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ABSTRACT

The Atmospheric Chemistry Experiment (ACE) is a Canadian scientific satellite mission performing remote sensing
measurements of the Earth's atmosphere. Three ACE Arctic validation campaigns have been conducted at Eurcka
(Canada) between February and April in 2004, 2005 and 2006. This period coincides with the most chemically active
time of year in the Arctic and also, at this time, there are a significant number of ACE satellite measurements near
Eureka. The polar vortex regularly passes over the campaign site so measurements both inside and outside the vortex
region can usually be made from this location. A suite of ten ground-based and balloon-borne instruments made
observations during the measurement campaigns. This paper discusses the ozone total column and profile comparisons
from the 2004 and 2005 campaigns and presents preliminary results from the recently completed 2006 campaign.

1 INTRODUCTION

Three Arctic measurement campaigns have been conducted in Eureka (Canada) in spring 2004, 2005 and 2006 to
validate measurements from the Atmospheric Chemistry Experiment (ACE) satellite mission [1]. The ACE satellite
(SCISAT-1) was launched on 12 August 2003 and science operations began in February 2004. Two instruments on
board the satellite provide measurements of chemical species: an infrared Fourier Transform Spectrometer (ACE-FTS)
and a dual UV-visible-NIR spectrophotometer called ACE-MAESTRO (Measurement of Aerosol Extinction in the
Stratosphere and Troposphere Retrieved by Occultation). The main goal of the ACE mission is to provide measurements
to enhance our understanding of the ozone distribution in the upper troposphere and the stratosphere, especially over the
Arctic.

The validation campaigns were conducted between February and April in 2004, 2005 and 2006 at Environment
Canada's Arctic Stratospheric Ozone (AStrO) Observatory, which, in 2005, became the Polar Environment Atmospheric
Research Laboratory (PEARL) run by the Canadian Network for the Detection of Atmospheric Change (CANDAC).
This facility is located in Eureka, Nunavut (80.05°N, 86.42°W, 610 m). The February to April period coincides with the
most chemically active time of year in the Arctic and with a significant number of satellite overpasses. Seven ground-
based instruments were operated during the 2004 campaign: a ground-based version of the ACE-FTS (PARIS-IR -
Portable Atmospheric Research Interferometric Spectrometer for the Infrared), a clone of the ACE-MAESTRO, a
SunPhotoSpectrometer (SPS), a zenith-viewing UV-visible grating spectrometer, a Bomem DAS8 Fourier transform
spectrometer, a Differential Absorption Lidar (DIAL) and a Brewer spectrophotometer. For the 2005 and 2006
campaigns, a Systéme d'Analyse par Observation Zénithale (SAOZ) and a second Brewer spectrophotometer were
added to the set of instruments. In addition to the ground-based instruments, balloon-borne ozonesonde and radiosonde
sensors were flown frequently during all campaigns.

We focus here on comparisons of ozone measurements made by the ground-based, balloon-borne and satellite-borne
instruments during the three ACE Arctic Validation campaigns. Comparisons of both retrieved ozone columns and
profiles will be presented. Also, the ozonesonde profiles from the three campaigns will be compared to highlight the
differences between the years.



2 SATELLITE MEASUREMENTS

SCISAT-1 satellite is in an orbit at 650 km altitude and an
inclination of 74°. ACE-FTS is the primary instrument
and is a high-resolution (0.02 cm’') infrared FTS
operating from 750-4400 c¢m’, with a two-channel
visible/near IR imager (0.525 and 1.02 pm) [1]. ACE-
MAESTRO is the secondary instrument and measures
from 285 to 1030 nm with 1-2 nm resolution. The
instruments have been making routine solar occultation
observations of the Earth’s atmosphere since February
2004. These sunrise and sunset measurements are used to
determine atmospheric profiles of ozone and other trace
gas species and temperature, pressure and atmospheric
extinction [2]. The ACE-FTS and ACE-MAESTRO
measurements are made with a vertical resolution of ~4
km and ~1 km, respectively. The ACE-FTS data product
consists of these results interpolated onto a 1-km grid.
ACE-FTS version 2.2 “updated” ozone profiles and ACE-
MAESTRO version 1.1 ozone profiles are used in the
comparisons described below.

During each of the three Arctic validation campaigns,
there were up to ten ACE occultation measurements
within 200 km of Eureka. The ground track locations for
these occultations are shown in Fig. 1. In addition, from
mid-February to mid-March in each year, there were
approximately 20 more occultations within 500 km of the
PEARL/AStrO site.

3 GROUND-BASED AND BALLOON-BORNE
MEASUREMENTS

This section describes the instrument suite developed for
the first ACE Arctic Validation Campaign in 2004 and
additions and changes made for the 2005 and 2006
campaigns.

In 2004, seven ground-based instruments were operated
during the intensive phase of the campaign (21 February
to 9 March). There were two FTSs: PARIS-IR [3] and the
high-resolution Bomem DA8 MSC-FTS [4] run by the
Meteorological Service of Canada (MSC). PARIS-IR has
the same resolution (0.02 cm™) and spectral range (750 —
4400 cm™) as the ACE-FTS and the MSC-FTS has an
apodized resolution of 0.004 cm™ and measures using a
series of wide-band interference filters over the range

from 700 to 5000 cm™. In 2004 and 2005, one suntracker -

was shared by the two FTSs, so simultaneous
measurements were not possible. In 2006, a mirror
system was constructed to split the incoming solar beam
so that spectra could be recorded simultaneously.

The MSC-FTS has been installed at PEARL/AStrO since
1993 and is a component of the primary Arctic station of
the international Network for the Detection of
Stratospheric Change (NDSC, now Network of the
Detection of Atmospheric Composition Change or
NDACC) [5]. Over the last decade, it has recorded
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Fig. 1. The ground paths of the ACE occultations within
200 km of the PEARL/AStrO site during the 2004, 2005
and 2006 validation campaigns. The black triangle in each
plot shows the location of PEARL/AStrO. Top: in 2004,
there were 9 occultations between 26 February and 7
March. Middle: in 2005, there were 10 occultations in the
24 February to 8 March period. Bottom: in 2006 there
were 10 occultations from 21 February to 8 March.




atmospheric solar absorption spectra during each spring (and some autumns).

Similar spectral fitting techniques are used to retrieve atmospheric information from the spectra measured by the two
FTSs. However, the MSC-FTS uses SFIT1 [6] whereas PARIS-IR uses SFIT2 [7]. For ozone retrievals, both used
similar microwindows at 782, 2776, and 3040 cm™ and PARIS-IR used an additional microwindow at 982 cm™.

Four UV-visible grating spectrometers were used for the 2004 campaign: a ground-based version of the ACE-
MAESTRO, the SPS (forerunner of the MAESTRO) [8] measuring between 295 and 785 nm with a resolution of 1.2—
4.0 nm, a zenith-viewing UV-visible grating spectrometer [9,10] with a spectral range of 325 to 680 nm and a resolution
of approximately 1.5 nm in 2004 and from 340 to 560 nm at a resolution of 0.9 nm in the NO, region and 1.6 nm in the
ozone region in the later campaigns, and a Brewer spectrophotometer [11]. Ozone vertical column amounts were
produced from the grating spectrometer measurements using the Differential Optical Absorption Spectroscopy (DOAS)
technique and the MAESTRO and SPS ozone analyses were done using a spectral fitting method. For the 2005 and
2006 campaigns, two more UV-visible spectrometers, a SAOZ [12] and a second Brewer, were added to the
measurement suite.

Profile measurements of ozone were obtained from a DIAL, a S5-channel lidar which uses a XeCl laser with hydrogen
Raman shifter providing outputs at 308 and 353 nm [13], and from balloon-borne ozonesondes [14] which were flown
frequently (almost every day) during all of the campaigns. The resolution of the DIAL profiles is 1.3 km below 30 km,
quadratically increasing to 5 km at 50 km and 5 km thereafter whereas the sonde profiles have a vertical resolution of
less than 50 m.

4 OZONE RESULTS FROM 2004 AND 2005

Fig. 2 shows the daily average total ozone columns measured by the ground-based UV-visible spectrometers and the
FTSs, compared with a total column value derived from the ACE-FTS results. For 2004 and 2005, the derived ACE-
FTS total ozone columns generally agree with those measured by the campaign instruments to within their combined
uncertainties. The one exception to this are the MSC-FTS results. The total column retrievals from PARIS-IR and the
MSC-FTS have been compared more closely to investigate the observed discrepancies. It appears that the retrieval
method (SFIT1 vs. SFIT2), molecular line list used and spectral resolution of the instrument affect the total column
results differently depending on the microwindow used. Investigation of these effects is continuing in order to determine
a consistent set of parameters to use in the retrieval processes. In the 2005 comparisons, some discrepancies were
observed between the UV-visible grating spectrometer (DOAS) and the SAOZ results. A detailed analysis of the spectra
from the two instruments is being performed, including a comparison of different retrieval algorithms.
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Fig. 2. Daily average total ozone columns measured by the ground-based UV-visible spectrometers and the FTSs, and
the derived ACE-FTS total column (using ozonesonde measurements for the troposphere below 10 km). The intensive
phase (22 February to 8 March) results for the 2004 (left) and 2005 (right) campaigns are shown. The ACE-FTS
occultations used for these comparisons are within 200 km of PEARL/AStrO. The black line shows the ACE-FTS
results. The SPS and MAESTRO analyses are still preliminary. The Brewer spectrophotometer results are also
preliminary since this instrument is not usually used at such low sun angles. An analysis technique is currently being
refined in order to obtain measurements at lower sun angles.



Comparisons of the ozone profiles obtained from the ACE-FTS, ACE-MAESTRO visible spectrometer, and DIAL in
2004 show reasonable agreement, to within 10% over the altitude range ~15-40 km (Fig. 3, left). These results are
consistent with recent comparisons with other satellite instruments (SAGE III [15], POAM 1II [15], and HALOE [16]).
The ACE-FTS and ozonesonde results from 2004 agree to within +5% between 10 and 25 km. However, in 2005, the
ozone profile measured by the ozonesondes was up to 5% higher than that from the ACE-FTS (Fig. 3, right). The
difference between these two results is being examined. The slope in the percent difference curves for the ACE-FTS and
ACE-MAESTRO comparisons suggest that there may be a residual offset in timing or co-registration between the two
instruments. There are plans to account for this in the next version of the ACE-MAESTRO retrieval code.
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Fig. 3. Mean ozone profile comparisons for the 2004 and 2005 campaigns. In each panel, (a) shows the mean profiles
measured by ACE-FTS, the ACE-MAESTRO visible spectrophotometer, ozonesondes and the DIAL and (b) shows the
mean of the differences relative to the ACE-FTS profile: (ACE-FTS—x)/ACE-FTS. The ozonesonde profiles used were
within 500 km and 12 hours of the ACE occultation measurements. The time criterion was extended to 18 hours for the
DIAL profiles. Note: the 2005 DIAL profiles are still preliminary results. Dashed lines indicate the one standard
deviation from the ACE-FTS.

5 PRELIMINARY OZONE RESULTS FROM 2006 CAMPAIGN

In comparing the observations from the first two campaigns, there is evidence of the different atmospheric conditions
above Eureka in these two years. In Fig. 2, the 2004 column amounts show no decrease in ozone during the intensive
phase of the campaign whereas the 2005 results do show a decrease during March. This is consistent with the position
of the polar vortex. In 2004, PEARL/AStrO was outside the vortex until 9 March. In 2005, however, PEARL/AStrO
was inside the vortex until 25 February and on the edge until 7 March.

Fig. 4 shows the ozone profiles over Eureka for the first week in March for all three campaigns. It can be seen that the
measurements in 2004 took place during a period of high ozone where peak ozone values were as large as 10"
molecules cm™ compared to the measurements in 2005 when ozone peak values stayed below 8-10'2 molecules cm™ and
showed a decline over this period. In 2006, ozone concentrations were variable with a minimum of about 2-10'
molecules cm™ observed on two days at a height of about 15 km, where usually the ozone peak occurs.

In 2006 FTS measurements were conducted differently from the previous years, in that both instruments were able to
measure simultaneously rather than in series. This was done to reduce the uncertainty introduced by measurements
looking at different directions (due to the moving sun) and therefore measuring slightly different air masses . These
measurements have been useful in investigating the discrepancies observed between the MSC-FTS and PARIS-IR
results.



SUMMARY

Three Arctic Validation Campaigns have been conducted at
PEARL in Eureka to obtain validation measurements for the
ACE mission using up to ten ground-based and balloon-borne
instruments. The ozone measurements from the ACE-FTS,
MSC-FTS, PARIS-IR, the grating spectrometer, the ground-
based MAESTRO, the Brewers and the SAOZ have been
compared as columns. For profile comparisons, the ACE-FTS,
ACE-MAESTRO, the DIAL and the ozonesondes were used. In
addition to the work discussed above, NO, column comparisons
have been performed using data from the FTS and UV-visible
spectrometers, and ACE-FTS, DIAL and radiosonde
temperature profiles have been compared. Also, ground-based
FTS column measurements are being compared to the satellite
results for a range of other molecules including: CHs, N,O,
H,0, HCI, HF, HNO;, NO, and CO.

These validation activities in the High Arctic show the
difficulties associated with measurements in a continually
changing environment. Comparisons of three years of data
highlight the challenges inherent in using the measurements
near the polar vortex and the care that has to be taken in
performing comparisons.

ACKNOWLEDGEMENTS

We would like to thank Jonathan Davies and the staff at the
Eureka Weather Station for the ozonesonde launches and
profile analysis. The Canadian Arctic ACE Validation
campaigns were supported by the Canadian Space Agency
(CSA), the Meteorological Service of Canada (MSC), the
Natural Sciences and Engineering Research Council (NSERC)
of Canada, and the Northern Scientific Training Program.
Funding for ACE is provided by CSA and NSERC. Support at
Waterloo was also provided by the NSERC-Bomem-CSA-MSC
Industrial Research Chair in Fourier Transform Spectroscopy.
Funding for CANDAC to reequip PEARL was provided by the
Canadian Foundation for Innovation (CFI), the Ontario
Innovation Trust (OIT) and the Atlantic Innovation Fund
(AIF)/Nova Scotia Research Innovation Trust (NSRIT).
Funding for PEARL is provided by the Canadian Foundation
for Climate and Atmospheric Sciences (CFCAS) and NSERC.
We would also like to acknowledge CFCAS for MAESTRO
support.

REFERENCES

1. Bernath, P. F., et al. (2005), Atmospheric Chemistry
Experiment (ACE): mission overview. Geophys. Res. Lett., 32,
L15S01

2. Boone C. D., R. Nassar, K. A.Walker, Y. Rochon, S. D.
McLeod and P. F. Bernath (2005), Retrievals for the
Atmospheric Chemistry Experiment Fourier Transform
Spectrometer., Appl. Opt., 44, 7218-7231.

3. Fu, D., K. A. Walker, C. Boone, K. Sung and P. F. Bernath,

Altitude (km)

Altitude (km)

Altitude (km)

Ozonesonde profile from Eureka — March 2004

()
o

— 01-Mar-2004
— 02-Mar-2004

03-Mar-2004
— 04-Mar-2004
— 05-Mar-2004
06-Mar-2004 ||
07-Mar-2004

w
o
T

n
o
T

20
151
101
5L
0 . . . . .
0 2 4 6 8 10
O3 number density (molecules/cm3) x 10"
Ozonesonde profile from Eureka — March 2005
35 T T T T I
. — 01-Mar-2005
N\ — 02-Mar-2005
30 \ 03-Mar-2005 ||
B — 04-Mar-2005
o — 05-Mar-2005
25 =t 06-Mar-2005 ||
= 07-Mar-2005
——
20 —_
_= =
181 i
e
T =
10 ‘—‘%
P—
&
50
’}i
0/’ L L L L |
0 2 4 6 8 10
O3 number density (molecules/cm3) x 10"
Ozonesonde profile from Eureka — March 2006
35 T T T T T
— 01-Mar-2006
AN 03-Mar—2006
30 —— 04-Mar-2006 ||
—— 05-Mar-2006
06-Mar-2006
25 S 07-Mar-2006 ||
\«’
20 —
}‘?ﬁ
—
15 ——————
— ——
_
e —
.
¥
s
ST
%
0 A L L L L L
0 2 4 6 8 10
O3 number density (molecules/cm:’) x 10"
Fig. 4. Ozonesonde profiles for first week of

March during the three different campaigns.
During the 2006 campaign, an ozonesonde flight
on 2 March was not possible due to bad weather.



(2006), The Portable Atmospheric Research Interferometric Spectrometer for the Infrared, PARIS-IR. J. Quant.
Spectrosc. Radiat. Transfer (accepted).

4. Donovan D. P, H. Fast, Y. Makino, J. C. Bird, A. I. Carswell, J. Davies, T. J. Duck, J. W. Kaminski, C. T. McElroy,
R. L. Mittermeier, S. R. Pal, V. Savastiouk, D. Velkov and J. A. Whiteway (1997), Ozone, column ClO, and PSC
measurements made at the NDSC Eureka Observatory (80°N, 86°W) during the spring of 1997. Geophys. Res. Lett.,
24,2709-2712.

5. Kurylo, M. J. (1991), Network for the detection of stratospheric change, Proc. Soc. Photo Opt. Instrum. Eng., 1491,
169-174.

6. Rinsland, C. P., M. A. H. Smith, P. L. Rinsland, A. Goldman, J. W. Brault, and G. M. Stokes (1982), Ground-based
infrared spectroscopic measurements of atmospheric hydrogen cyanide, J. Geophys. Res., 87, 11119-11125.

7. Rinsland, C. P, N. B. Jones, B. J. Connor, J. A. Logan, A. Goldman, F. J. Murcray, T. M. Stephen, N. S. Pougatcheyv,
R. Zander, P. Demoulin, E. Mahieu (1998), Northern and Southern Hemisphere ground-based infrared spectroscopic
measurements of tropospheric carbon monoxide and ethane, J. Geophys. Res., 103, 28197 — 28217.

8. McElroy, C. T. (1995), A Spectroradiometer for the Measurement of Direct and Scattered Solar Spectral Irradiance
from On-Board the NASA ER-2 High-Altitude Research Aircraft, Geophys. Res. Lett., 22, 1361.

9. Bassford, M. R., C. A. McLinden, and K. Strong (2001), Zenith-Sky Observations of Stratospheric Gases: The
Sensitivity of Air Mass Factors to Geophysical Parameters and the Influence of Tropospheric Clouds. J. Quant.
Spectrosc. Radiat. Transfer, 68, 657-677.

10. Bassford, M. R., K. Strong, C. A. McLinden, and C. T. McElroy (2005), Ground-Based Measurements of Ozone and
NO2 during MANTRA 1998 Using a New Zenith-Sky Spectrometer. Atmos. Ocean, 43, 325-338.

11. Savastiouk V. and C.T. McElroy (2005), Brewer Spectrophotometer Total Ozone Measurements Made During the
1998 Middle Atmosphere Nitrogen Trend Assessment (MANTRA) Campaign. Atmos. Ocean, 43, 315-324.

12. Pommereau, J.P. and F. Goutail (1988), O3 and NO2 ground-based measurements by visible spectrometry during
Arctic winter and spring 1988, Geophys. Res. Lett., 15, 891-894.

13. Bird, J. C., A. . Carswell, D. P. Donovan, T. J. Duck, S. R. Pal, J. A. Whiteway, and D. 1. Wardle (1996),
Stratospheric Studies at the Eureka NDSC Station Using a Rayleigh/Raman Differential Absorption Lidar, XVIII
Quadrennial Ozone Symposium- 96, Sept. 12-21, 1996, University of L’ Aquila, Italy.

14. Davies, J, D. W. Tarasick, C. T. McElroy, J. B. Kerr, P. F. Fogal, and V. Savastiouk (2000), Evaluation of ECC
Ozonesonde Preparation Methods from Laboratory Tests and Field Comparisons during MANTRA. Proceedings of the
Quadrennial Ozone Symposium, Hokkaido University, Sapporo, Japan, July 3-8, 2000. R. D. Bojkov and S. Kazuo,
eds., pp. 137-138.

15. Walker, K.A., Randall, C., Trepte, C., Boone, C., Bernath, P., Initial Validation Comparisons for the Atmospheric
Chemistry Experiment (ACE-FTS), Geophys. Res. Lett. 32, L16S04, doi:10.1029/2005GL022388, 2005.

16. McHugh, M., Magill, B., Walker, K.A., Boone, C.D., Bernath, P.F., Russell III, J.M., Comparison of atmospheric
retrievals from ACE and HALOE, Geophys. Res. Lett. 32, L15S10, doi:10.1029/2005GL022403, 2005.



	Tobias Kerzenmacher(1), Kaley A. Walker(2), Kimberly Strong(1), Richard Berman(3), Peter F. Bernath(2), Suzanne J. Bingham(1), Chris D. Boone(2), James R. Drummond(1), Hans Fast(4), Pierre F. Fogal(1), Annemarie Fraser(1), Dejian Fu(2), Florence Goutail(5), Michael Harwood(6), Paul Loewen(1), Keith MacQuarrie(1), C. Thomas McElroy(4), Oleg Mikhailov(1), Clive Midwinter(1), Richard L. Mittermeier(4), Vladimir Savastiouk(4), Randall Skelton(2), Kevin Strawbridge(6), Keeyoon Sung(2), Jennifer Walker(1) and Hongjiang Wu(1)
	(1)University of Toronto, 60 St George Street, Toronto M5S 1A7, Canada
(2)University of Waterloo, 200 University Avenue West, Waterloo N2L 3G1, Canada
(3)Spectral Applied Research, 10 North Rivermede Road, Concord L4K 2H2, Canada
(4)Environment Canada, 4905 Dufferin Street, Toronto M3H 5T4, Canada
(5)CNRS, BP 3 - Route des Gatines, 91370 Verrières le Buisson, France
(6)Environment Canada, Centre for Atmospheric Research Experiments, 6248 Eighth Line, Egbert L0L 1N0, Canada
	ABSTRACT
	1    INTRODUCTION
	2   SATELLITE MEASUREMENTS
	3   GROUND-BASED AND BALLOON-BORNE MEASUREMENTS
	4   OZONE RESULTS FROM 2004 AND 2005
	5   PRELIMINARY OZONE RESULTS FROM 2006 CAMPAIGN

	SUMMARY
	ACKNOWLEDGEMENTS
	REFERENCES

