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Abstract

The 2006 Canadian Arctic ACE (Atmospheric Chemistry Experiment) Validation Cam-
paign collected measurements at the Polar Environment Atmospheric Research Lab-
oratory (PEARL, 80.05° N, 86.42° W, 610 m above sea level) at Eureka, Canada from
17 February to 31 March 2006. Two of the ten instruments involved in the campaign,
both Fourier transform spectrometers (FTSs), were operated simultaneously, recording
atmospheric solar absorption spectra. The first instrument was an ABB Bomem DAS8
high-resolution infrared FTS. The second instrument was the Portable Atmospheric
Research Interferometric Spectrometer for the Infrared (PARIS-IR), the ground-based
version of the satellite-borne FTS on the ACE satellite (ACE-FTS). From the mea-
surements collected by these two ground-based instruments, total column densities of
seven stratospheric trace gases (O3, HNO3, NO,, HCI, HF, NO, and CIONO,) were re-
trieved using the optimal estimation method and these results were compared. Since
the two instruments sampled the same portions of atmosphere by synchronizing obser-
vations during the campaign, the biases in retrieved columns from the two spectrom-
eters represent the instrumental differences. These differences were consistent with
those seen in previous FTS intercomparison studies. Partial column results from the
ground-based spectrometers were also compared with partial columns derived from
ACE-FTS version 2.2 (including updates for O3, HDO and N,Os) profiles and the dif-
ferences found were consistent with the other validation comparison studies for the
ACE-FTS version 2.2 data products. Column densities of O3, HCI, CIONO,, and HNOg4
from the three FTSs were normalized with respect to HF and used to probe the time
evolution of the chemical constituents in the atmosphere over Eureka during spring
2006.

5307

ACPD
8, 5305-5358, 2008

Simultaneous FTS
measurements from
PEARL in spring 2006

D. Fu et al.

it

EG

c


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/5305/2008/acpd-8-5305-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/5305/2008/acpd-8-5305-2008-discussion.html
http://www.egu.eu

10

15

20

25

1 Introduction

Validating data products from satellite-borne infrared Fourier transform spectrometers
(FTSs) can be challenging because of the wide range of atmospheric species that are
measured. Ground-based FTSs, such as those that are part of the Network for the
Detection of Atmospheric Composition Change (NDACC, hitp://www.ndsc.ncep.noaa.
gov/), contribute significantly to these efforts, because they cover a similar spectral
range with high spectral resolution, and are thus a key part of the validation program
for a limb-sounding satellite FTS (e.g., Vigouroux et al., 2007; Cortesi et al., 2007;
Wetzel et al., 2007). Some information on the altitude distribution of the atmospheric
trace gases can be retrieved from the shapes of the spectral lines obtained from these
ground-based FTSs (e.g., Pougatchev et al., 1995; Rinsland et al., 1998). This allows
partial column densities to be calculated from the ground-based measurements and
it is these quantities that are compared with partial columns derived from the satel-
lite observations. In order to make these comparisons, it is necessary to understand
the differences between ground-based instruments that are used in satellite validation
studies and this is the focus of this paper.

The Atmospheric Chemistry Experiment (ACE), also known as SCISAT, is a
Canadian-led satellite mission for remote sensing of the Earth’s atmosphere from a
circular, low Earth orbit (altitude 650 km, inclination 74°). An infrared Fourier transform
spectrometer (ACE-FTS; Bernath et al., 2005) together with a dual, ultraviolet(UV)-
visible-near-infrared spectrophotometer named Measurement of Aerosol Extinction in
the Stratosphere and Troposphere Retrieved by Occultation (ACE-MAESTRO; McElroy
et al., 2007), are the scientific instruments onboard the satellite. The ACE mission stud-
ies primarily the upper troposphere and stratosphere. It measures the concentrations
of more than 30 chemical constituents that influence the distribution of stratospheric
ozone, a major chemical species that absorbs the Sun’s biologically-damaging ultravi-
olet radiation (Bernath et al., 2005; Bernath, 2006).

The 2006 Canadian Arctic ACE Validation Campaign was the third in a series of
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campaigns held in Eureka, as part of the calibration and validation program for the
ACE mission (Kerzenmacher et al., 2005; Walker et al., 2005; Manney et al., 2008;
Sung et al., 2007; Fraser et al., 2007). The campaign took place at the Polar Environ-
ment Atmospheric Research Laboratory (PEARL, 80.05° N, 86.42° W, 610 m above sea
level) in Eureka, Nunavut, Canada, from 17 February to 31 March 2006. A combination
of ten scientific instruments was used for the campaign, including terrestrial versions
of ACE-FTS (Portable Atmospheric Research Interferometric Spectrometer for the In-
frared, PARIS-IR; Fu et al., 2007) and ACE-MAESTRO (MAESTRO-G; Kerzenmacher
et al., 2005; McElroy et al., 2007) together with a Dlfferential Absorption Lidar (Bird
et al., 1996), a high resolution FTS (DA8 FTS; Donovan et al., 1997; Wiacek et al,
2006; Farahani et al., 2007), ozonesondes (Davies et al., 2000; Tarasick et al., 2005),
a ground-based SunPhotoSpectrometer (McElroy, 1995), two Brewer spectrophotome-
ters (Savastiouk and McElroy, 2005), the University of Toronto ground-based ultraviolet-
visible spectrometer (Bassford et al., 2005; Melo et al., 2004), and a SAOZ (Systeme
Analyse par Observations Zénithales; Pommereau and Goutail, 1988). These instru-
ments were used to derive total columns, partial columns, and vertical profiles for most
of the ACE target species, as well as temperature and pressure. Throughout this paper,
the term “total column” is used to indicate that the column amount was calculated from
the full altitude range of the ground-based measurement (typically from the ground to
100 km) whereas the term “partial column” is used for results obtained over a narrower
altitude range. Depending on the type of ground-based measurement, the total column
retrieved may be more sensitive to one region of the atmosphere than another (for ex-
ample, NO, retrievals from FTSs are only sensitive to the stratospheric part of the total
column; Sussmann et al., 2005).

This work will describe observations made by PARIS-IR and the Environment
Canada (EC) DA8 FTS and will discuss comparisons both between the ground-based
instruments and with the ACE-FTS results. The results will focus on trace gas species
that play an important role in ozone depletion processes that occur each spring in the
polar vortex, including O3, the chlorine and nitrogen reservoir species (HCI, CIONO,
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and HNOg), NO, (NO and NO,), and a stratospheric tracer (HF) (e.g. Solomon, 1999).
PEARL is located in a region of large stratospheric variability in the Arctic (Harvey and
Hitchman, 1996), where there is a good chance of making measurements both inside
and outside the polar vortex. Although PARIS-IR was deployed at Eureka in 2004
and 2005 (Sung et al., 2007; Sung et aI.1), there were major instrument changes and
improvements for the 2006 campaign. In addition, optical parts in PARIS-IR were re-
aligned in mid-2005. PARIS-IR’s performance in 2006 is expected to be different from
the performance in the 2004 and 2005 campaigns. The EC DA8 FTS has been operat-
ing at Eureka since 1993 and was compared to the portable FTS from National Physical
Laboratory (NPL) (Murphy et al., 2001). Hence, one of the goals of the campaign is
to investigate the differences between the retrieved columns obtained by PARIS-IR,
which is a relatively “new” campaign instrument, and the DA8 FTS, which is a per-
manently installed instrument and has been making long term observations at PEARL
since 1993.

To focus on the differences in the vertical columns that arise from the instrument
performance, PARIS-IR and the DA8 FTS were configured to measure atmospheric
absorption spectra simultaneously. This measurement strategy differs from that used
in the 2004 and 2005 Canadian Arctic ACE Validation Campaigns, when PARIS-IR
and the DA8 FTS recorded spectra alternately. Details on the configuration of the two
ground-based FTSs in the 2006 campaign will be illustrated in Sect. 2. Making si-
multaneous measurements ensured that PARIS-IR and the DA8 FTS were sampling
the same atmosphere and thus removed any differences in vertical columns due to
temporal and spatial variations. The ground-based FTS retrieval method and mea-
surement characterization are described in Sect. 3. The ACE-FTS measurements and
retrievals are described in Sect. 4. In Sect. 5, total columns, partial columns and col-
umn ratios obtained from simultaneous atmospheric remote sensing measurements

1Sung, K., Strong, K., Mittermeier, R. L., Walker, K. A,, et al.: Partial and total column SFIT2
retrievals from Eureka DA8 spectra in spring 2004 and 2005, including comparisons with the
PARIS-IR and ACE Satellite measurements, to be submitted to Atmos. Chem. Phys., 2008.
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using PARIS-IR and the DA8 FTS at Eureka are reported. The results are used to
compare measurements from PARIS-IR and the DA8 FTS, to investigate the quality
of ACE occultation measurements, and to probe the time evolution of the chemical
constituents in the atmosphere over the Canadian high Arctic during spring 2006.

2 Ground-based instrumentation and observations

PARIS-IR is a portable FTS built for atmospheric remote sensing from the ground and
airborne platforms such as high-altitude balloon gondolas. It was constructed as a ter-
restrial version of the ACE-FTS using a similar design and incorporating flight-spare
optical components from the satellite instrument. Hence, PARIS-IR can achieve the
same spectral resolution (maximum optical path difference (MOPD) of +25cm; maxi-
mum spectral resolution of 0.02 cm'1) and spectral coverage (750—4400 cm‘1) as the
ACE-FTS. Its maximum scanning speed is 2.5 cm/s, which makes PARIS-IR capable
of recording one double-sided interferogram at MOPD every 20 s. A sandwich-type
detector, which consists of mercury cadmium telluride (MCT) and indium antimonide
(InSb) elements, is used in PARIS-IR to record spectra over its entire spectral range in
a single scan (Fu et al., 2007).

An ABB Bomem DA8 FTS, a high-spectral-resolution (MOPD of 250 cm; maximum
spectral resolution of 0.002 cm'1) Michelson interferometer using dynamic alignment
techniques, was installed at PEARL in February 1993 (Donovan et al., 1997; Fara-
hani et al., 2007). Two independent detectors, MCT and InSb, are used to cover the
spectral range from 700 to 5100 cm™'. DA8 FTS measurements are made using a se-
quence of nine optical filters to improve the Signal-to-Noise Ratio (SNR). For this study,
we used spectra recorded with the following filters: S1 (3950-4300 cm™), S3 (2400
3300cm™"), S5 (1800—2050cm™") and S6 (700-1300cm™"). The MCT detector was
used with filter S6 and for the rest of the filters, the spectra were recorded with the InSb
detector.

A sun-tracking mirror system, permanently mounted on the roof of PEARL, was used
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to direct the solar beam into the FTS laboratory. To observe the atmosphere simultane-
ously using the two spectrometers, the solar beam (diameter ~14 cm) was split into two
parts. One third of the solar beam was directed through the input window of PARIS-
IR using a flat pickoff mirror. The rest of the solar beam was directed into the DA8
FTS. The SNR and retrieved total column densities from several spectra recorded in
shared beam mode and in whole beam mode were compared at the beginning of the
campaign. Differences in total column densities between the two modes were found
to be small, generally of the order of 1%. PARIS-IR has a shorter acquisition time per
spectrum (20 s) than the DA8 FTS (about 190 s). A single measurement from the DA8
FTS consists of four co-added spectra and requires about 13 min to collect. To further
ensure simultaneity, all of the individual spectra (~40) collected by PARIS-IR during
each 13-min DA8 measurement interval were co-added.

The campaign was carried out in two phases: the intensive and extended phases.
The intensive phase took place from 17 February to 8 March 2006. During this time,
measurements were made by all of the campaign instruments, including PARIS-IR and
the DA8 FTS, when weather conditions allowed. The ground-based FTS measure-
ments started on 21 February when the Sun became visible above the horizon. Also,
balloon-borne ozonesondes were launched daily from the nearby Eureka Weather
Station. After the intensive phase, PARIS-IR was shipped back to its home station,
the Waterloo Atmospheric Observatory. The extended phase continued from 9 to
31 March 2006, with measurements by the DA8 FTS and several of the UV-visible
grating spectrometers and weekly EC ozonesonde flights.

3 Spectral analysis and retrievals for ground-based FTSs

The spectra measured by PARIS-IR and the DA8 FTS were analyzed in a consistent
manner using the same retrieval program, spectroscopic parameters, spectral ranges
and a priori information. This was done in order to eliminate, as much as possible, any
differences due to the retrieval process. The analyses were performed using SFIT2
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(version 3.91) (Pougatchev et al., 1995; Rinsland et al., 1998). SFIT2 makes use
of the Optimal Estimation Method (OEM) (Rodgers, 1976, 1990, 2000) to include a
priori volume mixing ratio (VMR) profiles of atmospheric constituents as a function of
altitude in the retrievals. The spectral ranges, called microwindows (MWs), used in
the PARIS-IR and DA8 FTS retrievals are listed in Table 1. All of the spectroscopic
line parameters and cross sections used in these retrievals are taken from the High
resolution TRANsmission molecular absorption database (HITRAN) 2004 (Rothman et
al., 2004).

A model atmosphere is used in the SFIT2 program to simulate spectra. A forward
model, named FSCATM (Gallery et al., 1983; Meier et al., 2004a), was applied to
generate the model atmospheres using a priori VMR estimates, and pressure and
temperature profiles. FSCATM carries out refractive ray tracing and a calculation of
the air mass distribution, which is the number of molecules as a function of altitude,
for each model atmosphere. The a priori estimates of VMR profiles were adapted
from the a priori profiles constructed by A. Meier in 1998 for the NDACC station at
Kiruna (Meier et al., 2004b). To adapt this set of VMR profiles for use with measure-
ments from Eureka, the VMR profiles for O3, HNO3, HCI, HF, CIONO,, NO, NO,, HDO,
H,O, CH,4, and N,O, which are the target trace gases for this work or major interfer-
ing species in the spectral regions used in the retrievals, have been updated using
results from: the HALogen Occultation Experiment (HALOE) v. 19 data set between
1991 to 2005 (Russell et al., 1994; GroofR3 and Russell, 2005 and references therein),
the 2002—-2004 Michelson Interferometer for Passive Atmospheric Sounding (MIPAS)
version 3.0 profiles produced with the Institut fir Meteorologie und Klimaforschung sci-
entific processor (Hopfner et al., 2006), the Stratospheric Processes And their Role in
Climate 2000 climatology (SPARC2000) (Randel et al., 2002), and Eureka ozonesonde
archive (Tarasick et al., 2005). The procedure used to update the VMR profiles is pre-
sented in detail in Sung et al.”. Pressure and temperature profiles were produced

2Sung, K., Strong, K., Mittermeier, R. L., Walker, K. A., et al.: Partial and total column SFIT2
retrievals from Eureka DA8 spectra in spring 2004 and 2005, including comparisons with the
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using data from three sources: the daily radiosondes from the Eureka Weather Station
(launched daily at 11:15 and 23:15 UT), the National Centers for Environmental Pre-
diction (NCEP)/National Center for Atmospheric Research (NCAR) analyses provided
by the NASA Goddard Space Flight Centre automailer (obtained from the Goddard
Automailer science @ hyperion.gsfc.nasa.gov) (McPherson et al., 1979; Kalnay et al.,
1996), and the Mass-Spectrometer-Incoherent-Scatter model (MSIS-2000) (Picone et
al., 2002). From the surface to about 38 km, the radiosonde measurements were used.
Above that, the NCEP/NCAR analyses extend the profile from 38 to 50 km and the
output from MSIS was used from 50 to 100 km.

Instrument parameters, including the apodization and instrument lineshape func-
tions, are required to simulate the absorption spectra used in the SFIT2 retrieval pro-
cess. This is the area where the retrievals differed for the two FTSs. For the apodization
function, the DA8 FTS used a Hamming function and PARIS-IR used a boxcar func-
tion. In earlier comparisons, it was demonstrated that it is necessary to have a well-
characterized instrument line shape (ILS) in order to retrieve accurate total columns of
stratospheric gases from PARIS-IR spectra (Wunch et al., 2007). In this current work,
we used the LINEFIT program (Hase et al., 1999, version 11) to retrieve ILS informa-
tion for the two FTSs from N,O features between 2400 and 2800 cm™'. These spectra
were measured using a blackbody source and a 10-cm-long, 5.0-cm-diameter cell that
was filled with 14.7 hPa of N,O. The ILS results obtained were consistent with earlier
measurements for the DA8 FTS and PARIS-IR (Wunch et al., 2007; Sung et aI.3). In the
SFIT2 retrieval, the ILS parameters obtained from the cell measurements were used
as a priori inputs and values were retrieved from the atmospheric spectra as part of the
state vector.

A 29-layer grid was used to retrieve profiles from the PARIS-IR and DA8 FTS spectra.

PARIS-IR and ACE Satellite measurements, to be submitted to Atmos. Chem. Phys., 2008.

3Sung, K., Strong, K., Mittermeier, R. L., Walker, K. A., et al.: Partial and total column SFIT2
retrievals from Eureka DA8 spectra in spring 2004 and 2005, including comparisons with the
PARIS-IR and ACE Satellite measurements, to be submitted to Atmos. Chem. Phys., 2008.
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In addition to the profiles, integrated vertical column densities are produced for each
of the layers. These were used to calculate the total column densities and partial
column densities used in this work. The fitting residuals from the SFIT2 retrievals were
used to evaluate the quality of the results for the DA8 FTS and PARIS-IR. Using the
data from the entire campaign, the mean and the 1¢ standard deviation of the root
mean square (RMS) fitting residual were calculated for each MW and each FTS. Only
those retrievals whose RMS fitting residuals were within one standard deviation of the
mean were included in this study. For the DAS, this technique excluded at most 3—4
measurements out of ~60 recorded for each filter band during the campaign.

OEM, the method used in the SFIT2 spectral retrieval program, provides a method to
compute the major uncertainties in the retrievals of vertical columns such as smooth-
ing error, retrieval noise error and model parameter error (Rodgers, 2000; Rodgers
and Connor, 2003). Smoothing error, also known as null space error in the Rodger’s
OEM formalism, arises from the limited altitude resolution of the observing system.
Retrieval noise error is due to measurement noise in the spectra. The forward model
parameters such as spectral background, slope and instrumental line shape also gen-
erate uncertainties in the retrievals and these contributions are grouped together as
model parameter error. Table 2 summarizes these errors in the total column densities
obtained from the PARIS-IR and DA8 FTS observations and the root-sum-square of
these errors was used to provide a total error estimate.

The spectral resolution of a measurement affects the amount of vertical information
obtained from the spectral line shape of a measured species (Rodgers, 2000). With
higher spectral resolution, more precise vertical information can be obtained. As shown
in Table 2, the results from the DA8 FTS typically have higher values of Degrees Of
Freedom for Signal (DOFS), which are the number of independent quantities obtained
from the observations (the vertical partial columns in a specified altitude range, in this
case), than those from PARIS-IR since the DA8 FTS has a spectral resolution 10 times
higher than that of PARIS-IR. The DOFS can be improved by choosing high qual-
ity microwindows, i.e. spectral segments which contain many absorption lines of the
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investigated species with few (and ideally weak) absorption features from interfering
species. The microwindows used in this work have generally improved the retrievals of
O3 and HCI compared to those carried out in an instrument comparison campaign at
University of Toronto (Wunch et al., 2007) in terms of DOFS.

According to the Rodger's OEM theory, the averaging kernel is the derivative of a
derived parameter with respect to its a priori state value, i.e., when this normalized
derivative is small (nearly 0) all of the information comes from the a priori and when it
is large (near 1) then the information in the retrieval comes mainly from the measured
spectra (Rodgers, 1976, 1990, 2000). The typical averaging kernel profiles of seven
investigated species are shown in Fig. 1. For all of the seven species investigated,
the retrievals show good performance since the averaging kernel values are close to
1 in the altitude ranges where most of the molecules are located. For example, the
averaging kernel values from the Og retrievals using spectral segments near 1120 cm™
(MW1120) are close to 1 from 10 to 60 km for both FTSs. More than 80% of the total
ozone resides in the altitude range from 10 to 60 km.

4 ACE-FTS satellite observations and analyses

The ACE-FTS instrument performs up to 30 solar occultation measurements each day.
Its spectral resolution (0.02 cm_1) and spectral range (750-4400 cm_1) match those of
PARIS-IR. The ACE-FTS instrument records one measurement every 2 seconds. The
result of this sampling rate is that the typical vertical spacing of measurements within
an occultation is 3—4 km, neglecting the effects of refraction that compress the spacing
at low altitudes. The actual vertical resolution of the ACE-FTS measurements is limited
to about 3—4 km, due to the extent of the instrument field-of-view (1.25 mrad) and the
orbit altitude of the satellite (650 km).

The spectra measured by the ACE-FTS are analysed using a nonlinear least squares
global fitting approach to obtain VMR profiles of trace gases in the Earth’s atmosphere,
along with pressure and temperature profiles (Boone et al., 2005). The retrieved pro-
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files have a vertical resolution of 3—4 km and extend from the cloud tops (or 5 km under
clear conditions) to about 100km. The current ACE-FTS data set, version 2.2 with
updates for O3, N,O5, and HDO, contains VMR profiles for more than 30 atmospheric
constituents. Validation results for the primary molecules measured with ACE can be
found in this Special Issue (for example, the O4 validation paper by Dupuy et al., 2008).
Partial column densities were calculated using atmospheric densities derived from the
ACE-FTS measurements. Uncertainties in the partial column densities were calculated
using the statistical fitting errors reported for the ACE-FTS VMR profiles.

During the campaign, ACE-FTS made thirteen occultation measurements within
500 km of PEARL. The location for each ACE occultation is given as the latitude, longi-
tude and time of the 30-km tangent point (calculated geometrically), and it is this value
that was used in determining coincidences between observations. The ACE satellite
measurements were made between 22 February and 13 March 2006.

5 Results and discussion

The spectra recorded with PARIS-IR, the DA8 FTS, and ACE-FTS during the campaign
were analyzed using the methods described in Sections 3 and 4. The results for seven
primarily stratospheric trace gases (O3, HNO3, HCI, CIONO,, NO,, NO, and HF) are
discussed here. In Sect. 5.1, comparisons of results between PARIS-IR and the DA8
FTS are described. In Section 5.2, results from the ground-based observations are
compared to the ACE-FTS occultation measurements. Finally, in Section 5.3, results
from the three FTSs will be used to examine the time evolution of chemical constituents
in the atmosphere over the Canadian high Arctic during spring 2006. In these sections,
total column and partial column densities will be used. The altitude range used for the
partial columns was chosen to match the common range covered by all of the ACE-FTS
measurements.

When comparing satellite and ground-based measurements, pairs of collocated
measurements are identified using criteria based on the difference in distance and time
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between the measurements. Typically, the distance between the observatory housing
the instrument and the tangent point of a specific altitude in the satellite profile is used
to determine the spatial coincidence. For high-latitude stations where the solar ele-
vation is relatively small, the location of the observatory does not necessarily give a
good estimate of the location of the measured airmass because of the long slant path
through the atmosphere. The tangent point of the atmospheric layer where the mea-
surement is most sensitive can be located up to several hundred km away from the
observatory. To better understand the region of the atmosphere that is being sounded
in the DA8 FTS and PARIS-IR observations during the campaign, we have used a geo-
metric calculation to estimate the tangent point locations of several altitudes along the
slant path of the solar radiation. Refraction effects have been neglected. In the calcu-
lation, the distance between the observatory and the tangent point is calculated using
the solar zenith angle and the hour angle (the difference between the measurement
local solar time and solar noon). Then, these are used with the location of PEARL and
the haversine equation (Sinnott, 1984) used to determine the latitude and longitude of
the tangent point. This method was used to estimate the locations of the 18-km tan-
gent point in the PARIS-IR and DA8 FTS measurements on 4 March 2006 and these
points are shown in Fig. 2. This altitude was chosen because it is near the peak in
number density for O3, HCI, HNOg, and other species of interest in this study during
polar spring. Also, in this figure, the locations of the ACE-FTS occultations on 4 and
5 March are shown. They were within 100 km of the PEARL facility. However, the
distance between the air mass sampled by the ground-based FTSs and that measured
by ACE-FTS was of the order of ~440-500 km.

5.1 Comparisons between PARIS-IR and the DA8 FTS

Atmospheric solar absorption measurements were recorded simultaneously using
PARIS-IR and the DA8 FTS on eight days during the intensive phase of the 2006
Canadian Arctic ACE Validation Campaign. These observations started on 21 Febru-
ary 2006, the day when the Sun was first seen above the horizon at PEARL. In the
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first week of the campaign, the measurements were limited because the Sun is only
visible for a short period of time around noon, and that is further limited by topography
and cloud. The length of each day increases rapidly at the beginning of the campaign
(increasing from ~2 h on 21 February to ~6 h on 28 February, values calculated from
the sunrise and sunset times provided by the Astronomical Application Department of
U.S. Naval Observatory; http://aa.usno.navy.mil/). Often the measurements on the first
days have large fitting residuals and thus very few are included in the comparisons. It
should also be noted that the solar zenith angles for the measurements between 21 and
26 February range between ~89 and 90°. The weather conditions were poor during
the middle of the intensive phase: no ground-based FTS measurements were made
from 27 February to 3 March 2006 because of clouds and snow at PEARL. There were
good observing conditions at the end of the intensive phase, from 4 to 7 March 2006.
Figure 3 shows the time series of the individual (panel a) and the daily mean (panel b)
ozone total column densities from the DA8 FTS and PARIS-IR obtained using the MWs
near 1120cm™ (MW1120). Also included in these plots are the total columns esti-
mated from the ozonesonde flights made during the campaign. These estimates were
made by extrapolating the ozonesonde profile above the highest measured altitude and
integrating to obtain a total column density (Tarasick et al., 2005). It can be seen that
there are fewer DA8 FTS ozone measurements than PARIS-IR measurements in the
early part of the campaign due to the sequence in which the filters are used for the
observations. When the observing time during a day is less than ~6-7 h, the DA8 FTS
cannot measure a full series of spectra (obtained by recording spectra with each filter
twice) and thus not all of the target species have been measured every day by both
ground-based FTSs. In contrast, PARIS-IR does not use filters and, therefore, can
provide column densities for all of the trace gases of interest from each observation.
Results from PARIS-IR provide information with higher temporal resolution than those
from the DA8 FTS. For example, on 4 March 2006, ten observations were made using
PARIS-IR and the DA8 FTS simultaneously. Vertical column densities of ozone are
available from all ten observations made using PARIS-IR on that day. However only

5319

ACPD
8, 5305-5358, 2008

Simultaneous FTS
measurements from
PEARL in spring 2006

D. Fu et al.

EG

c


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/5305/2008/acpd-8-5305-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/5305/2008/acpd-8-5305-2008-discussion.html
http://www.egu.eu
http://aa.usno.navy.mil/

10

15

20

25

two measurements were recorded by the DA8 FTS with the S6 filter (700-1300 cm‘1)
and thus only two ozone column results are available from MW1120. As indicated in
Fig. 2, for the rest of that day, the DA8 FTS recorded atmospheric absorption spectra
in spectral ranges other than the one covered by the S6 filter. Because of this, the
spatial and temporal coverage of the PARIS-IR ozone measurements is much wider
than that of the DA8 FTS. The impact of this difference in sampling is seen in panel ¢
of Fig. 3. Here, the individual PARIS-IR and DA8 FTS MW1120 ozone observations
from 4 March 2006 are shown and the daily mean value is indicated. When the mea-
surements from the two FTSs were made simultaneously, there was good agreement
within the respective uncertainties. However, because the ozone column densities re-
trieved by PARIS-IR differed throughout the day as the measurement location and time
changed, the daily mean values for the DA8 FTS and PARIS-IR do not agree as well as
the simultaneous measurements. These differences observed between the daily mean
comparisons and individual comparisons vary with day and with species. Panel d of
Fig. 3 shows the ozone total column density results for PARIS-IR and the DA8 FTS
on 5 March 2006. Here the daily mean results are in better agreement. Figures 4
and 5 provide similar comparisons for HCI, CIONO,, HNO3, HF, and NO, total column
densities on 5 March and 7 March 2006, respectively. The daily mean and individual
comparisons for these days generally agree within the uncertainties.

To investigate this further, we calculated the differences between the PARIS-IR and
DA8 FTS total column densities for the six species (O3, HNO3, HCI, NO,, CIONO,,
and HF) and these are shown in Table 3 (note that PARIS-IR did not measure NO).
The comparisons were performed in two ways, one approach using daily mean values
and the other approach using individual measurements. For the former method, daily
mean total column densities were calculated for a given species retrieved by both FTSs,
and percentage differences were calculated for each measurement day using

p - [EF’X__EDX] y

: 100, (1)
CPX
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where, Cp, and Cp,are the daily mean values of observed total columns of the given
species x (x can be Oz, HNO3, HCI, NO,, CIONO,, or HF) observed by PARIS-IR
and the DA8 FTS, respectively. All of the percentage differences were then averaged
to obtain the results shown in the third column of Table 3 together with the 10 stan-
dard deviation of the differences in parentheses. In the second comparison method,
differences between individual measurements were calculated using

p - [Cpx — Cpxl y
* CPX

where, Cp, and Cp, are the individual values of simultaneously observed total
columns. All of these differences between individual measurements were then av-
eraged to obtain the results shown in the fourth column of Table 3 (along with the 1o
standard deviation of the mean).

For all six of the species investigated, the comparisons using daily mean values show
larger differences (by up to 13%) between two FTSs than those using the individual ob-
servations recorded simultaneously. Variation in the measured total column densities
during each observation day, as shown in Figs. 3, 4, and 5, arises from the tempo-
ral and spatial differences in Arctic atmospheric composition. This variation has to
be taken into consideration when making comparisons between ground-based instru-
ments measuring at high latitudes and when choosing coincidence criteria for satellite
comparison studies.

The differences between the simultaneous measurements made by the DA8 FTS
and PARIS-IR can be compared to results from earlier intercomparison campaigns. In
1999, an instrument comparison campaign was held at Eureka and the retrieved ver-
tical columns from the portable NPL FTS (a Bruker 120M) were compared with those
from the DA8 FTS at PEARL (Murphy et al., 2001). These comparisons show that
the differences between the NPL FTS and the DA8 FTS have a consistent systematic
bias of about 3% for HCI, HNO3; and O3, and 7% for HF, with the DA8 FTS reporting
higher column amounts than the NPL FTS for all comparisons. The large difference
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between instruments for HF was attributed to an instrument lineshape problem and a
zero level problem (when the atmosphere has 100% absorption the signal should be
zero). In addition, the non-linearity of the MCT detector was found to be causing a
major portion of the differences in retrieved HNO3; columns between the NPL FTS and
the DA8 FTS. The mean individual differences obtained from the 2006 Canadian Arctic
ACE Validation Campaign are generally similar to or smaller than those reported in
the 1999 comparison and these differences show systematically lower column values
for five species (HNO5, HCI, NO,, CIONO,, and HF) and higher column values for O4
from PARIS-IR than from the DA8 FTS. For all species except O3, the results from the
current work are consistent with the earlier NPL intercomparison study.

The different spectral resolutions of the instruments could also contribute to the differ-
ences between the PARIS-IR and DA8 FTS. This was investigated during comparisons
between PARIS-IR and two FTSs with higher spectral resolutions that were carried out
in summer 2005 at the University of Toronto (Wunch et al., 2007). One of these FTSs
was the Toronto Atmospheric Observatory Fourier Transform Spectrometer (TAO-FTS),
an ABB Bomem DA8 FTS with the same specifications as the Eureka DA8 FTS. Total
column differences for O3 and HCI between PARIS-IR and the TAO-FTS were found
to be about +£1% to +4%, respectively, consistent in magnitude with the agreement
between PARIS-IR and the Eureka DA8 FTS in this work. However, it should be noted
that the MW regions for HCl and O3 used in the two studies were different and this may
contribute to the difference.

5.2 Partial column comparisons between ACE-FTS measurements and ground-
based FTS observations

The concentration profiles of trace gases retrieved from ground-based observations
provide limited vertical resolution (DOFS about 1 to 4 over the altitude range from the
ground to 100km, as shown in Table 2), much coarser than the vertical resolution
(about 3—4 km) of observations from ACE-FTS. Because of this, the present compar-
isons are restricted to partial column abundances rather than profiles. As shown in
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Sung et al. (2007), the comparisons of partial columns from ground-based instruments
with ACE-FTS results poses difficulties for molecules with maximum VMR in the tropo-
sphere (such as N,O or CH,), particularly for an FTS with the resolution of PARIS-IR.
Thus, we restrict our comparisons to molecules where the VMR peaks in the strato-
sphere.

There were 13 occultation measurements within 500 km of PEARL during the cam-
paign. Coincident ground-based measurements occurred on eight days for the DA8
FTS and seven days for PARIS-IR, with multiple coincidences on some days for each
instrument. The partial columns, C,, of the seven trace gases were calculated for
ACE-FTS using

i=top
Cy= D pli) x VMR, (i) x Z(i), (3)
i=bottom

where x stands for O3, HCI, CIONO,, HF, HNO3, NO,, or NO.; o(/) (in molecules/cm3),
VMR, (/), and Z(/) (in cm) are the number density of air, the volume mixing ratio of
the species x in the jth layer, and the thickness of the jth layer. The occultation mea-
surements made by the ACE-FTS usually have different altitude ranges due to factors
such as clouds limiting how low in altitude the measurements extend. Therefore, com-
mon altitude ranges were used for the partial columns calculated from the ACE-FTS
profiles. These results are shown in Table 4 together with their altitude ranges, mea-
surement dates, and occultation names. In addition, the uncertainty in each partial
column density, as determined from the root-sum-square of the spectral fitting error
from the corresponding ACE-FTS profile, is given.

For the two species where retrievals for the DA8 FTS and PARIS-IR were performed
using two different MWs, only one was chosen for the comparisons with ACE-FTS
based on the reasoning given below. The ACE-FTS version 2.2 update retrievals use a
wide spectral region near 1120 cm™’ containing a high density of O3 absorption lines.
During the development of the version 2.2 O3 update, it was found that retrievals made
using lines near 1100cm™" and those near 2775cm™" differed by ~5% due to the
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spectroscopic parameters. To avoid this known inconsistency, O; column densities
from MW2775 were not included in this section. For HNO3, both MW868 and MW872
results were available from the PARIS-IR and the DA8 FTS and, as shown in the previ-
ous section, are in good agreement (within 2%) in the total column density. The results
from MW868 were used in the comparison with ACE-FTS since there was slightly bet-
ter agreement between two ground-based FTSs for this MW than for MW872.

When comparing measurements made at high latitudes, an additional coincidence
criterion is often needed: this is the location relative to the polar vortex. The ACE-
FTS partial column densities described above can be used to demonstrate this ad-
ditional consideration. For example, three sunset measurements named ss13778,
ss13793 and ss13794 were made within 500 km of PEARL by the ACE-FTS on 4 and
5 March 2006 (Fig. 2). The observation times for ss13778, ss13793 and ss13794
were 20:56:26 UT (4 March), 21:22:04 UT (5 March) and 22:59:47 UT (5 March),
respectively. The partial columns for ss13793 and ss13794 (given in Table 4) show
percentage differences of —8.11%, —6.79%, —38.06%, —12.32%, —14.88%, 1.96%,
and 7.67% for Og, HCI, CIONO,, HF, HNO3, NO,, and NO, respectively. For Og,
HCI, NO, and NO, these percentage differences are approximately within the com-
bined estimated uncertainty of the partial column densities. However, for the other
three species, the differences are larger than the uncertainty estimates. For ss13778
and ss13793, which differ in space by ~30km and time by ~24 h, the observed par-
tial columns show percentage differences of —18.14%, —16.83%, —71.18%, —40.51%,
—-37.45%, 11.14%, and -3.21%, for O5, HCI, CIONO,, HF, HNO3, NO,, and NO, re-
spectively. These differences are much larger than the combined uncertainty estimates
for all species except for NO. To determine if the same air mass was being sampled
by these pairs of ACE-FTS measurements, the location of the polar vortex was in-
vestigated using scaled Potential Vorticity (sPV in units of 10‘43'1) calculated from
the Goddard Earth Observing System version 4.03 (GEOS-4) analyses (Bloom et al.,
2005). These results were obtained from the Derived Meteorological Products (DMPs)
provided for the ACE-FTS occultation measurements (Manney et al., in press). sPV
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is the scaled (Dunkerton and Delisi, 1986; Manney et al., 1994) Rossby-Ertel poten-
tial vorticity (PV), which can be used to describe the intensity and extent of the polar
vortex. In the stratosphere, the vortex edge region is typically at sPV values of about
1.2 to 1.6x10™* s~'. For these three occultations, the sPV values at two altitudes
(potential temperature levels) along the slant path were compared: 18.5km (~465K)
and 30.5km (~760K) were chosen because they are near the peak in number den-
sity for O3, HCI, CIONO,, HF, and HNOg, and NO, and NO, respectively. At 18.5 km,
the sPV values for ss13778, ss13794 and ss13793 are 1.07x10™%s™", 1.24x107*s™"
and 1.37><1O_4S_1, respectively, corresponding to the measurement location moving
from outside of the polar vortex into the vortex edge region. For the 30.5 km level,
the values are 1.94x10™*s™", 2.22x107*s™", and 2.26x10™*s™" for ss13778, 5513794
and ss13793, respectively, which are all within the vortex. The change in the column
densities of Oz, HCI, CIONO,, HF and HNO; for ss13778, ss13794 and ss13793 is
mirrored in the change in sPV at 18.5 km, which is the approximate altitude of the peak
in number density for these species. Similarly, at 30.5 km, the change in sPV has the
same behaviour as the change in NO, column density. Because of the magnitude of
the uncertainty, no comment can be made about the trend in NO column density. This
shows that considering sPV, in addition to spatial and temporal coincidence criteria,
can assist in determining if similar air masses are being compared. It should be noted
that during the campaign, the polar vortex in the lower stratosphere was rather poorly
defined (see Manney et al., 2008 and detailed discussion in Sect. 5.3). Because the
vortex was weak with a lot of mixing with extravortex air, there is likely to be more day-
to-day and measurement-to-measurement variability seen in these results than can be
accounted for using a “strict” sPV vortex edge criterion.

To compare the partial column densities calculated from the ACE-FTS measure-
ments with those from PARIS-IR and the DA8 FTS, the difference in the vertical res-
olution between the measurements has to be taken into account. This was done
by smoothing the VMR profiles from the ACE-FTS using the averaging kernels from
PARIS-IR and DA8 FTS retrievals (Rodgers and Connor, 2003). The VMR profiles from
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ACE-FTS were interpolated on to the 29-layer grid used for the ground-based FTSs.
These profiles were extended below the lowest retrieved altitude using information from
the ground-based FTS a priori profiles. Then these composite profiles were smoothed
using the DA8 FTS and PARIS-IR averaging kernels and a priori profile. The vertical
partial columns were recalculated using the smoothed ACE-FTS profiles in place of
VMR, (/) in Eq. (3). These smoothed ACE-FTS partial column densities were divided
by the partial column results from the DA8 FTS and PARIS-IR (calculated over the
same altitude range) to obtain the ratios in Table 5. Also, the mean percentage differ-
ences ({[ACE-FTS] — [ground-based FTS]}/[ground-based FTS]) and the 1o standard
deviation of the differences were calculated. As mentioned earlier, in order to make
valid comparisons, the altitude ranges for the PARIS-IR and DA8 FTS partial columns
were chosen to match those used for ACE-FTS. Over these altitude ranges, the PARIS-
IR and DA8 FTS retrievals have averaging kernel values generally larger than 0.5 (as
shown in Fig. 1), which indicates that retrieved columns of the investigated species
are primarily obtained from observations rather than a priori information. All ACE-FTS
measurements within 500 km of PEARL were used for this comparison. For PARIS-IR,
the partial column densities of individual ground-based observations that were closest
in time to the ACE-FTS observation were used. For the DA8 FTS, the daily mean of the
partial column densities was used. Typically, two measurements were taken sequen-
tially with each filter on each day with up to four sequential measurements on some
days.

In Table 5, with the exception of the HNO4 comparisons for PARIS-IR, the mean dif-
ferences in the partial column densities between the ground-based FTSs and ACE-FTS
are negative. However, for all of the species, the mean ratios and mean percentage
differences are smaller than the total errors for the DA8 FTS and PARIS-IR reported
in Table 2. The largest variation in the ratios is for CIONO, for which the standard
deviations of the mean difference are 28.3% and 14.2% for DA8 FTS and PARIS-IR,
respectively. To some degree, this reflects the challenge in retrieving this molecule
from the ground-based spectra. In general, the results from PARIS-IR show better
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agreement with ACE-FTS than the DA8 FTS results. This is most likely due to better
temporal coincidences. The temporal and spatial differences between the ACE-FTS
and ground-based instruments are shown in Table 6 for PARIS-IR and Tables 7—-10 for
the DA8 FTS (each table corresponds to the group of molecules measured in each filter
region). The PARIS-IR measurements are taken up to ~4 h before the ACE-FTS oc-
cultation, with an average difference of ~2 h. For the DA8-FTS, the maximum temporal
differences are between ~5 and ~8.5 h and the average differences are ~3.5 to ~7 h.
All of the ACE-FTS measurements were selected because they occurred within 500 km
of PEARL. However, this does not necessarily reflect the distance between the ACE-
FTS occultation and the ground-based FTS measurement. This was calculated using
the method described above and the distances between the ACE-FTS occultation lo-
cation and the ground-based measurement (using the 18-km altitude tangent point as
representative of the region of the atmosphere being sampled) are given in Tables 6—
10. The spatial differences between the ACE-FTS and PARIS-IR observations are on
average 400 km with a maximum of 700 km. For the DA8 FTS and ACE-FTS com-
parisons, the maximum spatial differences are ~500-600 km and the average values
are between 300 and 400 km. Because these distances between the measurements
can be larger than the stated distance coincidence criterion, it is important to ensure
that the comparisons are considering similar air masses using sPV. This is given in Ta-
bles 6 through 10 for the ~18 km and ~30 km altitudes for each of the measurements.
Based on the values at ~18 km, these measurements are primarily sampling outside
or on the edge of the vortex (sPV<1 4x107* s‘1) with the exception of 13 March 2006
where both are inside (sPV ~1.8x107* s'1). At ~30km, all sPV values are greater
than 1.6x107* s~ indicating that the measurements are sampling inside the vortex.
At both levels, there are no obvious mismatches (one measurement inside and the
other outside) which could contribute to the differences seen between the ACE-FTS
and ground-based measurements.

As part of the validation of the ACE-FTS version 2.2 (plus updates) data products,
comparisons of partial column densities have been made between measurements by
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ACE-FTS and high-resolution ground-based FTSs. The same smoothing and partial
column calculation techniques were used for all of the studies. However, these results
differ in some respects from the current study because wider time ranges were used
(typically February 2004 through December 2006, rather than only during spring 2006)
and, in some cases, broader coincidence criteria were used (up to 1000 km; +£24 h).
Despite these differences, our results are in reasonable agreement for all species. For
example, Dupuy et al. (2008) found percentage differences between —10 and +7%
for their O3 comparisons and the DA8 FTS and PARIS-IR results (-5.9% and -5.2%,
respectively) fall within this range. Comparisons for HCI and HF, done by Mahieu et
al. (2008), show average agreement between the ground-based FTS and ACE-FTS
partial column densities of approximately +6% and +8%, respectively. Here the differ-
ences for HCIl and HF are —4.6% and —-4.7%, for PARIS-IR, and —8.5% and -0.9%
for the DA8 FTS, respectively. The differences found for CIONO, by Wolff et al. (2008)
covered a wide range from —34% to +56% with a large standard deviation for the mean
difference of £35%. The mean differences and standard deviation of the differences
found in this study are consistent with the work of Wolff and coworkers. For HNO;,
the percentage differences found by Wolff et al. (2008) ranged from —13% to +6% and
are consistent with the results obtained here which were differences of —6.6% with
the DA8 FTS and +5.7% with PARIS-IR. Finally for NO, and NO, Kerzenmacher et
al. (2008) reported differences between ground-based FTSs and ACE-FTS between
-9% and +21% for NO, and the current results for the DA8 FTS and PARIS-IR fall
within this range (-4.6% and —5.2%, respectively). During the campaign, only the DA8
FTS was able to provide NO results and these partial columns differed from ACE-FTS
by —9.9%. This difference is smaller in magnitude than that found by Kerzenmacher et
al., who reported differences between —14.5% and -67.5%.

Figure 6 shows scatter plots of the ACE-FTS partial column densities versus the
ground-based FTS partial column densities for O3, HCI, and HF. The PARIS-IR and
DA8 FTS results are both included on each plot. The plots show good correlation
between the satellite and ground-based data sets. For the regression fits (shown in
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dotted black line), both the DA8 and PARIS-IR results were fitted together and the
intercepts were set to zero because of the limited number of data points available. The
fitted slopes are slightly smaller than one in all cases.

5.3 Time evolution of trace gases during the 2006 Canadian Arctic ACE validation
Campaign

The satellite observations together with meteorological analyses have previously been
used to study the Arctic vortex, temperature and trace gas evolution over Eureka dur-
ing the 2003-2004, 2004—2005 and 2005-2006 winters (Manney et al., 2008). The
2005—-2006 winter had a very strong, prolonged major “stratospheric sudden warming”
(SSW) beginning in early to mid January 2006 that ended in the mid- to late Febru-
ary 2006. After the SSW, a pole-centred strong vortex redeveloped quickly in the lower
mesosphere. Throughout the campaign, the vortex was recovering and strengthening
in the upper stratosphere. Figures 1 to 3 of Manney et al. (2008) show the relative
position of PEARL and the polar vortex using maps of sPV on the 1700K, 850K and
490 K potential temperature surfaces. In the lower stratosphere (490 K), the vortex did
not recover significantly from the SSW so during the 2006 campaign it was fairly weak
and poorly defined.

This picture is shown in terms of sPV in Fig. 10 of Manney et al. (2008) and con-
sistent with the time series of sPV values for the measurements made by ACE-FTS
and the ground-based FTSs during the campaign. The campaign time series is shown
in panel e of Fig. 7 for altitudes of 18 km, 26 km, and 36 km along the slant paths of
the DA8 FTS and ACE-FTS observations from 21 February to 31 March 2006. For
ACE-FTS, the 18.5km, 26.5km and 36.5 km levels were used for this plot. At 36 km,
the sPV values are larger than 2x107%s™ during the entire campaign which is consis-
tent with the Arctic vortex strongly reforming after the SSW. In the middle stratosphere
(26 km), the sPV values tend to be larger than 1.6x107*s™" and are generally increas-
ing throughout the measurement period. This is consistent with the vortex strengthen-
ing and reforming over Eureka during this time. In the lower stratosphere (18 km), the
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sPV values vary between about 1x107%s™" and 1.4x107%s™" (with a few days having

sPV values of greater than 1 .6x10'4s‘1). Therefore, the measurements at this altitude
are primarily made outside or in the vortex edge region.

When investigating changes in trace gas species with time, it is useful to be able to
separate chemical and dynamical effects. Previous studies have used long-lived trac-
ers such as HF, to normalize the column densities of stratospheric species in order to
remove most of the dynamical effects such as diabatic descent (Toon et al., 1999; Mel-
Igvist et al., 2002). This technique works well because the Oz, CIONO,, HCI, HNO,,
and HF atmospheric profiles have similar shapes with peak values in the stratosphere.
For this study, the total columns of O3, HCI, CIONO,, and HNO; from PARIS-IR and
the DA8 FTS were normalized by taking ratios with the total columns of HF and the
results are shown in panels a—d of Fig. 8, respectively. Because the DA8 FTS cannot
measure CIONO,, HCI, HNOj, and O5 simultaneously with HF (the MWs are not in the
same filter band), the daily mean total column densities were used for this investiga-
tion. For PARIS-IR, individual simultaneous measurements were used to compute the
ratios and these ratios were then averaged to obtain the daily mean column ratios of
[HCI)/[HF], [CIONO,J/[HF], [HNOs]/ [HF], and [O3)/[HF]. For the three days where there
are measurements from both instruments, PARIS-IR and the DA8 FTS are in reason-
able agreement and have similar trends. The same normalization procedure was also
applied to the ACE-FTS partial column densities of O3, CIONO,, HCI, HNO; and HF.
For each species, the altitude range for the partial column ratio was chosen to match
the range where retrievals were available for both the molecule and HF. The ACE-FTS
partial column density ratios are expected to have an offset from those obtained from
the ground-based FTSs because the satellite profiles were truncated in the lowermost
stratosphere due to the altitude range available for the ACE-FTS HF data. The results
for ACE-FTS and the ground-based spectrometers appear to have similar trends.

The time evolution of the ratios, [HCIJ/[HF], [CIONO,J/[HF], [HNO3)/ [HF], and
[O3)/[HF], is consistent with the region of the polar vortex that is sampled by these
measurements. For this discussion, we will use the sPV values at 18 km because the
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maximum number density of all of these species is near this altitude (for the Arctic
at this time of year). Based on sPV at 18 km, the ground-based campaign measure-
ments can be divided between those primarily inside the vortex (13—16 March and
28-31 March) and those primarily near the edge or outside of the vortex (21 February—
11 March and 20—-26 March). This classification corresponds to air masses having sPV
values greater or less than 1.6x107%s™". For HCI, HNO3 and Og, the ratios inside the
vortex are slightly lower than those outside and on the edge of the vortex as is expected
in polar springtime. The CIONO, ratio values obtained for the inside and outside/edge
regions are more similar. To look at the correlation more closely, the ratio of [O3]/[HF]
has been plotted versus [HCI])/[HF], [HCI+CIONO,]/[HF], and [HNO3]/[HF] in panels a—
c of Fig. 8. For this similar air mass, the column ratios show changes of about 50%
during the entire campaign.

The partitioning of chlorine during the 2006 Arctic vortex has been investigated using
measurements from two satellite instruments, the Microwave Limb Sounder (MLS) on
Aura and ACE-FTS on SCISAT, and the SLIMCAT three-dimensional chemical trans-
port model (Santee et al., in press). They found that the SSW in mid-January es-
sentially caused chemical processing in the vortex to end and chlorine deactivation to
begin. This can be seen in Fig. 6 of Santee et al. which shows the time series of vortex
average HCI, CIONO,, and CIO at the 520K potential temperature level for four 5°-
wide equivalent latitude bands from 65° to 80°. By the beginning of the ground-based
FTS measurements in late February, chlorine deactivation within the vortex was nearly
complete and there were thus no rapid or significant changes in HCl and CIONO,
VMRs observed at Eureka throughout the six weeks of the campaign. For the inside
the vortex measurements, this relatively constant behaviour is what was seen in the
ground-based FTS ratios of HCI and CIONO, with HF from PEARL (Fig. 7). Similarly,
within the vortex, there was no rapid change in O; VMR, and the HNO5; VMR was ob-
served to decline slowly by MLS and ACE-FTS from late February to the end of March
(e.g., Fig. 7 in Santee et al., in press). This behaviour can be seen in the PARIS-IR
and DA8 FTS Oy in-vortex results. However, it is difficult to discern a trend in HNO;
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from the relatively few points obtained within the vortex from the ground-based FTS
measurements. For those ground-based FTS measurements taken within or near the
edge of the vortex, there appears to be a small decrease in the ratios of O3, HNOg4
and HCI over the campaign period whereas the CIONO, does not show as significant
a change.

6 Summary and conclusions

The 2006 Canadian Arctic ACE Validation Campaign made measurements for the
Atmospheric Chemistry Experiment (ACE) satellite mission at PEARL, Eureka from
17 February until 31 March in 2006. The DA8 FTS and PARIS-IR observations were
performed simultaneously so that instrument performance could be compared directly.
The solar beam was shared between the two FTSs and spectral co-additions were
performed over the same time intervals to ensure simultaneity. From these specitra,
vertical total columns and partial columns of O3, CIONO,, HCI, HNO3, NO, NO,, and
HF were retrieved using the SFIT2 program (version 3.91). Mean differences in to-
tal column densities of O35, HNO3, NO,, HCI, HF, and CIONO, from the observations
between PARIS-IR and the DA8 FTS are 2.84%, —1.94%, —0.08%, —3.22%, —1.45%
and -4.28%, respectively. These differences are comparable to those seen in earlier
intercomparison studies for both instruments. By using the same analysis program,
spectroscopic parameters, spectral regions, and a priori information to analyze the
spectra recorded by PARIS-IR and the DA8 FTS, these differences can be taken to be
due to instrumental differences such as spectral resolution.

The ground-based observations using the DA8 FTS and PARIS-IR were compared
with the version 2.2 (plus updates) results from the ACE-FTS satellite instrument using
partial column densities. The results from PARIS-IR in general agree better with the
ACE-FTS than those from the DA8 FTS for all of the investigated species. This has
been attributed to better temporal coincidence with ACE-FTS observations for PARIS-
IR than for the DA8 FTS measurements. Ground-based partial column results agree
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with the ACE-FTS partial column results to within the uncertainty estimated for the
DA8 FTS and PARIS-IR and the results are consistent with those found in the other
ACE-FTS version 2.2 validation studies. To verify that the air masses measured by
each of the instruments in these comparisons were similar, the tangent points of the
altitudes with the maximum number density for the species of interest were calculated
geometrically and the scaled potential vorticity at these levels were compared. This
method provided an additional verification that the comparisons were valid.

The results from the three FTSs (ACE-FTS, PARIS-IR, and the DA8 FTS) were used
to probe the time evolution of chemical constituents in the atmosphere over Eureka
during spring 2006. For this investigation, the effects of subsidence were removed
by normalizing the column densities using the long-lived tracer HF. There were no
significant changes observed in O3, HCI, CIONO,, and HNO5; amounts recorded inside
the polar vortex during the campaign. These observations are generally consistent with
the results of Santee et al. (in press), who showed that chemical processing within the
polar vortex in spring 2006 had nearly ceased by the beginning of the campaign at
Eureka.
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Table 1. Species, spectral ranges of microwindows, interfering species, and filters used in
ground-based observations.
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Species MW?®  Spectral Range (cm"‘) Interfering species Filter®
1104.78-1105.08 CH3D, CHF,CI, CCI,F,, H,CO,, HDO, '°0'*0'%0
1119.73-1119.95 CHF,CI, N,0,"°0'"°0"%0

1120° 16,1618 S6

0, 1121.67-1122.03 0'°0'0, H,CO,, CHF,CI, N,0, H,0

1122.84-1123.06 '*0'®0"0Q, H,CO,, CHF,CI, CH3D, CH,, H,0
2775 2775.68-2775.88 HCI, N,O, CH, S3
868  867.00-869.20 H,0, OCS, NH,, CO, S6

HNOs  g72  871.80-874.00 H,O, OCS, NH,, CO,, C,H,, CCL,F, S6

CIONO, 780  779.85-780.45 CO,, Og, HNO,, CCl, S6

HF 4038  4038.78-4039.10 H,0, CH,, HDO St
2727.72 - 2727.84 03, CH,, HDO, CO

C 3 4 ] 2

HCI 2725"  5775.78-2775.88 0,, CH,, N,O S8

NO° 1903  1902.85-1903.35 CO,, N,O, H,0, OCS, O, S5

NO, 2914  2914.60-2914.70 CH,, OCS, CH;D S3

& Microwindow region.
® Filters were placed in front of the entrance aperture of the DA8 FTS to improve the SNR of
the measurements. See text for the spectral ranges of filters used in observations.
¢ Several spectral ranges from individual spectra were used in the retrievals simultaneously;

also known as “multi-microwindow” fitting.

4 PARIS-IR has no results for NO from the 2006 Canadian Arctic ACE Validation Campaign.
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Table 2. Degrees of freedom for signal and uncertainties in the retrievals of total vertical column

densities obtained from measurements by the DA8 FTS and PARIS-IR.

ACPD
8, 5305-5358, 2008

Species MW?

Smoothing Error (%)

Retrieval Noise Error (%)

Model Parameter Error (%)

Total Error®(%)

Degrees of Freedom

Simultaneous FTS
measurements from
PEARL in spring 2006

D. Fu et al.

PAR® DAg® PAR DAS PAR DAS PAR DA8 PAR DAS

1120 7.9 54 29 25 05 0.3 84 60 36 42

Os 2775 123 8.7 0.4 37 0.5 0.2 123 95 22 25
868  14.7 135 15 2.9 0.2 0.1 14.8 138 15 17

HNO;  g70 145 13.7 15 2.9 0.3 0.1 146 140 16 1.9
CIONO, 780 161 14.2 3.0 27 0.1 0.1 164 145 1.0 0.9
HF 4038 68 55 1.3 25 0.2 0.1 69 60 17 17
HCI 2725 75 74 08 27 0.3 0.1 76 79 17 17
NO 1903 N/A 10.9 N/A 3.9 N/A 0.1 NA 116 NA 1.2
NO, 2914 251 227 28 37 0.1 0.1 253 230 17 1.9

& See Table 1 for spectral ranges of microwindows.

® Total Error= \/(Smoothing Error)2+(RetrievaI Noise Error)®+(Model Parameter Error)2.

° PARIS-IR.
4 DAS FTS.
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Table 3. Comparisons of total columns observed by the DA8 FTS and PARIS-IR from 21 Febru-

ary to 8 March 2006.

ACPD
8, 5305-5358, 2008

Mean Percentage Differences®

Simultaneous FTS
measurements from
PEARL in spring 2006

D. Fu et al.

. a
Species MW Comparison Using Daily Comparison Using Individual
Mean Value (%)+Std. Dev. Measured Value(%)+Std. Dev.
1120 -6.33+8.07 2.84+5.71
O3 2775 -3.56+3.87 0.03+4.76
868 -5.11+9.59 -0.11+£2.95
HNO; g7 —2.224+7.34 ~1.94+2.60
CIONO, 780 -17.62+10.10 -4.2846.70
HF 4038 -5.31+3.22 -1.45+6.77
HCI 2725 -7.84+2.91 -3.22+2.71
NO, 2914 -2.84146.97 -0.08+3.23

& See Table 1 for spectral ranges of microwindows.

® See text for calculation method description. Uncertainty given is the 1o standard deviation of

the mean difference.
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Table 4. Partial columns calculated from ACE-FTS measurements taken during the 2006 Cana-
dian Arctic ACE Validation Campaign.
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D. Fu et al.

Date  Time (UT) Occult. Distance A° (X?Sw) (:1'21'5) ((:l?ggf (x:'(';s) (':?1098) (:fg?s) (ngs)
mm/dd  hh:mm:ss®  Name® (km) 7
(molecules/cm®)
2/22 21:32:40  ss13631 449 1.16(2) 4.4(3) 1.6(3) 1.92(11) 2.69(4) 0.82(3) 2.3(1)
2/23 20:20:45  ss13645 201 1.11(2) 4.4(3) 1.6(2) 1.92(12) 2.62(5) 1.25(4) 2.9(2)
2/26 20:00:13  ss13689 92 1.11(2) 4.4(3) 1.8(2) 2.06(10) 2.58(4) 0.96(3) 2.2(1)
2/28  20:51:34 ss13719 119 1.10(2) 4.3(2) 2.0(2) 2.08(09)  2.59(2) 0.78(3) 2.2(2)
3/1 21:17:13  ss13734 202 1.16(2) 4.4(2) 2.4(2) 2.30(09)  2.78(4) 1.21(3) 2.3(1)
3/4 20:56:26  ss13778 95 0.94(1) 4.0(2) 1.4(1) 1.73007)  2.17(3) 1.17(3) 2.4(1)
3/5 21:22:04 ss13793 64 1.11(4) 4.6(2) 2.4(2) 2.43(09)  2.99(5) 1.04(2) 2.4(1)
3/5 22:59:47  ss13794 445 1.03(3) 4.3(2) 1.7(1) 2.16(08) 2.60(4) 1.06(2) 2.6(1)
3/6 21:47:43  ss13808 63 1.05(2) 4.4(2) 2.2(2) 2.26(08) 2.61(3) 1.01(2) 2.5(1)
3/6 23:25:25 513809 497 1.02(2) 4.2(2) 1.6(1) 2.02(08) 2.44(3) 1.05(3) 2.3(1)
3/7 22:13:21 513823 98 1.03(2) 4.3(2) 1.9(1) 2.22(07)  2.36(3) 1.19(5) 2.5(1)
3/8 22:38:59  ss13838 152 1.14(2) 4.5(2) 1.8(1) 2.22(07) 2.74(3) 1.14(2) 2.6(1)
3/13 23:09:33  ss13912 357 1.20(1) 4.9(1) 3.0(2) 2.84(09) 3.51(2) 1.32(4) 2.3(2)
Partial Column Altitude Range (km) 9.5-845 11.5-475 145-30.5 13.5-445 105-31.5 17.5-355 24.5-845

& Universal time of ACE-FTS observations.
® Occultation names used by the ACE Science Operation Centre to label occultations [type of
measurement (sr=sunrise and ss=sunset)+orbit number].

°A is distance from ACE-FTS occultation measurement to PEARL.
4 ACE-FTS partial column error was calculated from the spectral fitting error for each measure-
ment. This value is given in parentheses.
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Table 5. Ratios of partial columns ([ACE-FTS]/[ground-based FTS]) obtained during the 2006

Canadian Arctic ACE Validation Campaign.
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Date  Time (UT) Occultation O, HCI CIONO, HF HNO4 NO, NO
mm/dd  hh:mm:ss® A® (km) AD® AP AD AP AD AP AD AP AD AP AD AP AD AP
2/22 21:32:40 ss13631 (449) - - - - - - - - - - - - - -
2/23 20:20:45 ss13645(201) - 0.87 0.98 0.94 - 112 091 0.91 - 102 111 117 - -
2/26 20:00:13 ss13689(092) - 097 0.89 0.96 - 092 1.03 094 - 09 084 1.02 - -
2/28 20:51:34  ss13719 (119) - - - - - - - - - - - - -
31 21:17:13  ss13734 (202) - - - - - - - - - - - - - -
3/4 20:56:26  ss13778 (095) 0.87 0.90 0.81 090 0.53 0.89 - 0.83 071 095 093 0.88 1.06 -
3/5 21:22:04 ss13793 (064) 0.89 098 0.95 097 09 099 101 100 109 123 102 1.08 091 -
3/5 22:59:47  ss13794 (445) 091 0.89 0.83 095 061 100 094 100 093 1.04 1.03 0.88 092 -
3/6 21:47:43 ss13808(063) 0.95 099 0.95 097 120 124 1.06 1.00 1.04 1.16 085 093 0.88 -
3/6 23:25:25 ss13809 (497) 0.92 095 091 093 076 0.81 098 097 097 1.08 084 091 087 -
3/7 22:13:21  ss13823(098) 0.88 1.04 0.97 101 083 086 1.06 098 087 1.02 091 072 0.96 -
3/8 22:38:59 ss13838 (152) — - - - - - - - - - - - - -
3/13 23:09:33 ss13912(357) 1.16 - 094 - 1.28 - 0.94 - - - 106 - 070 -

Mean Column Ratio 094 095 092 095 088 098 099 095 093 1.06 0.95 095 090 -

Mean Percentage Difference® (%) -59 -52 -85 -46 -118 23 -089 47 66 57 -46 -52 99 -
1 o Standard Deviation (%) 100 58 58 33 283 142 58 6.1 136 9.6 105 139 109 -
Partial Column Altitude Range (km) 9.5-84.5 11.5-47.5 14.5-30.5 13.5-445 10.5-31.5  17.5-35,5 24.5-84.5

& Universal time of ACE-FTS observations.
®A is distance from ACE-FTS occultation measurement to PEARL.
° Ratio of [ACE-FTS]/[DAS8].
4 Ratio of [ACE-FTS]/[PARIS-IR].
® (IACE-FTS]-[Ground-Based FTS])/[Ground-Based FTS].
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Table 6. The spatial and temporal differences between PARIS-IR and ACE-FTS observations
of Os, HCI, CIONO,, HF, HNO3, and NO, during the 2006 Canadian Arctic ACE Validation

ACPD
8, 5305-5358, 2008

Campaign.
Date ACE Time® Occultaton A% A PARISIIRTime® A  sPV18km (107*s™")® sPV 30km(107*s™")'
mm/dd  hh:mm:ss (km)  (km) hh:mm:ss (hours) ACE-FTS PARIS-IR ACE-FTS PARIS-IR
2/22  21:32:40  ss13631 449  — - - 1.17 - 1.71 -
2/23  20:20:45  ss13645 201 288 18:53:32 1.45 0.97 1.06 1.68 2.00
2/26  20:00:13  ss13689 92 321 18:55:57 1.07 1.24 1.27 1.89 2.00
2/28  20:51:34  ss13719 119 - - - 1.01 - 1.97 -
3/1 21:17:13 813734 202 - - - 1.26 - 1.91 -
3/4 20:56:26  ss13778 95 424 21:00:31 -0.07 1.07 1.17 1.94 2.21
3/5 21:22:04  ss13793 64 339 20:19:23 1.04 1.37 1.29 2.26 2.82
3/5 22:59:47  ss13794 445 696 20:19:23 2.67 1.24 1.29 222 2.82
3/6 21:47:43 513808 63 281 19:31:14 2.27 1.38 1.32 2.29 2.82
3/6 23:25:25 513809 497 645 19:31:14 3.90 1.34 1.32 2.35 2.82
3/7 22:13:21  ss13823 98 236 18:27:54 3.76 1.33 1.31 1.95 2.75
3/8 22:38:59  ss13838 152 - - - 1.28 - 213 -
3/13  23:09:33  ss13912 357 - - - 1.77 - 243 -

Simultaneous FTS
measurements from
PEARL in spring 2006

D. Fu et al.

& Universal time of observation.
bA1 is distance from ACE-FTS occultation measurement to PEARL.

°A, is distance from ACE-FTS occultation measurement to PARIS-IR observation.

dA3 is the difference in time between the ACE-FTS occultation measurement and the DA8 FTS
observation.
® The scaled Potential Vorticity (sPV) at altitudes of 18.5 km and 18.0 km along the optical paths
of the ACE-FTS and PARIS-IR, respectively.
" The scaled Potential Vorticity (sPV) at altitudes of 30.5 km and 30.0 km along the optical paths
of the ACE-FTS and PARIS-IR, respectively.
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Table 7. The spatial and temporal differences between DA8 and ACE-FTS observations for O,
HNOj, and CIONO, during the 2006 Canadian Arctic ACE Validation Campaign.

ACPD
8, 5305-5358, 2008

Date  ACE Time® Occultation ~ A® A DA8 FTS Time® A sPV 18km (107*s™")°
mm/dd  hh:mm:ss (km) (km) hh:mm:ss (hours)  ACE-FTS DA8FTS
2/22  21:32:40  ss13631 449 - - - 1.17 -
2/23  20:20:45  ss13645 201 - - - 0.97 -
2/26  20:00:13  ss13689 92 - - - 1.24 -
2/28  20:51:34  ss13719 119 - - - 1.01 -
3/1 21:17:13  ss13734 202 - - - 1.26 -
3/4 20:56:26 513778 95  497/436 14:57:23/15:22:48 5.98/5.56  1.07 1.17
3/5 21:22:04  ss13793 64  469/414 14:39:24/15:.00:41 6.71/6.36  1.37 1.21
3/5 22:59:47  ss13794 445 428/436 14:39:24/15:00:41 8.34/7.99  1.24 1.21
3/6 21:47:43 513808 63  273/259 15:54:00/16:15:41 5.90/5.53  1.38 1.18
3/6 23:25:225  ss13809 497 485/501 15:54:00/16:15:41 7.52/7.16  1.34 1.18
317 22:13:21  ss13823 98 299 14:42:02 7.52 1.33 1.31
3/8 22:38:59  ss13838 152 - - - 1.28 -
3/13  23:09:33  ss13912 357 226 17:10:24 5.99 1.77 1.83

Simultaneous FTS
measurements from
PEARL in spring 2006

D. Fu et al.

& Universal time of observation.

bA1 is distance from ACE-FTS occultation measurement to PEARL.

°A, is distance from ACE-FTS occultation measurement to DA8 FTS observation.
dA3 is the difference in time btween the ACE-FTS occultation measurement and the DA8 FTS
observation.
® The scaled Potential Vorticity (sPV) at altitudes of 18.5 km and 18.0 km along the optical paths
of the ACE-FTS and DA8 FTS, respectively.
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Table 8. The spatial and temporal differences between DA8 and ACE-FTS for HCI and NO,
during the 2006 Canadian Arctic ACE Validation Campaign.

ACPD
8, 5305-5358, 2008

Date  ACE Time® Occultation A IV DAB8 FTS Time® nd sPV 18km (107%s™")®  sPV 30km (107%s™")f
mm/dd  hh:mm:ss (km) (km) hh:mm:ss (hours) ACE-FTS DA8FTS ACE-FTS DA8FTS
2/22  21:32:40  ss13631 449 - - - 1.17 - 1.71 -
2/23  20:20:45  ss13645 201 255/249 17:36:15/17:59:01 2.74/2.36 0.97 95 1.68 2.20
2/26  20:00:13  ss13689 92 347/381 19:28:56/19:51:50 0.52/0.14 1.24 117 1.89 2.20
2/28  20:51:34  ss13719 119 - - - 1.01 - 1.97 -
3/1 21:17:13  ss13734 202 - - - 1.26 1.91 -
3/4 20:56:26  ss13778 95 335 16:41:15 425 1.07 1.17 1.94 2.12
3/5 21:22:04  ss13793 64 363/329 15:26:55/15:51:51 5.92/5.50 1.37 1.24 2.26 265
3/5 22:50:47  ss13794 445  450/466 15:26:55/15:51:51 7.55/7.13 1.24 1.24 222 2.65
3/6 21:47:43  ss13808 63 242 17:53:33 3.90 1.38 1.27 2.29 2.79
3/6 23:25:25  ss13809 497 565 17:53:33 5.53 1.34 1.27 2.35 2.79
3/7 22:13:21 ss13823 98  257/235/221 15:08:11/15:30:42/15:53:45 7.09/6.71/6.33  1.33 1.32 1.95 2.74
3/8 22:38:59  ss13838 152 - - - 1.28 - 2.13 -
313  23:09:33  ss13912 357  226/227 18:37:44/18:58:58 4.53/4.18 1.77 1.82 2.43 3.43

Simultaneous FTS
measurements from
PEARL in spring 2006

D. Fu et al.

& Universal time of observation.

bA1 is distance from ACE-FTS occultation measurement to PEARL.
°A, is distance from ACE-FTS occultation measurement to DA8 FTS observation.

dA3 is the difference in time between the ACE-FTS occultation measurement and the DA8 FTS
observation.
® The scaled Potential Vorticity (sPV) at altitudes of 18.5km and 18.0km along the optical
paths of the ACE-FTS and DA8 FTS, respectively.
" The scaled Potential Vorticity (sPV) at altitudes of 30.5km and 30.0km along the optical
paths of the ACE-FTS and DA8 FTS, respectively.
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Table 9. The spatial and temporal differences between DA8 and ACE-FTS for HF during the

2006 Canadian Arctic ACE Validation Campaign.

ACPD
8, 5305-5358, 2008

Date  ACE Time® Occultation ~ A® A DA8 FTS Time® A sPV 18 km (107*s7") ©
mm/dd  hh:mm:ss (km) (km) hh:mm:ss (hours)  ACE-FTS DA8FTS
2/22  21:32:40  ss13631 449 - - - 1.17 -
2/23  20:20:145  ss13645 201 287/340 18:53:19/19:22:40 1.46/0.97  0.97
2/26  20:00:13  ss13689 92 321/330 18:55:55/19:10:28 1.07/0.83  1.24
2/28  20:51:34  ss13719 119 - - - 1.01
3/1 21:17:13  ss13734 202 - - - 1.26 -
3/4 20:56:26 ~ ss13778 95 - - - 1.07 -
3/5 21:22:04  ss13793 64 288/281 16:44:12/16:59:25 4.63/4.38  1.37 1.25
3/5 22:59:47  ss13794 445 498/507 16:44:12/16:59:25 6.26/6.01 1.24 1.25
3/6 21:47:43  ss13808 63 259 18:55:17 2.87 1.38 1.30
3/6 23:25:225  ss13809 497 611 18:55:17 4.50 1.34 1.30
317 22:13:21 513823 98  213/212 16:18:42/16:35:06 5.91/5.64  1.33 1.32
3/8 22:38:59  ss13838 152 - - - 1.28 -
3/13  23:09:33  ss13912 357 230/232 19:22:19/19:40:14 3.79/3.49  1.77 1.80

Simultaneous FTS
measurements from
PEARL in spring 2006

D. Fu et al.

& Universal time of observation.

bA1 is distance from ACE-FTS occultation measurement to PEARL.

°A, is distance from ACE-FTS occultation measurement to DA8 FTS observation.
dA3 is the difference in time between the ACE-FTS occultation measurement and the DA8 FTS
observation.
® The scaled Potential Vorticity (sPV) at altitudes of 18.5 km and 18.0 km along the optical paths
of the ACE-FTS and DA8 FTS, respectively.
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Table 10. The spatial and temporal differences between DA8 and ACE-FTS for NO during the
2006 Canadian Arctic ACE Validation Campaign.

ACPD
8, 5305-5358, 2008

Date ACE Time* Occultation A% A5 DA8FTSTime®  AJ  sPV18km (107*s™)¢ sPV 30km (107*s™")"
mm/dd  hh:mm:ss (km)  (km) hh:mm:ss (hours) ACE-FTS DA8FTS ACE-FTS DA8FTS
2/22 21:32:40 ss13631 449  — - - 1.17 - 1.71 -
2/23 20:20:45 ss13645 201 - - - 0.97 - 1.68 -
2/26 20:00:13 ss13689 92 - - - 1.24 - 1.89 -
2/28 20:51:34 ss13719 119 - - - 1.01 - 1.97 -
3/ 21:17:13 ss13734 202 - - - 1.26 - 1.91 -
3/4 20:56:26 ss13778 95 298/ 18:14:04/ 2.71/ 1.07 1.19 1.94 2.16
297 18:37:37 2.31
3/5 21:22:04 ss13793 64 271/ 18:21:19/ 3.01/ 1.37 1.27 2.26 2.84
273/ 18:35:29/ 2.78/
276/ 18:50:54/ 252/
281 19:05:27 2.28
3/5 22:50:47 ss13794 445 562/ 18:21:19/ 4.64/ 1.24 1.27 2.22 2.84
573/ 18:35:29/ 4.41/
585/ 18:50:54/ 4.15/
599 19:05:27 3.91
3/6 21:47:43 ss13808 63 247 18:19:15 3.47 1.38 1.29 2.29 2.80
3/6 23:25:25 ss13809 497 583 18:19:15 5.10 1.34 1.29 2.35 2.80
37 22:13:21 ss13823 98 236 18:27:44 3.76 1.33 1.31 1.95 2.75
3/8 22:38:59 ss13838 152  — - - 1.28 - 2.13 -
3/13 23:09:33 ss13912 357 224/ 18:07:43/ 5.03/ 1.77 1.83 2.43 3.44
225 18:21:55 479

Simultaneous FTS
measurements from
PEARL in spring 2006

D. Fu et al.

& Universal time of observation.
bA1 is distance from ACE-FTS occultation measurement to PEARL.
°A, is distance from ACE-FTS occultation measurement to DA8 FTS observation.
dA3 is the difference in time between the ACE-FTS occultation measurement and the DA8 FTS
observation.
® The scaled Potential Vorticity (sPV) at altitudes of 18.5 km and 18.0 km along the optical paths
of the ACE-FTS and DA8 FTS, respectively.
" The scaled Potential Vorticity (sPV) at altitudes of 30.5 km and 30.0 km along the optical paths
of the ACE-FTS and DA8 FTS, respectively.
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1. Normalized total column averaging kernels for PARIS-IR (blue circles) and the DA8

FTS (red squares) for 2006 Canadian Arctic ACE Validation Campaign.
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Fig. 2. Locations of simultaneous PARIS-IR and DA8 FTS measurements taken on
4 March 2006. Each measurement location is indicated using the tangent point of the 18 km
altitude in the FTS slant path (calculated geometrically) and is labelled with a red symbol. The
shape of red symbol indicates the optical filter used for the DA8 FTS measurement. Dur-
ing each DA8 FTS measurement, PARIS-IR recorded the entire spectral region from 750 to
4400cm™". In addition, the locations of the ACE-FTS occultations made on 4 and 5 March 2006
are indicated. Location of PEARL is shown with a black solid square.
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Fig. 3. Oj total vertical column densities obtained from the spectra near MW 1120cm™
(MW1120) recorded using PARIS-IR (blue diamonds) and the DA8 FTS (red squares) during
the 2006 Canadian Arctic ACE Validation Campaign are shown together with total columns cal-
culated from ozonesonde measurements (black circles). Panels (a) and (b) show the individual
and the daily mean column densities for the entire campaign period, respectively. Enlarged
views of daily observations and uncertainties of total column densities on 4 and 5 March 2006
are shown in panels (c) and (d), respectively. Red and blue dashed lines indicate the daily
mean vertical column densities for the DA8 FTS and PARIS-IR, respectively. The errors for
DA8 and PARIS-IR are the total percent errors given in Table 3. For the measurements using
ozonesondes, the total columns were estimated by extrapolating above the highest measured
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altitude and the uncertainty given is £6% (taken from Tarasick et al., 2005).
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Fig. 4. Total vertical column densities of HCI (a), CIONO,, (b), HNO; (MW 868) (c), HF (d),
and NO, (e) retrieved from spectra obtained with PARIS-IR and the DA8 FTS at PEARL on 5
March 2006. Error bars indicate the DA8 FTS and PARIS-IR total percentage errors given in
Table 2. Red dashed lines and blue dashed lines indicate the daily mean total column densities
measured by the DA8 FTS (red squares) and PARIS-IR (blue diamonds), respectively.
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Fig. 6. Scatter plot of partial columns measured by ACE-FTS versus those observed by ground-
based FTSs for (a) O, (b) HCI, and (c¢) HF. In all figures, the dotted line shows the fitted
correlation function between the two data sets being compared. Results from both the DA8

FTS and PARIS-IR were fit together to in this calculation. The slope and R? for the comparisons
are given on the figure. The solid line shows the one-to-one relationship for the comparison.
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HF from the observations using PARIS-IR (blue diamonds) and the DA8 FTS (red squares) during the 2006 Canadian
Arctic ACE Validation Campaign. The partial column density ratios calculated from the ACE-FTS results are also shown
(black triangles). The altitude ranges of the partial column density ratios of [HCI)/[HF], [CIONO,]/[HF], [HNO3)/[HF], and
[O3V[HF] from ACE-FTS are 13.5-44.5km, 14.5-30.5km, 13.5-31.5km and 13.5-44.5km, respectively. The altitude
range of the total column density ratios from the DA8 FTS and PARIS-IR is surface — 100 km. (e) The scaled potential
vorticity (sPV) at altitudes of 18 km, 26 km, and 36 km along the optical paths of the DA8 FTS measurements and those
of ACE-FTS from GEOS-4 analyses. The dashed lines indicate 1.2 and 1.6x107*s7!, the edges of the polar vortex.
Error bars for the ratios are calculated by propagating the error in the total column densities given in Table 2 for the
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Fig. 8. Scatter plot of (a) partial column ratio of [HCI)/[HF] vs. [O5]/[HF] from ACE-FTS (black tri-
angles) along with total column ratios of [HCIJ/[HF] vs. [O3]/[HF] from PARIS-IR (blue diamonds)
and the DA8 FTS (red squares). (b) Same as (a), but for [HCI+CIONO,]/[HF] vs. [O;)/[HF]. (c)
Same as (a), but for [HNO;J/[HF]. The altitude ranges of the partial column density ratios of
[HCI)/[HF], [CIONO,J/[HF], [HNOg)/[HF], and [O3)/[HF] from ACE-FTS are 13.5—-44.5km, 14.5—
30.5km, 13.5-31.5 km and 13.5—44.5 km, respectively. The altitude ranges of the total column
density ratios from the DA8 FTS and PARIS-IR are surface — 100 km. In all figures, the solid
line indicates the fitted correlation between x and y domains. The correlation function and R?
are given on the figure. EG
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