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Abstract. The Canadian Arctic Atmospheric Chemistry Ex-
periment Validation Campaigns have been carried out at Eu-
reka, Nunavut (80.05° N, 86.42° W) during the polar sunrise
period since 2004. During the International Polar Year (IPY)
springs of 2007 and 2008, three ground-based Fourier trans-
form infrared (FTIR) spectrometers were operated simulta-
neously. This paper presents a comparison of trace gas mea-
surements of stratospherically important species involved in
ozone depletion, namely O3, HCI, CIONO;, HNO3 and HF,
recorded with these three spectrometers. Total column den-
sities of the gases measured with the new Canadian Net-
work for the Detection of Atmospheric Change (CANDAC)
Bruker 125HR are shown to agree to within 3.5% with the ex-
isting Environment Canada Bomem DA8 measurements. Af-
ter smoothing both of these sets of measurements to account
for the lower spectral resolution of the University of Waterloo
Portable Atmospheric Research Interferometric Spectrome-
ter for the Infrared (PARIS-IR), the measurements were like-
wise shown to agree with PARIS-IR to within 7%. Concur-
rent measurements of these gases were also made with the
satellite-based Atmospheric Chemistry Experiment Fourier
Transform Spectrometer (ACE-FTS) during overpasses of
Eureka during these time periods. While one of the man-
dates of the ACE satellite mission is to study ozone deple-
tion in the polar spring, previous validation exercises have
identified the highly variable polar vortex conditions of the
spring period to be a challenge for validation efforts. In this
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work, comparisons between the CANDAC Bruker 125HR
and ACE-FTS have been used to develop strict criteria that
allow the ground- and satellite-based instruments to be con-
fidently compared. When these criteria are taken into con-
sideration, the observed biases between the ACE-FTS and
ground-based FTIR spectrometer are not persistent for both
years and are generally insignificant, though small positive
biases of ~5%, comparable in magnitude to those seen in
previous validation exercises, are observed for HCl and HF
in 2007, and negative biases of —15.3%, —4.8% and —1.5%
are seen for CIONQO,, HNOj3 and O3 in 2008.

1 Introduction

Ground-based instruments that measure the chemical com-
position of the atmosphere, through techniques such as solar-
absorption spectroscopy, provide a key data set for the vali-
dation of satellite remote-sensing instruments (e.g., Dils et
al., 2006; Vigouroux et al., 2007; Kerzenmacher et al., 2008;
Dupuy et al., 2009). Biases and differences that are ob-
served between ground-based and satellite instruments are,
however, difficult to quantify due to the range of viewing
geometries, and differences between individual instruments
that are considered in a particular comparison. Side-by-side
instrument intercomparisons, for example, have shown that
total column densities of key stratospheric trace gases mea-
sured by ground-based Fourier transform infrared (FTIR)
spectrometers may exhibit differences of several percent,
even during times of stable atmospheric conditions and
when retrieval algorithms are made as consistent as possible
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(Goldman et al., 1999; Griffith et al., 2003; Meier et al.,
2005; Wunch et al., 2007; Batchelor et al., 2009). Validation
of the Atmospheric Chemistry Experiment — Fourier Trans-
form Spectrometer (ACE-FTS) has likewise shown large
differences between ground-based and satellite instruments,
particularly during the highly-variable Arctic spring-time
(e.g., Wolff et al., 2008; Mahieu et al., 2008). Compar-
isons made under these conditions thus require a comprehen-
sive understanding of both the validating instrument and the
viewing geometry with respect to polar vortex dynamics.

The Canadian Arctic ACE Validation Campaigns have
been carried out during the polar sunrise period at the Polar
Environment Atmospheric Research Laboratory (PEARL) at
Eureka, Nunavut, Canada (80.05° N, 86.42° W) since 2004
(Kerzenmacher et al., 2005; Fu et al., 2008; Fraser et al.,
2008). The 2007 and 2008 campaigns extended from mid-
February until mid-April, and were additionally comple-
mented by instrumentation installed at PEARL by the Cana-
dian Network for the Detection of Atmospheric Change dur-
ing 2006. One of these additions was a high-resolution
Bruker 125HR Fourier transform spectrometer (Batchelor et
al., 2009). This allowed simultaneous measurements of at-
mospheric composition to be made throughout the campaign
by four Fourier transform spectrometers: three ground-based
and one satellite-borne.

This paper provides an in-depth intercomparison between
the three ground-based FTIR spectrometers co-located at
PEARL during the International Polar Year Canadian Arctic
ACE Validation Campaigns of 2007 and 2008, and validation
of ACE-FTS data from the same period. Meteorological con-
ditions were quite different between the two campaigns, with
many measurements in 2007 being made inside the polar vor-
tex where heterogeneous chemistry and ozone-depleting pro-
cesses were occurring. A polar stratospheric warming prior
to the start of the campaign in 2008, however, resulted in
most of the measurements being made outside the vortex. As
such, the two years provide a wide range of atmospheric con-
ditions for the intercomparison. Key stratospheric trace-gas
species O3, chlorine reservoirs HCl and CIONO,, fluorine
reservoir HF and nitrogen reservoir HNOj3 are investigated.
Derived meteorological data along the instruments’ line-of-
sight are used to account for the changing conditions of the
polar stratosphere, and a comprehensive set of measurement
comparison criteria are identified for satellite validation near
the polar vortex edge.

The paper is laid out as follows: Sect. 2 introduces the
measurement site and the four FTIR spectrometers. Sec-
tion 3 details the methodology used for the analyses, and
is followed by the detailed intercomparison of the three
ground-based instruments in Sect. 4. Section 5 then extends
the ground-based intercomparison to include and validate
measurements from the ACE-FTS using the Bruker 125HR
Fourier transform spectrometer, before finishing with con-
clusions in Sect. 6.
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2 Measurement site and instrumentation

The Polar Environment Atmospheric Research Laboratory,
situated on Ellesmere Island, Nunavut, Canada (80.05° N,
86.42° W, 610 m above sea level) is a modern, high-Arctic
atmospheric research laboratory run by the Canadian Net-
work for the Detection of Atmospheric Change (CANDAC).
Atmospheric measurements made at PEARL sample the at-
mosphere from the ground to the top of the atmosphere. The
PEARL site is situated 15 km from the Environment Canada
Eureka Weather Station, and over 400 km from the nearest
permanent settlement. At only 1100 km from the North Pole,
it is a clean-air site in an ideal location for studying polar
processes involved in ozone depletion. In addition, PEARL
is ideally situated for the validation of polar-orbiting satel-
lites, which typically sample nearby air several times a day.
The three ground-based FTIR spectrometers in operation
at PEARL during the 2007 and 2008 validation campaigns
were the Environment Canada ABB Bomem DAS (hence-
forth the DAS8) and the CANDAC Bruker IFS 125HR (hence-
forth the 125HR), which were both permanently housed
in the PEARL FTS lab, and the campaign-only Univer-
sity of Waterloo Portable Atmospheric Research Interfero-
metric Spectrometer for the Infrared (PARIS-IR). The three
spectrometers were physically located within meters of each
other, and shared a common solar beam from a custom-built
solar tracker located on the roof of the laboratory. Approx-
imately 1/3 of the beam was directed to the PARIS-IR, and
the other 2/3 was alternately directed to the 125HR and the
DAS. Details of each of the instruments are given below.

2.1 Environment Canada ABB Bomem DAS

The Environment Canada ABB Bomem DAS8 FTIR spec-
trometer was installed at PEARL in 1993 and has provided
atmospheric solar absorption spectra each spring over the
past fifteen years (Donovan et al., 1997; Farahani et al., 2007;
Paton-Walsh et al., 2008; Fu et al., 2008; Fast et al., 2010).
The DAS8 spectrometer is a vertically aligned Michelson in-
terferometer equipped with two separate detectors: an InSb
and a HgCdTe (commonly known as an MCT). Used with a
KBr beamsplitter and a set of narrow band interference fil-
ters, the DAS8 can record radiation over the spectral range
from 700cm™! to 5000 cm™~! at a resolution of 0.004 cm™!
(where resolution is defined as 1/maximum optical path dif-
ference (MOPD) and MOPD =250 cm). Eight interference
filters are used in sequence in order to optimize the signal-
to-noise ratio (SNR). Measurements each consist of four co-
added spectra, taking approximately twelve minutes, Fourier
transformed with a Hamming apodization.

2.2 CANDAC Bruker IFS 125HR

The CANDAC Bruker IFS 125HR FTIR spectrometer is a
high-resolution spectrometer that was installed at PEARL
in August 2006 and operates throughout the sunlit parts of
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the year. It has been described in depth by Batchelor et
al. (2009). Like the DAS, the 125HR measures on either
an InSb or MCT detector with a KBr beamsplitter and uses
a sequence of narrow band interference filters covering the
600—4300cm™! spectral range. Solar absorption measure-
ments made during the IPY Arctic campaigns each consist
of four co-added spectra recorded in both the forwards and
backwards directions (taking approximately six minutes) at a
resolution of 0.004 cm™! (MOPD =250 cm). No apodization
is applied to these measurements.

2.3 University of Waterloo PARIS-IR

The University of Waterloo Portable Atmospheric Research
Interferometric Spectrometer for the Infrared is an ABB
Bomem custom-built interferometer that is based on the
design of the Fourier transform spectrometer onboard the
Atmospheric Chemistry Experiment, and is built from its
spare parts. A resolution of 0.02cm™! (MOPD =+25cm,
with resolution defined to be consistent with the ACE-FTS,
i.e., 0.5/MOPD) is achieved using corner cube reflectors
mounted on a pivoting arm to introduce an optical path
difference, as detailed in Fu et al. (2008). Interferograms
are recorded on a sandwich InSb/MCT detector with no fil-
ters, allowing the entire 750-4400cm™"! spectral region to
be measured simultaneously. Each IPY spring measurement
consists of 20 co-added spectra, taking approximately six
minutes, with no applied apodization.

24 ACE-FTS

In addition to the three ground-based instruments, the At-
mospheric Chemistry Experiment (also known as SCISAT)
also made measurements over Eureka during the campaigns.
ACE was launched in August 2003, and orbits the Earth in
a 74° inclined circular orbit (Bernath et al., 2005). One of
its primary aims is to observe the polar regions during active
periods of ozone depletion chemistry, notably during the po-
lar springtime. As such, it has multiple measurements over
Eureka during this time period. The primary instrument on-
board ACE is a Fourier transform spectrometer which simul-
taneously measures vertical profiles of more than 30 different
atmospheric species, as well as temperature and pressure, us-
ing the solar occultation method (Bernath et al., 2005). The
spectral range of the ACE-FTS is comparable to that of the
ground-based FTIR spectrometers, with a spectral resolution
of 0.02cm™!, however, due to the limb-sounding geometry,
the satellite-borne spectrometer has considerably more ver-
tical resolution (typically 3—4 km) than any of the ground-
based instruments (Boone et al., 2005).
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3 Data analysis
3.1 Ground-based FTIR spectrometers

Total column densities of O3, HCI, CIONO,, HNO3 and
HF covering the region between the ground and 100km
have been determined from the recorded spectra of each
of the ground-based spectrometers in a consistent man-
ner. Altitude-dependent atmospheric volume mixing ratio
(VMR) profiles were retrieved from the spectra using SFIT2
(Pougatchev et al., 1995), a profile retrieval algorithm based
on the optimal estimation technique of Rodgers (1976, 2000)
whereby a calculated spectrum is fitted to the measured one
by adjustment of the VMR profile. Total column densities
were determined by integrating the retrieved trace gas and
atmospheric density profiles throughout the column. The HI-
TRAN 2004 + updates line list was used with SFIT2 v3.92¢
for the 125HR and PARIS-IR retrievals and v3.91 for the
DAS8 (the differences between the two versions being in-
significant for this work). The retrieval parameters used have
been described in Batchelor et al. (2009). The only differ-
ence from that work is that for PARIS-IR, retrievals have
been performed on a 29- rather than the 38-layer grid used
for the DAS8 and 125HR, to allow for its lower spectral res-
olution. This has been previously shown to result in dif-
ferences in the retrieved column of less than 0.6% (Wunch
et al., 2007), but helps to reduce unphysical oscillations in
the retrieved profile. A priori VMR profiles and covari-
ances, described in Sung et al. (2010), were consistent for all
three instruments, while ad hoc SNR ratios, which are used
for determining the measurement covariance, were selected
for each gas for each instrument using the trade-off curve
method described in Batchelor et al. (2009) to customize for
the noise level in the spectra of the individual instruments.
Daily pressure/temperature profiles, determined from the av-
erage of twice-daily radiosondes launched at Eureka, cou-
pled to the National Centers for Environmental Prediction
analyses above balloon height to 50km and then to the US
standard atmosphere to 100 km, have been used for all three
instruments. A summary of the spectral microwindows that
have been fitted for each of the retrievals is presented in Ta-
ble 1. The degrees of freedom of signal (DOFS), defined in
this case as the trace of the averaging kernel, as well as an
estimated error in the total column is also given. These have
been calculated for each of the gases as described in Batche-
lor et al. (2009).

3.2 ACE-FTS

Trace gas volume mixing ratio and temperature/pressure pro-
files are retrieved from ACE-FTS spectra with a nonlinear
least squares global fitting algorithm, as detailed in Boone
et al. (2005). Profiles are retrieved from the cloud tops,
or approximately 5 km in clear conditions, to approximately
100km. ACE-FTS v2.2 measurements (including updates
for O3, N»Os and HDO) have been extensively validated
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Table 1. Summary of retrieval microwindows and interfering species, with estimated total uncertainty and DOFS. Multiple microwindows
are fitted simultaneously where more than one region is specified. Interfering trace gas species are scale fitted, unless profile fitting is
indicated by a (P). Total uncertainty has been calculated, with individual uncertainties resulting from measurement, smoothing and model
parameter errors added in quadrature, as described in Batchelor et al. (2009). The DOEFS are representative values for spectra recorded at the
beginning of March, when solar zenith angles of are typically >80°. Abbreviations used in the headers are 125=125HR and PIR=PARIS-IR.

Gas Microwindow(s) Interfering species Total Uncertainty (%) DOFS
(em™h 125 DAS PIR 125 DAS PIR
O3 1000.0-1004.5 H,0, CO,, 03676, 03667, 39 3.7 6.8 ~75 ~75 ~45
03686, 03668, CoHy
HCl 2775.72-2775.8 03, CHy4, N,O 34 3.1 11.8 ~3 ~3 ~1
2821.4-2821.62 HDO, N,O
2925.75-2926.05 CHy4, NO,, OCS, O3
CIONO, 779.85-780.45 O3 (P), CO; (P), HNO3 39 2.7 N/A ~1 ~1 N/A
782.55-782.87 03 (P), CO, (P), HyO, HNO;3
938.3-939.3 CO,(P)
HNO3 867.5-870.0 H,0, OCS, NHj3 8.1 10.1 10.3 ~35 ~35 ~1
HF 4038.78—-4039.1 H,0, CH4, HDO 5.8 4.4 13.0 ~25 ~25 ~1

against other satellites and ground-based instruments, and
show typical relative differences of 1-8% for O3 (Dupuy et
al., 2009), 5-10% for HCI (Mahieu et al., 2008), 1-14% for
CIONO, (Wolff et al., 2008), 5-10% for HF (Mahieu et al.,
2008) and 2-28% for HNO3 (Wolff et al., 2008) globally
through the stratosphere. Satellite validation near the polar
vortex edge is, however, a challenge (as shown, for example,
in Wolff et al., 2008 and Mahieu et al., 2008) and as such,
the validation of ACE during the highly variable Arctic sun-
rise period requires special consideration. This is the primary
goal of the Canadian Arctic ACE Validation Campaigns. Pre-
vious comparisons between trace gas columns measured by
the DAS8, PARIS-IR and ACE-FTS from 2004-2006 have
been presented in Fu et al. (2008) and Sung et al. (2010).
As in previous validation activities, this work uses ACE-FTS
v2.2 + 03, HDO and N,Os updates.

3.3 Derived meteorological products

Solar absorption measurements sample the air mass between
the sun and the instrument along the line-of-sight. During the
spring period, the solar zenith angle is large, and as such, the
air mass being sampled at a given altitude may be a consider-
able distance from the instrument itself. To account for this,
especially when considering the polar vortex and changes in
chemistry occurring around its edge, meteorological prod-
ucts are derived at locations along the line-of-sight using the
GEOS Version 5.0.1 (GEOS-5) analyses (Reinecker et al.,
2007). These products are Derived Meteorological Products
(DMPs), and in this work, have been calculated for both the
ground- and satellite- based measurements at series of alti-
tudes in the stratosphere, namely at 14, 18, 20, 22, 24, 26,
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30, 36 and 46 km, with ground-based line-of-sight calcula-
tions as described in Fu et al. (2008) and satellite-based cal-
culations as described in Manney et al. (2007). The DMPs
include temperature, pressure, winds, potential temperature
and scaled potential vorticity. A full description of the data
set used can be found in Manney et al. (2007). Scaled po-
tential vorticity (sPV) from the DMPs has been used in this
work to differentiate the extra- and inner-vortex air masses at
each altitude. An sPV of 1.2x10™*s~! has been used as a
proxy for the outer edge of the polar vortex, while an sPV of
1.6x10~*s~! has been used for the inner edge (e.g., Manney
et al., 2008).

4 Ground-based spectrometer intercomparison
4.1 Methodology

The 2007 and 2008 campaigns were designed to provide the
best instrument comparison conditions possible for the time
of the year. As previously discussed, the three FTIR spec-
trometers shared a solar tracker, with the lower-resolution
PARIS-IR measuring simultaneously with the alternately
measuring 125HR and DAS8 high-resolution instruments.
Measurements with the high-resolution instruments were
made successively with matching filters, in order to reduce
the time between compared measurements, while PARIS-IR
measured the full spectral range simultaneously.

During the polar spring period, the sun is very low and
the air mass that is being sampled can vary considerably
through the course of the day. As such, individual pairs of
measurements from the ground-based instruments have been
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compared with stringent requirements for spatial and tempo-
ral agreement. PARIS-IR measurements were made simul-
taneously with those of the other two instruments, thus in-
dividual PARIS-IR measurements were compared with the
corresponding DA8 and 125HR measurements that were less
than six minutes apart in starting time. This represents the
time taken for one PARIS-IR measurement. DAS and 125HR
measurements were recorded alternately, due to their larger
solar beam requirements, and as such the time between com-
pared measurements was necessarily larger. A limitation of
15 min between start times, allowing for the twelve minute
interferogram recording time of the DAS plus a couple of
minutes to physically switch the beam between instruments,
has been used.

While the 125HR and DAS8 have near-identical spectral
resolutions, and thus also see the atmosphere in a very sim-
ilar way, PARIS-IR has a significantly lower spectral reso-
lution. This results in a retrieved atmospheric profile that is
less vertically resolved and more strongly influenced by the
a priori profile than that retrieved by the higher-resolution
instruments. The effect of this reduced resolution has been
investigated in this work. Comparisons were first made with-
out accounting for the difference in resolution in the re-
trieved profile, and were then repeated using total columns
for the high-resolution instruments that were smoothed us-
ing the PARIS-IR averaging kernel, as described in Rodgers
and Connor (2003). To do this, each profile retrieved by the
higher-resolution instruments was interpolated to the PARIS-
IR retrieval grid and smoothed using a representative PARIS-
IR averaging kernel and a priori VMR profile, following
Eq. (1) (reproduced from Rodgers and Connor, 2003, Eq. 4):

Xy =Xx,+Ax,—xg4) (1

where x is the smoothed profile, x, is the PARIS-IR a priori
profile (which, in this case, was identical to that used by the
other two instruments), A is the PARIS-IR averaging kernel
and x is the high-resolution instrument’s retrieved profile.
Total columns were then determined from the smoothed pro-
file, using air mass densities derived from the daily pressure
and temperature profiles measured over Eureka (Batchelor et
al., 2009).

4.2 Results and discussion

Total column measurements of O3, HCl, CIONO,, HNO3
and HEF, as retrieved without accounting for the smoothing in
the lower-resolution PARIS-IR, are shown in Fig. 1 for the
2007 and 2008 campaigns. Note that the very weak CIONO»
absorption features mean that retrievals are not reliable for
PARIS-IR, and thus have not been included. Also shown
in Fig. 1 is the scaled potential vorticity through the mid-
stratosphere (at 18, 22 and 26 km), indicating the conditions
of the measurements relative to the vortex edge. The very
different dynamical conditions over Eureka during these two
years are clear, with measurements in 2007 being made well
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inside the polar vortex from approximately days 67 to 83, and
measurements during 2008 being made no further in than the
edge of the vortex region throughout the campaign. Thus
measurements made during 2007 are more likely to sample
air that has been subject to ozone-depleting chemical pro-
cesses than those made during 2008. Consistent between
the two years, however, is the comparison between the three
FTIR spectrometers. The DAS8 and 125HR show excellent
agreement, with mean discrepancies less than 3.5% and with
the range of variation over each spring in all of the gases be-
ing well captured. The agreement with PARIS-IR is more
variable. For O3 and HCI, the comparison is very good (with
mean differences of ~2 and 5% respectively), while there is
an obvious bias in the HNOj3 results. Through both years,
PARIS-IR consistently underestimates the total column of
this gas relative to the other instruments, with the bias being
greater when the HNO3 column is large. In HF, there are high
biases in the PARIS-IR data relative to the higher-resolution
instruments at the highest solar zenith angles, early in the
campaigns, but these disappear by about day 75 when the
sun is slightly higher in the sky.

From the properties of the HNO3 bias, we suspected that
the cause of the difference between the FTIR spectrome-
ters was due to a higher contribution of the a priori to the
lower-resolution instrument’s retrievals. During this time of
year, our climatological mean a priori column (derived from
the SPARC 2000 climatology averaged over latitudes greater
than 68° N during the sunlit parts of the year) is considerably
lower than the real HNO3 columns, which have been build-
ing up throughout the polar night. If this was indeed a ma-
jor cause of the discrepancy, then smoothing the profiles re-
trieved with the higher-resolution instruments by the PARIS-
IR averaging kernel and a priori profile should result in a
better comparison. Figure 2 illustrates the smoothing pro-
cess. In the top panel, the unsmoothed 125HR HNO3 total
columns for 2008 are shown with the corresponding PARIS-
IR columns. The a priori column is also plotted, showing
clearly that the a priori is much lower than the columns re-
trieved from the measurements. The slight variation in the
a priori column from day to day reflects the changing atmo-
spheric density profile. The middle panel shows the 125SHR
HNOj3 columns before (red) and after (cyan) they have been
smoothed using Eq. (1). The smoothing effect inherent in the
lower-resolution PARIS-IR retrievals is clear — the smoothed
125HR measurements are typically much closer to the a pri-
ori than the unsmoothed ones. The new comparison between
PARIS-IR and the 125HR (smoothed) is shown in the bottom
panel, and the improvement in the comparison is significant.
A correlation plot highlighting the improvement in the cor-
relation between the HNO3 columns after the smoothing is
shown in Fig. 3.

It should be noted that under these conditions, we expect
that the absolute values measured by the higher-resolution
125HR and DAS instruments would be more representative
of the true atmosphere than those measured by PARIS-IR,
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Fig. 1. Time series showing total column densities of (from top to bottom): O3, HCl, CIONO,, HNO3 and HF for the 2007 (left panels) and
2008 (right panels) campaigns. 125HR measurements are shown in red, DAS in cyan and PARIS-IR in black. The scaled potential vorticity
(sPV) at 18, 22 and 26 km is shown in the bottom panel for each year, with approximate locations of the vortex inner and outer edges marked
by the dot-dashed lines. Error bars are omitted for clarity. See Table 1 for total uncertainties.

due to the lower information content in the PARIS-IR mea-
surements. The smoothing effects of the instruments are,
however, largely taken into consideration in the error bud-
get, with higher quoted uncertainties for the PARIS-IR total
columns (Table 1) reflecting the higher uncertainty relating
to the greater smoothing in these measurements.
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The smoothing process was applied to the retrieved
125HR and DAS profiles in a similar manner for each of the
other gases, and the revised time series (excluding CIONO,)
are shown in Fig. 4. A summary of the comparisons, in-
cluding mean difference, standard deviation and correlation
for both the smoothed and unsmoothed total column compar-
isons and incorporating both 2007 and 2008 data to cover a
wide range of conditions, is shown in Table 2.
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Fig. 2. Tllustration of the smoothing process defined by Eq. (1).
(a) shows the total HNO3 column measured by the 125HR in red,
and by PARIS-IR in black. The a priori column is shown by the
green line. (b) shows the same 125HR measurements in red, and
the resulting 125HR measurements after smoothing via Eq. (1) in
cyan. (c) shows the new comparison between the smoothed 125HR
(cyan) and PARIS-IR (black).

For the two gases for which the biggest biases were seen
in Fig. 1, notably HNO3 and HF, the agreement between
the three spectrometers is substantially improved by account-
ing for the differences in vertical resolution. Unfortunately
the difference in O3 columns increases following smoothing
with the PARIS-IR averaging kernels as the smoothing error
had masked other sources of difference in the measurements.
These measurement differences may include extra sensitiv-
ity of PARIS-IR retrievals to saturated features (caused by
the extremely long path length at this time of year), detector
linearity differences and real differences in the vertical dis-
tribution of the gas in parts of the atmosphere along the line-
of-sight which are not well captured by the lower-resolution
instrument (but are, as shown by the very high DOFS in Ta-
ble 1, well represented by the high-resolution instruments,
resulting in substantial changes to the column after smooth-
ing). Fortunately the difference in total columns between the
instruments is still fairly small, and, as for all of the com-
pared gases after smoothing, well within the error estimates
of the individual measurements.
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After accounting for the larger smoothing effect of the
lower resolution PARIS-IR, the total column differences be-
tween the three spectrometers are less than 3.5% for the
125HR and DAS, and less than 6.5% for the comparisons
between the 125HR or DAS and the PARIS-IR. These dif-
ferences are comparable in magnitude with other side-by-
side instrument comparisons carried out at Eureka (Fu et al.,
2008; Paton-Walsh et al., 2009; Batchelor et al., 2009) and
around the globe (Goldman et al., 1999; Griffiths et al., 2005;
Wunch et al., 2007).

5 Ground- and satellite-based spectrometer
intercomparison

5.1 Methodology

Having shown that measurements from the three ground-
based spectrometers are comparable, validation of the
satellite-based ACE-FTS has been carried out using just the
new 125HR, which has high spectral resolution, low uncer-
tainties and more measurements than the DAS8. Spectra were
considered coincident if the 125HR and ACE-FTS measure-
ments were recorded within 12 hours and the distance be-
tween the ACE 30-km tangent point and PEARL was less
than 1000 km.

Due to the difference in altitude sensitivity between the
two instruments, partial, rather than total, column densities
have been compared using ACE-FTS profiles smoothed to
the resolution of the 125HR, as described by Eq. (1). As
in previous validation activities, for this comparison, each
ACE-FTS profile was linearly interpolated from the 1km-
spaced ACE grid to the 38-layer altitude grid used for the
125HR retrievals, and then smoothed with the 125HR aver-
aging kernel and a priori profile corresponding to the match-
ing 125HR spectrum. In the tropospheric region where no
ACE-FTS data were available, the profile values were filled
with the corresponding 125HR’s a priori profile for the calcu-
lation. Partial columns were then determined for each mea-
surement pair for the altitude range for which ACE-FTS data
existed for that measurement and where the sensitivity of
the 125HR measurement, as determined from the sums of
each row of the averaging kernel matrix, was at least 0.5
(Vigouroux et al., 2007; Wolff et al., 2008; Kerzenmacher
et al., 2008).

Comparisons were made for Oz, HCl, HE, HNO3, and
CIONO;, with the mean and standard deviation of the dif-
ferences between each pair of ACE-FTS and 125HR partial
column values calculated. While the exact altitude range
included in the partial column varied from pair to pair,
these typically ranged from approximately 6-43 km (O3), 8-
38km (HCI), 15-26km (CIONO,), 8-29km (HNO3) and
1043 km (HF). Attempts to quantify the causes of differ-
ences in the partial columns determined from each spectrom-
eter were investigated using the DMPs described in Sect. 3,
and were used to further enhance the coincidence criteria.
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Fig. 3. Total column HNOj3 plots demonstrating the correlation between each combination of the three instruments, before (red) and after
(cyan) smoothing of the high-resolution measurements by the PARIS-IR averaging kernel. The 1-to-1 line is shown in black. (a) PARIS-IR
(y-axis) vs 125HR (x-axis); (b) 125HR (y-axis) vs DAS8 (x-axis); (¢) PARIS-IR (y-axis) vs DAS8 (x-axis). Note that no smoothing is necessary
for the 125HR-DAS comparison, as they are already at the same resolution. Slopes and correlation coefficients are given in Table 2.

Table 2. Comparisons between the three ground-based spectrometers, conducted using both unsmoothed, and smoothed 125HR and DAS to-
tal columns from 2007 and 2008, as described in the text. Note that no smoothing is necessary for the 125HR-DAS8 comparisons, as they have
the same resolution. Difference = (inst 1 —inst 2)/0.5(inst 1 + inst 2), and Mean = mean of these differences, calculated as a percentage. One
standard deviation from the mean is also shown (Std Dev). The instrument names have been abbreviated: 125 =125HR, and PIR = PARIS-IR.
R? and Slope are derived from correlation plots, examples of which are shown in Fig. 3. n indicates the number of matched pairs included
in the statistics.

Unsmoothed Smoothed
Gas Instrument Mean (%) Std Dev (%) R? Slope Mean (%) Std Dev (%) R? Slope n
125-PIR 1.15 375 098 1.18 6.46 376 0.98 1.12 266
03 DAS8-PIR 2.14 472 0.96 1.10 5.44 535 094 1.01 142
125-DAS8 1.50 2.16  0.99 0.95 92
125-PIR —5.08 333 098 1.02 1.40 3.62 098 090 293
HCl DAS-PIR —1.62 521 0.96 0.87 2.16 534 097 0.80 441
125-DA8 3.50 474 097 0.83 174
CIONO, 125-DAS —1.35 23.84 097 0.92 89
125-PIR 15.08 727 0.89 0.55 5.86 5.01 091 0.76 232
HNOj; DAS8-PIR 17.78 8.59 0.87 0.53 4.66 642 0.87 075 157
125-DA8 2.52 4.14 097 0.88 102
125-PIR —4.48 796 0.93 0.93 —2.85 7.80 0.95 1.31 230
HF DAS-PIR —1.86 7.73 091 0.97 —1.34 8.48 0.89 1.09 285
125-DA8 3.00 532 097 1.07 112
5.2 Results and discussion From the plot, we can see that while sometimes the partial

columns measured by the two spectrometers are similar, at
other times there are considerable differences. Occasionally
these differences can be explained by either the physical dis-
tance between the measurements or by the fact that one mea-
surement is recorded inside the polar vortex while the other
is recorded outside (for example the HCl measurements on
day 64, 2007). At other times, however, this does not fully
explain the differences (for example on day 70, 2007 for the
. . HF measurements). The differences observed between the
ues were typically at approximately 18 km, thus sPV values ACE-FTS and 125HR using these simple time and location

from.t.h a a1t1‘t ude were used as a proxy for the dynamical criteria, i.e., 12 h and 1000 km (from 30-km tangent point to
conditions being experienced for each measurement. PEARL) are shown in Table 3.

Figure 5 shows the partial columns, the percentage differ-
ences between the ACE-FTS and 125HR measurements (us-
ing (ACE-FTS - 125HR)/125HR), the distance between the
two measurements, and the sPV for each of the gases for
2007 (top) and 2008 (bottom) respectively. The sPV along
the line-of-sight has been determined for both the ACE-FTS
and the 125HR as described in Sect. 3. From the number
density profiles of each gas, it was determined that peak val-
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Fig. 4. Same as Fig. 1, with 125HR and DAS8 smoothed to match the PARIS-IR resolution. Comparison statistics are given in Table 2.

Table 3. Mean percentage differences between ACE-FTS and 125HR partial columns (calculated as described in the text), one standard
deviation from the mean (also as a percentage), standard error on the mean (standard deviation/,/n), and the number of pairs of measurements
(n) used in these calculations, for both 2007 and 2008. Note that the partial column altitude ranges varied for each individual comparison,
but were typically around 643 km (O3), 8-38 km (HCl), 15-26 km (CIONO,), 8-29 km (HNO3) and 10-43 km (HF).

2007 2008
Mean Standard  Standard n Mean Standard  Standard n
(%) deviation (%) error (%) (%) deviation (%) error (%)
O3 —7.45 10.60 1.56 46 —4.26 6.30 0.81 60
HCl 0.28 9.76 1.30 56 —-1.93 7.67 094 67
CIONO, —4.94 15.98 241 44 —17.60 16.92 222 58
HNO3 —1.55 8.66 132 43 —4.90 7.85 1.05 56
HF 10.57 15.11 1.98 58 341 14.37 224 41
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Fig. 5. Time series from 2007 (top plots) and 2008 (bottom plots) for (from left to right) O3, HCl, HF, HNO3 and CIONO;. For each
sub-plot, from top to bottom: Partial columns determined for ACE-FTS (blue) and 125HR (red); the percentage difference between the

ACE-FTS and 125HR partial columns ((ACE-FTS — 125HR)/125HR); the distance between the two measurements as measured from the
ACE 30-km tangent point to PEARL; and the sPV for both ACE-FTS (red) and 125HR (blue) at 18 km. The vortex edge region is marked

by green dashed (outer) and magenta dashed (inner) lines.

From Table 3, some significant differences in the mean
and especially in the standard deviation can be seen between
the two years, with the more dynamically variable 2007 in
most cases showing greater scatter in the differences (as seen
by both the standard deviation and standard error) than in
the more dynamically quiet 2008. We believe this reflects
the number of measurements that capture spectra measured
in different locations relative to the location of the polar vor-
tex. In almost no cases (HCl in 2007 being the exception) are
these measurements in agreement within the standard error.
While the mean differences determined by this comparison
are comparable to those determined in previous ACE-FTS
validation exercises, we took the investigation a step further
to better single out measurement pairs that should be compa-
rable due to well-matched atmospheric conditions, thus im-
proving our confidence in the quality of the comparison.

Looking first at the distance-between-measurements cri-
terion, we determined that the 1000-km criterion, as mea-
sured from the ACE 30-km tangent point to the station, was

Atmos. Meas. Tech., 3, 51-66, 2010

not a particularly accurate representation of the distance be-
tween the actual air masses being sampled. Based on the
derived meteorological product determinations of the lon-
gitude and latitude along the lines-of-sight of the measure-
ment, we found that some measurements meeting the 1000-
km criterion were actually sampling air masses that were
more than 1000 km apart, while other measurements which
sampled air masses that were closer than 1000 km together
were being excluded. An example of this is shown in Fig. 6,
which shows two sets of differences for the 2007 O3 com-
parison. The distance between the ACE 30-km tangent point
and PEARL is shown in black and the distance between the
18-km altitudes along the lines-of-sights of both the ACE and
125HR measurements is shown in orange. In order to ensure
that all measurements that were within 1000 km of each other
throughout the partial column were included, our ACE-FTS
measurement sample was expanded to include all measure-
ments within 2000 km of PEARL (based on the 30-km tan-
gent point altitude), in order to subsequently filter them to
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Fig. 6. Distance between comparable ACE-FTS and 125HR mea-
surements, as measured from the ACE 30-km tangent point to
PEARL (black) and from the measurement location at 18 km for
both instruments (orange).

1000 km based on the distance between measurement points
within the partial column. We also investigated the time cri-
terion, but found little difference in the combinations that
would be used for the comparison if the time criterion was set
for 6, 12 or 18 h. This was a result of the limitation of sun-
light for the ground-based instruments and the sunrise/sunset
viewing geometry of the ACE-FTS.

To further refine the comparisons, for each pair, a plot of
the sPV at each of the eight DMP altitudes along the line-of-
sight for each instrument was constructed, with only those
altitudes within the corresponding partial column altitude
range being considered. Additional plots showing the tem-
perature at each DMP location, the retrieved volume mixing
ratio, and the distance between the measurement points were
constructed. Examples of two of these plots, one showing
a good match, and one showing a poor match, are shown in
Figs. 7 and 8 respectively.

From these plots, we were able to determine whether the
measurement conditions being sampled by the two instru-
ments were similar throughout the height range of each com-
parison. The sPV and temperature profiles provided key
information on the air mass with respect to the polar vor-
tex and likely chemical processing conditions within, while
the distance plot provided a measure of the physical separa-
tion of the sampled air masses. The retrieved VMR profiles
provided additional information on where in the partial col-
umn the measurements were diverging. Note that the pro-
files shown for the ACE-FTS are the smoothed profiles, thus
the smoothing effect of the 125HR has been taken into con-
sideration. From the plots, it was clear that the sPV along
the lines-of-sight was an important comparison criterion, as
cases when both measurements were inside or both were out-
side, or even both measured through the vortex edge typically
showed good agreement in the partial columns, while pairs
for which the sPV was divergent typically had poorer agree-
ment, as would be expected from the different air masses
sampled. Temperature served as an additional important
criterion, as within the polar vortex, chemical processing
is highly dependent on temperature. As such, significant
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differences in temperature along the lines-of-sight for the two
profiles, even when the sPV is similar, can indicate large dif-
ferences in the sampled air masses.

Using the information gained by the plots, more rigor-
ous coincidence criteria were developed to better identify
comparable measurement pairs. While the temporal crite-
rion of 12 h remained, the spatial coincidence criterion was
tightened, requiring the distance between the measurement
points at each of the DMP altitudes (rather than solely for the
ACE 30-km tangent point to PEARL) to be within 1000 km.
Differences in sPV between the two measurements at each
altitude along the line-of-sight were restricted to less than
0.3x107*s™!, ensuring that the air masses relative to the po-
lar vortex edge were similar for both measurements. Finally,
the maximum temperature difference at each altitude point
was set to 10 K. The values of these criteria were selected to
limit the likelihood of the measurements sampling different
air masses, while ensuring that there were sufficient pairs of
measurements remaining for a meaningful comparison.

Figure 9 shows the comparison between those measure-
ments remaining after the new criteria were applied, with the
mean percentage differences, standard deviations, and stan-
dard errors shown in Table 4. It can be seen that these strin-
gent comparison requirements have significantly reduced the
number of pairs contributing to the comparisons, particu-
larly in 2007 when measurements made at Eureka were fre-
quently near the edge of the polar vortex. However, both
the mean differences and standard deviations between the
two measurements have typically been reduced, and we are
confident that these measurement pairs are highly compara-
ble. The bias is seen to be zero within the standard error
for O3, CIONO; and HNOj3 in 2007, with ACE showing a
slight high bias of approximately 5% in HCl and HF, which
is comparable with that seen in previous ACE comparisons
(Mabhieu et al., 2008). In 2008, the HCI and HF biases are
non-significant (within standard error), however negative bi-
ases are seen in the other gases. The greater standard devi-
ation in CIONO; reflects the difficulty of this retrieval, par-
ticularly when the column of CIONO; is low (common out-
side the polar vortex, thus dominant in the 2008 comparison).
This was previously demonstrated in Wolff et al. (2008), who
described large standard deviations and found a wide range
of biases between ACE-FTS and ground-based FTIR mea-
surements around the globe, with no discernible trend. A
slight negative bias in ACE HNO3 was also reported in that
study (Wolff et al, 2008), comparable in magnitude to that
obtained here.

To conclude, having applied the stringent coincidence
criteria, the differences between the two instruments are
generally small and are in good agreement with previ-
ous ground-based FTIR/ACE-FTS comparisons of these five
gases (Dupuy et al., 2009; Mahieu et al., 2008; Wollff et al.,
2008). No clear bias is seen from year-to-year, and, in all
cases, the difference between the measurements is zero to
within one standard deviation, and non-significant in at least
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Fig. 7. Sample plots for determining the comparability of ACE-FTS and 125HR measurements. Plots from left to right show (a) the sPV
(with inner and outer edge of the vortex marked with magenta and green dashed lines respectively), (b) temperature, (¢) HCI VMR profile
(where the ACE-FTS profile has been smoothed to match the 125HR), and (d) distance between ACE-FTS and 125HR measurements,
with data being determined from DMPs along the lines-of-sight of each instrument. Dotted lines indicate the altitude range for the partial
column used in this comparison. ACE-FTS information is shown in blue, and 125HR is shown in red. This example shows a well-matched
comparison between HCI measurements made on the 13 March 2007. The difference in the 9.82-38.40 km partial columns is 1.4%.
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Fig. 8. As for Fig. 6, but demonstrating a less-well-matched comparison pair recorded on the 6 March 2007. Note the differences in sPV at
30 and 18 km, with the two instruments each sampling a combination of air masses located inside and outside the polar vortex. The difference
between the two measurements over the 11.02-38.40 km partial column is 10.0%.

one of the years within standard error. As such, we can con-
fidently say that the ACE-FTS shows excellent agreement
with ground-based spectroscopic measurements made in the
highly-variable spring-time northern polar stratosphere.

6 Conclusions

The 2007 and 2008 Canadian Arctic ACE Validation Cam-
paigns at Eureka, Nunavut, have provided an excellent
opportunity to compare measurements by four Fourier
transform infrared spectrometers during the highly-variable
Arctic polar sunrise period. Comparisons between the
three ground-based FTIR spectrometers have shown small
inter-instrumental differences well within the estimated
uncertainties of the measurements and consistent with
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side-by-side intercomparisons conducted around the world.
Total column trace gas measurements of Oz, HCl, CIONO,,
HF and HNO3; made with the higher-resolution CANDAC
Bruker 125HR were shown to compare with the comparable
resolution Environment Canada ABB Bomem DAS to within
3.5%. Measurements of O3, HCI, HF and HNO3 from both
of these instruments were shown to agree to within 6.5%
with the lower-resolution University of Waterloo PARIS-
IR when the higher-resolution instruments’ retrieved profiles
were smoothed with the a priori profiles and averaging ker-
nels of PARIS-IR to account for the larger smoothing effect
of that instrument. The importance of this smoothing was
demonstrated, particularly for cases when the atmospheric
total column is considerably different from the a priori value.
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Fig. 9. As for Fig. 5, but with those comparison pairs remaining after tightened criteria have been applied. Note that the distances shown in
this plot are now the distance between the measurements along the lines-of-sight at 18 km, as described in the text.

Table 4. As for Table 3, but for pairs remaining after applying rigorous co-location criteria.

2007 2008
Mean Standard  Standard n Mean Standard  Standard n
(%)  deviation (%) error (%) (%)  deviation (%) error (%)
O3 1.11 6.57 2.08 10 —1.51 4.30 1.15 14
HCI 4.86 8.05 2.01 16 —0.23 5.38 1.12 23
CIONO, -—2.86 14.24 3,56 16 —15.33 22.62 372 37
HNO3 1.09 8.36 2.03 17 —4.77 6.97 1.23 32
HF 5.23 8.88 237 14 1.14 16.81 1434 15

Validation of the ACE-FTS v2.2 (with O3, N»Os and HDO
updates) results from this time was also carried out with the
125HR. Strict coincidence criteria for use around the polar
vortex were determined, utilizing DMP data along the lines-
of-sight of both instruments. These criteria were: measure-
ment times less than 12h; distance between measurement
points at multiple altitudes within the partial column less
than 1000 km; differences in sPV between measurements
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at multiple altitudes within the partial column less than
0.3x107*s7!; and temperature differences at each alti-
tude less than 10 K. After applying these criteria, the mean
biases between the ACE-FTS and 125HR for 2007/2008
were 1.1/—1.5%, 4.9/—0.2%, —2.9/—15.3%, 1.1/—4.8% and
5.2/1.1% for O3, HCI, CIONO,, HNO3, and HF respectively.
These values were generally insignificant within the standard
error, though show slight high biases in HCI and HF in 2007,
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and low biases in HNO3, CIONO; and O3 in 2008. Thus
it can be concluded that satellite validation can be conducted
with ground-based measurements made around the polar vor-
tex edge, provided that comparison criteria are enhanced to
account for vortex conditions along the line-of-sight, and that
no annually-consistent bias can be identified in the ACE-FTS
partial columns at this time of year.
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