Atmos. Meas. Tech., 5, 92853 2012

www.atmos-meas-tech.net/5/927/2012/ GG\ Atmospherlc

doi:10.5194/amt-5-927-2012 Measurement
© Author(s) 2012. CC Attribution 3.0 License. Techniques

Validation of ACE and OSIRIS ozone and NG, measurements using
ground-based instruments at 80N

C. Adams!, K. Strong?, R. L. Batchelor”, P. F. Bernatt?34, S. Brohedé®, C. Booné, D. Degensteifi, W. H. Daffer’,
J. R. Drummond®1, P. F. Fogal, E. Farahanil, C. Fayt?, A. Fraser:™, F. Goutaill?, F. Hendrick®, F. Kolonjari 1,

R. Lindenmaier®, G. Manney’1, C. T. McElroy 1213 C. A. McLinden!3, J. Mendoncd, J.-H. Park®, B. Pavlovict,
A. Pazminot?, C. Roth®, V. Savastiouk?, K. A. Walker 12, D. Weavert, and X. Zhao!

1Department of Physics, University of Toronto, Toronto, Canada

2Department of Chemistry, University of Waterloo, Waterloo, Canada

3Department of Chemistry, University of York, York, UK

4Department of Chemistry & Biochemistry, Old Dominion University, Norfolk, VA, USA

SGlobal Environmental Measurements and Modelling, Department of Earth and Space Sciences,
Chalmers University of Technology, 412 9&t®borg, Sweden

SUniversity of Saskatchewan, Saskatoon, Saskatchewan, Canada

7Jet Propulsion Laboratory, California Insititute of Technology, Pasadena, USA

8Department of Physics and Atmospheric Sciences, Dalhousie University, Halifax, Canada
°Institut d’Aeronomie Spatiale de Belgique (IASB-BIRA), Brussels, Belgium

10Versailles St-Quentin, CNRS/INSU, LATMOS-IPSL, 78280 Guyancourt, France

1INew Mexico Institute of Mining and Technology, Socorro, New Mexico, USA

12york University, Toronto, Ontario, Canada

BEnvironment Canada, Downsview, Ontario, Canada

14Full Spectrum Science Inc., Toronto, Ontario, Canada

“now at: Atmospheric Chemistry Division, NCAR Earth Systems Laboratory, Boulder, Colorado, USA
" now at: School of GeoSciences, University of Edinburgh, Edinburgh, UK

Correspondence taC. Adams (cadams@physics.utoronto.ca)

Received: 27 November 2011 — Published in Atmos. Meas. Tech. Discuss.: 12 January 2012
Revised: 27 March 2012 — Accepted: 11 April 2012 — Published: 4 May 2012

Abstract. The Optical Spectrograph and Infra-Red Imager Ozone total columns measured by the DOAS instruments
System (OSIRIS) and the Atmospheric Chemistry Exper-were retrieved using new Network for the Detection of At-
iment (ACE) have been taking measurements from spacenospheric Composition Change (NDACC) guidelines and
since 2001 and 2003, respectively. This paper presents imagree to within 3.2 %. The DOAS ozone columns agree with
tercomparisons between ozone and N@easured by the the Brewer spectrophotometers with mean relative differ-
ACE and OSIRIS satellite instruments and by ground-ences that are smaller than 1.5%. This suggests that for
based instruments at the Polar Environment Atmospherigchese instruments the new NDACC data guidelines were
Research Laboratory (PEARL), which is located at Eureka,successful in producing a homogenous and accurate ozone
Canada (80N, 86> W) and is operated by the Canadian Net- dataset at 8ON. Satellite 14-52km ozone and 17-40km
work for the Detection of Atmospheric Change (CANDAC). NO, partial columns within 500 km of PEARL were calcu-
The ground-based instruments included in this study ardated for ACE-FTS Version 2.2 (v2.2) plus updates, ACE-
four zenith-sky differential optical absorption spectroscopy FTS v3.0, ACE-MAESTRO (Measurements of Aerosol Ex-
(DOAS) instruments, one Bruker Fourier transform infrared tinction in the Stratosphere and Troposphere Retrieved by
spectrometer (FTIR) and four Brewer spectrophotometersOccultation) v1.2 and OSIRIS SaskMART v5.0x ozone
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and Optimal Estimation v3.0 NfOdata products. The new Measurements and validation in the High Arctic present a
ACE-FTS v3.0 and the validated ACE-FTS v2.2 partial unique set of challenges. There is reduced spatial coverage
columns are nearly identical, with mean relative differencesby ground-based measurements due to the logistical chal-
of 0.0+ 0.2% and—0.24+ 0.1 % for v2.2 minus v3.0 ozone lenges of operating in a cold, remote, and largely unpopu-
and NQ, respectively. Ozone columns were constructedlated environment. Intercomparisons between measurements
from 14-52km satellite and 0-14 km ozonesonde partialin the Arctic are complicated by the polar vortex, which iso-
columns and compared with the ground-based total columrates an air mass over the pole during the winter and spring.
measurements. The satellite-plus-sonde measurements agrééhen the polar vortex is present, two instruments can sam-
with the ground-based ozone total columns with mean rel-ple air masses which are near each other spatially, but are
ative differences of 0.1-7.3%. For NQpartial columns isolated from one another. Therefore, coincident measure-
from 17 km upward were scaled to noon using a photo-ment pairs can include one measurement inside the vortex,
chemical model. Mean relative differences between OSIRISwith, e.g. low ozone and N£)and one measurement outside
ACE-FTS and ground-based N@neasurements do not ex- the vortex. This reduces the apparent agreement between two
ceed 20%. ACE-MAESTRO measures more Ntban the  datasets. In some validation studies, additional coincidence
other instruments, with mean relative differences of 25-criteria based on dynamical parameters have been adopted in
52 %. Seasonal variation in the differences between pid- order to match similar air masses (e.g. Batchelor et al., 2010;
tial columns is observed, suggesting that there are systemati€u et al., 2011; Manney et al., 2007).
errors in the measurements and/or the photochemical model The Polar Environment Atmospheric Research Labora-
corrections. For ozone spring-time measurements, additionabry (PEARL) in Eureka, Canada (808, 86° W) is an ex-
coincidence criteria based on stratospheric temperature anckllent location for Arctic satellite validation. Measurements
the location of the polar vortex were found to improve agree-taken at PEARL have been included in numerous vali-
ment between some of the instruments. For ACE-FTS v2.dation studies (e.g. Batchelor et al., 2010; Dupuy et al.,
minus Bruker FTIR, the 2007-2009 spring-time mean rela-2009; Fraser et al., 2008; Fu et al., 2007, 2011; Kerzen-
tive difference improved from-5.0+ 0.4 % to—3.1+0.8 % macher et al., 2005; Sica et al., 2008; Sung et al., 2007).
with the dynamical selection criteria. This was the largestim-PEARL (known as the Arctic Stratospheric Ozone Obser-
provement, likely because both instruments measure directatory — AStrO prior to 2005) comprises three sites and
sunlight and therefore have well-characterized lines-of-sighthas been operated by the Canadian Network for the De-
compared with scattered sunlight measurements. Fof, NO tection of Atmospheric Change (CANDAC) since 2005.
the addition of at1° latitude coincidence criterion improved Measurements included in this study were taken at the
spring-time intercomparison results, likely due to the sharpPEARL Ridge Lab (80.05N, 86.42 W) and the Eureka
latitudinal gradient of N@ during polar sunrise. The dif- Weather Station (79.98, 85.93 W), which is located
ferences between satellite and ground-based measuremeritS km from the Ridge Lab. Since August 2006, CAN-
do not show any obvious trends over the missions, indicat-DAC instruments have recorded measurements of ozone and
ing that both the ACE and OSIRIS instruments continue toNO», using ground-based zenith-sky differential optical ab-
perform well. sorption spectroscopy (DOAS) instruments and a Bruker
Fourier transform infrared spectrometer (FTIR), when sun-
light and weather permitted. Additional spring-time mea-
1 Introduction surements were taken on a campaign basis as a part of the
2003 Stratospheric Indicators of Climate Change Campaign
Consistent long-term measurements of ozone and &A@  and the 2004-2011 Canadian Arctic ACE Validation Cam-
essential for the characterization of ozone depletion and repaigns (e.g. Kerzenmacher et al., 2005). Brewer spectropho-
covery. Therefore, long-term evaluation of satellite measuretometer measurements were also taken year-round for 2004—
ments is necessary. The Optical Spectrograph and Infra2011 by Environment Canada, with support from the Cana-
Red Imager System (OSIRIS) and the Atmospheric Chemdian Arctic ACE Validation Campaigns and CANDAC. This
istry Experiment (ACE) satellite instruments have been tak-yields a multi-year dataset that can be used for long-term val-
ing measurements since 2001 and 2003, respectively. Whiléation of satellite measurements.
ozone and N@data products from both satellites have been The DOAS and Bruker FTIR instruments at PEARL are
validated (e.g. Brohede et al., 2008; Degenstein et al., 2009part of the Network for the Detection of Atmospheric Com-
Dupuy et al., 2009; Kerzenmacher et al., 2008), continued asposition Change (NDACC). NDACC (formerly the Net-
sessment assures long-term consistency within the datasework for the Detection of Stratospheric Change — NDSC)
Furthermore, the new ACE Fourier Transform Spectrometewas formed in 1991 and currently includes over 70 re-
(FTS) Version 3.0 (v3.0) ozone and M@ata have not yet search stations world-wide, which monitor the stratosphere
been validated. and the troposphere. Intercomparisons between the measure-
ments can be used to assess consistency between NDACC
datasets. Furthermore, the new NDACC guidelines and air

Atmos. Meas. Tech., 5, 92753 2012 www.atmos-meas-tech.net/5/927/2012/



C. Adams et al.: Validation of ACE and OSIRIS

929

Table 1. Measurement dates for data included in this intercomparison. (Abbr. = abbreviation used in figure and table captions throughout this

paper; S =spring only, F=fall only, Y =year-round excluding polar night).

Data product Abbr.  Ozone NO
GBS-vis GV S:2003-2006 S:2003-2006

Y: Aug 2006-Apr 2011 Y: Aug 2006-Apr 2011
GBS-UV GU N/A S: 2007, 2009-2011

Y: 2008

SAOZ SA S:2005-2011 S:2005-2011
Bruker FTIR FT Y: Aug 2006—-Apr 2011 Y: Aug 2006—-Apr 2011
Brewer BW Y: Mar 2004—Oct 2010 N/A
OSIRIS* oS Y: Mar 2003—-Apr 2011 Y: Mar 2003-Jun 2010
ACE-FTS v2.2+updates A2 S/F: Mar 2004-Mar 2010 S/F: Mar 2004—Mar 2010
ACE-FTS v3.0 A3 S/F: Mar 2004—-Mar 2011 S/F: Mar 2004—-Mar 2011
ACE-MAESTRO v2.1 MA S/F: Mar 2004-Oct 2010 S/F: Mar 2004-Oct 2010

* For ozone, used SaskMART v5.0x. For Biised Optimal Estimation v3.0.

mass factor (AMF) look-up tables (LUTs) for DOAS ozone Table 2. Mean percent error of various measurements. Square
retrievals (Hendrick et al., 2011) can be validated for severabrackets indicate errors in partial columns. Error sources are de-
DOAS instruments at a High Arctic location. scribed in Sect. 2. Instrument abbreviations are summarized in Ta-

This paper presents an intercomparison between satellit@le 1._Note that for some instrgments, error estimates include sys-
and ground-based measurements of ozone ang. IS&c- tematic and random errors, while for others, only random errors are
tion 2 describes the ground-based and satellite instrument%alcmated'
and datasets included in this study. The analysis settings for

the DOAS instruments are described in Sect. 3. Section 4 Instrument  Ozone (%) &%)

provides an overview of the validation methodology, the co- GV 5.9 [23]

incidence criteria, and the challenges of intercomparisons for GU - (22]

diurnally varying NQ. The results of the intercomparisons SA 0.9 13.2

are given for ozone in Sect. 5, and for W@ Sect. 6. Sec- T 4;3 [3.8] [15.0]

. . . BW 1 -

tion 7 explores the impact of the polar vortex and the latitu- 0S 3.7} [6.8]*

dinal distribution of NG during polar sunrise. Conclusions A2 [1.4]* [3.7]

are given in Sect. 8. A3 [L.6]* 2.7
MA [1.3]* [2.3]*

. * Random error only.
2 Instrumentation Y

The names and measurement periods of the datasets included

in this intercomparison are summarized in Table 1. Abbrevi-Furthermore, the UT-GBS took summer and fall measure-
ations for datasets, used in the figures throughout this papefments at the PEARL Ridge Lab in 2008 and 2010. For 1999—
are also included in Table 1. Error estimates for the various2001, the UT-GBS was installed outside in a temperature-
data products are summarized in Table 2. Details of the incontrolled aluminum case, while for 2003-2011, it was in-

strumentation and data analysis methods are described in tiéalled inside a viewing hatch at the PEARL Ridge Lab. The
sections below. PEARL-GBS is an NDACC-certified instrument. It was as-

sembled and permanently installed inside a viewing hatch in
the PEARL Ridge Lab in August 2006 and has been taking
measurements during the sunlit part of the year since then
The PEARL ground-based spectrometer (PEARL-GBS) andAdams et al., 2010; Fraser, 2008; Fraser et al., 2009).

the University of Toronto GBS (UT-GBS) are both Triax-180  The GBSs have similar input optics with a field-of-view
spectrometers, built by Instruments S.A. (ISA)/Jobin Yvon of 2°. They both have three gratings, which are attached to a
Horiba, with slight differences in their slits, gratings, charge motorized turret. Resolution varies across the CCD chip from
coupled device (CCD) detectors, and input optics. The UT-0.5-2.5nm for ozone; 0.5-1.0 nm for M@etrieved in the
GBS was assembled in 1998 and took measurements at thasible region (NGQ-vis); and 0.2—-1.0 nm for N@retrieved
PEARL Ridge Lab during polar sunrise from 1999-2001 in the UV region (NQ-UV). Spectra from the GBSs are
(Bassford et al., 2000; Farahani, 2006; Melo et al., 2004)recorded using thermoelectrically cooled back-illuminated
and 2003-2011 (Fraser, 2008; Fraser et al., 2008, 2009)CCD detectors manufactured by ISA. The original UT-GBS

2.1 GBS DOAS instruments
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CCD, used from 1999-2004, had 200@00 pixels and beamsplitter is used and eight narrow-band interference fil-
reached temperatures of 230—-250K (Bassford et al., 2000)ers cover a range of 600—4300th Solar absorption mea-
From 2005-2011, a 2048512 pixel CCD, which operated surements consist of two to four co-added spectra recorded
at a temperature of 201K, was used for the UT-GBS. Thein both the forward and backward direction. Each measure-
PEARL-GBS CCD is identical to the UT-GBS CCD, ex- ment takes about 6 min and has a resolution of 0.0035'cm
cept it is coated with an enhanced broadband coating and itslo apodization is applied to the measurements.
operating temperature oscillates slightly from 203-205K on The Bruker FTIR ozone and NOmeasurements are
timescales of approximately 5 min. described by Batchelor et al. (2009) and Lindenmaier et
The UT-GBS and PEARL-GBS measurements were an-al. (2010, 2011). The SFIT2 Version 3.92c (v3.92c) algo-
alyzed using the settings described in Sect. 3. Since theithm (Pougatchev et al., 1995) and HITRAN 2004 with
UT-GBS and PEARL-GBS are very similar instruments and updates were used in order to produce volume mixing ra-
data were analyzed with the same settings, their columnsio (VMR) profiles of the species using the optimal estima-
agree within an average of 1% for ozone, N@s, and tion technique. Ozone 14-52 km partial columns and total
NO,-UV. Therefore, the measurements for the UT-GBS andcolumns were retrieved in the 1000.0—-1005 ¢mmicrowin-
PEARL-GBS were combined to form a single GBS dataset.dow. Ozone has uncertainties of 4.3 % for total columns and
For twilight periods when both instruments took the same3.8 % for partial columns. N©®17-40 km partial columns

measurement, data were averaged. were retrieved in five microwindows between 2914.590 and
2924.925cm?! with a mean uncertainty of 15.0%. Only
2.2 SAOZ DOAS instruments NO, partial columns for SZA smaller than 8Qvere in-

cluded in this study, due to oscillations in the pfrofiles
The System D’Analyse par Observations Zenithales (SAOZ)for larger SZA.
(Pommereau and Goutail, 1988) instruments are deployed
in a global network for measurements of stratospheric trac&.4 Brewer spectrophotometers
gases and are also NDACC-certified instruments. A SAOZ
instrument was deployed at the PEARL Ridge Lab duringBrewer spectrophotometers measure total ozone columns
each spring for the 2005—2011 Canadian Arctic ACE Valida-using direct and scattered sunlight at UV wavelengths
tion Campaigns. SAOZ-15 and SAOZ-7 were deployed from(e.g. Savastiouk and McElroy, 2005). Four Brewer spec-
2005-2009 and 2010-2011, respectively. For 2008-2009 anttophotometers took measurements from 2004-2011 at both
2011, the SAOZ instrument took measurements outside othe PEARL Ridge Lab and the Eureka Weather Sta-
the roof of the PEARL Ridge Lab, while in other years the tion. Brewers #021 and #192 are both MKIIl double
SAOZ instrument was installed inside the PEARL Ridge monochromaters, which took measurements from 2004-—
Lab and took measurements through a UV-visible transpar2011, and 2010-2011 respectively. Brewer #069, a MKV
ent window. single monochromator, took measurements from 2004-2011

SAOZ-15 and SAOZ-7 are UV-visible grating spectrom- and Brewer #007, a MKIV single monochromator, took mea-
eters which measure in the 270-620 nm region with 1.0 nmsurements from 2005-2011. Data were analyzed using the
resolution and a 10field-of-view. They record spectra on standard Brewer algorithm (Lam et al., 2007), with small
uncooled 1024-pixel linear diode array detectors every fif-changes to the analysis parameters due to the high latitude of
teen minutes during the day and continuously between SZAhe measurements. The AMF was limited to be smaller than
80-9%. SAOZ ozone and Netotal columns were retrieved 5 instead of 3.5, which is acceptable under low ozone condi-
with the settings discussed in Sect. 3. tions and allows for more days with good data in the winter
SAOZ-15 and SAOZ-7 showed excellent agreement dur-months. Furthermore, the ozone layer was set at 18 km in-

ing the Cabauw Intercomparison of Nitrogen Dioxide stead of 22km to better reflect Arctic conditions. For each
Measuring Instruments campaign in Cabauw, Netherlandslay, ozone data from all available instruments were averaged
(51.97 N, 4.9 E) (Piters et al., 2012; Roscoe et al., 2010), to create one Brewer dataset. The random error in Brewer
despite slight differences in the instrument reference spectraneasurements is typically less than 1% (Savastiouk and
Therefore, the SAOZ-15 and SAOZ-7 measurements weréicElroy, 2005).
considered as a single SAOZ dataset for this paper.

2.5 Ozonesondes
2.3 CANDAC Bruker FTIR

Ozonesondes are launched on a weekly basis from the Eu-
The CANDAC Bruker IFS 125HR Fourier transform infrared reka Weather Station (Tarasick et al., 2005). During the in-
spectrometer is an NDACC certified instrument that was in-tensive phase of the Canadian Arctic ACE Validation Cam-
stalled inside the PEARL Ridge Lab in 2006 and is de- paighs 2004-2011, ozonesondes were launched daily at
scribed in depth by Batchelor et al. (2009). The Bruker FTIR 23:15UTC, while, on occasion, the launch time was altered
records spectra on either an InSb or HQCdTe detector. A KBito match a satellite measurement. Additional ozonesondes
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were launched as a part of Determination of Stratospheric The ACE-FTS is a high-resolution (0.02c#) infrared
Polar Ozone Losses (Match) campaigns. In this studyFTS instrument, operating from 750-4400¢h which
ozonesonde measurements were combined with satelliteneasures more than 30 different atmospheric species. Based
stratospheric partial columns for comparison with ground-on a detailed C@analysis, pressure and temperature profiles
based instruments (see Sect. 4.2). Furthermore, ozonesondee calculated from the spectra using a global nonlinear least
profiles were included in N®photochemical model calcu- squares fitting algorithm. Then VMR profiles are retrieved,
lations (see Sect. 4.3) and AMF calculations for DOAS re-also using a nonlinear least squares fitting algorithm. ACE-

trievals (see Sect. 3.2). FTS v2.2 data with the ozone update (Boone et al., 2005) as
well as preliminary v3.0 data were included in this study.
2.6 OSIRIS ACE-MAESTRO is a UV-visible-near-IR double spec-

) ) trograph, with a resolution of 1.5-2.5nm, and a wave-
OSIRIS was launched aboard the Odin spacecraft in Febr“rength range of 270-1040 nm (McElroy et al., 2007). ACE-
ary 2001 (Llewellyn et al., 2004; Murtagh et al., 2002). It \JAESTRO v1.2 visible ozone update and UV N@vere
observes limb-radiance profiles with a 1-km vertical field-of- |, for this study. ACE-MAESTRO VMRs were converted

view over altitudes ranging from approximately 10-100km, ¢ n,mber densities using pressure, temperature, and density
with coverage of 822N to 82.2' S. The grating optical SpeC-  intormation from the ACE-FTS v2.2 data.

trograph measures scattered sunlight from 280-800 nm, with \yhen ACE 0zone profiles are compared with other instru-
1-nm spectral resolution. OSIRIS measures within 500 km ofyjya s typical relative differences of +1 to +8 % are found for

Eureka several times per day and measures ozone and NQ\cE_FTS v2.2 measurements from 16—44 km arid) % for

during the sunlit part of the year. . ACE-MAESTRO measurements from 18—-40km (Dupuy et
The SaskMART v5.0x ozone dataset was used in thisy 5009). For the 14-52 km ozone partial columns used in

study. The SaskMART Multiplicative Algebraic Reconstruc- ¢ study, the average random errors were 1.4 % for ACE-

tion Technique (Degenstein et al., 2009) combines ozone ab-1g 2 2 1.6% for ACE-FTS v3.0. and 1.3% for ACE-
sorption information in both the UV and visible parts of the \jAESTRO. ’

spectrum to retrieve number density profiles from the cloud ., NO,, ACE-FTS v2.2 and ACE-MAESTRO typically
tops to 60km (down to a minimum of 10km in the absenceagree with other satellite measurements to withi5 %

of clouds). SaskMART v5.0x ozone agrees with SAGE Il .0 23-40 km, with ACE-MAESTRO measuring higher

(Stratospheric Aerosol and Gas Experiment) ozone profile§;prs than ACE-FTS (Kar et al., 2007; Kerzenmacher et
to within 2 % from 18-53 km (Degenstein et al., 2009). Ran- al., 2008). The average random error of the 17—40km par-

dom errors due to instrument noise in 14-52km partial col-ti5| columns used in this study was 3.7 % for ACE-FTS v2.2,
umn measurements within 500 km of Eureka, calculated for, 7 o, for ACE-FTS v3.0, and 2.3 % for ACE-MAESTRO.
a subset of the measurements, were on average 3.7 %. Sys-
tematic and other errors are expected to be on the same order
as the instrument noise.

For NG, the v3.0 Optimal Estimation data product was 3 pOAS measurements
used. NQ slant column densities (SCDs) are retrieved us-
ing the DOAS technique in the 435-451nm range. Theserpe pEARL-GBS and SAOZ are both NDACC-certified in-
SCDs are converted to number density profiles from 10— ments and, therefore, data retrieved from these instru-
46 km using an optimal estimation inversion, with high ' ments and submitted to the NDACC database are expected
sponse for 15-42km (Brohede et al., 2008). The precig agree well. Furthermore, the UT-GBS and SAOZ both met
sion of these measurements is 16 % between 15-25km andpacc standards during the 2009 Cabauw Intercomparison
6% between 25-35km based on comparisons with otheps Njitrogen Dioxide measuring Instruments (Roscoe et al.,
instruments (OSIRI'S, 2011). The' average random error |r?010)_ GBS and SAOZ ozone and hM@easurements have
17-40km NQ partial columns within 500km of Eureka pheen compared during several Arctic and mid-latitude cam-
was 6.8 %. paigns using the same analysis settings and the same soft-
ware (Fraser et al., 2007, 2008, 2009).

In this study, GBS and SAOZ ozone total columns were

ACE comprises two instruments, ACE-FTS and ACE- retrieved independently, following the new NDACC guide-

MAESTRO, aboard the Canadian Space Agency’s scisar.lines (Hendrick et al., 2011), with different analysis software
1. a solar ,occultation satellite launched in August 20032and small differences in retrieval settings. Therefore, this is a

2005). SCISAT-1 measures above gy.900d example of the practical implementation of the new set-
dings and the resulting homogeneity of the NDACC dataset.
The NDACC UV-Visible Working Group is currently de-
veloping similar guidelines for N@and they will be made
available in the near future. Therefore, for the present study,

2.7 ACE-FTS and ACE-MAESTRO

(Bernath et al.,
reka near polar sunrise (February—March) and polar suns
(September—October).

www.atmos-meas-tech.net/5/927/2012/ Atmos. Meas. Tech., 5, 953-2012
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the GBS and SAOZ datasets were analyzed with their owr8.2 Vertical columns
preferred settings.
Ozone and N@ columns were retrieved using the Langley
3.1 Differential slant column densities method with the settings described in Hendrick et al. (2011).
For each twilight, DSCDs in the SZA 86—9%indow were

The DOAS technique (e.g. Platt and Stutz, 2008) was usedg|ected, when those SZAs were available. Otherwise, the
to retrieve the SAOZ, UT-GBS and PEARL-GBS differen- poarest available®5SZA window was used. For the GBS

tial SCDs (DSCDs). SAOZ DSCDs were retrieved using in- jhstryments, a daily average reference column density was
house software, while the GBS DSCDs were retrieved Withg,\cjated from the morning and evening twilights because

the QDOAS software (Fayt etal., 2011). For SAOZ, a single 5 qaily reference spectrum was used in the DSCD retrievals.

reference spectrum was used each year, while for the GBSz, a0z, a single average of monthly average reference
daily reference spectra were selected. For both instrumentgyo mn densities was calculated for each spring. For both the
wavelengths were calibrated against the solar spectrum basggg g ang SAOZ, total columns throughout the twilight were
on the reference solar atlas (Kurucz et al., 1984). calculated using the reference column density and AMFs. A
Ozone DSCDs were retrieved using the settings recOMyjnge column value was produced for each twilight from the
mended by the NDACC UV-visible working group (Hen- \eighted mean of the columns in the selected SZA range,

drick et al., 20_11). For SAOZ, ozone was retrieved in t_heweighted by the DOAS fitting error divided by the AMF.
450-550nm window. 450-545nm and 450-540nm win- £ DOAS ozone retrievals, the inclusion of daily ozone

dows were used for the UT-GBS and PEARL-GBS respec-y,5 in the AMF calculations improves results, especially
tively, because data quality decreased for larger wavelengths,qer vortex conditions (Bassford et al., 2001). Ozone to-

taken at the detector edge. The following cross-sectiongy| columns for both instruments were retrieved using the
were all fitted during the DOAS procedure: ozone mea-npacc-recommended AMF LUTs (Hendrick et al., 2011).

sured at 223K (Bogumil et al., 2003), NGneasured at il AMFs are extracted from these LUTs based on the
220K (Vandaele et al., 1998),28 (converted from line |5iitde and elevation of the PEARL Ridge Lab, day of

parameters given in Rothman et al., 2003}, @nd R'”Q ear, sunrise or sunset conditions, wavelength, SZA, surface
(Chance and Spurr, 1997). The GBS DSCDs were retrieved e 4o and ozone column. For the GBS, daily ozone total
using the wavelength-corrected Greenblatt et al. (1990}4),mpg interpolated from ozonesonde data were input to

O4 cross-section, which was recommended by NDACC inyhe AMF LUTS, while for SAOZ, measured ozone SCDs for
2009, while the SAOZ DSCDs were retrieved with the Her- each twilight were input.

mans (2004) cross-section, which was included in the Hen- ., NO,, the ozone profile has a small impact on DOAS
drick etal. (2011) NDACC recommendations. Based on sen\\irs (Bassford et al., 2001) and therefore daily ozone data

sitivity tests performed using the GBS datasets, this is eXjg not necessary for the interpolation of AMFs. For the GBS

pected to have less than a 1% impact on the DSCDs. An adqeasyrements, daily AMFs were extracted from a new set of
ditional cross-section was also included in the GBS analysq_u-l-s, developed by the Belgian Institute for Space Aeron-
to correct for systematic polarization errors. _omy (BIRA-IASB) (see Appendix A for details). The NO
GBS and SAOZ NQ@ DSCDs were retrieved in three dif- /iR pelow 17 km was set to zero, so these AMFs produce
ferent wavelength regions. SAOZ IX_ICWas retrieved us- partial columns from 17 km upward. SAOZ data were ana-
ing the same methods and cross-sections as for 0zone, i;eq with a single set of AMFs constructed from an average
the 410-530nm range, with a gap from 427-433nm. Thest 5mmer evening composite profiles derived from POAM
GBS DSCDs were retrieved in the 425-450 nm V'f'ble range&| (Polar Ozone and Aerosol Measurement) and SAOZ bal-
(NO,-vis), when the 600grmm and 400grmm* grat- |40 measurements in the Arctic. 30% of the N@ this

ings were used, and the 350-380nm UV range V), rofie is below 17 km. These SAOZ Arctic AMFs are then
when measurements were taken with the 1200 grmand  sed to convert the measured slant column densities into total
1800 grmnt! gratings. The N@-vis measurements were columns of NG.

retrieved with the same parameters and cross-sections as p getailed error analysis was performed on the GBS mea-
for ozone, except a first order offset was applied to correcly,rements; including random error as well as systematic er-
for dark-current and stray-light. The GBS M@V DSCDS 5 from cross-sections, residual structure in DOAS fits, and

were re_tr'ieved with same retrieyal settings as;N@3, with _ AMFs. For NG, the temperature dependence of the cross-
the addition of a BrO cross-section measured at 223 K (FleiSgaction and the impact of the diurnal variation were also

chmann et al., 2004) and an OCIO cross-section measured ghngjgered. A mean total ozone error of 6.2% was calcu-
204K (Wahner et al., 1987). Polarization correction Cross-jateq. This is slightly larger than the 5.9 % total error reported

sections were not included in the GBS N@s and NQ- ¢4 NDACC o0zone column measurements (Hendrick et al.,

UV retrievals because there was no evidence of polarization,ny 1) put is consistent with the challenges of taking DOAS

errors in the residuals, likely due to the small wavelength e asyrements at high latitudes (see Sect. 3.3), particularly
intervals of the analyses. during seasons when the 862%8ZA range is not available

Atmos. Meas. Tech., 5, 92753 2012 www.atmos-meas-tech.net/5/927/2012/



C. Adams et al.: Validation of ACE and OSIRIS 933

(see Fig. 6 of Fraser et al., 2009). Mean total errors for 2003— 50
2011 of 23 % for N@-vis and 22 % for N@-UV were cal-
culated. These errors are heavily weighted by uncertainties 2
of up to 100% in the early spring when concentrations of
NO; are low and daylight SZA ranges are limited. For mea- _ —v— O, Mar SZA 90°
surements taken between days 80-260, the mean total errd 301
is 18 % for NGQ-vis and 20 % for NG-UV. g
For SAOZ, the estimated total error in ozone is 5.9%§ 20k
(Hendrick et al., 2011). For N§)the precision and accuracy
are estimated at 1.5 10"*mol cn2 and 10 %, respectively.
When applied to the 2005-2011 Eureka measurements and °[
added in quadrature, this yields an average 13.2 % total error
in NO;. 0

Ot Jun SZA 76°
—— NOZ: Mar SZA 90°

1 1
0 0.2 0.4 0.6 0.8 1 1.2 14
Averaging kernel

3.3 Effect of 24-h sunlight on DOAS analysis
Fig. 1. Approximate column averaging kernels for DOAS measure-
The evolution of available SZA ranges above Eureka iSments of ozone and N©Oin March at SZA 90 and June at SZA
shown in Fig. 6 of Fraser et al. (2009). At the summer sol-76°. For ozone, the Hendrick et al. (2011) AMF LUTs were used
stice, the maximum SZA above Eureka is*78his yields  and for NG, the AMF LUTs described in Appendix A were used.
AMFs of ~4 for both ozone and N£ which is approx-  Note that for NQ, measurements do not extend below 17km, as
imately four times smaller than the typical AMF at SZA AMFs are set to zero below 17 km.
9¢°. Furthermore, the range in AMFs for SZAs 8629%
greater than 10, while for SZAs 71-78he range in AMFs
is smaller than 1. This leads to larger uncertainties in th
summertime reference column density calculations from thec gincident measurements for this validation study were se-
Langley plots. For Arctic ozone, these small AMFs coincide |gcteq using the criteria described in Sect. 4.1. Satellite
with low ozone total columns, leading to small differential ,,,ne partial columns were calculated and combined with

optical depths in the DOAS fitting process. ozonesonde data to create total columns as described in
Furthermore, the altitude sensitivity of DOAS measure- gact. 4.2. Using the method described in Sect. 4.3, all

ments changes significantly between the spring and sumg o, measurements were scaled to local solar noon prior
mer. The approximate averaging kernels for DOAS ozone, comparison.

and NG measurements were calculated using the method of Agreement between these datasets was evaluated using
Eskes and Boersma (2003) for SZA°98 March and SZA  geyeral methods. The mean absolute differenggbetween

76> in June at 75N and are shown in Fig. 1. For 0zone, ges of coincident measurementgi(and M) is defined as
the averaging kernels were produced with the Total Ozone

Mapping Spectrometer (TOMS) v8 climatology for 375 DU
of ozone (Hendrick et al., 2011). For N(Cthe sunrise N@ Aabs=
profiles from the Lambert et al. (1999, 2000) climatology,

described in Appendix A, were used. The averaging kernel§yhere v is the number of measurements. The mean relative
indicate that for the large SZA, corresponding to spring a”ddifferenceAre| betweenM; andM; is defined as
fall measurements at Eureka, sensitivity peaks in the strato-

e4 Methodology

1 N
5 2 (M — May), €Y
i=1

sphere, with very little sensitivity to the troposphere. This is 1L (My — M)
expected as strong scattering occurs in the stratosphere fakrel =100 %x — Zm (2)
these SZAs. In the summer, photons are scattered throughout i=1 '

the atmosphere, Ieadir_lg to enhanced ser_lsitivity to the tropo—rhe standard deviatiom§ and the standard erras {/N) of
sphere and clouds. This reduces the quality of the DOAS fitSha mean absolute and relative differences were also calcu-

particularly in the ozone retrieval window, ag @nd water |51eq. The standard error is the reported error throughout this
vapour interfere with the measurements. This enhanced sefyaner T assess correlation between the datasets, correlation

sitivity to clouds also yields additional uncertainties in the plots were also produced. Measurement errors were not in-
AMFs (e.g. Bassford et al., 2001). Due to these factors, sUmg|,ded in the linear regressions.

mertime DOAS measurements ar80are very challenging — the og|RIS, ACE-FTS, and ACE-MAESTRO satellite in-
and therefore it is especially important to validate these meag;, ;ments have better vertical resolution than the ground-

surements against other instruments. based ozone and NGnstruments included in this study.
Some studies (e.g. Batchelor et al., 2010; Dupuy et al., 2009;
Kerzenmacher et al., 2008) account for this by smoothing
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the higher-resolution measurements by the averaging kernel & a)0s
of the lower-resolution measurements (Rodgers and Conner, Y
2003). Data were not smoothed in the present study because
averaging kernel matrices were not available for some of
the ground-based instruments and we preferred to treat alk,.
datasets in a consistent manner. In previous studies, ACE- /g
FTS data have been smoothed to the resolution of the Bruker
FTIR (Batchelor et al., 2010; Lindenmaier et al., 2011).
Smoothing is expected to have a small impact on ozone in- .
tercomparisons, since the Bruker FTIR has good sensitivity S OFT
for most of the ozone column (Batchelor et al., 2009). A sub-
set of ACE-FTS N@ measurements was smoothed to the .
resolution of the Bruker FTIR by Lindenmaier et al. (2011). N
ACE partial columns for 17-40 km changed on average by °%
1 %, with a 4 % standard deviation, when smoothing was per- 4,®
formed. This is small compared with the agreement between 100°y,  go W
NO, measurements in this study. The impact of smoothing

on OSIRIS measurements is expected to be comparable. Fig. 2. Location of ozone air mass sampled (g) all OSIRIS
scans andb) ACE-FTS v2.2 occultations used in this study; and

(c) Bruker FTIR andd) GBS spring-time measurements. PEARL is
indicated by the red star. Locations of the OSIRIS scans are shown

o o - for the 25-km air mass, while all other measurements are shown for
Temporal coincidence criteria were selected to maximize thqhe 30-km air mass

number of coincident data points while minimizing the re-
liance on the photochemical model corrections for the di-
urnal variation of N@, described in Sect. 4.3. For compar- PEARL. The Brewer instruments, which also measure direct-
isons between the ACE-FTS v3.0, ACE-FTS v2.2, and ACE-sunlight, would have similar sampling to the Bruker FTIR in
MAESTRO measurements, coincidences were restricted tehe spring. The DOAS instruments’ approximate sampling
the same occultation. For the twilight-measuring instrumentgpanel d) depends on the location of the sun, as described
(ACE and the DOAS instruments), measurements were comin Appendix B. Like the Bruker FTIR, the DOAS measure-
pared from the same twilight. This prevents morning twilight ments get closer to PEARL as the sun gets higher. Further-
measurements from being scaled to the evening by the phanore, as sunrises and sunsets shift northward in azimuth, the
tochemical model and vice versa. For intercomparisons beDOAS measurements shift north of PEARL.
tween all remaining instruments dal2 h coincidence crite-
rion was used. 4.2 Ozone

Satellite ozone and NOmeasurements taken within a ) )
500-km radius of the PEARL Ridge Lab were selected for in-FOr comparison against ground-based total column ozone
tercomparisons with the ground-based measurements. Nof@€asurements, an altitude range of 14-52km was chosen
that the satellite geolocations are given at the geometric tanfor satellite partial columns. This was the maximum alti-
gent heights of 25 km for OSIRIS ozone, 35km for OSIRIS tude range for which the majority of OSIRIS, ACE-FTS,
NO,, and 30 km for ACE ozone and NOACE solar occul- and ACE-MAESTRO profiles within 500 km of PEARL had
tations typically have ground tracks of 300-600 km (Dupuy available data. Ozgneson_de data from the n_eares_t Qay were
etal., 2009), while OSIRIS limb measurements have groundiddEd to the satellite profiles from 0-14 km, in a similar ap-
tracks of~500 km. proach to Fraser et al. (2008). The resulting satellite-plus-

None of the instruments included in this study measuressonde profile was smoothed from 12-16km using a mov-
air masses directly above PEARL. Instead they sample aifd average filter in order to avoid discontinuities where the
masses along their lines-of-sight. Figure 2 shows the lonfwo profiles joined. No correction was applied above 52 km,
gitude and latitude of the sampled air masses in the stratoSince according to the United States 1976 Standard Atmo-
sphere at 25 km for OSIRIS and 30 km for ACE, the Bruker sphere (Krueger and Minzner, 1976), there is less than 1 DU
FTIR, and the GBS. The OSIRIS measurements (panel a?f ozone above 52 km. This is much smaller than the mea-
do not reach latitudes above 8212 The ACE measure- Surement errors of the various instruments (see Table 2). The
ments (panel b) are distributed approximately evenly within satellite-plus-sonde columns are denoted with * in the figures
500 km of PEARL. The Bruker FTIR spring-time measure- 8nd tables throughout this text.
ments (panel c) follow the location of the sun during typi-
cal operational hours (e.g+09:00-16:00 local time), with
larger SZA measurements sampling air masses further from

4.1 Coincidence criteria
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43 NO 6X 10%° a) Model
NO; partial columns for satellite and Bruker FTIR measure- % 4 ,:" v — --- ?,m
ments were calculated for 17—40 km. The lower value of this éN ol p ‘\\ Noon
range was determined by GBS partial columns, which range 2 Z X
from 17 km to the top of the atmosphere. The upper value  © s 00 150 200 250 300 3%
of this altitude range was determined by the availability of Day of 2009
OSIRIS, ACE-FTS, and ACE-MAESTRO data. For compar- o, b) Measurement SZA
ison between the satellite and GBS partial columns, no cor-_ T ——— s
rection was applied above 40 km, because less than 1 % of thg' sor Q' ™™ q._‘./:‘.- oA
NO, column resides at these altitudes, which is much smallef . -
than the measurement error (see Table 2). For comparison I ‘ ‘ *’nfca N ‘ ‘ MA
against the partial columns, the SAOZ total column measure- 50 100 150 200 250 300 350
. Day of 2009

ments were scaled down by 30 %, corresponding to the frac- <10 ¢) No scaling
tion of NO, below 17 km in the profiles used to constructthe .~ 6 5" ‘e
SAOZ AMFs. These scaled SAOZ measurements are indi- 5 4| -? "t_ M‘ﬁ
cated by a * in the figures and tables throughout this text. g >, ,:ﬂfq. TR '!\’P .

NO; has a strong diurnal variation and therefore correc- g‘“ '-._ ’“-,g%
tions must be applied when comparing measurements taken o - o0 0 o~ P - 0 p—
at different times (e.g. Brohede et al., 2008; Kerzenmacher Day of 2009
et al., 2008; Lindenmaier et al., 2011). A photochemical box x 10" d) Diurnal scaling
model (Brohede et al., 2007b; McLinden et al., 2000) was ¢ :',.,‘r:., . .
used to simulate the evolution of NGat Eureka (80N) 3 4 s AR Mﬂ_
for each measurement day. Ozone profiles and temperaturesE*N 2 *-‘VJF”'"’ .. ety -
from the ozonesonde launched closest to the measuremen€ el ‘ ‘ kil ‘
day were used to constrain the model. 0 50 100 150 200 250 300 350

The seasonal variation of NC17—40 km partial columns, Day of 2009

Calculated. by the p.hotochem.icallmodel using ozonesondeﬁig_ 3. Seasonal evolution of N£in 2009. (a) 17-40 km partial
launched in 2009, is shown in Fig. 3a. M@t solar noon  columns calculated by the photochemical model initialized with
(black) increases throughout the spring as PEARL exits polabzonesondes for morning twilight (thick cyan line), evening twi-
night. It reaches a maximum during the summer period of 244ight (red dashed line), and solar noon (thin black ling). Mea-
h sunlight and then decreases again in the fall. Throughousurement SZAs. Note that ACE, the GBS, and SAOZ all measure at
the year, the diurnal variation of NQilso changes, as can be approximately the same SZA and, therefore, have overlapping data
seen by the morning (blue) and evening (red) twilight partial points. Similarly OSIRIS and the FTIR measure at approximately
columns, where twilight is defined as SZA%6r the closest ~ the same SZA(c) NO, partial columns measured by ground-based
available SZA. In the spring and fall, NGncreases from and satellite mstrument_éd) Same aic)_except all measurements
morning to evening as NO(NOy =NO; +NO) is released s_ca!ed to sola_r noon using photochemical model. Instrument abbre-
. . - . . viations are given in Table 1.

from its night-time reservoirs. In the summer 24-h sunlight,
NO, decreases at noon as it is photolyzed to NO.

The ratios of NQ in the evening and morning twilights
retrieved by the GBS instruments and calculated with thelarger SZAs (GBS, SAOZ, and ACE) tend to measure more
photochemical model are shown in Fig. 4 for 2007-2010.NO3 than instruments that measure columns at smaller SZAs
The measurements and model show good agreement. I(OSIRIS and Bruker FTIR), as can be seen in Fig. 3c. In or-
spring 2007, when the vortex passed back and forth oveder to correct for this, ratios of NOpartial columns at noon
PEARL, there is more scatter in the values than in the lessaand the measurement time were calculated using the photo-
dynamically active 2008—2010yr. This may be because theehemical model. These ratios were multiplied by the mea-
GBSs are sampling different air masses between the mornsurements to produce an M@artial column at noon. The
ing and evening twilights. Systematic discrepancies appearesulting noon-time measurements are shown in Fig. 3d and
in the late fall (days 280-300), as PEARL enters polar night.were used in all N@ intercomparisons. The model profiles
This may be caused by measurement error since biid-  were not degraded to the resolution of the ground-based in-
centrations become very low as KOs converted to its struments prior to scale-factor calculations. The modeled ra-
night-time reservoirs. tio of twilight to noon NG does not vary greatly with alti-

The instruments compared in this study sample ldQiif- tude for 15-35km, where the bulk of the N@olumn re-
ferent times of day, or different parts of the diurnal cycle, sides. Therefore, the error that this introduces is expected
as shown in Fig. 3b. Instruments that measure columns ato be small. Lindenmaier et al. (2011) estimate the error in
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a) 2007 2 b) 2008 below 25 km, the 17-40 km NOprofiles increased by up
° av to ~20 %. Based on the viewing geometry described in Ap-
GU pendix B, DOAS instruments sample a 30-km layer of the at-
Mod

o, ° mosphere with an SZA that is up t6 8maller than the SZA
b at the instrument. This causes the underestimation of NO
T O R e concentrations, particularly for measurements taken at large
100 150 200 250 300 50 100 150 200 250 300  SZAsinthe spring and fall. The Bruker FTIR N@neasure-

Ratio PM / AM
Ratio PM / AM
P
(6]

Day Day ments were restricted to SZA less that 8Bince NQ varies
2 & 2000 2 ) 2010 §Iowly for those SZAs, the diurnal effect for the Bruker FTIR
is small.
:Ez % . The instruments also sample the Nf@aximum at differ-
=15/ z 15 ent latitudes, as shown in Fig. 2. This is of particular concern
* : L o . ; : .
2 . 2 2 % : at high latitudes during polar sunrise and sunset, ag NO
e \ S 4 2 . . . .
' 4 B released from and returns to its night-time reservoirs, lead-
1 s ? : ° 1 . . . . .
: L i ] o TUELLT ing to a strong gradient in N with lower concentrations at
50 100 150 200 250 300 50 100 150 200 250 300 . . .
Day Day higher latitudes (Noxon et al., 1979). Using the photochem-

ical model initialized with climatological ozone and temper-
Fig. 4. Ratio of evening twilight to morning twilight N@as mea-  gtyre profiles (McPeters et al., 2007), 17-40 kmNn@rtial
Zﬁzjegsbz;tiI;E(?':;Sing"zcg‘hzct*::rzzzi :;dmigil'L(‘:\e/d(t(’jlgtes)d’;;isgcolumns were calculated at various latitudes for the evening
are plotted against day of year fa) 2007 (b) 2008,(c) 2009, and ﬁ/\nllght (SZA =90 or nearest available SZA). Ratios of IQO
(d) 2010. part@l co!umns cglculated at 78l over 82N are shoyvn in
grey in Fig. 5. This represents a typical latitude difference
between measurements. On days 55 and 290, which are near
the first and last measurement days of the seasop gd€ial
NO; scale factors from the same photochemical model atcolumns at 78N are~7 times larger than at 8N. The dif-
7.7-16.4 % above PEARL, with the maximum values aroundference between the columns decreases throughout the spring
days 90 and 240, when the ratio of twilight-to-noon N©® until approximately days 80—-85. Throughout the summer, no
largest. strong latitudinal gradient is observed in NOntil approx-

In addition to affecting measurements taken at differentimately days 265270, as polar night begins. Ratios of NO
times, the diurnal variation of Ncan introduce errors in  partial columns calculated at 78l over 84 N, representing
individual measurements through the “diurnal effect”, which the maximum latitude difference between coincident mea-
is also referred to as “chemical enhancement” (e.g. Fishsurements, are also shown in Fig. 5 in red. ACE measures
et al., 1995; Hendrick et al., 2006 McLinden et al., 2006; above PEARL during the spring and fall periods for which
Newchurch et al., 1996). The diurnal effect is a result of this effect is significant. The impact of the latitudinal gradi-
sunlight passing through a range of SZAs, and hence sament in NG on the spring-time intercomparisons is assessed
pling NO; at different points in its diurnal cycle, on its way in Sect. 7.
through the atmosphere to the instrument. An error is intro-
duced when this variation is not accounted for in the anal-
ysis, and the SZA assigned to a retrieved profile or columns  Ozone intercomparisons
corresponds to the location of the instrument (for a ground-
based observation) or to the location of the tangent heightDzone partial and total column measurements made by the
(for a limb observation). This effect is largest when the ground-based and satellite instruments were compared us-
range of SZAs encountered includes twilight, when NO ing the methods described in Sect. 4. The resulting mean
varies rapidly. absolute and relative differences are summarized in Table 3

For OSIRIS, these errors are relevant to measurementand are discussed below. Available coincident measurements
taken at SZAs greater than 8during the spring and fall,  from all time periods are included in the intercomparisons.
for measurements near PEARL) and can introduce errors
up to 40 % below 25km (Brohede et al., 2007a; McLinden5.1  Satellite versus satellite partial columns
et al., 2006). The 60N error profiles shown in Fig. 9 of
Brohede et al. (2007a) were applied to the OSIRIS profilesThe 14-52 km ozone partial columns measured by the satel-
used in this study and yielded less than 10% error in thelite instruments were compared and are shown in the first
17-40km NQ partial columns. For ACE-FTS and ACE- section of Table 3. Partial columns from all four satellite in-
MAESTRO, measurements of N@an be biased high below struments agree very well, with mean relative differences of
25km by up to 50 % (Kerzenmacher et al., 2008). When the3 % or lower. Correlation plots between the satellite measure-
ACE profiles included in this study were increased by 50 % ments are shown in Fig. 6 haw? values of 0.821 or greater.
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Table 3. Number of coincidences (N), mean absolute differentg, and mean relative differencé () between ozone measurements
with respective standard deviatiom)(and standard error (err). Instrument abbreviations are summarized in Table 1.

N Agps(DU)  oaps(DU)  erps(DU)  Arel (%)  orel (%) eriel (%)

Satellite versus satellite 14-52 km partial columns

0S - A2 800 9.8 22.9 0.8 3.0 7.4 0.3
0OS-A3 754 3.8 18.1 0.7 1.2 5.8 0.2
OS -MA 559 7.4 28.3 1.2 2.8 9.6 0.4
A2 - A3 210 -0.3 9.9 0.7 0.0 3.1 0.2
A2 —MA 198 7.5 23.3 1.7 2.7 7.8 0.6
A3 - MA 162 7.8 224 1.8 2.8 7.5 0.6
Satellite-plus-sonde 0-52 km partial columns versus ground-based total columns

OS* -GV 4727 19.9 27.4 0.4 5.7 7.8 0.1
OS*-SA 2065 32.2 29.3 0.6 7.3 6.7 0.1
OS*—FT 11388 —-0.4 254 0.2 0.1 6.2 0.1
OS* - BW 4115 10.3 21.5 0.3 2.8 5.8 0.1
A2* — GV 147 28.0 29.2 2.4 6.5 6.6 0.5
A2* — SA 122 14.4 26.6 24 3.2 6.1 0.6
A2* —FT 371 —-33.0 33.5 1.7 —6.7 7.6 0.4
A2* — BW 6 9.0 13.9 5.7 3.4 5.2 2.1
A3* -GV 141 284 27.7 2.3 6.5 6.1 0.5
A3* - SA 146 19.2 25.5 2.1 4.8 6.0 0.5
A3*—FT 481 -21.6 28.6 1.3 —-4.7 6.6 0.3
A3* — BW 5 5.8 15.3 6.9 2.3 5.7 2.6
MA* — GV 117 21.7 32.8 3.0 5.0 7.6 0.7
MA* — SA 79 8.7 394 4.4 1.6 8.8 1.0
MA* — FT 204 —29.8 35.0 2.4 -6.1 7.9 0.6
MA* — BW 6 —-2.8 18.3 7.5 -1.1 6.7 2.7
Ground-based versus ground-based total columns

GV -SA 296 —14.2 22.0 1.3 -3.2 5.6 0.3
GV -FT 1894 -25.9 30.5 0.7 -6.9 7.8 0.2
GV -BW 658 —-4.0 22.7 0.9 -1.4 6.9 0.3
SA-FT 1474 —-39.1 23.3 0.6 —-9.2 5.2 0.1
SA-BW 107 1.9 21.1 2.0 0.4 5.3 0.5
FT - BW 1491 9.7 10.3 0.3 2.6 2.5 0.1
Satellite versus ground-based 14-52 km partial columns

OS-FT 11388 -11.1 20.4 0.2 -33 6.3 0.1
A2 -FT 371 —45.9 37.3 1.9 —-12.2 10.6 0.5
A3 -FT 481 -32.1 31.2 1.4 —-9.2 8.8 0.4
MA - FT 204 —40.3 37.9 2.7 —-11.2 11.2 0.8

* Indicates 0-52 km satellite-plus-sonde partial columns.

The mean relative difference between ACE-FTS v3.0 andand ACE-MAESTRO v1.2 ozone 16—44 km partial columns
v2.2 ozone partial columns is (400.2 %. Furthermore, the from 2004—-2006, which is larger than the +2.7 % mean rel-
two datasets are extremely well correlated, withR#rvalue  ative difference found in this study. Dupuy et al. (2009)
of 0.973. Note that the ACE-FTS v2.2 and v3.0 datasets haveompared profiles from ACE-FTS v2.2, ACE-MAESTRO
slightly different results when compared with the other in- v1.2, and OSIRIS SaskMART v2.1 data. They found ACE-
struments in this study because data were compared for diiMAESTRO profiles agreed with OSIRIS t©7 % for 18—
ferent time periods, based on data availability. Therefore, falls53 km. ACE-FTS profiles were typically +4% to +11%
2010 and spring 2011 are included for v3.0, but not for v2.2.larger than OSIRIS profiles above 12km. This is oppo-

ACE-FTS v2.2, ACE MAESTRO v1.2, and OSIRIS site to the findings of this study, in which ACE-FTS par-
SaskMART v5.0.x o0zone measurements have been compareahl columns are lower than OSIRIS partial columns. Since
in previous studies. Fraser et al. (2008) found a mean rela©SIRIS SaskMART v2.1 and v5.0x are very similar for the
tive difference of +5.5% to +22.5 % between ACE-FTS v2.2 14-52 km altitude range, this difference is likely because the
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40 - in the absolute differences, there is no apparent system-
" " i! atic change between the satellite and ground-based measure-
3571 = = = (NO,at78N) /(NO, at 82°N) i ments in time. The year-to-year variability has no obvious re-
PR (NO, at 76°N) / (NO, at 84°N) ‘1 lation to vortex activity above Eureka, such as sudden strato-
30 N ! spheric warmings. This suggests that the performance of
! I OSIRIS, ACE-FTS, and ACE-MAESTRO has not changed
2y 1 | and their measurements of ozone within 500 km of PEARL
2 ol!t 1 are suitable for multi-year analyses.
¢ 1 i Figure 9 shows correlation plots between the satellite-
15} 1 plus-sonde and ground-based total ozone colunRdsco-
- ! efficients range from 0.518-0.910. Note that ACE-FTS v3.0
10} : I 1 data were retrieved for spring 2011, which had abnormally
Pl 1, low ozone values (Manney et al., 2011), and therefore has
st 1 11 higher correlation coefficients than v2.2.
‘s X/
S —— . .
0 - - - : g 5.3 Comparisons with NDACC DOAS measurements
50 100 150 200 250 300
Day

Intercomparison results between SAOZ and GBS ozone total
Fig. 5. Ratios of 17-40 km N@partial columns at various latitudes ~columns retrieved from 2005-2011 using the NDACC set-
during the evening twilight, calculated with photochemical model tings (described in Sect. 3) are shown in Fig. 10. The ab-
initialized with climatological ozone and temperatures. During the solute difference between the SAOZ and GBS ozone total
spring and fall, when the sun rises and sets, the evening twilight icolumns (panel a) shows good agreement for most years.
defined as SZA =90 During polar night, the evening twilightis de-  SAOZ measures more ozone than the GBS in 2005 and 2007,
fined as the minimum available SZA. During summer, when the suryyg years in which the polar vortex passed over Eureka. This
'i above the hor'z_?“bzld"shzrfryd&y‘ tgioeme_“”;]g twilight is defined asy5y he due in part to the different fields-of-view of the two
the maximum available SZA. 76\ to Isthe maximum range _s4rments, leading to sampling of different air masses. The
over which coincident measurements were selected (see Fig. 2). The .
: R . correlation plot between SAOZ and GBS ozone (panel b)
thin black line indicates a ratio of one. . .
shows a strong correlation between measurements, with an
R? value of 0.898. For large ozone total columns, the GBS
present study included only measurements taken in the Arcineasures systematically lower than SAOZ. The mean rela-
tic, while Dupuy et al. (2009) considered measurements ative difference for GBS minus SAOZ ozone-s3.2+ 0.3 %

all latitudes. (see third section of Table 3). This is well within the com-
bined error of the two instruments and is comparable to the
5.2 Satellite versus ground-based columns values of—6.9% to —2.3% found by Fraser et al. (2008,

2009) for 2005—-2007, when SAOZ and GBS data were re-

Mean absolute and relative differences between groundtrieved by the same analysis group, using the same analysis
based total columns and satellite-plus-sonde 0-52 kmnrsoftware. This demonstrates that, even when implemented in-
columns are included in the second section of Table 3. Thelependently with slight differences in the analysis settings
satellite-plus-sonde measurements are consistently largemd software, the new NDACC data standards are sufficient
than the DOAS measurements and smaller than the Bruketo produce a homogeneous ozone dataset.
FTIR measurements. The Brewer columns fall between the Absolute differences (panel ¢) and correlations (panel d)
satellite-plus-sonde and other ground based measurementsetween the DOAS (GBS and SAOZ) and Brewer data are
All ground-based measurements are within 7.3% of thealso shown in Fig. 10. Good agreement between the in-
satellite-plus-sonde columns. Comparisons are not showstruments is evident throughout the year. The mean rela-
between ACE and the Brewer instruments because theréve difference between the GBS [SAOZ] and Brewer total
are few coincident measurements as ACE measures abowvezone column measurementsi&.4 % [+0.4 %]. This is bet-
PEARL in the early spring and late fall during periods when ter than the high-latitude agreement reported by Hendrick
the SZA is too large for Brewer direct-sun measurements. et al. (2011), who found that SAOZ ozone total columns

The timeseries of absolute differences between the foumwere systematically lower than Brewer measurements at So-
satellite-plus-sonde data products and the ground-based medankyla (67 N, 27° E) by 3—4 %, with the largest discrepan-
surements are plotted in Figs. 7 and 8. The largest discrepeies in the spring and fall. Hendrick et al. (2011) accounted
ancies occur in the spring-time for all measurements, withfor this bias with the temperature dependence and uncertainty
the Bruker FTIR measuring more ozone and the DOAS andn the UV ozone cross-section used in Brewer measurements.
Brewer instruments measuring less ozone than the satelliteFhe agreement between the GBS, SAOZ, and Brewer in the
plus-sondes. Although there is some year-to-year variabilitypresent study is remarkable given the challenges of taking
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Fig. 6. Correlations between satellite 14-52 km ozone partial columns. Red lines indicate lineex fittéd slope,y =fitted y-intercept).
Black lines indicate 1-1. Instrument abbreviations are given in Table 1.
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Fig. 7. Absolute differences (circles) and mean absolute differencedFig. 8. Absolute differences (circles) and mean absolute differences
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Fig. 9. As for Fig. 6, satellite-plus-ozonesonde versus ground-based total ozone columns. Note that comparisons between ACE and Brewer
measurements are not shown because there are few coincidences between these instruments.

DOAS measurements at 8N, particularly in the summer differences between ACE-FTS v2.2 satellite-plus-sonde and
(see Sect. 3.3). GBS [SAOZ] measurements of +3.2 to +6.3 % [+0.1 to

The DOAS measurements are systematically lower thant4.3 %]. This is similar to the values of +6.5% [+3.2%)]
the Bruker FTIR total column and satellite-plus-sonde mea-found in the present study. Fraser et al. (2008) found that
surements by 1.6-9.2% (see Table 3). Discrepancies bahe mean relative difference between ACE-MAESTRO v1.2
tween the satellite-plus-sonde and DOAS measurementglus updates and the GBS [SAOZ] wad9.4 % to—1.2%
shown in Fig. 7, are particularly large in the spring. Cor- [—12.9 % to—1.9 %]. In this study, the mean relative differ-
relation plots, shown in Fig. 9, indicate that the satellite- ence for ACE-MAESTRO minus GBS [SAOZ] was +5.0 %
plus-sonde measurements are systematically higher than tHe1.6 %].

DOAS measurements for high ozone columi$. corre- The differences between satellite and DOAS measure-
lation coeffictions for the satellite-plus-sonde versus GBSments in this study are larger than the values reported for
[SAOZ] ozone columns are greater than 0.84 [0.51]. comparisons between SAOZ and satellite ozone total column

Fraser et al. (2008) compared 15-40km ACE par-measurements in Table 10 of Hendrick et al. (2011). The
tial columns with ozonesonde measurements added to thsatellite data products compared by Hendrick et al. (2011)
columns below 15km against GBS and SAOZ. The GBSwere TOMS v8, GOME-GDP4 (Global Ozone Monitoring
and SAOZ measurements had been retrieved by the samastrument GDP4 retrieval), OMI-DOAS (Ozone Monitoring
analysis group with identical settings, including the Bur- Instrument retrieved with DOAS algorithm), OMI-TOMS
rows et al. (1999) ozone cross-section and the AMFs de{OMI data retrieved with TOMS algorithm), and two SCIA-
scribed in McLinden et al. (2002). They found mean relative MACHY (SCanning Imaging Absorption spectroMeter for
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- a) Difference GV minus SA qop, ) RegTEssion GVvs SA good agreement in the summer and fall (see Fig. 8). The
mean relative difference for the ACE-FTS v2.2 [v3.0] mi-
nus the Bruker FTIR is-6.7 % [-4.7 %]. A similar mean
relative difference of—6.1% is observed between ACE-
MAESTRO and the Bruker FTIR. The comparisons worsen
for 14-52 km partial columns, te-3.3 % for OSIRIS minus
5005 2006 2007 2008 2009 2010 2011 0 200 400 600 Bruker FTIR, —12.2% [-9.6 %] for ACE-FTS v2.2 [v3.0]
Year A (DU) minus Bruker FTIR, and-11.2 % for ACE-MAESTRO mi-

¢) Difference DOAS minus BW o, &) RegresSIon DOAS vs BW nus Bruker FTIR. This may be due in part to the altitude
resolution of the Bruker FTIR, which is lower than the satel-
lite instruments (see Sect. 4). Bruker FTIR 10-50 km patrtial
columns of ozone have on average 4.4 degrees of freedom for
signal. Therefore, there is sufficient information to calculate
partial columns in the 14-52 km altitude range.
150l Batchelor et al. (2010) found mean relative differences
2005 2006 2007 2008 2009 2010 2011 0 200 400 600 .

Vear BW (DU) between ACE-FTS v2.2 and Bruker FTIR ozone partial
columns of—7.45% in spring 2007 andg4.26 % in spring
2008, for an average partial column altitude range of 6—

ozone total columngc) Absolute difference (circles) between GBS 43km. Thls IS. similar to the results for total column inter-
(grey) and SAOZ (red) minus Brewer ozone total column mea-COMParsons in the present study. Batchelor et al. (2010)

surements(d) Correlation for GBS (grey) and SAOZ (red) versus found that agreement improved with the addition of dynami-
Brewer ozone measurements. (&) and (c), the solid black lines cal coincidence criteria. This is discussed further in Sect. 7.

indicate the zero line and the dashed lines indicate mean absolute Dupuy et al. (2009) compared ACE-FTS v2.2 with
differences. Ir(b) and(d), the solid black lines indicate the 1-1 line ground-based FTS measurements at four locations north
and the dashed lines indicate linear fit £ fitted slope,y = fitted of 6(° N latitude from 2004-2006. They applied the same
y-intercept). smoothing and altitude selection scheme as Batchelor et
al. (2010). No vortex filtering was performed. This yielded
various partial column altitude ranges with minimum values
Atmospheric CartograpHY) products, SCI-TOSOMI (SCIA- of 10 km and maximum values of 46.9 km. Mean relative dif-
MACHY with TOSOMI algorithm developed at the Royal ferences for satellite minus ground-based FTS-8f1 % to
Netherlands Meteorological Institute — KNMI) and SCIA- +3.2% for the ACE-FTS and-8.7 % to—0.5% for ACE-
OL3 (SCIAMACHY offline v3). For various stations, Hen- MAESTRO were obtained. This is similar to the level of
drick et al. (2011) found that agreement between SAOZ totalagreement found in the present study.
ozone columns and satellite total ozone columns ranged from
—4.1% to +3.1%. The agreement in Hendrick et al. (2011)
is better than the present study for several possible reag NO, intercomparisons
sons. Hendrick et al. (2011) corrected satellite columns for
temperature and SZA dependence using comparisons witNO, partial column measurements made by the ground-
the SAOZ measurements. Furthermore, DOAS retrievals ar¢ased and satellite instruments were compared using the
particularly challenging for higher latitudes (see Sect. 3.3).methods described in Sect. 4. ACE, OSIRIS, and Bruker
The present study compares different satellite instruments &TIR partial columns were calculated for 17—40 km; GBS-
80° N, which is higher than the maximum latitude of°™. UV and GBS-vis partial columns were retrieved for 17 km to
considered by Hendrick et al. (2011). Furthermore, the satelthe top of the atmosphere; and SAOZ total column measure-
lite instruments compared by Hendrick et al. (2011) are allments were scaled to partial column amounts (see Sect. 4.3).
nadir sounders, which take dedicated ozone column meathe resulting mean absolute and relative differences are sum-
surements, while in the present study, satellite ozonesondgarized in Table 4 and are discussed below. Available coin-
profiles are combined to calculate a total column. cident measurements from all time periods are included in
the intercomparisons.
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Fig. 10. (a)Absolute difference (circles) between GBS and SAOZ
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5.4 Comparisons with Bruker FTIR measurements

6.1 Satellite versus satellite partial columns
On average, the Bruker FTIR measures more ozone than
most other instruments (see Table 3), with the largest differ/Mean absolute and relative differences between 17—40km
ences observed in the spring (see Fig. 8). A mean relativeNO, partial columns measured by the satellite instruments
difference of +0.1% is calculated for OSIRIS-plus-sondeare included in the first section of Table 4, with corre-
minus Bruker FTIR total columns, reflecting particularly lation plots shown in Fig. 11R? correlation coefficients
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Table 4. As for Table 3, NG partial columns. All measurements were scaled to local solar noon using the photochemical model. Instrument
abbreviations are summarized in Table 1.

N Aabs Oabs €lMabs Arg|  Orel  €lfgl
(10®molem2) (10 molecm™2) (10 molcmi—2) %) (%) (%)

Satellite versus satellite partial columns

OS-A2 632 -0.8 3.1 0.1 -64 2638 1.1
OS-A3 595 -0.9 3.2 01 -74 30.0 1.2
OS -MA 583 -5.9 5.9 0.2 -342 39.2 1.6
A2 - A3 187 0.0 0.2 0.0 -0.2 0.9 0.1
A2 - MA 163 —-4.2 4.3 0.3 —-245 264 2.1
A3 - MA 157 —4.4 3.2 0.3 —-26.9 19.6 1.6
Satellite versus ground-based partial columns

0S-GV 3186 -3.0 5.7 01 -7.8 253 0.4
0OS-GU 2885 -2.0 5.0 01 -33 185 0.3
OS-SA* 1510 2.0 4.0 0.1 10.2 339 0.9
OS-FT 4958 2.2 3.6 0.1 122 174 0.2
A2 -GV 143 1.7 1.7 0.1 150 15.6 1.3
A2 -GU 29 1.4 1.4 0.3 10.3 116 2.2
A2 — SA* 107 2.2 2.6 0.2 18.4 21.7 2.1
A3 -GV 151 1.6 1.7 0.1 152 16.3 1.3
A3-GU 38 1.7 15 0.3 136 134 2.2
A3 — SA* 147 1.7 2.8 0.2 12.7 255 2.1
MA - GV 118 5.6 4.6 0.4 39.1 31.0 2.8
MA - GU 31 9.1 4.4 0.8 521 23.6 4.2
MA — SA* 74 7.2 4.4 0.5 485 22.8 2.7
Ground-based versus ground-based partial columns

Gv-GU 388 1.5 25 0.1 6.1 7.9 0.4
GV — SA* 295 11 2.8 0.2 3.8 1838 1.1
GV -FT 1503 5.5 3.5 0.1 16.3 10.5 0.3
GU — SA* 208 -0.7 2.6 0.2 -64 16.2 1.1
GU-FT 1498 54 4.2 0.1 19.2 135 0.3
SA*—FT 518 1.7 4.2 0.2 12.0 23.0 1.0

* Indicates scaling of primary total column measurements to partial columns.

between all satellite measurements are greater than 0.61, egeale factors and the diurnal effect. This is opposite to the re-
cept for ACE-MAESTRO versus OSIRIS, which has &f sults for globally coincident measurements in Kerzenmacher
value of 0.352. et al. (2008), who found that on average OSIRIS measure-
ACE-FTS v2.2 and v3.0 partial columns are nearly iden-ments were 17 % larger than ACE v2.2 measurements at the
tical, with a mean relative difference 6f0.2+0.1% and  NO, maximum, with better agreement below the N@axi-
a correlation coefficient of 0.999. Note that the ACE-FTS mum. This may be because Kerzenmacher et al. (2008) com-
v2.2 and v3.0 datasets have slightly different results wherpared coincident measurements at all latitudes. Furthermore,
compared with the other instruments in this study becauséhey corrected for the diurnal effect in the ACE and OSIRIS
data were compared for different time periods, based on dataneasurements prior to comparison, eliminating a high-bias
availability. Therefore, fall 2010 and spring 2011 are in- in the ACE measurements below 25 km (see Sect. 4.3).
cluded for v3.0, but not for v2.2. The OSIRIS, ACE-FTS v2.2, and ACE-FTS v3.0 datasets
The ACE-FTS v2.2 [v3.0] data are systematically higher are 24.5-34.2 % lower than the ACE-MAESTRO measure-
than the OSIRIS dataset with mean relative differences ofments. Since the ACE-FTS and ACE-MAESTRO instru-
6.4 % [7.4 %]. These values are outside the combined randorments take measurements at the same time and location,
errors of the instruments (see Table 2) suggesting that the dighis bias cannot be attributed to coincidence criteria, photo-
crepancies originate from systematic errors in the measurechemical model scaling, or the diurnal effect. The mean rel-
ments, the photochemical model scale factors, or the diurnadtive difference for ACE-FTS v2.2 minus ACE-MAESTRO
effect. See Sect. 4.3 for a discussion of errors associated withf —24.5% is comparable to the range-65.7 % to—35 %
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Fig. 11.As for Fig. 6, satellite 17-40 km N&partial columns.

found by Fraser et al. (2008) for 22—40 km partial columns OSIRIS measurements in the spring and fall (panel a). In
from 2004—2006 within 500 km of PEARL. This offset may the summer, the GBS-vis and GBS-UV measure significantly
be due in part to an error of up to a few kilometers in larger NG columns than OSIRIS. A similar seasonal vari-
the ACE-MAESTRO tangent heights, which can lead to aation is observed between OSIRIS and Bruker FTIR mea-
high bias in ACE-MAESTRO N@ data at high latitudes surements (panel b). There is also a slight seasonality ob-
(Kerzenmacher et al., 2008). served in differences between the Bruker FTIR and DOAS
measurements (not shown here). This suggests that there are
seasonal systematic errors in one or more of the datasets or in
the diurnal correction scale factors. The differences between

the ACE-FTS and the GBS partial columns (panels c, d) are

The comparisons between_the .ground-based and_ Sate”'tﬁmre scattered in the spring than the fall, likely due to in-
measurements are summarized in the second section of T%—

. reased spatial variability of NOwhen the polar vortex is
ble 4. The GBS measures partial columns from 17 km to P y P

changing structure and position rapidly in spring. The ACE-
the top of the atmosphere. SAOZ measures total COILImnSMAESTRO measurements are systematically higher than the

which were scaled down to 17km to the top of the atmo- DOAS measurements except in fall 2009 (panel e). Differ-

sphere, as described in Se_ct. 4.3. 17-40km part|a_l COIumnt@nces between the satellite and ground-based measurements
were calculated from satellite and Bruker FTIR profiles. The j change year-to-year, indicating that the satellite mea-

amount of N@ above 40 km is negligible compared with the surements have not changed systematically over time.

error in the NQ partial columns. Thgrefore NO COMECUON "~ 4 roations between the satellite and ground-based mea-
was applied above 40 km. No coincidences were available

. surements are shown in Fig. 13. The Bruker FTIR and GBS
between the Bruker FTIR and ACE instruments because onl
Bruker FTIR data for SZAs smaller than 8@ere included ¥neasure more Npthan OSIRIS for larger N@columns.

in this study This corresponds with seasonal variation in the discrepan-
On average, OSIRIS ecasurements fall in the mid- cies discussed above. ACE-MAESTRO measurements are

. not as well correlated with the ground-based measurements
dle of the ground-based measurements, with mean rela, 9

tive differences of~7.8% to +12.2%. ACE-FTS measures as OSIRIS and ACE-FTS.

larger values of N@ than the DOAS instruments, with

mean relative differences of +10.3% to +18.4%, while 6-3 Comparisons with DOAS measurements

ACE-MAESTRO has mean relative differences of +39.1 to

+52.1 %, compared with the DOAS instruments. The mean relative difference for GBS-vis minus GBS-UV
The timeseries of the absolute differences between the valNO, is +6.1+0.4%. This demonstrates good agreement,

ious satellite and ground-based measurements is shown idespite the shorter paths through the stratosphere taken by

Fig. 12. Good agreement is observed between the DOAS andenith-scattered light at UV wavelengths. Furthermore it

6.2 Satellite versus ground-based partial columns
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,x10° _ satellite NQ measurements in the spring. This may be due
<1 @08 minus DOAS to the diurnal effect, which causes the GBS partial columns
g s to be lower and the ACE partial columns to be higher (see
£ -1 GU SA*

Sect. 4.3).

2003 20‘04 2605 2006 2007 2008 2009 2010 2011
15 Year . .
x10 _ 6.4 Comparisons with Bruker FTIR measurements
b) OS minus FT .

é I The Bruker FTIR measures less pl@han the other in-
=T " ‘ ‘ ‘ ‘ ‘ ‘ ‘ struments by 12.2-19.2%. This is similar to the results
50331015 20042005 2006 2007 2008 2009 2010 2011 of Lindenmaier et al. (2011) who found that Bruker FTIR
2r ¢) A2 minus DOAS NO, 15-40km partial columns were systematically lower
E ; ey e b than GEM-BACH (Global Environmental Multiscale strato-
g spheric model with the online Belgium Atmospheric CHem-

|
N

g GU SA*

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ istry package), CMAM-DAS (Canadian Middle Atmosphere

2603 2004 2005 2006 2007 2008 2009 2010 2011

,x10° ons mT:j; Cone Model Data A;similation System), and SLIMCAT (Single-
N T N T S Layer Isen.troplc Model of Chemistry ant_j Transport) models
g T . ' ’ for the entire measurement season. Aside from these model
T ! w w w w L L w comparisons, the PEARL Bruker FTIR NMas not previ-

2003 2004 2005 2006 2007 2008 2009 2010 2011 .

10 Year ously been validated.
7 &) MA minus DOAS; i Kerzenmacher et al. (2008) compared ACE-FTS v2.2 and
5 3;’:: SEEES Frespsespobosstopogaoaasss ACE-MAESTRO v1.2 partial columns with ground-based
Eps cu s FTS measurements from other stations. For that study, the

205 200a 2005 2006 2007 2008 2009 2010 2011 ACE data were smoothed to the resolution of the FTSs

vear and partial columns were calculated in ranges determined

Fig. 12. Absolute difference between satellite and GBS-vis (cyan), by the instrument sensitivities. Mean relative differences

GBS-UV (blue), SAOZ (red), and Bruker FTIR (grey) partial for satellite minus ground-based FTS 14.8-32.9km par-

columns of NQ. Dashed lines indicate mean absolute difference. tial columns measured at Ny Alesund, Svalbard (78L9

The black line indicates the zero line. 11.9 E) were +20.9% for the ACE-FTS and +25.6 % for
ACE-MAESTRO. This is consistent with the results of the
present study.

indicates that the new AMFs used for the GBS retrievals (see
Appendix A) produce similar N@columns for both UV and
visible wavelengths. 7 Spring-time coincidence criteria

The GBS-UV, GBS-vis, and SAOZ partial columns for
17 km to the top of the atmosphere all agree to within 6.4 %.In this study, it was found that agreement between the var-
Fraser et al. (2008, 2009) found a comparable agreement dbus instruments was worse for both ozone and; N©Othe
2.2-12.3% for 2005-2007, when SAOZ and GBS NG spring. This may be attributed to the different lines-of-sight
tal columns were retrieved using the same analysis settingslescribed in Sect. 4.1, which can result in instruments sam-
In Fig. 14, the absolute difference (panel a) and correlationpling very different air masses. This is especially relevant
plot (panel b) between SAOZ and GBS-vis (grey) and GBS-during spring when air masses inside and outside the vortex
UV (red) NO; are shown. The offset between the GBS mi- can be close spatially but isolated from one another. Ozone
nus SAOZ measurements appears to vary year-to-year, withnd NG columns tend to be lower when the lower strato-
positive offsets in 2005, 2006, 2010 and 2011 and negativesphere £18-20 km) is inside the polar vortex. Furthermore,
offsets in 2007, 2008 and 2009. Similar year-to-year varia-the latitudinal distribution of N@ has a strong gradient in
tion is observed in the differences between the satellite andhe spring (see Sect. 4.3). Therefore, additional coincidence
SAOZ measurements (see Fig. 12). This may be because tt@iteria were tested for the 2004-2009 GBS, SAOZ, Bruker
SAOZ instrument measures total columns of N@hich FTIR, OSIRIS and ACE-FTS v2.2 datasets. Spring-time data
have been scaled down to 17-km to the top of the atmosphertor days 50-78 (19 February to 18/19 March) were selected
by a fixed value. Therefore, year-to-year differences in loweras this is the approximate period of spring-time ACE mea-
stratospheric N@may be a factor. Furthermore, this may re- surements within 500 km of PEARL.
flect year-to-year differences in the SAOZ reference column In order to identify similar air masses, derived meteorolog-
density, which is averaged on a campaign basis. These reaeal products (DMPs) (Manney et al., 2007) from the GEOS
sons may also explain why the GBSs are more strongly correv5.0.1 (Reinecker et al., 2008) analysis were calculated along
lated with the satellites than SAOZ for N@see Fig. 13). The the line-of-sight of the ACE-FTS, the Bruker FTIR, and the
DOAS NGO, measurements are systematically lower than theDOAS (GBS and SAOZ) instruments, and at the longitude
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and latitude of the OSIRIS 25-km tangent height. To de-
termine whether measurements were sampling similar air
masses, scaled potential vorticity (sPV), a dynamical param-
eter used to estimate the location of the vortex edge, and tem-
perature profiles were considered. Lindenmaier et al. (2012)
present the evolution of sPV in the lower stratosphere above
Eureka for springs 1997—-2011.

The selection criteria of Batchelor et al. (2010) could
not be applied directly to the DOAS (GBS and SAOZ) and
OSIRIS datasets because only pressure levels were available
for these DMPs. Furthermore the imposition of dynamical

ference (dashed line) between GBS-vis (grey) and GBS-UV (red)C0incidence criteria at altitudes up to 46 km reduced the com-
minus SAOZ NQ partial column measurements. The solid black Parison statistics. Therefore, a new set of dynamical coinci-
line indicates zerb) Correlation for GBS-vis (grey) and GBS-UV  dence criteria were developed. The best results were obtained
(red) versus SAOZ N@ partial column measurements. The solid when dynamical coincidence criteria were imposed only in

black line indicates the 1-1 line and the dashed line indicates lineathe lower stratosphere, where the bulk of the ozone col-
fit (m =fitted slopey =fitted y-intercept).

www.atmos-meas-tech.net/5/927/2012/

umn resides, at 131 hPa-{4 km), 72.5 hPa~18 km), and
53.9hPa {20km). The difference in temperature between
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measurements at each of these layers was restricted to 20
<10K. Furthermore, coincident measurements were selected % Nofilter é
only if they were both inside (sP¥1.6x 107*s™1) or o
both outside (sPW 1.2x 10~4s1) the polar vortex at the 10
selected pressure levels. All measurements on the vortex.
edge (sPV between 1:210 %s ! and 1.6x 104s 1) at
131 hPa, 72.5hPa, and 53.9 hPa were rejected. With thes
additional selection criteria, four out of nine instrument in- %
tercomparisons improved within standard error. For the re-  _;ol
maining five intercomparisons, changes were not significant.
The largest improvement was observed for ACE-FTS mi-
nus Bruker FTIR, which had a mean relative difference of -20
—5.0+ 0.4 % without the dynamical selection criteria and
—3.14+ 0.8 % with the dynamical selection criteria.
These modest improvements may be limited by the nar-
row 500-km coincidence criterion already in place and therig 15 Mean relative difference for spring-time OSIRIS minus
approximate line-of-sight calculations used in this study. TheaCE-FTS v2.2, GBS-vis, GBS-UV, and SAOZ NQvithout (grey
DOAS and OSIRIS instruments measure scattered sunlighstars) and with (red circles) addition#ll° latitude selection crite-
for which photons travel various paths through the atmo-ria. Errorbars indicate standard error.
sphere to the instrument. Therefore, precise line-of-sight cal-
culations cannot be performed. The DOAS DMPs were cal-
culated along the approximate line-of-sight (see Appendix B)—5.1+1.6 % t0 +2.3: 1.7 % with the latitude filter. Further-
and the OSIRIS DMPs were calculated at the fixed latitudemore, mean relative differences between OSIRIS and ACE-
and longitude of the 25-km tangent height. This weakens thé=TS improve from—6.7+2.4% to —1.1+2.1%. Agree-
dynamical selection criteria. ment between OSIRIS and GBS-vis also improves, but is not
For NO,, dynamical coincidence criteria did not improve significant within standard error. The mean relative differ-
comparison results. The uncertainties in the measurement§nce between the GBS-UV and OSIRIS N@hich mea-
the diurnal scale factors, and the diurnal effect likely over- sure at the approximately the same average latitude) changes
whelm the impact of the polar vortex on these intercompar-only by a small amount. While some of these improve-
isons (see Sect. 4.3). This is consistent with the results ofnents may be due in part to the isolation of similar dy-
Kerzenmacher et al. (2008), who found that scatter in the dif-namical air masses, this suggests that the latitudinal distri-
ferences between ACE and high-latitude ground-based FTIRpution of NG, plays a significant role in validation exercises
measurements could not be attributed to the polar vortex. at high latitudes.
Due to the latitudinal gradient of NOn the early spring
(see Sect. 4.3), a narrowerl® latitude coincidence crite-
rion was applied to the 30-km tangent height of the ACE8 Conclusions
measurements, the 35-km tangent height of OSIRIS mea-
surements, and the location of the 30-km layer along the calGround-based and satellite ozone and,Nflumns were
culated line-of-sight of the DOAS measurements. Dynamicalcompared for satellite measurements within 500 km of the
coincidence criteria were notincluded. The Bruker FTIR wasPEARL Ridge Lab. Satellite ozone and M@artial columns
not included in this comparison because N@easurements were calculated from 14-52 km and 17-40 km, respectively.
for this time period were removed by the SZA80° filter. For comparison with ground-based measurements, satellite-
The resulting mean relative differences with (grey circles) plus-sonde 0-52km columns were calculated by adding
and without (red stars) the additional latitude coincidence cri-ozonesonde data to the satellite partial columns from 0—
terion are shown in Fig. 15 for comparisons with twenty or 14 km. For NQ intercomparisons, the satellite data were
more measurement points. The impact of the additional cricompared directly to the ground-based data, as all ground-
terion suggests that the latitudinal gradient of Nfdays a  based instruments except SAOZ measured partial columns
role in the intercomparisons. During the time period consid-above 17 km. For SAOZ, the total column measurements
ered, the average latitude was 7MBfor GBS-vis, 80.2N were scaled down to 17 km to the top of the atmosphere. All
for GBS-UV, 78.2 N for SAOZ, 80.2 N for OSIRIS, and satellite and ground-based M@neasurements were scaled
79.6 N for ACE-FTS. Therefore, with the new criterion, the to solar noon with the same photochemical model prior to
GBS-vis, SAOZ, and ACE-FTS measurements (taken on aveomparison to account for the diurnal variation of NO
erage at lower latitudes) decrease relative to the OSIRIS mea- DOAS ozone total columns were retrieved for the GBS
surements (taken on average at higher latitudes). Mean reand SAOZ by independent analysis groups using the new
ative differences between OSIRIS and SAOZ improve fromNDACC guidelines (Hendrick et al., 2011). The mean
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relative difference between the GBS and SAOZ ozone totaldifferences between satellite and ground-based N@a-
columns was—3.2%. The DOAS instruments agreed with surements was observed, with more scatter in the differ-
the Brewer to 0.4-1.4%, indicating that the NDACC set- ences in the spring than in the fall. The differences between
tings perform well, even in the summer months at PEARL, OSIRIS and the ground-based measurements varied system-
when the maximum SZA of Pdnakes DOAS measurements atically throughout the year, reaching minima in the sum-
challenging. Therefore, the NDACC settings and AMFs for mertime. This could point to seasonal systematic errors in
DOAS ozone are successful in producing a homogeneouthe measurements or in the diurnal scaling applied prior to
and accurate dataset at°80. intercomparison.

For DOAS NG, NDACC-recommended settings do not  Since intercomparison results for both ozone and,NO
yet exist. GBS N@ partial columns for 17 km to the top of columns were worse in the spring, several filtering tests were
the atmosphere were calculated in the 425-450 nm windovapplied to the datasets. The addition of dynamical coinci-
(GBS-vis) and the 350-380 nm window (GBS-UV), using dence criteria in the lower stratosphere improved the agree-
the new AMF LUTSs described in Appendix A. The mean rel- ment between some of the datasets by 1-3 %. This improve-
ative difference for GBS-vis minus GBS-UV measurementsment is likely limited because the 500-km distance coinci-
was +6.1 %, indicating that, despite the challenges of retriev-dence criterion was already narrow and the line-of-sight cal-
ing stratospheric columns at UV wavelengths, the GBS-UV culations for the DOAS and OSIRIS instruments are approx-
measurements perform well. The GBS N&yreed to within  imate. Furthermore, an additional latitude-filtering criterion
6.5% of the SAOZ measurements, which had been calcuwas tested on the NOmeasurements in order to account for
lated using SAOZ Arctic AMFs which were scaled down to the strong latitudinal gradient in NGat high latitudes in the
partial columns by a fixed scale-factor. spring and fall. The addition of latitudinal filtering improved

Partial columns measured by the various satellite instru-agreement between some spring measurements.
ments showed good agreement for measurements within For both ozone and Nf) the OSIRIS, ACE-FTS and
500 km of PEARL. For ozone, all satellite instruments agreedACE-MAESTRO satellite measurements do not change sys-
with each other within 3%. For Nf) all satellite instru- tematically relative to ground-based measurements taken
ments except for ACE-MAESTRO agreed within 7.4%. from 2003 to 2011. This indicates that these satellite instru-
ACE-MAESTRO NG measurements were systematically ments continue to perform well and demonstrates the useful-
higher than the others by 24.5-34.2%, perhaps due to aess of acquiring long-term datasets at PEARL.
problem with tangent height gridding (Kerzenmacher et al.,

2008; Manney et al., 2007). ACE-FTS M@ systematically

larger than OSIRIS by 6.4-7.4%, perhaps due to the diur-Appendix A

nal effect on the ACE-FTS measurements (Kerzenmacher et

al., 2008). ACE-FTS v2.2 and v3.0 ozone and N@artial BIRA-IASB NO > AMFs

columns were found to be strongly correlated, with mean

relative differences of 0.8 0.1 % and-0.24+0.1%. Thisin- LUTs of NO, AMFs used for the GBS-vis and GBS-UV

dicates that ACE-FTS v2.2 and v3.0 partial columns of ozoneretrievals were generated by BIRA-IASB using the clima-
and NQ within 500 km of PEARL are nearly identical. tology of stratospheric N@profiles at sunrise and sunset

Satellite measurements were validated against foudeveloped by Lambert et al. (1999, 2000) for volcano-free
ground-based ozone and four ground-based M@tasets conditions. The climatology is based on a Fourier harmonic
from PEARL. Satellite-plus-sonde measurements agree witldlecomposition of UARS/HALOE v19 (Upper Atmosphere
ground-based total ozone columns with a maximum mearResearch Satellite/HALogen Occultation Experiment) and
relative difference of 7.8%. The Bruker FTIR and satel- SPOT-4/POAM-III (Satellite Pour I'Observation de la Terre
lite instruments measure larger ozone total columns than théd/POAM-III) v2 NO; profile satellite data records as well
DOAS and Brewer instruments, with the largest discrepan-as complementary information from NDACC ground-based
cies in the spring. measurements. Fourier coefficients were retrieved using a

For NO, OSIRIS, ACE-FTS v2.2 and ACE-FTS v3.0 data least-squares analysis for sixteen latitude bands between
agreed with all ground-based measurements to within 20%85° S and 83N and 44 equidistant altitude levels from 17
ACE-MAESTRO measured systematically larger Ntban  to 60 km. This climatology is for the retrieval of global total
the ground-based instruments, with mean relative differencedlO, fields from the recent European UV-visible nadir satel-
of 39.1-52.1%. The Bruker FTIR measured systematicallylite sounders GOME and GOME-2 (e.g. Valks et al., 2011).
lower NG, than the other instruments, which is similar to the  Sunrise and sunset NOAMF LUTs are calculated for
comparison results of Kerzenmacher et al. (2008) for othereighteen 10 latitude bands between 85 and 85N us-
Arctic ground-based FTIR instruments. In the spring, theing the UVSPEC/DISORT radiative transfer model, which
GBS and SAOZ also measured lower N@artial columns  is based on the Discrete Ordinate Method and includes a
than the satellite instruments, perhaps in part due to the ditreatment of the multiple scattering in a pseudo-spherical
urnal effect (see Sect. 4.3). Large seasonal variation in thgeometry. This model has been validated through several
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Table Al. Parameters used to initialize the UVSPEC/DISORT ra- Table B1. Mean scattering height) for zenith-sky measurements
diative transfer model for the calculation of the NAMF LUTSs.

at various SZA and wavelengths.

Parameter Value SZA z (km) z (km) z (km)

NO, profile Lambert et al. (1999, 2000) climatology: ©) ar3ésnm  at425nm  at500nm
Latitude: 85§ to 85 N step 10 36 16.1 12.4 9.8
gszr?sliemobresrijr}stgtiiiditions 88 191 151 L7

Og, temperature and TOMS v8 climatology 90 235 195 156

pressure profiles

Altitude grid 0to 90 km step 1 km

Wavelength 350 to 550 nm step 40 nm A ndix B

Surface albedo Oand1 ppend

Altitude output 0 and 4km . . .

S7ZA 10, 30, 50, 70, 80, 82.5, 85, 86, 87, 88, 89,  Line-of-sight of zenith-scattered measurements
90, 91, and 92

Zenith-sky instruments sample the atmosphere along a line-
of-sight which varies in latitude and longitude with altitude,

intercomparison exercises (Hendrick et al., 2006; Wag->ZA, solar azimuth angle, and wavelength. This appendix
ner et al, 2007). Parameter values used to initializeOUtlines a method for calculating the approximate line-of-

UVSPEC/DISORT for the calculation of the AMF LUTs are Sight of zenith-scattered measurements, which is used in the
summarized in Table AL, Ozone, temperature, and pressurgalculation of DMPs and the application of additional coin-

profiles are taken from the TOMS v8 climatology, which is Cidence criteria. . o
similar to the climatology of McPeters et al. (2007). Since FOr measurements above SZA’8most light is scattered

this climatology is limited to the 0-60km altitude range, at an altitude called the scattering height, as shown in Fig. 1

the ozone, temperature, and pressure profiles are compl@f Solomon et al. (1987). The radiance of sunlight in the
mented above 60km by the Air Force Geophysical Labo_zenlth as a function of scattering height was calculatt_ad with
ratory (AFGL) Standard Atmosphere to match the 0-90 km@ radiative transfer model (McLinden et al., 2002), using t_he
altitude grid chosen in UVSPEC/DISORT. The N@rofiles methods described by Solomon et al. (1987). The zenith-

are also complemented above 60 km by the AFGL Standar§cattered radiance at the surface versus the scattering altitude

Atmosphere and set to zero below 17 km altitude. ThereS Shown in panel a of Fig. B1 for various SZA and wave-

fore the calculated AMFs are purely stratospheric. The sur/€ngths. The wavelengths correspond to the GBS DSCD re-
face albedo and altitude output values (varying from 0 totrieval windows d_escrlbed in Sect. 3.1 (500 nm for ozone,
1 and 0 to 4km, respectively) allow coverage of all sta- 425N for NQ-vis, and 365nm for N@-UV). Approxi-

tions with UV-visible instruments. For the aerosol settings, Mate scattering heights for the various SZA and wavelengths

an extinction profile corresponding to a background aerosolVere calculated by taking the weighted means of the scat-
loading has been selected from the aerosol model of She{€red radiances and are shown in Table B1. The scattering
tle (1989) included in UVSPEC/DISORT. Therefore, as men_helght is lower for longer wavelengths and for smaller SZA,
tioned above, the NOAMF LUTs are not applicable to 2 €xpected.

times when there are large volcanic eruptions such as Mount USind the scattering height and SZA, the distance between
Pinatubo in 1991. the PEARL Ridge Lab and the ground location directly be-

The calculated LUTs depend on the following set of pa- low the sampled air mass can be calculated, using the geom-

rameters: latitude, day of year, sunrise or sunset condition<Et"y in Solomon et al. (1987). The latitude and longitude of

wavelength, SZA, surface albedo, and altitude. As for thethe sampled air mass can then be calculated from the distance

ozone AMF LUTSs described in Hendrick et al. (2011), an in- and the solar azimuth angle. The distances from the PEARL

terpolation routine has been developed for extracting approRidge Lab are shown in panel b of Fig. B1 and vary consid-

priately parameterized NOAMFs for various stations with ~ €rably depending on the SZA, altitude, and wavelength. At
UV-visible instruments. A global monthly mean climatology 2 &ltitude of 18km, in the lower stratosphere where spring-
of the surface albedo derived from satellite data at 380 andiMe ©zone depletion can occur, measurements can range
494 nm (Koelemeijer et al., 2003) were coupled to the inter-ToM directly above the PEARL Ridge Lab for N@WV o
polation routine, so the latter can be initialized with realistic 172 kM away. At 30km, DOAS instruments sample an air
albedo values in a transparent way. mass up to 400 km away from the PEARL Ridge Lab.

Atmos. Meas. Tech., 5, 92753 2012 www.atmos-meas-tech.net/5/927/2012/



C. Adams et al.: Validation of ACE and OSIRIS

505

a) Zenith—scattered radiance at surface

o

500 nm — SZA 86
500 nm — SZA 88

949

supported since 2007 by the third party mission programme of the
European Space Agency. The Atmospheric Chemistry Experiment,
also known as SCISAT, is a Canadian-led mission mainly supported

o . 45122 :m:zii :20 by the CSA and NSERC. Work carried out at the Jet Propulsion
_ « 425 nm - SZA 881 Laboratory, California Institute of Technology was done under
€ sor B, 9 425nm - SZA 90 contract with the National Aeronautics and Space Administration.
g “’t’o 365 nm - SZA 86 The IASB-BIRA work was supported by the Belgian PRODEX
£ 20p T8 365 nm - SZA 88 SECPEA and A3C projects and by the European Commission
B ¥ e 365 nm - SZA 901 through the projects GEOmon (FP6; contract FP6-2005-Global-4-
10F a0®” ) ‘]ETE I '°;°§, e o, . 036677) and NORS (FP7; contract 284421).
LA A : A ! Edited by: A. J. M. Piters
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Zenith—scattered radiance at surface (arbitrary units)
b) Distance of sampled air-mass from PEARL
%01 References
40 Adams, C., McLinden, C. A,, Strong, K., and Umlenski, V.: Ozone
_ and NQ variations measured during the 1 August 2008 solar
g 30p eclipse above Eureka, Canada with a UV-visible spectrometer, J.
= Geophys. Res., 115, D19311i:10.1029/2010JD014422010.
';5( 20- Bassford, M. R., Strong, K., and Rebello, J.: An automated spec-
- trometer for monitoring Arctic ozone depletion, Spectroscopy,
107 15, 42-46, 2000.
Bassford, M. R., McLinden, C. A., and Strong, K.: Zenith-sky ob-
0 : : : : w w w servations of stratospheric gases: the sensitivity of air mass fac-

0 100 200 300 400

Distance from PEARL (km)

500 600 700

tors to geophysical parameters and the influence of tropospheric

clouds, J. Quant. Spectrosc. Ra., 68, 657-677, 2001.
Batchelor, R. L., Strong, K., Lindenmaier, R., Mittermeier, R. L.,
Fast, H., Drummond, J. R., and Fogal, P. F.: A New Bruker
IFS 125HR FTIR Spectrometer for the Polar Environment At-
mospheric Research Laboratory at Eureka, Nunavut, Canada:
Measurements and Comparison with the Existing Bomem
DA8 Spectrometer, J. Atmos. Ocean. Tech, 26, 1328-1340,
doi:10.1175/2009JTECHA1215.2009.

Batchelor, R. L., Kolonjari, F., Lindenmaier, R., Mittermeier, R. L.,

AcknowledgementsThe 2006-2011 UT-GBS, PEARL-GBS, Daffer, W., Fast, H., Manney, G., Strong, K., and Walker, K. A.:
SAOZ, and Bruker FTIR measurements at Eureka were made at Four Fourier transform spectrometers and the Arctic polar vor-
PEARL by CANDAC. CANDAC is supported by the Atlantic tex: instrument intercomparison and ACE-FTS validation at Eu-
Innovation Fund/Nova Scotia Research Innovation Trust, Canada reka during the IPY springs of 2007 and 2008, Atmos. Meas.
Foundation for Innovation, Canadian Foundation for Climate Tech., 3, 51-66¢0i:10.5194/amt-3-51-201@010.
and Atmospheric Sciences, Canadian Space Agency (CSA)Bernath, P.F., McElroy, C. T., Abrams, M. C., Boone, C. D., Butler,
Environment Canada (EC), Government of Canada International M., Camy-Peyret, C., Carleer, M., Clerbaux, C., Coheur, P. F.,
Polar Year funding, Natural Sciences and Engineering Research Colin, R., DeCola, P., Bernath, P. F., McElroy, C. T., Abrams, M.
Council (NSERC), Northern Scientific Training Program (NSTP), C., Boone, C. D., Butler, M., Camy-Peyret, C., Carleer, M., Cler-
Ontario Innovation Trust, Polar Continental Shelf Program, and baux, C., Coheur, P. F., Colin, R., DeCola, P., DeMaziere, M.,
Ontario Research Fund. Brewer and ozonesonde measurements Drummond, J. R., Dufour, D., Evans, W. F. J., Fast, H., Fussen,
were made by EC. The spring 2004-2011 UT-GBS, PEARL-GBS, D., Gilbert, K., Jennings, D. E., Llewellyn, E. J., Lowe, R. P.,
SAOZ, Bruker FTIR, Brewer, and ozonesonde measurements were Mabhieu, E., McConnell, J. C., McHugh, M., McLeod, S. D.,
also supported by the Canadian Arctic ACE Validation Campaigns, Michaud, R., Midwinter, C., Nassar, R., Nichitiu, F., Nowlan,
which were funded by CSA, NSERC, NSTP, and EC. Spring C., Rinsland, C. P., Rochon, Y. J., Rowlands, N., Semeniuk, K.,
2007 GBS measurements were also supported by the Centre for Simon, P., Skelton, R., Sloan, J. J., Soucy, M. A., Strong, K.,
Global Change Science. The 2001-2003 GBS measurements were Tremblay, P., Turnbull, D., Walker, K. A., Walkty, I., Wardle, D.
supported by CFCAS and NSTP. C. Adams was partially supported A., Wehrle, V., Zander, R., and Zou, J.: Atmospheric Chemistry
by the NSERC CREATE Training Program in Arctic Atmospheric ~ Experiment (ACE): Mission overview, Geophys. Res. Lett., 32,
Science. SAOZ participation in the campaigns was supported by the L15201,d0i:10.1029/2005GL02238&005.
Centre National DEtudes Spatiales. The authors wish to thank the Bogumil, K., Orphal, J., Homann, T., Voigt, S., Spietz, P., Fleis-
CANDAC operators and the staff at EC's Eureka weather station chmann, O. C., Vogel, A., Hartmann, M., Kromminga, H.,
for their contributions to data acquisition, and logistical and on-site Bovensmann, H., Frerick, J., and Burrows, J. P.: Measurements
support. Odin is a Swedish-led satellite project funded jointly by  of molecular absorption spectra with the SCIAMACHY pre-
Sweden (SNSB), the CSA, Finland (TEKES), France (CNES), and flight model: instrument characterization and reference data for

Fig. B1. (a) Zenith-scattered radiance at the surface @jchori-
zontal distance of sampled air mass from the PEARL Ridge Lab
as a function of the altitude of the sampled airmass for various
SZA and wavelengths. Note that the horizontal distance of the sam-
pled airmass was calculated with fixed scattering heights, given in
Table B1.

www.atmos-meas-tech.net/5/927/2012/ Atmos. Meas. Tech., 5, 953-2012


http://dx.doi.org/10.1029/2010JD014424
http://dx.doi.org/10.1175/2009JTECHA1215.1
http://dx.doi.org/10.5194/amt-3-51-2010
http://dx.doi.org/10.1029/2005GL022386

950

atmospheric remote-sensing in the 230—2380 nm region, J. Pho-

toch. Photobio. A, 157, 167-184, 2003.
Boone, C. D., Nassar, R., Walker, K. A., Rochon, Y., McLeod, S.

C. Adams et al.: Validation of ACE and OSIRIS

ozone measurements from the Atmospheric Chemistry Experi-
ment (ACE), Atmos. Chem. Phys., 9, 287—-3d8i:10.5194/acp-
9-287-20092009.

D., Rinsland, C. P., and Bernath, P. F.: Retrievals for the Atmo-Eskes, H. J. and Boersma, K. F.: Averaging kernels for DOAS total-

spheric Chemistry Experiment Fourier-transform spectrometer,
Appl. Opt., 44, 7218-723H0i:10.1364/A0.44.007212005.

column satellite retrievals, Atmos. Chem. Phys., 3, 1285-1291,
doi:10.5194/acp-3-1285-2003003.

Brohede, S., Haley, C. S., McLinden, C. A., Sioris, C. E., Murtagh, Farahani, E.: Stratospheric composition measurements in the Arctic

D. P, Petelina, S. V., Llewellyn, E. J., Bazureau, A., Goutail,
F., Randall, C. E., Lumpe, J. D., Taha, G., Thomason, L.
W., and Gordley, L. L.: Validation of Odin/OSIRIS strato-

and at mid-latitudes and comparison with chemical fields from
atmospheric models, Ph.D. Thesis, Department of Physics, Uni-
versity of Toronto, Toronto, 2006.

spheric NQ profiles, J. Geophys. Res.-Atmos., 112, D07310, Fayt, C., De Smedt, |., Letocart, V., Merlaud, A., Pinardi, G., and

d0i:10.1029/2006JD007588007a.
Brohede, S., McLinden, C. A., Berthet, G., Haley, C. S., Murtagh,
D., and Sioris, C. E.: A stratospheric NQlimatology from

Van Roozendael, M.: QDOAS Software user manual version
1.00, available athttp://uv-vis.aeronomie.be/software/QDOAS/
index.php(last access: 5 November 2011), 2011.

Odin/OSIRIS limb-scatter measurements, Can. J. Phys., 85Fish, D. J., Jones, R. L., and Strong, E. K.: Midlatitude observations

1253-1274¢0i:10.1139/P07-1412007h.

Brohede, S., McLinden, C. A., Urban, J., Haley, C. S., Jonsson,
A. 1., and Murtagh, D.: Odin stratospheric proxy NQnea-
surements and climatology, Atmos. Chem. Phys., 8, 5731-5754,
doi:10.5194/acp-8-5731-2003008.

Burrows, J. P, Richter, A., Dehn, A., Deters, B., Himmelmann, S.,

of the diurnal variation of stratospheric BrO, J. Geophys. Res.,
100, 18863-18871, 1995.

Fleischmann, O. C., Hartmann, M., Burrows, J. P., and Orphal, J.:

New ultraviolet absorption cross-sections of BrO at atmospheric
temperatures measured by time-windowing Fourier transform
spectroscopy, J. Photoch. Photobio. A, 168, 117-132, 2004.

and Orphal, J.: Atmospheric remote-sensing reference data fronfraser, A.: Arctic and Midlatitude Stratospheric Trace Gas Mea-
GOME - 2. Temperature-dependent absorption cross sections of surements Using Ground-based UV-visible Spectroscopy, Ph.D.
O3 in the 231-794 nm range, J Quant. Spectrosc. Ra., 61, 509— Thesis, Department of Physics, University of Toronto, Toronto,
517, 1999. 2008.

Chance, K. V. and Spurr, R. J. D.: Ring effect studies: RayleighFraser, A., Bernath, P. F., Blatherwick, R. D., Drummond, J. R., Fo-

scattering, including molecular parameters for rotational Raman
scattering, and the Fraunhofer spectrum, Appl. Opt., 36, 5224—
5230, 1997.

Degenstein, D. A., Bourassa, A. E., Roth, C. Z., and Llewellyn,
E. J.: Limb scatter ozone retrieval from 10 to 60 km using a
multiplicative algebraic reconstruction technique, Atmos. Chem.
Phys., 9, 6521-65290i:10.5194/acp-9-6521-2002009.

Dupuy, E., Walker, K. A., Kar, J., Boone, C. D., McElroy, C. T.,
Bernath, P. F.,, Drummond, J. R., Skelton, R., McLeod, S. D.,
Hughes, R. C., Nowlan, C. R., Dufour, D. G., Zou, J., Nichi-
tiu, F., Strong, K., Baron, P., Bevilacqua, R. M., Blumenstock,
T., Bodeker, G. E., Borsdorff, T., Bourassa, A. E., Bovens-
mann, H., Boyd, I. S., Bracher, A., Brogniez, C., Burrows, J. P.,
Catoire, V., Ceccherini, S., Chabrillat, S., Christensen, T., Cof-

gal, P. F., Fu, D., Goutail, F., Kerzenmacher, T. E., McElroy, C.
T., Midwinter, C., Olson, J. R., Strong, K., Walker, K. A., Wunch,
D., and Young, I. J.: Intercomparison of ground-based ozone and
NO> measurements during the MANTRA 2004 campaign, At-
mos. Chem. Phys., 7, 5489-54@©j:10.5194/acp-7-5489-2007
2007.

Fraser, A., Goutail, F., Strong, K., Bernath, P. F., Boone, C., Daf-

fer, W. H., Drummond, J. R., Dufour, D. G., Kerzenmacher, T.
E., Manney, G. L., McElroy, C. T., Midwinter, C., McLinden,

C. A., Nichitiu, F., Nowlan, C. R., Walker, J., Walker, K. A.,
Wu, H., and Zou, J.: Intercomparison of UV-visible measure-
ments of ozone and N{luring the Canadian Arctic ACE valida-
tion campaigns: 2004—2006, Atmos. Chem. Phys., 8, 1763-1788,
doi:10.5194/acp-8-1763-2008008.

fey, M. T., Cortesi, U., Davies, J., De Clercq, C., Degenstein, Fraser, A., Adams, C., Drummond, J. R., Goutail, F., Manney,

D. A., De Mazere, M., Demoulin, P., Dodion, J., Firanski, B.,
Fischer, H., Forbes, G., Froidevaux, L., Fussen, D., Gerard, P.,
Godin-Beekmann, S., Goutail, F., Granville, J., Griffith, D., Ha-
ley, C. S., Hannigan, J. W., épfner, M., Jin, J. J., Jones, A,
Jones, N. B., Jucks, K., Kagawa, A., Kasai, Y., Kerzenmacher,
T. E., Kleinohl, A., Klekociuk, A. R., Kramer, I., Kllmann,

H., Kuttippurath, J., Kydla, E., Lambert, J.-C., Livesey, N. J.,
Llewellyn, E. J., Lloyd, N. D., Mahieu, E., Manney, G. L., Mar-
shall, B. T., McConnell, J. C., McCormick, M. P., McDermid, I.
S., McHugh, M., McLinden, C. A., Mellgvist, J., Mizutani, K.,
Murayama, Y., Murtagh, D. P., Oelhaf, H., Parrish, A., Petelina,
S. V., Piccolo, C., Pommereau, J.-P., Randall, C. E., Robert, C.,
Roth, C., Schneider, M., Senten, C., Steck, T., Strandberg, A.,
Strawbridge, K. B., Sussmann, R., Swart, D. P. J., Tarasick, D.
W., Taylor, J. R., Btard, C., Thomason, L. W., Thompson, A.
M., Tully, M. B., Urban, J., Vanhellemont, F., Vigouroux, C.,
von Clarmann, T., von der Gathen, P., von Savigny, C., Waters,
J. W., Witte, J. C., Wolff, M., and Zawodny, J. M.: Validation of

Atmos. Meas. Tech., 5, 92753 2012

G., and Strong, K.: The Polar Environment Atmospheric Re-
search Laboratory UV-visible ground-based spectrometer: first
measurements of £ NO,, BrO, and OCIO columns, J. Quant.
Spectrosc. Ra., 110, 986—10@4i:10.1016/j.jgsrt.2009.02.034
20009.

Fu, D. J., Walker, K. A., Sung, K., Boone, C. D., Soucy, M. A., and

Bernath, P. F.: The portable atmospheric research interferomet-
ric spectrometer for the infrared, PARIS-IR, J. Quant. Spectrosc.
Ra., 103, 362-37@0i:10.1016/j.jgsrt.2006.05.008007.

Fu, D., Walker, K. A., Mittermeier, R. L., Strong, K., Sung, K., Fast,

H., Bernath, P. F., Boone, C. D., Daffer, W. H., Fogal, P., Kolon-
jari, F., Loewen, P., Manney, G. L., Mikhailov, O., and Drum-
mond, J. R.: Simultaneous trace gas measurements using two
Fourier transform spectrometers at Eureka, Canada during spring
2006, and comparisons with the ACE-FTS, Atmos. Chem. Phys.,
11, 5383-54050i:10.5194/acp-11-5383-2012011.

www.atmos-meas-tech.net/5/927/2012/


http://dx.doi.org/10.1364/AO.44.007218
http://dx.doi.org/10.1029/2006JD007586
http://dx.doi.org/10.1139/P07-141
http://dx.doi.org/10.5194/acp-8-5731-2008
http://dx.doi.org/10.5194/acp-9-6521-2009
http://dx.doi.org/10.5194/acp-9-287-2009
http://dx.doi.org/10.5194/acp-9-287-2009
http://dx.doi.org/10.5194/acp-3-1285-2003
http://uv-vis.aeronomie.be/software/QDOAS/index.php
http://uv-vis.aeronomie.be/software/QDOAS/index.php
http://dx.doi.org/10.5194/acp-7-5489-2007
http://dx.doi.org/10.5194/acp-8-1763-2008
http://dx.doi.org/10.1016/j.jqsrt.2009.02.034
http://dx.doi.org/10.1016/j.jqsrt.2006.05.006
http://dx.doi.org/10.5194/acp-11-5383-2011

C. Adams et al.: Validation of ACE and OSIRIS 951

Greenblatt, G. D., Orlando, J. J., Burkholder, J. B., and Ravis-Kurucz, R. L., Furenlid, |., Brault, J., and Testerman, L.: Solar flux
hankara, A. R.: Absorption-measurements of oxygen between atlas from 296 to 1300 nm, National Solar Observatory, Sunspot,
330 nm and 1140 nm, J. Geophys. Res.-Atmos., 95, 18577— New Mexico, USA, 1984.

18582, 1990. Lam, K. S., Savastiouk, V., Fung, W. Y., Chan, T. K., and

Hendrick, F., Van Roozendael, M., Kylling, A., Petritoli, A.,

Rozanov, A., Sanghavi, S., Schofield, R., von Friedeburg, C.,
Wagner, T., Wittrock, F., Fonteyn, D., and De Ma=&, M.: In-

Lamb, K.: Recalculation of 11-year total ozone of Brewer spec-
trophotometer 115, J. Geophys. Res.-Atmos., 112, D15104,
doi:10.1029/2006JD008173007.

tercomparison exercise between different radiative transfer modLambert, J.-C., Granville, J., Van Roozendael, M., Sarkissian, A.,
els used for the interpretation of ground-based zenith-sky and Goutail, F., Miller, J.-F., Pommereau, J.-P., and Russell 1lI, J.

multi-axis DOAS observations, Atmos. Chem. Phys., 6, 93-108,

doi:10.5194/acp-6-93-2002006.

Hendrick, F., Pommereau, J.-P., Goutail, F., Evans, R. D., lonov,

D., Pazmino, A., Kyd, E., Held, G., Eriksen, P., Dorokhov, V.,

M.: A climatology of NO, profile for improved Air Mass Factors

for ground-based vertical column measurements, Stratospheric
Ozone 1999, Air Pollution Research Report 73 (CEC DG XIlI),
703-706, 1999.

Gil, M., and Van Roozendael, M.: NDACC/SAOZ UV-visible Lambert, J.-C., Granville, J., Van Roozendael, M., Sarkissian, A.,
total ozone measurements: improved retrieval and comparison Goutail, F., Miller, J.-F., Pommereau, J.-P., and Russell Ill, J.

with correlative ground-based and satellite observations, Atmos.

Chem. Phys., 11, 5975-59980i:10.5194/acp-11-5975-2011
2011.

Hermans, C.: @ and its collisonal induced absorption, avail-
able athttp://spectrolab.aeronomie.be/o2.Htest access: 9 Jan-
uary 2012), 2004.

Kar, J., McElroy, C. T., Drummond, J. R., Zou, J., Nichitiu, F.,
Walker, K. A., Randall, C. E., Nowlan, C. R., Dufour, D. G.,
Boone, C. D., Bernath, P. F., Trepte, C. R., Thomason, L. W.,
and McLinden, C.: Initial comparison of ozone and N@ofiles

M.: Global Behaviour of Atmospheric Nfas Derived from the
Integrated Use of Satellite, Ground-based Network and Balloon
Observations, Proceedings 19th Quad. Ozone Symp., Sapporo,
Japan, 201-202, 2000.

Lindenmaier, R., Batchelor, R. L., Strong, K., Fast, H., Goutail,

F., Kolonjari, F., McElroy, C. T., Mittermeier, R. L., and
Walker, K. A.: An evaluation of infrared microwindows for
ozone retrievals using the Eureka Bruker 125HR Fourier trans-
form spectrometer, J. Quant. Spectrosc. Ra., 111, 569-585,
doi:10.1016/}.jgsrt.2009.10.012010.

from ACE-MAESTRO with balloon and satellite data, J. Geo- Lindenmaier, R., Strong, K., Batchelor, R. L., Bernath, P. F,,

phys. Res.-Atmos., 112, D1630dpi:10.1029/2006JD008242
2007.
Kerzenmacher, T. E., Walker, K. A., Strong, K., Berman, R.,

Bernath, P. F., Boone, C. D., Drummond, J. R., Fast, H., Fraser,

A., MacQuarrie, K., Midwinter, C., Sung, K., McElroy, C. T,

Chabrillat, S., Chipperfield, M., Daffer, W. H., Drummond, J. R.,
Feng, W., Jonsson, A. |., Kolonjari, F., Manney, G. L., McLinden,
C. A, Menard, R., and Walker, K. A.: A study of the N@udget
above Eureka, Canada, J. Geophys. Res.-Atmos., 116, D23302,
d0i:10.1029/2011JD016202011.

Mittermeier, R. L., Walker, J., and Wu, H. J.: Measurements Lindenmaier, R., Strong, K., Batchelor, R. L., Chipperfield, M. P.,

of Oz, NOy and temperature during the 2004 Canadian Arctic
ACE Validation Campaign, Geophys. Res. Lett., 32, L16S07,
doi:10.1029/2005GL023032005.

Kerzenmacher, T., Wolff, M. A., Strong, K., Dupuy, E., Walker, K.
A., Amekudzi, L. K., Batchelor, R. L., Bernath, P. F., Berthet,
G., Blumenstock, T., Boone, C. D., Bramstedt, K., Brogniez, C.,

Daffer, W. H., Drummond, J. R., Duck, T. J., Fast, H., Feng, W.,
Fogal, P. F., Kolonjari, F., Manney, G. L., Manson, A., Meek,
C., Mittermeier, R. L., Nott, G. J., Perro, C., and Walker, K. A.:
Unusually low ozone, HCI, and HNfxolumn measurements at
Eureka, Canada during winter/spring 2011, Atmos. Chem. Phys.,
12, 3821-3835¢0i:10.5194/acp-12-3821-20,12012.

Brohede, S., Burrows, J. P., Catoire, V., Dodion, J., Drummond,Llewellyn, E., Lloyd, N. D., Degenstein, D. A., Gattinger, R. L.,

J. R., Dufour, D. G., Funke, B., Fussen, D., Goutail, F., Grif-
fith, D. W. T., Haley, C. S., Hendrick, F.,dfner, M., Huret, N.,
Jones, N., Kar, J., Kramer, |., Llewellyn, E. Jopez-Puertas,
M., Manney, G., McElroy, C. T., McLinden, C. A., Melo, S.,
Mikuteit, S., Murtagh, D., Nichitiu, F., Notholt, J., Nowlan, C.,

Piccolo, C., Pommereau, J.-P., Randall, C., Raspollini, P., Ri-

dolfi, M., Richter, A., Schneider, M., Schrems, O., Silicani, M.,
Stiller, G. P., Taylor, J., &tard, C., Toohey, M., Vanhellemont, F.,
Warneke, T., Zawodny, J. M., and Zou, J.: Validation of N&hd
NO from the Atmospheric Chemistry Experiment (ACE), At-
mos. Chem. Phys., 8, 5801-584ibj:10.5194/acp-8-5801-2008
2008.

Petelina, S. V., Bourassa, A. E., Wiensz, J. T., Ivanoy, E. V., Mc-
Dade, I. C., Solheim, B. H., McConnell, J. C., Haley, C. S., von
Savigny, C., Sioris, C. E., McLinden, C. A,, Griffioen, E., Kamin-
ski, J., Evans, W. F. J., Puckrin, E., Strong, K., Wehrle, V., Hum,
R. H., Kendall, D. J. W., Matsushita, J., Murtagh, D. P., Bro-
hede, S., Stegman, J., Witt, G., Barnes, G., Payne, W. F., Piche,
L., Smith, K., Warshaw, G., Deslauniers, D. L., Marchand, P.,
Richardson, E. H., King, R. A., Wevers, |., McCreath, W., Ky-
rola, E., Oikarinen, L., Leppelmeier, G. W., Auvinen, H., Megie,
G., Hauchecorne, A., Lefevre, F., de La Noe, J., Ricaud, P., Frisk,
U., Sjoberg, F., von Scheele, F., and Nordh, L.: The OSIRIS
instrument on the Odin spacecraft, Can. J. Phys., 82, 411-422,

Koelemeijer, R. B. A., de Haan, J. F., and Stammes, P.: A database 2004.
of spectral surface reflectivity in the range 335-772 nm derivedManney, G. L., Daffer, W. H., Zawodny, J. M., Bernath, P. F., Hop-

from 5.5 years of GOME observations, J. Geophys. Res.-Atmos.,

108, 40701d0i:10.1029/2002JD002429003.
Krueger, A. J. and Minzner, R. A.: Mid-Latitude Ozone Model for

pel, K. W., Walker, K. A., Knosp, B. W., Boone, C., Remsberg,
E. E., Santee, M. L., Harvey, V. L., Pawson, S., Jackson, D.
R., Deaver, L., McElroy, C. T., McLinden, C. A., Drummond,

the 1976 U.S. Standard Atmosphere, J. Geophys. Res., 81, 4477— J. R., Pumphrey, H. C., Lambert, A., Schwartz, M. J., Froide-

4481, 1976.

www.atmos-meas-tech.net/5/927/2012/

vaux, L., McLeod, S., Takacs, L. L., Suarez, M. J., Trepte, C.
R., Cuddy, D. C., Livesey, N. J., Harwood, R. S., and Waters,

Atmos. Meas. Tech., 5, 953-2012


http://dx.doi.org/10.5194/acp-6-93-2006
http://dx.doi.org/10.5194/acp-11-5975-2011
http://spectrolab.aeronomie.be/o2.htm
http://dx.doi.org/10.1029/2006JD008242
http://dx.doi.org/10.1029/2005GL023032
http://dx.doi.org/10.5194/acp-8-5801-2008
http://dx.doi.org/10.1029/2002JD002429
http://dx.doi.org/10.1029/2006JD008178
http://dx.doi.org/10.1016/j.jqsrt.2009.10.013
http://dx.doi.org/10.1029/2011JD016207
http://dx.doi.org/10.5194/acp-12-3821-2012

952

C. Adams et al.: Validation of ACE and OSIRIS

J. W.: Solar occultation satellite data and derived meteorologi-Piters, A. J. M., Boersma, K. F., Kroon, M., Hains, J. C,,

cal products: Sampling issues and comparisons with Aura Mi-
crowave Limb Sounder, J. Geophys. Res.-Atmos., 112, D24S50,

doi:10.1029/2007JD008702007.

Manney, G. L., Santee, M. L., Rex, M., Livesey, N. J., Pitts, M. C.,
\eefkind, P., Nash, E. R., Wohltmann, |., Lehmann, R., Froide-
vaux, L., Poole, L. R., Schoeberl, M. R., Haffner, D. P., Davies,
J., Dorokhov, V., Gernandt, H., Johnson, B., Kivi, R., Kyro, E.,
Larsen, N., Levelt, P. F., Makshtas, A., McElroy, C. T., Nakajima,
H., Parrondo, M. C., Tarasick, D. W., von der Gathen, P., Walker,
K. A., and Zinoviev, N. S.: Unprecedented Arctic ozone loss in
2011, Nature, 478, 469-4780i:10.1038/nature10558011.

McElroy, C. T., Nowlan, C. R., Drummond, J. R., Bernath, P.
F., Barton, D. V., Dufour, D. G., Midwinter, C., Hall, R. B.,
Ogyu, A., Ullberg, A., Wardle, D. I., Kar, J., Zou, J., Nichi-
tiu, F., Boone, C. D., Walker, K. A., and Rowlands, N.: The
ACE-MAESTRO instrument on SCISAT: description, perfor-
mance, and preliminary results, Appl. Opt., 46, 4341-4356,
d0i:10.1364/A0.46.004342007.

McLinden, C. A, Olsen, S. C., Hannegan, B., Wild, O., Prather,

Van Roozendael, M., Wittrock, F., Abuhassan, N., Adams, C.,
Akrami, M., Allaart, M. A. F., Apituley, A., Bergwerff, J. B.,
Berkhout, A. J. C., Brunner, D., Cede, A., Chong, Jérgér,

K., Fayt, C., Frie3, U., Gast, L. F. L., Gil-Ojeda, M., Goutail, F.,
Graves, R., Griesfeller, A., GroBmann, K., Hemerijckx, G., Hen-
drick, F., Henzing, B., Herman, J., Hermans, C., Hoexum, M.,
van der Hoff, G. R., Irie, H., Johnston, P. V., Kanaya, Y., Kim, Y.
J., Klein Baltink, H., Kreher, K., de Leeuw, G., Leigh, R., Mer-
laud, A., Moerman, M. M., Monks, P. S., Mount, G. H., Navarro-
Comas, M., Oetjen, H., Pazmino, A., Perez-Camacho, M., Pe-
ters, E., du Piesanie, A., Pinardi, G., Puentadura, O., Richter,
A., Roscoe, H. K., Sdbnhardt, A., Schwarzenbach, B., Shaigan-
far, R., Sluis, W., Spinei, E., Stolk, A. P., Strong, K., Swart, D.
P. J., Takashima, H., Vlemmix, T., Vrekoussis, M., Wagner, T.,
Whyte, C., Wilson, K. M., Yela, M., Yilmaz, S., Zieger, P., and
Zhou, Y.: The Cabauw Intercomparison campaign for Nitrogen
Dioxide measuring Instruments (CINDI): design, execution, and
early results, Atmos. Meas. Tech., 5, 457-486,5194/amt-5-
457-20122012.

M. J., and Sundet, J.: Stratospheric ozone in 3-D models: A sim-Platt, U. and Stutz, J.: Differential Optical Absorption Spectroscopy
ple chemistry and the cross-tropopause flux, J. Geophys. Res.- (DOAS), edited by: Guzzi, R., Lanzerotti, L. J., Imboden, D., and

Atmos., 105, 14653-14665, 2000.

McLinden, C. A., McConnell, J. C., Griffioen, E., and McElroy,
C. T.: A vector radiative-transfer model for the Odin/OSIRIS
project, Can. J. Phys., 80, 375—-3€8j:10.1139/P01-156002.

Platt, U., Springer, Germany, 175-285, 2008.

Pommereau, J. P. and Goutail, F3 @nd NG ground-based mea-

surements by visible spectrometry during Arctic winter and
spring 1988, Geophys. Res. Lett., 15, 891-894, 1988.

McLinden, C. A., Haley, C. S., and Sioris, C. E.: Diurnal ef- Pougatchev, N. S., Connor, B. J., and Rinsland, C. P.: Infrared Mea-
fects in limb scatter observations, J. Geophys. Res.-Atmos., 111, surements of the Ozone Vertical Distribution Above Kitt Peak, J.

D14302,doi:10.1029/2005JD006628006.

Geophys. Res.-Atmos., 100, 16689-16697, 1995.

McPeters, R. D., Labow, G. J., and Logan, J. A.: Ozone climatolog-Reinecker, M. M., Suarez, M. J., Todling, R., Bacmeister, J., Takacs,

ical profiles for satellite retrieval algorithms, J. Geophys. Res.-
Atmos., 112, D05308&]0i:10.1029/2005JD006822007.

Melo, S. M. L., Farahani, E., Strong, K., Bassford, M. R., Preston,
K. E., and McLinden, C. A.: N@vertical profiles retrieved from

L. L., Liu, H.-C., Gu, W., Sienkiewicz, M., Koster, R. D., Gelaro,
R., Stajner, ., and Nielsen, J. E.: The GEOS-5 data assimila-
tion system — Documentation of versions 5.0.1, 5.1.0, and 5.2.0,
NASA Tech. Memo., TM-2008-104606, 27, 1-118, 2008.

ground-based measurements during spring 1999 in the CanadiaRodgers, C. D. and Connor, B. J.: Intercomparison of re-

Arctic, Adv. Space Res., 34, 786—-792, 2004.
Murtagh, D., Frisk, U., Merino, F., Ridal, M., Jonsson, A., Stegman,

mote sounding instruments, J. Geophys. Res., 108, 4116,
d0i:10.1029/2002JD002292003.

J., Witt, G., Eriksson, P., Jimenez, C., Megie, G., de la Noe, J.,Roscoe, H. K., Van Roozendael, M., Fayt, C., du Piesanie, A,

Ricaud, P., Baron, P., Pardo, J. R., Hauchcorne, A., Llewellyn,

E. J., Degenstein, D. A., Gattinger, R. L., Lloyd, N. D., Evans,
W. F. J., McDade, I. C., Haley, C. S., Sioris, C., von Savigny, C.,
Solheim, B. H., McConnell, J. C., Strong, K., Richardson, E. H.,
Leppelmeier, G. W., Kyrola, E., Auvinen, H., and Oikarinen, L.:

An overview of the Odin atmospheric mission, Can. J. Phys., 80,

309-319, 2002.

Newchurch, M. J., Allen, M., Gunson, M. R., Salawitch, R. J.,
Collins, G. B., Huston, K. H., Abbas, M. M., Abrams, M. C.,
Chang, A. Y., Fahey, D. W., Gao, R. S, Irion, F. W., Loewen-
stein, M., Manney, G. L., Michelsen, H. A., Podolske, J. R.,
Rinsland, C. P., and Zander, R.: Stratospheric NO ang &lin-

Abuhassan, N., Adams, C., Akrami, M., Cede, A., Chong, J.,
Cléemer, K., Friess, U., Gil Ojeda, M., Goutail, F., Graves, R.,
Griesfeller, A., Grossmann, K., Hemerijckx, G., Hendrick, F.,
Herman, J., Hermans, C., Irie, H., Johnston, P. V., Kanaya, Y.,
Kreher, K., Leigh, R., Merlaud, A., Mount, G. H., Navarro, M.,
Oetjen, H., Pazmino, A., Perez-Camacho, M., Peters, E., Pinardi,
G., Puentedura, O., Richter, A., Stthardt, A., Shaiganfar, R.,
Spinei, E., Strong, K., Takashima, H., Vlemmix, T., Vrekoussis,
M., Wagner, T., Wittrock, F., Yela, M., Yilmaz, S., Boersma, F.,
Hains, J., Kroon, M., and Piters, A.: Intercomparison of slant col-
umn measurements of N@nd @, by MAX-DOAS and zenith-

sky UV and visible spectrometers, Atmos. Meas. Tech., 3, 1629—

dances from ATMOS solar-occultation measurements, Geophys. 1646,doi:10.5194/amt-3-1629-2012010.

Res. Lett., 23, 2373-2376, 1996.

Noxon, J. F., Whipple, E. C., and Hyde, R. S.: Stratospherig.NO
Observational Method And Behavior At Mid-Latitude, J. Geo-
phys. Res.-Ocean. Atmos., 84, 5047-5065, 1979.

OSIRIS: Odin-OSIRIS N@data product, available dtttp://osirus.
usask.ca/?q=node/24fst access: 5 November 2011), 2011.

Atmos. Meas. Tech., 5, 92753 2012

Rothman, L. S., Barbe, A., Benner, D. C., Brown, L. R., Camy-

Peyret, C., Carleer, M. R., Chance, K., Clerbaux, C., Dana, V.,
Devi, V. M., Fayt, A., Flaud, J. M., Gamache, R. R., Goldman,
A., Jacquemart, D., Jucks, K. W., Lafferty, W. J., Mandin, J. Y.,
Massie, S. T., Nemtchinov, V., Newnham, D. A., Perrin, A., Rins-
land, C. P., Schroeder, J., Smith, K. M., Smith, M. A. H., Tang,
K., Toth, R. A., Vander Auwera, J., Varanasi, P., and Yoshino,
K.: The HITRAN molecular spectroscopic database: edition of

www.atmos-meas-tech.net/5/927/2012/


http://dx.doi.org/10.1029/2007JD008709
http://dx.doi.org/10.1038/nature10556
http://dx.doi.org/10.1364/AO.46.004341
http://dx.doi.org/10.1139/P01-156
http://dx.doi.org/10.1029/2005JD006628
http://dx.doi.org/10.1029/2005JD006823
http://osirus.usask.ca/?q=node/245
http://osirus.usask.ca/?q=node/245
http://dx.doi.org/10.5194/amt-5-457-2012
http://dx.doi.org/10.5194/amt-5-457-2012
http://dx.doi.org/10.1029/2002JD002299
http://dx.doi.org/10.5194/amt-3-1629-2010

C. Adams et al.: Validation of ACE and OSIRIS 953

2000 including updates through 2001, J. Quant. Spectrosc. RaTarasick, D. W., Fioletov, V. E., Wardle, D. I., Kerr, J. B.,
82, 5-44d0i:10.1016/S0022-4073(03)001462003. and Davies, J.: Changes in the vertical distribution of ozone
Savastiouk, V. and McElroy, C. T.: Brewer spectrophotometer total over Canada from ozonesondes: 1980-2001, J. Geophys. Res.-
ozone measurements made during the 1998 Middle Atmosphere Atmos., 110, D02304d0i:10.1029/2004JD004643005.
Nitrogen Trend Assessment (MANTRA) campaign, Atmos.- Valks, P., Pinardi, G., Richter, A., Lambert, J. C., Hao, N., Loyola,
Ocean, 43, 315-3240i:10.3137/a0.430402005. D., Van Roozendael, M., and Emmadi, S.: Operational total and
Shettle, E. P.: Models of aerosols, clouds, and precipitation for tropospheric N@ column retrieval for GOME-2, Atmos. Meas.
atmospheric propagation studies, NATO AGARD Atmospheric  Tech., 4, 1491-151410i:10.5194/amt-4-1491-2012011.
propagation in the UV, visible, IR and mm-region and related Vandaele, A. C., Hermans, C., Simon, P. C., Carleer, M., Colin,
system aspects, Neuilly sur Seine, France, 1989. R., Fally, S., Merienne, M. F., Jenouvrier, A., and Coquart, B.:
Sica, R. J., Izawa, M. R. M., Walker, K. A., Boone, C., Petelina, S. Measurements of the NCabsorption cross-section from 42 000
V., Argall, P. S., Bernath, P., Burns, G. B., Catoire, V., Collins, cm—1 to 10 000 cnr? (238-1000 nm) at 220 K and 294 K, J.
R. L., Daffer, W. H., De Clercq, C., Fan, Z. Y., Firanski, B. J., Quant. Spectrosc. Ra., 59, 171-184, 1998.
French, W. J. R., Gerard, P., Gerding, M., Granville, J., Innis, Wagner, T., Burrows, J. P., Deutschmann, T., Dix, B., von Friede-
J. L., Keckhut, P., Kerzenmacher, T., Klekociuk, A. R., Kyro, burg, C., Friess, U., Hendrick, F., Heue, K. P., Irie, H., Iwabuchi,
E., Lambert, J. C., Llewellyn, E. J., Manney, G. L., McDer- H., Kanaya, Y., Keller, J., McLinden, C. A., Oetjen, H., Palazzi,
mid, I. S., Mizutani, K., Murayama, Y., Piccolo, C., Raspollini, E., Petritoli, A., Platt, U., Postylyakov, O., Pukite, J., Richter,
P., Ridolfi, M., Robert, C., Steinbrecht, W., Strawbridge, K. B.,  A., van Roozendael, M., Rozanov, A., Rozanov, V., Sinreich,
Strong, K., Stuebi, R., and Thurairajah, B.: Validation of the At- R., Sanghavi, S., and Wittrock, F.. Comparison of box-air-
mospheric Chemistry Experiment (ACE) version 2.2 tempera- mass-factors and radiances for Multiple-Axis Differential Opti-
ture using ground-based and space-borne measurements, Atmos. cal Absorption Spectroscopy (MAX-DOAS) geometries calcu-
Chem. Phys., 8, 35—68pi:10.5194/acp-8-35-2002008. lated from different UV/visible radiative transfer models, At-
Solomon, S., Schmeltekopf, A. L., and Sanders, R. W.: On the in- mos. Chem. Phys., 7, 1809-1888j:10.5194/acp-7-1809-2007
terpretation of zenith sky absorption-measurements, J. Geophys. 2007.

Res.-Atmos., 92, 8311-8319, 1987. Wahner, A., Tyndall, G. S., and Ravishankara, A. R.: Absorption
Sung, K., Skelton, R., Walker, K. A., Boone, C. D., Fu, D., and  cross-sections for OCIO as a function of temperature in the wave-
Bernath, P. F.: BO and @ arctic column amounts from PARIS- length range 240-480 nm, J. Phys. Chem., 91, 2734-2738, 1987.

IR observations: Retrievals, characterization, and error analysis,
J. Quant. Spectrosc. Ra., 107, 385-406, 2007.

www.atmos-meas-tech.net/5/927/2012/ Atmos. Meas. Tech., 5, 953-2012


http://dx.doi.org/10.1016/S0022-4073(03)00146-8
http://dx.doi.org/10.3137/ao.430403
http://dx.doi.org/10.5194/acp-8-35-2008
http://dx.doi.org/10.1029/2004JD004643
http://dx.doi.org/10.5194/amt-4-1491-2011
http://dx.doi.org/10.5194/acp-7-1809-2007

