2010). The partial column differences were
calculated as ([GB-ACE]/[0.5 x (GB4ACE)]), where GB is
the ground-based instrument, either PARIS-IR or the Bruker
125HR as applicable. If more than one ground-based mea-
surement is coincident with a particular ACE-FTS occulta-
tion, the mean of all coincident ground-based measurements
was used to calculate the difference.

4.2 Results and discussion

The mean partial column differences for the stratospheric
species between ACE-FTS and PARIS-IR (from 2006 to
2013) are shown in Table 4 and between ACE-FTS and the
Bruker 125HR (from 2007 to 2013) in Table 5. For each of
the stratospheric species, approximately 120 and 100 satel-
lite occultations were found to be coincident with PARIS-
IR and the Bruker 125HR measurements, respectively. The
smaller number of coincident measurements with the Bruker
125HR is partly due to the shorter time period (2007-2013)
for the comparisons, but also because individual species are
not measured as often as with PARIS-IR. The number of co-
incident measurements varies annually and due to a data pro-
cessing gap for ACE-FTS in 2012, no coincident occultations
were found that year. Scatter plots of the partial column com-
parisons between the ACE-FTS and ground-based datasets
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Table 4. Comparison of ACE-FTS v3.5 and PARIS-IR partial columns (2006-2013) for the stratospheric gases presented in this study. N
is the number of coincident pairs used in this calculation. The third column gives the altitude range of the partial columns used for this
comparison, the fourth column shows the mean distance between the observed air masses from the instruments along the line of sight at
20km. The mean time between the observations is displayed in the fifth column and the mean beta angle of the ACE observations in the
sixth column. The seventh column (PC diff) represents the mean differences in the partial columns between the FTSs (in %) along with the
standard error. The correlation coefficient (R) and the slope of the regression plot (slope), along with the 1o uncertainty of the slope, are

shown in columns 8 and 9, respectively.

Species N Altitude  Mean distance Mean time  Mean beta angle PC diff R slope
range at 20km  difference of ACE occul- (%)
(km) (km) (h) tations (°)
O3 118 9.5-51.0 608 3.7 26.5 35+£06 092 0.81+0.03
HCl1 117 9.5-41.5 601 3.6 269 —-1.0£0.6 095 0.98+0.03
HNO3 119 9.5-33.5 605 37 26.6 5.7+0.8 0.81 0.78+0.04
HF 120 14.541.5 606 3.9 242 —6.1£1.2 0.59 1.02+0.08

for the stratospheric species can be found in the Supplement
(Figs. S1 and S2).

Very good agreement was found between ACE-FTS and
both ground-based FTSs for O3 and HCI. The correlations
for these gases are excellent (see Tables 4 and 5). The mean
differences for the comparison to both ground-based FTSs
for the O3 partial columns are within the total retrieval uncer-
tainties of +3.5 % (PARIS-IR) and £5.0 % (Bruker 125HR),
respectively (see Table 1). The mean differences for the
HCI comparisons are within the total retrieval uncertainty of
+2.5 % from PARIS-IR and are 0.5 % larger than the total
retrieval uncertainty of 1.9 % for the Bruker 125HR.

The ground-based HNOj3 partial columns are in good
agreement with ACE-FTS (see Tables 4 and 5) and are negli-
gible compared to the very large total retrieval uncertainty of
£19 %. The correlation between ACE-FTS and the ground-
based partial columns is high.

The ACE-FTS HF partial columns agree well with the
Bruker 125HR, for which the mean difference is approxi-
mately half of the Bruker 125HR total retrieval uncertainty
of +£3.5 %. The correlation of those partial columns is high.
The comparison between ACE-FTS and PARIS-IR HF par-
tial columns is not as good, since the mean difference is more
than twice PARIS-IR’s total retrieval uncertainty (£2.5 %).
Large differences are mainly observed when high HF con-
centrations are measured by ACE-FTS. Additionally, al-
though the slope of the regression plot is close to the one-
to-one line, the correlation between the partial columns is
relatively low. This negative difference of the PARIS-IR HF
retrieval, especially for high HF columns, is consistent with
the bias found from comparison of the total columns to the
Bruker 125HR (see Sect. 3.2).

Next we consider the variation of the mean differences
for each individual year between 2006 and 2013. The yearly
differences are displayed in Figs. 3 and 4 for the strato-
spheric and tropospheric species, respectively: the ACE-FTS
and PARIS-IR comparisons are shown as blue bars and the
ACE-FTS and Bruker 125HR comparisons are displayed as
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cyan bars. Also displayed are the partial column comparisons
between PARIS-IR and the Bruker 125HR (red bars) to better
understand the impacts of comparing partial columns rather
than total columns. The largest difference between using par-
tial columns and total columns can be seen for HF, where
the partial column differences are approximately twice as
large compared to the total column differences. This is due to
the low vertical resolution of the PARIS-IR HF retrieval, for
which the partial columns have generally less than 1 DOFS
(~0.8) and are therefore more strongly influenced by the a
priori profile. The impact of the total column versus the par-
tial column comparison is not as significant for O3, HCI, and
HNO3, where the partial columns contain more information
from the measurement.

Also shown in Figs. 3 and 4 are the standard errors of
the yearly mean differences (shown as error bars) and the
number of pairs (e.g., number of ACE-FTS occultations)
used to estimate these differences (listed below or above
the bars). Variation of the annual mean differences are ap-
parent for the ground-based versus ACE-FTS comparisons.
Generally, for all four stratospheric species, the absolute
mean differences do not appear to increase between 2006
and 2013. Furthermore, it was found that comparisons made
with measurements taken inside the polar vortex are differ-
ent to the comparisons made with measurements taken out-
side the polar vortex, especially for O3z. The yearly average
and standard deviation of the sPV along the line of sight
at 20km is displayed in the lower panel of Fig. 3, together
with the inner and outer polar vortex edge as a reference.
In 2009 and 2013, on average, measurements that are used
for the comparison were taken at the edge of the polar vor-
tex. For measurements in those years, the O3 and HNOj
comparisons seem to result in larger differences. In 2007
and 2011, all measurements that are used for the compar-
ison were taken inside the polar vortex, where on average
ACE-FTS’s O3 partial columns were larger than the ground-
based ones. The reverse was seen in all other years when
the comparison was made primarily outside the polar vor-
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Table 5. Same as Table 4, but for the comparison of ACE-FTS v3.5 and the Bruker 125HR partial columns (2007-2013).

Species N Altitude  Mean distance Mean time  Mean beta angle PC diff R slope
range at20km  difference  of ACE occulta- (%)
(km) (km) (h) tions (°)
O3 95 9.0-48.5 601 39 272 3606 091 0.92+0.04
HCl1 94 9.0-39.0 604 3.9 27.2 24+£06 092 0.98+0.04
HNO3 91 9.0-30.5 599 3.9 25.8 1.5+1.0 077 0.82+£0.05
HF 104 14.0-39.0 602 39 263 —19+1.0 0.84 091£0.05

Table 6. Same as Table 4, but for the comparison of the tropospheric species for ACE-FTS v3.5 and PARIS-IR partial columns (2006-2013).
Different coincidence criteria are used. Compared here is the maximum distance between the observed air masses at 14 km along the line of

sight for both instruments.

Species  Distance N  Altitude Mean distance Mean time Mean beta angle PC diff R slope
criterion range at 14km  difference of ACE occul- (%)
(km) (km) (h) tations (°)
CH4 1000km 188 8.0-41.5 638 3.7 299 2.7+£02 0.64 1.02+0.06
CHy 500 km 65 8.0-41.5 399 32 340 3.0+£03 0.78 0.97+0.07
N>O 1000km 147 8.0-37.5 638 3.8 279 6.1+£04 0.62 1.04+0.06
N,O 500 km 59 8.0-375 400 34 315 6.6+£0.5 0.80 1.05+0.08

tex. In 2011, the mean difference for HCI between ACE-FTS
and the Bruker 125HR seems to be very large, but only two
occultations were compared to the ground-based measure-
ments. Furthermore, the partial columns from both instru-
ments were approximately 4 times smaller than in previous
years (1.3 x 10'> moleccm™2), which impacts the percent-
age difference; the absolute difference of those columns was
approximately 0.2 x 10! moleccm™~2, which is comparable
with other years. The comparison of HF between ACE-FTS
and PARIS-IR seems to be worse in 2007 and 2011 com-
pared to previous years. The PARIS-IR HF partial columns
were larger (~ 2.3 x 10" moleccm™2) than in other years
(~ 1.8 x 10" moleccm™2) and tended to be closer to the a
priori (~ 1.6 x 10" molececm™2) (see Sect. 3.2).

As mentioned in Sect. 4.1, different coincidence criteria
were used for the tropospheric species and the impact of
the maximum distance criteria between the measurements
(at 14 km along the line of sight) was investigated. Tables 6
and 7 summarize the ACE-FTS and PARIS-IR and ACE-
FTS and Bruker 125HR comparisons, respectively, for coin-
cident measurements at a maximum distance of 1000 and of
500 km. A maximum distance of 500 km shows significantly
improved correlation compared to using 1000km between
the satellite- and ground-based instruments’ partial columns.
For this, the correlation coefficient R increases on average
from 0.6 to 0.8. However, this distance criterion has a rel-
atively small impact on the mean differences for CHy and
N>O. As such, the mean differences for those species using a
stricter distance criterion are within the standard error of the
differences found with a 1000 km distance criterion. Since
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the mean differences are quite similar for the two different
distance criteria, but the correlation is significantly improved,
only the mean differences, correlation coefficients, and cor-
relation slopes at a maximum distance of 500 km are con-
sidered in the following discussion. This is consistent with
many other validation papers which have used 500km as a
limit for coincident measurements for tropospheric species in
the high Arctic (e.g., Strong et al., 2008; Viatte et al., 2014).
Tightening the distance criteria any further results in very
few measurements that are selected for the comparisons. It
should also be noted that the different altitude ranges (listed
in Tables 6 and 7) selected for the partial column compar-
ison between ACE-FTS and PARIS-IR and ACE-FTS and
the Bruker 125HR contribute to differences in the number
of pairs that are compared (approximately one third less for
the Bruker 125HR). Scatter plots of the partial column com-
parisons between the ACE-FTS and ground-based datasets
for the tropospheric species can be found in the Supplement
(Figs. S3 and S4).

The CHy4 partial column datasets agree well. The mean
differences between ACE-FTS and PARIS-IR and ACE-FTS
and Bruker 125HR partial columns are well within the es-
timated total retrieval uncertainty of the ground-based in-
struments (46.8 % for PARIS-IR and £8.0 % for the Bruker
125HR). There is a high correlation between the instruments’
partial columns for the comparisons with both ground-based
instruments.

The N>O partial columns of ACE-FTS agree well with
those of the Bruker 125HR, for which the mean difference is
approximately half of its total retrieval uncertainty (3.7 %),
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Table 7. Same as Table 6, but for the comparison of ACE-FTS v3.5 and the Bruker 125HR partial columns (2007-2013).
Species  Distance N  Altitude Mean distance Meantime Mean beta angle PC diff R slope
criterion range at 14km  difference of ACE occul- (%)
(km) (km) (h) tations (°)
CHy 1000km 112 6.5-34.0 647 39 31.3 0.5+0.3 0.68 0.75£0.05
CHy 500 km 39 6.5-34.0 409 3.8 335 0.6+04 0.89 0.79£0.06
N,O 1000km 106  6.5-22.0 645 4.0 296 —1.6x£04 0.67 0.69£0.05
N,O 500 km 37  6.5-22.0 416 39 31.8 —1.6x£0.5 0.84 0.734£0.06
co 1000km 166 9.0-48.5 632 39 287 109+1.3 0.68 0.89+0.05
co 500 km 55  9.0-485 403 35 323 7.1+1.8 0.80 0.86+£0.07
C,Hg 1000 km 85 8.0-19.5 625 3.6 314  274+39 0.60 0.87+£0.08
C,Hg 500 km 33 8.0-19.5 413 3.8 322 20.6+55 075 0.76+£0.09

with a high correlation between those partial columns. The
mean difference for the ACE-FTS and PARIS-IR compari-
son is larger than the estimated total retrieval uncertainty of
PARIS-IR (£3.5 %), but the correlation between the partial
columns is high.

ACE-FTS partial columns of CO and C,Hg are only com-
pared to the Bruker 125HR. The PARIS-IR partial columns
of those species have less than 0.5 DOFS (~ 0.3), which is
not ideal for an instrument comparison (Vigouroux et al.,
2007). The correlation of the partial columns for both species
is quite high and the slope of the regression plot is close to
the one-to-one line. However, the mean differences are quite
large (7.1 % for CO and 20 % for CoHg). Note that the mean
difference for CO is more than twice as large (16.7 3.3 %)
in 2010 compared to all other years. Excluding 2010 from
the comparison leads to a mean difference of 3.28 % that
is within the total retrieval uncertainty (+3.5 %). In 2010, a
number of slightly enhanced CO columns were observed by
both ground-based FTS instruments near Eureka that were
not observed by the ACE-FTS and could be a local enhance-
ment.

Looking at the annual variability of the instruments’ mean
differences (see Fig. 4), relatively small year-to-year variabil-
ity, that is within the ground-based total retrieval uncertainty,
can be seen for the CHy and N,O partial column compar-
isons. As noted above, the CO difference in 2010 is signifi-
cantly larger than in all other years, likely due to a localized
enhancement. The CyHg annual partial column differences
vary between 6 and 34 %.

To conclude, very little bias was seen between ACE-FTS
and both ground-based FTSs for the comparison of the strato-
spheric species (except for the comparison to PARIS-IR HF).
There is a negative bias for the comparison between the HF
partial columns from PARIS-IR and ACE-FTS, which is con-
sistent with the bias seen in the ground-based comparisons
(see Sect. 3.2). The differences between ACE-FTS and the
Bruker 125HR for Oz, HCl, HNOj3, and HF between 2006
and 2013 using SFIT4 and ACE-FTS v3.5 are consistent with
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Batchelor et al. (2010) for 2007 and 2008 using SFIT2 and
ACE-FTS v2.24updates. For stratospheric species, the dis-
tance criterion of 1000 km is sufficient, but the comparison
for tropospheric species is improved when the distance is
limited to 500 km. ACE-FTS v3.5 CHy4, N>O, and CO partial
columns compare well to the ground-based retrievals. The
mean differences found for the tropospheric species (with
ACE-FTS v2.2+4updates) are comparable with Strong et al.
(2008) and De Maziere et al. (2008) for NoO and CHy, re-
spectively, and are improved by more than 15 % for CO com-
pared to Clerbaux et al. (2008). This improvement could be
due to the latest retrieval version of ACE-FTS (v3.5) and also
to the ground-based retrieval algorithm (SFIT4) that has been
used for this study. We found that with the new retrieval al-
gorithm SFIT4 and latest NDACC/IRWG recommendations,
CO has a higher sensitivity in the lower stratosphere com-
pared to previous retrievals. Furthermore, it was shown that
the comparison between the two ground-based instruments
did not degrade over this time period. The mean differences
change slightly each year for all species but did not increase
over time.

5 Evolution of the stratospheric and tropospheric
species during Arctic springtime, 20062013

The dataset displayed in Fig. 5 shows the springtime cam-
paign average, late February to early April (and standard de-
viation), obtained from the PARIS-IR dataset for each year.
This dataset consists of yearly springtime average total col-
umn measurements between 2006 and 2013 for the eight
species, as well as the yearly springtime average sPV at
20km along the line of sight. The red solid lines represent
the line of best fit (first-order polynomial fit) and the black
dashed lines display the standard deviation of the fit. The
outer and inner edges of the polar vortex are marked in the
lower panel by cyan dashed and solid lines, respectively. The
yearly variation of the stratospheric species (O3, HC], HNO3,
and HF) is highly influenced by the dynamics of the strato-
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sphere and the strength of the polar vortex. Note that the
dataset shown in Fig. 5 has not been filtered for observations
taken inside or outside of the polar vortex. What is immedi-
ately apparent is that O3, HCl, and HNOj3 columns are very
low in 2011. In this year, measurements were mainly sam-
pled inside a strong polar vortex, as can be seen in the lower
panel of Fig. 5 as well as in Lindenmaier et al. (2012). The
vortex remained near Eureka for the whole month of March,
so ground-based observations were mainly taken inside the
vortex (see Fig. 5f in Lindenmaier et al., 2012). A strong and
cold vortex is typically associated with chemical O3 deple-
tion and denitrification (WMO, 2014), and we see the aver-
ages for O3, HCl, and HNOj3 are low in 2007 and signifi-
cantly lower in 2011 than in all other years. The location of
air sampled by the instruments with respect to the polar vor-
tex has a high interannual variability over Eureka between
2006 and 2013. Figure 6 shows the averages of the strato-
spheric species outside the polar vortex, when the sPV is
less than 1.2 x 10™*s~! at 20 km along the line of sight (see
Sect. 2.6). The polar vortex near Eureka was not strong until
the middle of March in 2007, while it remained strong until
the end of March in 2011. Therefore, the air mass outside the
polar vortex has been measured for a few days in early March
2007 and in late March to early April 2011. Thus, there is
the potential for a temporal sampling influence as measure-
ments in 2007 and 2011 are taken in different months, ap-
proximately 1 month apart. The dataset inside the polar vor-
tex is not shown here due to the strong interannual variability
of the polar vortex and the chlorine activation processes.

In examining PARIS-IR’s 8-year dataset, we can estimate
whether the changes seen in the dataset over this time period
are statistically significant. To determine whether or not it is
possible to assess a trend, a number of factors need to be con-
sidered: the time period of the dataset, the magnitude of the
trend w,, the variability o, and the autocorrelation ¢ of the
noise of the dataset. This is described in detail in Weather-
head et al. (1998). The minimum number of years, n*, needed
to observe a trend, can be estimated by

2/3
n* = 330 [1+e . )
[wo

1-¢

Using the slopes of the lines of best fit of Figs. 5 and 6 for
each species, we can determine whether or not a trend can be
detected in our dataset based on the number of years com-
pared to the estimated minimum number of years n*, com-
puted from Eq. (2).

The total columns of all stratospheric species sam-
pled outside the polar vortex in the springtime (Fig. 6)
show an increase between 2006 and 2013. The lines of
best fit+ standard deviation indicate an increase of 0.9 &
1.2%yr~! for 03, 1.740.8 % yr~! for HCI, 1.740.7 % yr~!
for HNO3, and 3.8+ 1.4%yr~! for HF. Using the method
above, the minimum number of years required to detect a
trend of these magnitudes from this dataset is approximately
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5 years for Oz, 6 years for HCl, 7 years for HF, and 9 years
for HNO3. With this 8-year dataset, trends are likely detected
in HCI and HF in the atmosphere of the high Arctic (outside
the polar vortex) from PARIS-IR measurements. Although it
seems there are enough years available to detect a trend in
O3, it should be noted that the uncertainty of the increase
seen in O3 is larger than the actual estimated increase. How-
ever, recent increasing stratospheric O3 (in the tropics and
midlatitudes) has been previously reported by Harris et al.
(2015) using satellite and ozonesonde observations, and our
findings for high latitudes are consistent with their results.
The magnitude of the increase of HCI at northern high lati-
tudes is consistent with Mahieu et al. (2014) and is assumed
to be due to atmospheric circulation changes in the Northern
Hemisphere. These changes occurred after 2005/2006 and
are possibly on a short timescale (Mahieu et al., 2014). The
increase of HF is likely due to the increase of COF; that has
been discussed in Harrison et al. (2014). A longer dataset is
necessary to be able to observe a trend for HNO3.

For the tropospheric species, no sPV filter has been ap-
plied, since the influence of the polar vortex is not as signifi-
cant in the troposphere. Looking at Fig. 5, it seems that CHy
and C,Hg are increasing each year since 2006. Between 2006
and 2013, the CH4 columns increased by approximately
0.5+0.1%yr~!, and the C;Hg columns increased by approx-
imately 1.6 0.2 % yr~!. However, C,Hg has started to in-
crease at a higher rate since 2009 as can be seen from Fig. 5.
Between 2009 and 2013, C;Hg increased by 2.340.5 % yr—!
based on our dataset. CO appears to be decreasing slightly
over the time period between 2006 and 2013, by approxi-
mately —0.8 £0.6 % yr~!. N, O seems relatively constant in
the Arctic spring between 2006 and 2013 and the slight in-
crease seen over this time period is well within the standard
deviation with a slope of 0.3+£0.3%yr"!. The minimum
number of years to detect a trend from these datasets, based
on Weatherhead et al. (1998), is 8 years for CHs and C,Hg,
9 years for CO, and more than 10 years for N,O. Based on
the available data and Eq. 2, we can detect a trend for CHy
in the high Arctic between 2006 and 2013. For C,Hg, CO,
and N, O our dataset is not long enough to observe a trend.
Increasing CoHg starting in 2009 has also been reported in
previous studies (Franco et al., 2015; Franco et al., 2016).
In the Arctic, Franco et al. (2016) have found increasing
C,Hg of approximately 3 & 1 % yr~! near Eureka and Thule,
Greenland, between 2009 and 2014. A decrease of CO has
been reported above the high Arctic station in Kiruna by
ground-based FTS observations of —0.6140.16 %yr~! (An-
gelbratt et al., 2011). These results are consistent with our
observations. For CHy, no recent changes in the Arctic have
been reported yet, but at lower latitudes increasing CHy has
been found. Sussmann et al. (2012) observed a 0.3 %ylr_1
increase of CH4 between 2007 and 2011 in Garmisch and
Zugspitze, Germany, from ground-based FT'S measurements.
This is similar to the CHy increase that we found in the high
Arctic near Eureka (0.5 % yr~!, 2006-2013).
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Figure 5. Yearly springtime campaign averages (blue dots) and 1o standard deviation (error bar) between 2006 and 2013 obtained from the
PARIS-IR total column retrievals for all eight trace gases used in this study. The sPV at 20 km along the line of sight is shown in the lower
panel, together with the inner (solid cyan line) and outer (dashed cyan line) edge of the polar vortex. The red solid lines represent the lines
of best fit and the black dashed lines display the 1o standard deviation of the fit. The best fit between 2009 and 2013 is displayed for CoHg
as a dark blue line.
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Figure 6. Springtime campaign averages (and lo standard deviation) between 2006 and 2013 obtained from the PARIS-IR total column
retrievals for all stratospheric species for measurements that were taken outside the polar vortex (sPV < 1.2 x 10~
line of sight). The colour and symbol scheme is the same as in Fig. 5.
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To conclude, we have found that with our dataset we can
detect a trend for HCI, HF, O3, and CH4 near Eureka be-
tween 2006 and 2013. Total columns of all these species are
increasing over this time period.

6 Summary and conclusions

We have presented 8 years of measurements between 2006
and 2013 in the high Arctic, with the purpose of providing a
detailed comparison between the two ground-based FTS in-
struments and the space-borne ACE-FTS as well as examin-
ing atmospheric composition change over this period. In to-
tal, eight atmospheric gases have been utilized and assessed,
namely O3, HCI, HNO3, HF, CH4, N2O, CO, and C,He.

Side-by-side instrument comparisons were carried out for
the two ground-based FTSs at PEARL during the Canadian
Arctic ACE validation campaigns, from 2007 to 2013. With
respect to the smoothed total columns, the instrumental dif-
ferences are well within the estimated combined retrieval
uncertainties and below 6 % for most species (except HF)
and the retrieved columns are highly correlated (with a cor-
relation coefficient R > 0.85) for the two FTSs. Our results
are comparable with ground-based side-by-side comparisons
with PARIS-IR, such as those reported by Batchelor et al.
(2010) and Griffin et al. (2013). Smoothing the retrieved pro-
files of the Bruker 125HR with PARIS-IR’s averaging ker-
nel provides a more accurate comparison and has been done
for all species. However, this is only significant for gases
with low DOFS such as C;Hg and HF. The comparison also
showed that HF total columns are slightly underestimated by
PARIS-IR versus the Bruker 125HR HF columns. Overall,
these comparisons contribute to the satellite validation effort
for ACE-FTS in the high Arctic with the latest retrieval algo-
rithm SFIT4. It was further found that the comparisons did
not degrade during this time period.

The partial column comparisons between ACE-FTS v3.5
and the two ground-based FTSs were carried out over this
8-year period. For O3, HCI, HNO3, and HF, coincidence cri-
teria including sPV and temperatures along the line of sight
were employed. The resulting mean biases are smaller than
4 % and within the estimated uncertainty of the ground-based
retrieval for all species for the Bruker 125HR comparison.
The mean bias between ACE-FTS and PARIS-IR was within
approximately 6 % for all species. Our results have shown
that the correlation between the datasets is significantly im-
proved (by ~ 0.2) when the maximum distance is limited
to 500 km for the comparisons of tropospheric species. For
CHy, N7O, and CO, the biases are smaller than 3.5 % and
less than the ground-based total retrieval uncertainty for the
comparison between ACE-FTS and the Bruker 125HR. The
PARIS-IR CH4 and N>O columns agree well with ACE-
FTS, with differences of 3.0 and 6.6 %, respectively. The
mean differences of the ACE-FTS and the Bruker 125HR
C,Hg partial columns are ~ 20 %; however, a high correla-
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tion (with a correlation coefficient R = 0.75) between these
datasets was found. Overall, the results show that ACE-FTS
20062013 retrievals are consistent with ground-based ob-
servations, even in 2013, a decade after the instrument was
launched. No increasing mean differences of the yearly com-
parisons were found over this time period. The long-term
ground-based FTS measurements continue to contribute to
the validation of the trace gas amounts retrieved from mea-
surements from the ACE-FTS instrument on board SCISAT.

During this entire time period (2006-2013), increasing
03 (0.9%yr™"), HCI (1.7%yr™"), HF (3.8%yr~'), CHy4
(0.5% yr~"), and CoHg (2.3 % yr~!, 2009-2013) have been
found near Eureka in the springtime. These results were com-
pared to previously published measurements from different
datasets and at different locations. Overall, our estimated in-
creases are consistent with the values reported by Harris et
al. (2015) for O3, Mahieu et al. (2014) for HCI, and Suss-
mann et al. (2011) for CHy. As such, our results from the
ground-based PARIS-IR dataset complement their findings
by showing that these increases are also apparent in the high
Arctic.

Data availability. The PARIS-IR data are available from https://
eureka.physics.utoronto.ca/PARIS-IR-Data-2006-2013 or upon re-
quest from the corresponding author (kaley.walker @utoronto.ca).
The Eureka FTIR data used in this paper are available from the
NDACC archive: ftp://ftp.cpc.ncep.noaa.gov/ndacc/station/eureka/
hdf/ftir/. The ACE-FTS Level 2 data used in this study can be
obtained via the ACE-FTS website (registration required), http:
/Iwww.ace.uwaterloo.ca, or upon request from the corresponding
author (kaley.walker @utoronto.ca).
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