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Abstract. The Canadian Arctic Atmospheric Chemistry Ex- work, comparisons between the CANDAC Bruker 125HR
periment Validation Campaigns have been carried out at Euand ACE-FTS have been used to develop strict criteria that
reka, Nunavut (80.09N, 86.42 W) during the polar sunrise  allow the ground- and satellite-based instruments to be con-
period since 2004. During the International Polar Year (IPY) fidently compared. When these criteria are taken into con-
springs of 2007 and 2008, three ground-based Fourier transsideration, the observed biases between the ACE-FTS and
form infrared (FTIR) spectrometers were operated simulta-ground-based FTIR spectrometer are not persistent for both
neously. This paper presents a comparison of trace gas megears and are generally insignificant, though small positive
surements of stratospherically important species involved irbiases of~5%, comparable in magnitude to those seen in
ozone depletion, namely£DHCI, CIONG,, HNO3 and HF,  previous validation exercises, are observed for HCl and HF
recorded with these three spectrometers. Total column derin 2007, and negative biases-615.3%,—4.8% and—1.5%
sities of the gases measured with the new Canadian Netare seen for CIONg& HNOz and G in 2008.

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—1
ter smoothing both of these sets of measurements to account

for the lower spectral resolution of the University of Waterloo grqund-based instruments that measure the chemical com-
Portable Atmospheric Research Interferometric Spectrqmeposition of the atmosphere, through techniques such as solar-
ter for the Infrared (PARIS-IR), the measurements were like-5h50rption spectroscopy, provide a key data set for the vali-
wise shown to agree with PARIS-IR to within 7%. Concur- gation of satellite remote-sensing instruments (e.g., Dils et
rent measurements of these gases were also made with thg 2006; Vigouroux et al., 2007; Kerzenmacher et al., 2008:
satellite-based Atmospheric Chemistry Experiment FourierDupuy et al., 2009). Biases and differences that are ob-
Transform Spectrometer (ACE-FTS) during overpasses Okgryed between ground-based and satellite instruments are,
Eureka during these time periods. While one of the man-nqyever, difficult to quantify due to the range of viewing
dates of the ACE satellite mission is to study ozone depleyeometries, and differences between individual instruments
tion in the polar spring, previous validation exercises haveiat are considered in a particular comparison. Side-by-side
identified the highly variable polar vortex conditions of the ;strument intercomparisons, for example, have shown that
spring period to be a challenge for validation efforts. In this y4ta| column densities of key stratospheric trace gases mea-
sured by ground-based Fourier transform infrared (FTIR)
spectrometers may exhibit differences of several percent,
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(Goldman et al., 1999; Griffith et al., 2003; Meier et al., 2 Measurement site and instrumentation

2005; Wunch et al., 2007; Batchelor et al., 2009). Validation ) )

of the Atmospheric Chemistry Experiment — Fourier Trans- T_he Polar Environment Atmospheric Research Laboratory,
form Spectrometer (ACE-FTS) has likewise shown largeSituated on Ellesmere Island, Nunavut, Canada (8005

differences between ground-based and satellite instrument§6-4Z W, 610m above sea level) is a modern, high-Arctic
particularly during the highly-variable Arctic spring-time atmospheric research laboratory run by the Canadian Net-
(e.g., Wolff et al., 2008: Mahieu et al., 2008). Compar- work for the Detection of Atmospheric Change (CANDAC).

isons made under these conditions thus require a compreheftfmospheric measurements made at PEARL sample the at-

sive understanding of both the validating instrument and theoSphere from the ground to the top of the atmosphere. The
viewing geometry with respect to polar vortex dynamics. PEARL site is situated 15 km from the Environment Canada

The Canadian Arctic ACE Validation Campaigns have Eureka Weather Station, and over 400 km from the nearest

been carried out during the polar sunrise period at the PolaP€rmanent settiement. At only 1100 km from the North Pole,
Environment Atmospheric Research Laboratory (PEARL) atlt IS @ clean-air site in an ideal location for studying polar
Eureka, Nunavut, Canada (80°08, 86.42 W) since 2004  Processes _mvolved in ozone_deplenon. In add|t|_0_n, PEARL
(Kerzenmacher et al., 2005; Fu et al., 2008; Fraser et al.!S ideally situated for the validation of polar-orbiting satel-
2008). The 2007 and 2008 campaigns extended from mid[ites, which typically sample nearby air several times a da)_/.
February until mid-April, and were additionally comple- ~ The three ground-based FTIR spectrometers in operation
mented by instrumentation installed at PEARL by the Cana-2t PEARL during the 2007 and 2008 validation campaigns
dian Network for the Detection of Atmospheric Change dur- Were the Environment Canada ABB Bomem DAS (hence-
ing 2006. One of these additions was a high-resolutionforth the DA8) and the CANDAC Bruker IFS 125HR (hence-
Bruker 125HR Fourier transform spectrometer (Batchelor efforth the 125HR), which were both permanently housed
al., 2009). This allowed simultaneous measurements of atin the PEARL FTS lab, and the campaign-only Univer-
mospheric composition to be made throughout the campaig§'ty Qf Waterloo Portable Atmospheric Research Interfero-
by four Fourier transform spectrometers: three ground-basefnetric Spectrometer for the Infrared (PARIS-IR). The three
and one satellite-borne. spectrometers were physically located within meters of each
This paper provides an in-depth intercomparison betweerPther, and shared a common solar beam from a custom-built
the three ground-based FTIR spectrometers co-located aﬁolar tracker located on the rO(_)f of the laboratory. Approx-
PEARL during the International Polar Year Canadian Arctic imately 1/3 of the beam was directed to the PARIS-IR, and
ACE Validation Campaigns of 2007 and 2008, and validationthe other 2/3 was alternately directed to the 125HR and the
of ACE-FTS data from the same period. Meteorological con-PA8. Details of each of the instruments are given below.
ditions were quite different between the two campaigns, with .
many measurements in 2007 being made inside the polar vog-1 Environment Canada ABB Bomem DA8

tex where heterogeneous chemistry and ozone-depleting Prerhe Environment Canada ABB Bomem DAS FTIR spec-
cesses were occurring. A_ polgr stratospheric warming prif)rtrometer was installed at PEARL in 1993 and has provided
to the start of the campaign in 2008, however, resulted inyyosoheric solar absorption spectra each spring over the

most of the measurements being made outside the vortex. A« fifteen years (Donovan et al., 1997; Farahani et al., 2007;
such, the two years provide a wide range of atmospheric Conpy4n walsh et al., 2008; Fu et al., 2008; Fast et al., 2010).

ditions for the intercomparison. Key stratospheric trace-gasre pag spectrometer is a vertically aligned Michelson in-
species @, chlorine reservoirs HCl and CIONOfluorine o torometer equipped with two separate detectors: an InSb
reservoir HF and nitrogen reservoir H¥@re investigated. and a HgCdTe (commonly known as an MCT). Used with a
Derived meteorological data along the instruments’ line-of- g, heamsplitter and a set of narrow band interference fil-
sight are used to account for the changing conditions of thge 5 1he DAg can record radiation over the spectral range
polar stratosphere, and a comprehensive set of measuremept . 700 cnrl to 5000 cnt at a resolution of 0.004 cnd
comparison criteria are identified for satellite validation ”ear(where resolution is defined as 1/maximum optical path dif-

the polar vorth edge. _ , ference (MOPD) and MOPD =250cm). Eight interference
The paper is laid out as follows: Sect. 2 introduces theiyers are used in sequence in order to optimize the signal-
measurement site and the four FTIR spectrometers. SeGg ngise ratio (SNR). Measurements each consist of four co-

tion 3 details the methodology used for the analyses, ang,jyeq spectra, taking approximately twelve minutes, Fourier
is followed by the detailed intercomparison of the three transformed with a Hamming apodization

ground-based instruments in Sect. 4. Section 5 then extends

the ground-based intercomparison to include and validate, » cANDAC Bruker IFS 125HR

measurements from the ACE-FTS using the Bruker 125HR

Fourier transform spectrometer, before finishing with con-The CANDAC Bruker IFS 125HR FTIR spectrometer is a

clusions in Sect. 6. 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 eB Data analysis
al. (2009). Like the DA8, the 125HR measures on either
an InSb or MCT detector with a KBr beamsplitter and uses

a sequence of narrow band interference filters covering thergta| column densities of § HCI, CIONO,, HNO; and
600-4300 cm? spectral range. Solar absorption measure-yg covering the region between the ground and 100km
ments made during the IPY Arctic campaigns each consishaye been determined from the recorded spectra of each
of four co-added spectra recorded in both the forwards ancy the ground-based spectrometers in a consistent man-
backwards directions (taking approximately six minutes) at aner, - Altitude-dependent atmospheric volume mixing ratio
resolution of 0.004 cm* (MOPD = 250 cm). No apodization  (yMR) profiles were retrieved from the spectra using SFIT2
is applied to these measurements. (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

The University of Waterloo Portable Atmospheric Researchby adjustmept of the .VMR pr ofile. Tota! column densities
Interferometric Spectrometer for the Infrared is an ABB were determined by integrating the retrieved trace gas and

Bomem custom-built interferometer that is based on theatmospheric density pro_files_throughout the_ column. The Hl-
design of the Fourier transform spectrometer onboard th TRAN 2004 + updates line fist was used with SFIT2 v3.92¢

Atmospheric Chemistry Experiment, and is built from its or the 125HR and PARIS-IR retrievals and v3.91 for the

spare parts. A resolution of 0.02 ci (MOPD =425 cm DAS8 (the differences between the two versions being in-
with resolution defined to be consistent with the ACE—F’TS, significant fgrthi; work). The retrieval parameters used .have
i.e., 0.5/MOPD) is achieved using corner cube reflectorsbeen described in Batchelor et al. (2009). The only differ-
moLmted on a pivoting arm to introduce an optical pathence from that work is that for PARIS-IR, retrievals have
difference, as detailed in Fu et al. (2008). Interferogramsbeen performed on a 29- rather than the 38-layer grid used

are recorded on a sandwich InNSb/MCT detector with no fil- " t-he DA8 .and 125HR, to al!ow for its lower spectrql res-

ters, allowing the entire 7504400 cispectral region to olution. This has been previously shown to result in dif-
l H 1 0,

be measured simultaneously. Each IPY spring measuremerﬁ?rences in the retrieved column of less than 0.6% (Wunch

consists of 20 co-added spectra, taking approximately sift al., 2_007)’ but helps o rfedgce unphys_ical oscillations_; in
minutes, with no applied apodization. the retrieved profile. A priori VMR profiles and covari-

ances, described in Sung et al. (2010), were consistent for all
24 ACE-FTS three instruments, while ad hoc SNR ratios, which are used
for determining the measurement covariance, were selected
In addition to the three ground-based instruments, the Atfor each gas for each instrument using the trade-off curve
mospheric Chemistry Experiment (also known as SCISAT)method described in Batchelor et al. (2009) to customize for
also made measurements over Eureka during the campaigniie noise level in the spectra of the individual instruments.
ACE was launched in August 2003, and orbits the Earth inDaily pressure/temperature profiles, determined from the av-
a 74 inclined circular orbit (Bernath et al., 2005). One of erage of twice-daily radiosondes launched at Eureka, cou-
its primary aims is to observe the polar regions during activepled to the National Centers for Environmental Prediction
periods of ozone depletion chemistry, notably during the po-analyses above balloon height to 50 km and then to the US
lar springtime. As such, it has multiple measurements oveistandard atmosphere to 100 km, have been used for all three
Eureka during this time period. The primary instrument on- instruments. A summary of the spectral microwindows that
board ACE is a Fourier transform spectrometer which simul-have been fitted for each of the retrievals is presented in Ta-
taneously measures vertical profiles of more than 30 differenble 1. The degrees of freedom of signal (DOFS), defined in
atmospheric species, as well as temperature and pressure, Ubis case as the trace of the averaging kernel, as well as an
ing the solar occultation method (Bernath et al., 2005). Theestimated error in the total column is also given. These have
spectral range of the ACE-FTS is comparable to that of thebeen calculated for each of the gases as described in Batche-
ground-based FTIR spectrometers, with a spectral resolutiofor et al. (2009).
of 0.02cnT1, however, due to the limb-sounding geometry,
the satellite-borne spectrometer has considerably more ve8-2 ACE-FTS
tical resolution (typically 3—4 km) than any of the ground-
based instruments (Boone et al., 2005).

3.1 Ground-based FTIR spectrometers

2.3 University of Waterloo PARIS-IR

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 5km in clear conditions, to approximately
100km. ACE-FTS v2.2 measurements (including updates
for O3, N2Os 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 DOFS are representative values for spectra recorded at tl
beginning of March, when solar zenith angles of are typical0°. Abbreviations used in the headers are 125=125HR and PIR=PARIS-IR.

Gas Microwindow(s)  Interfering species Total Uncertainty (%) DOFS
(cm™1) 125 DA8 PIR 125 DA8 PIR
O3 1000.0-1004.5 b0, COp, 03676, O3667, 3.9 3.7 6.8 ~75 ~75 ~45

03686, 33668, GHy

HCI 2775.72-2775.8 @ CHy, N2O 3.4 3.1 11.8 ~3 ~3 ~1
2821.4-2821.62 HDO, O
2925.75-2926.05 CHNO,, OCS, Q3

CIONO, 779.85-780.45  @(P), CQ (P), HNO3 39 27 NA ~1 ~1 NA
782.55-782.87  @(P), CG (P), H,O, HNO;
938.3-939.3 CQP)
HNO3  867.5-870.0 HO, OCS, NH; 81 101 103 ~35 ~35 ~1
HF 4038.78-4039.1 D, CHy, HDO 58 44 130 ~25 ~25 ~1

against other satellites and ground-based instruments, ang@D, 36 and 46 km, with ground-based line-of-sight calcula-
show typical relative differences of 1-8% fos@Dupuy et  tions as described in Fu et al. (2008) and satellite-based cal-
al., 2009), 5-10% for HCI (Mahieu et al., 2008), 1-14% for culations as described in Manney et al. (2007). The DMPs
CIONO, (Wolff et al., 2008), 5-10% for HF (Mahieu et al., include temperature, pressure, winds, potential temperature
2008) and 2—-28% for HN® (Wolff et al., 2008) globally  and scaled potential vorticity. A full description of the data
through the stratosphere. Satellite validation near the polaset used can be found in Manney et al. (2007). Scaled po-
vortex edge is, however, a challenge (as shown, for examplegntial vorticity (sPV) from the DMPs has been used in this
in Wolff et al., 2008 and Mabhieu et al., 2008) and as such,work to differentiate the extra- and inner-vortex air masses at
the validation of ACE during the highly variable Arctic sun- each altitude. An sPV of 1:210~*s~! has been used as a
rise period requires special consideration. This is the primaryproxy for the outer edge of the polar vortex, while an sPV of
goal of the Canadian Arctic ACE Validation Campaigns. Pre-1.6x10*s~ has been used for the inner edge (e.g., Manney
vious comparisons between trace gas columns measured st al., 2008).

the DA8, 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 4 Ground-based spectrometer intercomparison

v2.2 + O3, HDO and NOs updates.
4.1 Methodology

3.3 Derived meteorological products ) ) )
The 2007 and 2008 campaigns were designed to provide the

Solar absorption measurements sample the air mass betwebgst instrument comparison conditions possible for the time
the sun and the instrument along the line-of-sight. During theof the year. As previously discussed, the three FTIR spec-
spring period, the solar zenith angle is large, and as such, theometers shared a solar tracker, with the lower-resolution
air mass being sampled at a given altitude may be a considePARIS-IR measuring simultaneously with the alternately
able distance from the instrument itself. To account for this,measuring 125HR and DA8 high-resolution instruments.
especially when considering the polar vortex and changes ifMeasurements with the high-resolution instruments were
chemistry occurring around its edge, meteorological prod-made successively with matching filters, in order to reduce
ucts are derived at locations along the line-of-sight using thethe time between compared measurements, while PARIS-IR
GEOS Version 5.0.1 (GEOS-5) analyses (Reinecker et al.measured the full spectral range simultaneously.

2007). These products are Derived Meteorological Products During the polar spring period, the sun is very low and
(DMPs), and in this work, have been calculated for both thethe air mass that is being sampled can vary considerably
ground- and satellite- based measurements at series of altihrough the course of the day. As such, individual pairs of
tudes in the stratosphere, namely at 14, 18, 20, 22, 24, 2@Gneasurements from the ground-based instruments have been
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compared with stringent requirements for spatial and tempoinside the polar vortex from approximately days 67 to 83, and
ral agreement. PARIS-IR measurements were made simulmeasurements during 2008 being made no further in than the
taneously with those of the other two instruments, thus in-edge of the vortex region throughout the campaign. Thus
dividual PARIS-IR measurements were compared with themeasurements made during 2007 are more likely to sample
corresponding DA8 and 125HR measurements that were lessir that has been subject to ozone-depleting chemical pro-
than six minutes apart in starting time. This represents thecesses than those made during 2008. Consistent between
time taken for one PARIS-IR measurement. DA8 and 125HRthe two years, however, is the comparison between the three
measurements were recorded alternately, due to their largeeTIR spectrometers. The DA8 and 125HR show excellent
solar beam requirements, and as such the time between coragreement, with mean discrepancies less than 3.5% and with
pared measurements was necessarily larger. A limitation othe range of variation over each spring in all of the gases be-
15 min between start times, allowing for the twelve minute ing well captured. The agreement with PARIS-IR is more
interferogram recording time of the DA8 plus a couple of variable. For @ and HCI, the comparison is very good (with
minutes to physically switch the beam between instrumentsmean differences of 2 and 5% respectively), while there is
has been used. an obvious bias in the HN®results. Through both years,
While the 125HR and DA8 have near-identical spectral PARIS-IR consistently underestimates the total column of
resolutions, and thus also see the atmosphere in a very sinthis gas relative to the other instruments, with the bias being
ilar way, PARIS-IR has a significantly lower spectral reso- greater when the HNgcolumn is large. In HF, there are high
lution. This results in a retrieved atmospheric profile that isbiases in the PARIS-IR data relative to the higher-resolution
less vertically resolved and more strongly influenced by theinstruments at the highest solar zenith angles, early in the
a priori profile than that retrieved by the higher-resolution campaigns, but these disappear by about day 75 when the
instruments. The effect of this reduced resolution has beesun is slightly higher in the sky.
investigated in this work. Comparisons were first made with- From the properties of the HN{Dbias, we suspected that
out accounting for the difference in resolution in the re- the cause of the difference between the FTIR spectrome-
trieved profile, and were then repeated using total columngers was due to a higher contribution of the a priori to the
for the high-resolution instruments that were smoothed uslower-resolution instrument’s retrievals. During this time of
ing the PARIS-IR averaging kernel, as described in Rodgerg/ear, our climatological mean a priori column (derived from
and Connor (2003). To do this, each profile retrieved by thethe SPARC 2000 climatology averaged over latitudes greater
higher-resolution instruments was interpolated to the PARISthan 68 N during the sunlit parts of the year) is considerably
IR retrieval grid and smoothed using a representative PARISlower than the real HN@columns, which have been build-
IR averaging kernel and a priori VMR profile, following ing up throughout the polar night. If this was indeed a ma-
Eq. @) (reproduced from Rodgers and Connor, 2003, Eq. 4):jor cause of the discrepancy, then smoothing the profiles re-
trieved with the higher-resolution instruments by the PARIS-
X5 =Xa+Alp—Xq) (1) IR averaging kerel and a priori profile should result in a
better comparison. Figure 2 illustrates the smoothing pro-
cess. In the top panel, the unsmoothed 125HR 3sial
columns for 2008 are shown with the corresponding PARIS-

andx;, is the high-resolution instrument’s retrieved profile. IR columns. The a pr_i(_)ri column is also plotted, showing
Total columns were then determined from the smoothed pro€€arly that the a priori is much lower than the columns re-
file, using air mass densities derived from the daily pressurd/i€ved from the measurements. The slight variation in the
and temperature profiles measured over Eureka (Batchelor é Priori column from day to day reflects the changing atmo-

wherex; is the smoothed profile;, is the PARIS-IR a priori
profile (which, in this case, was identical to that used by the
other two instruments) is the PARIS-IR averaging kernel

al., 2009). spheric density profile. The middle panel shows the 125HR
’ HNOs columns before (red) and after (cyan) they have been
4.2 Results and discussion smoothed using Eqly. The smoothing effectinherentin the

lower-resolution PARIS-IR retrievals is clear — the smoothed
Total column measurements ofs OHCI, CIONG,, HNO3 125HR measurements are typically much closer to the a pri-
and HF, as retrieved without accounting for the smoothing inori than the unsmoothed ones. The new comparison between
the lower-resolution PARIS-IR, are shown in Fig. 1 for the PARIS-IR and the 125HR (smoothed) is shown in the bottom
2007 and 2008 campaigns. Note that the very weak CI©QNO panel, and the improvement in the comparison is significant.
absorption features mean that retrievals are not reliable foA correlation plot highlighting the improvement in the cor-
PARIS-IR, and thus have not been included. Also shownrelation between the HN§columns after the smoothing is
in Fig. 1 is the scaled potential vorticity through the mid- shown in Fig. 3.
stratosphere (at 18, 22 and 26 km), indicating the conditions It should be noted that under these conditions, we expect
of the measurements relative to the vortex edge. The veryhat the absolute values measured by the higher-resolution
different dynamical conditions over Eureka during these two125HR and DAS8 instruments would be more representative
years are clear, with measurements in 2007 being made webf 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):HICI, CIONG,, HNO3 and HF for the 2007 (left panels) and

2008 (right panels) campaigns. 125HR measurements are shown in red, DA8 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- The smoothing process was applied to the retrieved

surements. The smoothing effects of the instruments arel25HR and DA8 profiles in a similar manner for each of the

however, largely taken into consideration in the error bud-other gases, and the revised time series (excluding CE)NO

get, with higher quoted uncertainties for the PARIS-IR total are shown in Fig. 4. A summary of the comparisons, in-

columns (Table 1) reflecting the higher uncertainty relatingcluding mean difference, standard deviation and correlation

to the greater smoothing in these measurements. 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.

Atmos. Meas. Tech., 3, 566, 2010 www.atmos-meas-tech.net/3/51/2010/



R. L. Batchelor et al.: Ground-based FTS comparison and ACE validation at Eureka during IPY 57

g E ferences are comparable in magnitude with other side-by-

1x10° = side instrument comparisons carried out at Eureka (Fu et al.,
2 e 2008; Paton-Walsh et al., 2009; Batchelor et al., 2009) and

ax10°F ; ; ; ; H around the globe (Goldman et al., 1999; Griffiths et al., 2005;
F(b) o . Wunch et al., 2007).

3x10"

4x10°F ‘ ‘ ‘ ‘ After accounting for the larger smoothing effect of the
F@) i L™ lower resolution PARIS-IR, the total column differences be-
. sxm*i— g .’il e :" * \ K YT — tween the three spectrometers are less than 3.5% for the
i TP | m 'm hh ' T FET L LIE 125HR and DAS8, and less than 6.5% for the comparisons
:, 210" ' A | ' !h" Q"E between the 125HR or DA8 and the PARIS-IR. These dif-

3 TR s 5 Ground- and satellite-based spectrometer
2x10° J oA v ;
X107 E : intercomparison

Tot. col., mol. cm*®

mioE E 5.1 Methodology

g E Having shown that measurements from the three ground-

4x10°F ‘ ‘ ‘ ‘ H based spectrometers are comparable, validation of the

c© ., satellite-based ACE-FTS has been carried out using just the

sdo’E g 'lliia @ ‘“ 3 new 125HR, which has high spectral resolution, low uncer-

.i. { Wi im 9.‘69 ﬁ‘ \‘.QW““ & tainties and more measurements than the DA8. Spectra were
y Ple

considered coincident if the 125HR and ACE-FTS measure-
g ments were recorded within 12 hours and the distance be-
1x10° E tween the ACE 30-km tangent point and PEARL was less
than 1000 km.
ot \ \ ‘ ‘ a3 Due to the difference in altitude sensitivity between the
%0 & 7§ay o yemr 2538 ®© 100 two instruments, partial, rather than total, column densities
’ have been compared using ACE-FTS profiles smoothed to

Fig. 2. lllustration of the smoothing process defined by EL). ( _the res_olutlon (_)f the 125'__'_R_' as desc_rlbed by Ek; (As

(a) shows the total HN@ column measured by the 125HR in red, N Previous validation activities, for this comparison, each
and by PARIS-IR in black. The a priori column is shown by the ACE-FTS profile was linearly interpolated from the 1km-
green line. (b) shows the same 125HR measurements in red, andspaced ACE grid to the 38-layer altitude grid used for the
the resulting 125HR measurements after smoothing viaBdn(  125HR retrievals, and then smoothed with the 125HR aver-
cyan. (c) shows the new comparison between the smoothed 125HRaging kernel and a priori profile corresponding to the match-
(cyan) and PARIS-IR (black). ing 125HR spectrum. In the tropospheric region where no

For the two gases for which the biggest biases were seeﬁ‘CE'FTS data were available, the profile values were filled

in Fig. 1. notably HNG and HF, the agreement between Wlt'h the cor.respondlng 125HR’s a priori pr'oflleforthe calcu

. o lation. Partial columns were then determined for each mea-
the three spectrometers is substantially improved by account- . . )
. . . . . surement pair for the altitude range for which ACE-FTS data
ing for the differences in vertical resolution. Unfortunately

. ) . . . existed for that measurement and where the sensitivity of
the difference in @ columns increases following smoothing

: . . the 125HR measurement, as determined from the sums of
with the PARIS-IR averaging kernels as the smoothing error . )

. . each row of the averaging kernel matrix, was at least 0.5
had masked other sources of difference in the measurement

X . . .\f\'/igouroux et al., 2007; Wolff et al., 2008; Kerzenmacher
These measurement differences may include extra sensitiv-

. : et al., 2008).
ity of PARIS-IR retrievals to saturated features (caused by ' .
the extremely long path length at this time of year), detector Comparisons were made forsOHCI, HF, HNGs, and

. ) . . - . . CIONOy, with the mean and standard deviation of the dif-

linearity differences and real differences in the vertical dis- . .
N i .~ ferences between each pair of ACE-FTS and 125HR partial
tribution of the gas in parts of the atmosphere along the line- . .
) . .~ column values calculated. While the exact altitude range
of-sight which are not well captured by the lower-resolution .

instrument (but are, as shown by the very high DOFS in Ta—mCIUded n the partial column va_med from pair to palr,
ble 1, well represented by the high-resolution instrumentsthese typically ranged from approximately 6-43 kn3(B—

Lo . '38km (HCI), 15-26 km (CION®), 8-29km (HNQ) and
resulting in substantial changes to the column after smooth-10_43 km (HF). Attempts to quantify the causes of differ-
ing). Fortunately the difference in total columns between the ' P q

instruments is still fairly small, and, as for all of the com- ences in the partial columns determined from each spectrom-

pared gases after smoothing, well within the error estimateseter were investigated using the DMPs Qesprlbed n .Se.ct. 3
of the individual measurements. and were used to further enhance the coincidence criteria.
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Fig. 3. Total column HNQ 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 (a)d*a¢ki.S-IR

(y-axis) vs 125HR (x-axis)b) 125HR (y-axis) vs DA8 (x-axis)c) PARIS-IR (y-axis) vs DA8 (x-axis). Note that no smoothing is necessary

for the 125HR-DA8 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 tc
tal columns from 2007 and 2008, as described in the text. Note that no smoothing is necessary for the 125HR-DA8 comparisons, as they have
the same resolution. Difference = (inst1—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 Fign@icates the number of matched pairs included

in the statistics.

Unsmoothed Smoothed
Gas Instrument Mean (%) Std Dev (%) R? Slope Mean (%) StdDev (%) R? Slope =n
125-PIR 1.15 3.75 0.98 1.18 6.46 3.76 0.98 1.12 266
O3 DA8-PIR 2.14 472 0.96 1.10 5.44 535 0.94 1.01 142
125-DA8 1.50 2.16 0.99 0.95 92
125-PIR -5.08 3.33 0.98 1.02 1.40 3.62 0.98 0.90 293
HCI DA8-PIR —-1.62 521 0.96 0.87 2.16 534 0.97 0.80 441
125-DA8 3.50 474 0.97 0.83 174
CIONO, 125-DA8 -1.35 23.84 0.97 0.92 89
125-PIR 15.08 7.27 0.89 0.55 5.86 5,01 0.91 0.76 232
HNO3 DA8-PIR 17.78 8.59 0.87 0.53 4.66 6.42 0.87 0.75 157
125-DA8 2.52 4.14 0.97 0.88 102
125-PIR —4.48 7.96 0.93 0.93 —-2.85 7.80 0.95 1.31 230
HF DA8-PIR —1.86 7.73 0.91 0.97 —-1.34 8.48 0.89 1.09 285
125-DA8 3.00 532 0.97 1.07 112

From the plot, we can see that while sometimes the partial
. . ... _columns measured by the two spectrometers are similar, at
Figure 5 shows the partial columns, the percentage dlffer'other times there are considerable differences. Occasionally
ences between the ACE-FTS and 125H,R measurements (u?ﬁese differences can be explained by either the physical dis-
ing (ACE-FTS — 125HR)/125HR), the distance between thetance between the measurements or by the fact that one mea-
two measurements, and the sPV for _each of the gases f urement is recorded inside the polar vortex while the other
2007. (top) a}nd 2008 (bottom) re§pect|vely. The sPV alongis recorded outside (for example the HCI measurements on
the line-of-sight has been.dete.rmlned for both the ACE—FTSday 64, 2007). At other times, however, this does not fully
and t.he 125.HR as descrlbeq in Sect. 3. .From the numbeéxplain the differences (for example on day 70, 2007 for the
density profiles of each gas, it was determined that peak VaIHF measurements). The differences observed between the
ues were typically at approximately 18 km, thus sPV ValueSACE-FTS and 125HR using these simple time and location
from that altitude were used as a proxy for the dyn""micalcriteria i.e., 12h and 1000 km (from 30-km tangent point to
conditions being experienced for each measurement. PEARL’) aré shown in Table 3.

5.2 Results and discussion
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Fig. 4. Same as Fig. 1, with 125HR and DA8 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 dévjasind/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 6-43 km gD 8-38 km (HCI), 15-26 km (CION§), 8—29 km (HNQ@) 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
HCI 0.28 9.76 1.30 56 —-1.93 7.67 094 67
CIONO, —-4.94 15.98 241 44 -17.60 16.92 2.22 58
HNO3 —-1.55 8.66 1.32 43 —-4.90 7.85 1.05 56
HF 10.57 15.11 1.98 58 3.41 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) KOCI, HF, HNO; and CIONG. 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 meannot a particularly accurate representation of the distance be-
and especially in the standard deviation can be seen betwedween the actual air masses being sampled. Based on the
the two years, with the more dynamically variable 2007 in derived meteorological product determinations of the lon-
most cases showing greater scatter in the differences (as segitude and latitude along the lines-of-sight of the measure-
by both the standard deviation and standard error) than irment, we found that some measurements meeting the 1000-
the more dynamically quiet 2008. We believe this reflectskm criterion were actually sampling air masses that were
the number of measurements that capture spectra measuretbre than 1000 km apart, while other measurements which
in different locations relative to the location of the polar vor- sampled air masses that were closer than 1000 km together
tex. In almost no cases (HCl in 2007 being the exception) aravere being excluded. An example of this is shown in Fig. 6,
these measurements in agreement within the standard erroxhich shows two sets of differences for the 2007 @®@m-
While the mean differences determined by this comparisorparison. The distance between the ACE 30-km tangent point
are comparable to those determined in previous ACE-FTSand PEARL is shown in black and the distance between the
validation exercises, we took the investigation a step furtherl8-km altitudes along the lines-of-sights of both the ACE and
to better single out measurement pairs that should be compa25HR measurements is shown in orange. In order to ensure
rable due to well-matched atmospheric conditions, thus im-that all measurements that were within 2000 km of each other
proving our confidence in the quality of the comparison. throughout the partial column were included, our ACE-FTS

Looking first at the distance-between-measurements criimeasurement sample was expanded to include all measure-
terion, we determined that the 1000-km criterion, as mea-ments within 2000 km of PEARL (based on the 30-km tan-
sured from the ACE 30-km tangent point to the station, wasgent point altitude), in order to subsequently filter them to
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1400 ‘ ‘ ‘ 1 differences in temperature along the lines-of-sight for the two
c 1200 E profiles, even when the sPV is similar, can indicate large dif-
= 1000 |- : - ferences in the sampled air masses.
“8’ 800 e ) E Using the information gained by the plots, more rigor-
g 600¢ s - E ous coincidence criteria were developed to better identify
a 400¢ M S E comparable measurement pairs. While the temporal crite-
208? ‘ et ‘ E 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 2000 km.

Fig. 6. Distance between comparable ACE-FTS and 125HR mea_le_‘ferences In sPV_betwee_n the two mea_surements at each
Ititude along the line-of-sight were restricted to less than

surements, as measured from the ACE 30-km tangent point té ) X . )
PEARL (black) and from the measurement location at 18 km for 0-3x 107" 77, ensuring that the air masses relative to the po-
both instruments (orange). 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
1000 km based on the distance between measurement poin&it the likelihood of the measurements sampling different

within the partial column. We also investigated the time cri- 4ir asses, while ensuring that there were sufficient pairs of
terion, but found little difference in the combinations that ,oasurements remaining for a meaningful comparison.

would be used for the comparison if the time criterion was set Figure 9 shows the comparison between those measure-

for 6, 12 or 18 h. This was a result of the limitation of SUn- ,ants remaining after the new criteria were applied, with the
Ilght_forthe ground-based instruments and the sunrlse/suns%ean percentage differences, standard deviations, and stan-
viewing geometry of the ACE-FTS. dard errors shown in Table 4. It can be seen that these strin-
To further refine the comparisons, for each pair, a plot ofgent comparison requirements have significantly reduced the
the sPV at each of the eight DMP altitudes along the |ine-0f-number of pairs Contributing to the Comparison& particu_
Sight for each instrument was constructed, with only thOSGIaﬂy in 2007 when measurements made at Eureka were fre-
altitudes within the Corresponding partial column altitude quenﬂy near the edge of the p0|ar vortex. However, both
range being considered. Additional plots showing the tem-the mean differences and standard deviations between the
perature at each DMP location, the retrieved volume mixingtwo measurements have typ|ca||y been reduced, and we are
ratio, and the distance between the measurement points wetnfident that these measurement pairs are highly compara-
constructed. Examples of two of these plots, one showinghle. The bias is seen to be zero within the standard error
a good match, and one showing a poor match, are shown ifpr O3, CIONO, and HNG; in 2007, with ACE showing a
Figs. 7 and 8 respectively. slight high bias of approximately 5% in HCI and HF, which
From these plots, we were able to determine whether thés comparable with that seen in previous ACE comparisons
measurement conditions being sampled by the two instru{Mahieu et al., 2008). In 2008, the HCI| and HF biases are
ments were similar throughout the height range of each comnon-significant (within standard error), however negative bi-
parison. The sPV and temperature profiles provided keyases are seen in the other gases. The greater standard devi-
information on the air mass with respect to the polar vor-ation in CIONG reflects the difficulty of this retrieval, par-
tex and likely chemical processing conditions within, while ticularly when the column of CION®is low (common out-
the distance plot provided a measure of the physical separaside the polar vortex, thus dominant in the 2008 comparison).
tion of the sampled air masses. The retrieved VMR profilesThis was previously demonstrated in Wolff et al. (2008), who
provided additional information on where in the partial col- described large standard deviations and found a wide range
umn the measurements were diverging. Note that the proef biases between ACE-FTS and ground-based FTIR mea-
files shown for the ACE-FTS are the smoothed profiles, thussurements around the globe, with no discernible trend. A
the smoothing effect of the 125HR has been taken into conslight negative bias in ACE HN®was also reported in that
sideration. From the plots, it was clear that the sPV alongstudy (Wolff et al, 2008), comparable in magnitude to that
the lines-of-sight was an important comparison criterion, asobtained here.
cases when both measurements were inside or both were out- To conclude, having applied the stringent coincidence
side, or even both measured through the vortex edge typicallgriteria, the differences between the two instruments are
showed good agreement in the partial columns, while pairgenerally small and are in good agreement with previ-
for which the sPV was divergent typically had poorer agree-ous ground-based FTIR/ACE-FTS comparisons of these five
ment, as would be expected from the different air massegases (Dupuy et al., 2009; Mahieu et al., 2008; Wolff et al.,
sampled. Temperature served as an additional importan?008). No clear bias is seen from year-to-year, and, in all
criterion, as within the polar vortex, chemical processingcases, the difference between the measurements is zero to
is highly dependent on temperature. As such, significantwithin one standard deviation, and non-significant in at least

60 65 70 75 80
Day of year, 2007
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Fig. 7. Sample plots for determining the comparability of ACE-FTS and 125HR measurements. Plots from left to rigla)sthesPV

(with inner and outer edge of the vortex marked with magenta and green dashed lines respa@)viely)perature(c) HClI VMR profile

(where the ACE-FTS profile has been smoothed to match the 125HR)dantistance 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%.

Height, km
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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 conside-by-side intercomparisons conducted around the world.
fidently say that the ACE-FTS shows excellent agreemenflotal column trace gas measurements gf BCI, CIONO,,
with ground-based spectroscopic measurements made in théF and HNQ made with the higher-resolution CANDAC
highly-variable spring-time northern polar stratosphere. Bruker 125HR were shown to compare with the comparable
resolution Environment Canada ABB Bomem DAS to within

. 3.5%. Measurements ofdQDHCI, HF and HNQG from both
6 Conclusions of these instruments were shown to agree to within 6.5%
The 2007 and 2008 Canadian Arctic ACE Validation Cam- With the lower-resolution University of Waterloo PARIS-
paigns at Eureka, Nunavut, have provided an excellenR when the higher-resolution instruments’ retrieved profiles
opportunity to compare measurements by four Fourierwere smoothed with the a priori profiles and averaging ker-
transform infrared spectrometers during the highly-variablenels of PARIS-IR to account for the larger smoothing effect
Arctic polar sunrise period. Comparisons between theof that instrument. The importance of this smoothing was
three ground-based FTIR spectrometers have shown smaflemonstrated, particularly for cases when the atmospheric
inter-instrumental differences well within the estimated total column is considerably different from the a priori value.

uncertainties of the measurements and consistent with
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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 8.05 201 16 -0.23 5.38 1.12 23
CIONO, -2.86 14.24 3.56 16 —-15.33 22.62 3.72 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 14.34 15

Validation of the ACE-FTS v2.2 (with § N2Os and HDO
updates) results from this time was also carried out with the0.3x10~*

s 1

at multiple altitudes within the partial column less than
and temperature differences at each alti-

125HR. Strict coincidence criteria for use around the polartude less than 10 K. After applying these criteria, the mean
vortex were determined, utilizing DMP data along the lines- biases between the ACE-FTS and 125HR for 2007/2008
of-sight of both instruments. These criteria were: measurewere 1.1/1.5%, 4.9/-0.2%,—2.9/-15.3%, 1.1+4.8% and
ment times less than 12 h; distance between measuremebt2/1.1% for Q, HCI, CIONO,, HNO3, and HF respectively.
points at multiple altitudes within the partial column less These values were generally insignificant within the standard
than 1000 km; differences in sPV between measurementsrror, though show slight high biases in HCl and HF in 2007,
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and low biases in HNg CIONG, and & in 2008. Thus
it can be concluded that satellite validation can be conducted

R. L. Batchelor et al.: Ground-based FTS comparison and ACE validation at Eureka during IPY

Boone, C. D., Nassar, R., Walker, K. A., Rochon, Y., McLeod, S.

D., Rinsland, C. P., and Bernath, P. F.: Retrievals for the Atmo-

with ground-based measurements made around the polar vor- spheric Chemistry Experiment Fourier Transform Spectrometer,
tex edge, provided that comparison criteria are enhanced to APP!- Opt., 44, 7218-7231, 2005. ,
account for vortex conditions along the line-of-sight, and thatP'ls: B., De Mazére, M., Miller, J. ., Blumenstock, T., Buchwitz,

no annually-consistent bias can be identified in the ACE-FTS
partial columns at this time of year.
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