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a b s t r a c t

A Bruker 125HR Fourier transform spectrometer was installed at the Polar Environment

Atmospheric Research Laboratory (PEARL) at Eureka, Nunavut, Canada in the summer of

2006 to study atmospheric composition. Using the optimal estimation method, typically

over a limited spectral region called a microwindow, information about the vertical

distribution of trace gas species that have absorption bands in the mid-infrared spectral

range can be retrieved. Total and partial columns can also be determined to show the

temporal evolution of the target gas. For ozone in particular, retrievals have been

performed using several of its many mid-infrared absorption features, resulting in a lack

of consistency in the literature in the microwindows chosen for retrievals. This work

focuses on the optimization of the ozone retrieval, assessing a set of 22 microwindows

between 780 and 3052 cm�1 to determine which is best suited to conditions at Eureka.

The 1000–1004.5 cm�1 spectral interval is shown to be the most sensitive to both the

stratosphere and troposphere. This microwindow gives the highest number of degrees of

freedom for signal (�7 for total column), and the smallest total error (4.3%) compared

with 21 other spectral regions. Retrievals performed with this microwindow agree well

with results obtained from other instruments on-site. Total column ozone measured by

the Bruker 125HR in this microwindow agreed to 2% with two other Fourier transform

spectrometers, to 0.7% with a Brewer spectrophotometer, to 8% with a SAOZ UV–VIS

spectrometer, and to 7% with ozone sondes.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Ozone is a naturally occurring substance which was
first made in the laboratory in 1839 by Schönbein [1,2]. It
is well known as an important component of our atmo-
sphere, as it strongly absorbs solar ultraviolet (UV)
radiation.
ll rights reserved.
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a (R. Lindenmaier).
Total ozone column measurements in the first half of
the twentieth century were mostly based on photometry
in the UV wavelength range from 300 to 340 nm. Fabry
and Buisson were the first to measure the atmospheric
ozone column using a double spectrograph [3–5]. In the
mid 1920s, Dobson designed the Fery spectrograph [6],
which led to the development of the Dobson spectro-
photometer which, in combination with its successor, the
Brewer spectrophotometer [7], remains the backbone of
the global ground-based ozone monitoring network today.

Many other techniques and instruments have since
been developed to measure ozone concentrations. The
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Table 1
Infrared microwindows previously used for ozone retrievals.

Reference Spectral range (cm�1) Interfering species (if available)

Vigouroux et al. [37], Senten et al. [38] 1000–1005 H2O, CO2, C2H4, O3(668), O3(686)

Wunch et al. [39], Taylor et al. [40] 3039.90–3040.60 H2O, CH4

2775.68–2776.30 CH4, CO2, HCl, N2O

2778.85–2779.20 CH4, HDO, N2O

2781.57–2782.06 CH4, HDO, N2O, CO2

Yamamori et al. [41], Kagawa et al. [42] 3051.29–3051.90 H2O, CH4, HDO, CH3D

Sung et al. [43], Fu et al. [30] 2775.78–2775.88 HCl, N2O, CH4

2775.68–2776.30

2778.90–2779.50 CH4, CO2, HCl, N2O, HDO, solar lines

2781.54–2782.09

1104.78–1105.08 CH3D, CHF2Cl, CCl2F2, H2CO2, HDO, O3(668)

1119.73–1119.95 CHF2Cl, N2O, O3(668)

1121.67–1122.03 O3(668), H2CO2, CHF2Cl, N2O, H2O

1122.84–1123.06 O3(668), H2CO2, CHF2Cl, CH3D, CH4, H2O

3039.80–3041.70 CH4, H2O, CH3D

Griesfeller et al. [44] 782.561–782.861 Not available

788.850–789.369

1000.0–1005.0

Hase et al. [45], Schneider et al. [35,18] 782.56–782.86 H2O, CO2, solar lines

788.85–789.37 H2O, CO2, solar lines

993.3–993.9 H2O, CO2, O3(668), O3(686)

1000.0–1005.0

1007.3–1009.0 H2O, CO2, O3—all isotopologs

1011.1–1013.6

Meier et al. [46] 3039.75–3040.55 CH4, H2O

3045.08–3045.38 CH4

Barret et al. [17] 1002.567–1003.2 O3(668), O3(686)

1000.0–1005.0 O3(668), O3(686), H2O

Notholt et al. [47] 1002.58–1003.50 H2O

1003.90–1004.38 H2O

1004.58–1005.00 H2O

Goldman et al. [48] 3045.08–3045.38

3027.42–3027.60

Hamdouni et al. [16] 2107.80–2107.86 not available

2780.81–2780.96

3037.32–3037.80

Pougatchev et al. [20,15] 1002.567–1003.203

Rinsland et al. [49] 764.03–764.43

773.20–773.38

781.08–781.25 CO2

1127.60–1129.50 HDO, CH4

1146.40–1146.56

1146.55–1147.40 N2O, H2O, HDO

1155.39–1155.56

1162.85–1163.50

1163.34–1163.48

1167.50–1167.75

2083.50–2084.72 H2O, CO2

2754.55–2755.45 HDO, CH4, solar lines

2778.90–2779.20

2781.60–2781.86 HDO

2792.65–2793.28 N2O, HDO, solar

3040.00–3040.90 H2O, CH4

Adrian et al. [50], Wegner et al. [51] 996.5–998.5 H2O, CO2

2768.0–2773.0 HDO, H2O, N2O, CH4

2773.0–2776.0 CH4, N2O, HDO, HCl

References are specified along with the spectral range used and the interfering species when they were available. The numbers in brackets for O3 define its

isotopes, with 6,7, and 8 indicating 16O, 17O, and 18O, respectively.
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first ozone measurements in the mid-infrared were made
in the 1960s using a grating spectrometer flown on three
balloon flights, which collected spectra for various
altitudes from the ground through 30 km [8]. The first
atmospheric measurements with Fourier transform spec-
trometers (FTSs) were performed at the Jet Propulsion
Laboratory, Caltech [9]. The FTSs brought two important
advantages compared to the grating spectrometers: the
Fellgett advantage, i.e., all frequencies or wavelengths are
measured simultaneously, and the Jacquinot advantage,
i.e., high optical throughput that occurs because a circular
aperture can be used [10]. Today, more than 20 high-
resolution infrared FTSs regularly record atmospheric
absorption spectra at sites distributed from pole to pole
as part of the Network for the Detection of Atmospheric
Composition Change (NDACC), which is committed to
monitoring changes in the stratosphere, with an emphasis
on the long-term evolution of the ozone layer [11].

FTSs operating in the mid-infrared are able to provide
highly resolved solar absorption spectra from which
precise total ozone column amounts can be retrieved.
The high spectral resolution of the FTS measurements
additionally allows vertical profile information to be
determined from the pressure broadening of the absorp-
tion features. In practice, the vertical information content
of a solar absorption spectrum is quantified by applying
the optimal estimation method (OEM) of Rodgers [12–14].
This retrieved profile can then be used to determine total
and partial columns. The sensitivity of the retrieval can be
increased with a careful choice of the spectral region and
with an appropriate selection of the absorption features.

The focus of this paper is the evaluation of ozone
retrievals from mid-infrared measurements made with
the new Bruker 125HR FTS installed at the Polar Environ-
ment Atmospheric Research Laboratory (PEARL) in Eureka,
Nunavut, Canada (80.051N, 86.421W) in July 2006.
Particular emphasis has been placed on the selection of
the small spectral regions (known as microwindows)
within which ozone is fitted. Many different microwin-
dows containing ozone absorption features have been
used by different groups for retrieval of ozone in the past.
Until recently, narrow microwindows were used due to
computational limitations, e.g., the 1002.6–1003.2 cm�1

microwindow used by Pougatchev et al. [15] and the
2107.80–2107.86 cm�1 microwindow used by Hamdouni
et al. [16]. With recent advances in computational
processing power, retrievals over broader microwindows
encompassing multiple ozone absorption features have
become possible. It has been demonstrated by Barret et al.
[17] and Schneider et al. [18] that using broader micro-
windows increases the number of independent pieces of
information in the retrieval, also called degrees of freedom
for signal (DOFS).

Table 1 summarizes the mid-infrared ozone
microwindows that have been used in ground-based
Fourier transform infrared (FTIR) spectroscopy, demo-
nstrating the lack of consistency in the literature. In the
2400–3100 cm�1 region, one or more narrow micro-
windows are usually used. This is due to the high
number of non-ozone absorption lines that affect the
retrieval. The number of interfering species is much
smaller in the 600–1400 cm�1 region, and therefore, the
microwindows tend to be broader in this region.

In this study, spectral simulations were first performed
for intervals of approximately 30 cm�1 that contained
strongly absorbing ozone lines and relatively few
absorption lines due to interfering species. From these
intervals, 22 smaller microwindows were then identified
(as discussed in Section 3.1), overlapping with or extend-
ing the previously used ozone microwindows listed in
Table 1. We evaluated these 22 microwindows to
determine which is the most appropriate for ozone
retrievals at our high Arctic site, identifying the spectral
region that provides the highest DOFS and the smallest
total error. The sensitivity of the retrieval to the strato-
sphere and troposphere for each microwindow was also
investigated.

The paper is organized as follows. In Section 2, the
instrument is briefly described along with our retrieval
method. Section 3 presents the methodology used to
define microwindows and assess their performance, and
Section 4 contains the microwindow selection and error
budget. Comparisons with other ozone-measuring instru-
ments at Eureka for two periods (summer 2007 and spring
2008) are shown in Section 5. Section 6 concludes with a
recommendation for the optimal microwindow for ozone
retrievals with the Bruker 125HR FTS at Eureka.
2. Measurements

2.1. Instrumentation

In 2005, the Canadian Network for the Detection of
Atmospheric Change (CANDAC) began operations at
Eureka, establishing the Polar Environment Atmospheric
Research Laboratory (PEARL). One of the key research
themes at PEARL is to improve our understanding of the
processes controlling the stratospheric ozone budget and
its future evolution, using measurements of concentra-
tions of a range of stratospheric constituents. To this end,
a Bruker IFS 125HR FTS (referred to in this work as the
Bruker 125HR) was installed in July 2006 and has since
then been operated in the sunlit periods of the year since
that time. In February 2009 it was certified as an NDACC
instrument.

The Bruker 125HR is a scanning Michelson interfe-
rometer specifically designed for very high-resolution
measurements over a broad spectral range. As weather
permits, daily solar absorption measurements are per-
formed using an automated measurement sequence
stepping through a series of bandpass filters. Measure-
ments are possible from approximately February 21 to
October 20, when the sun is above the horizon. Spectra are
normally recorded with boxcar apodization at a resolution
of 0.0035 cm�1, corresponding to a maximum optical path
difference of 257 cm, using one of two detectors, indium
antimonide (InSb) for the 1850–4400 cm�1 region and
mercury cadmium telluride (MCT) for the 600–1850 cm�1

region, in combination with a potassium bromide (KBr)
beamsplitter and a set of filters. For a detailed description
of the instrument see Batchelor et al. [19].
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2.2. The retrieval method

Retrievals of trace gas profiles from our Bruker 125HR
spectra are performed using the OEM as described by
Rodgers [12,13,14]. The retrieved profile ðx

_
Þ can be

regarded as a linear combination of the a priori (xa) and
the true (x) profile with additional error contributions:

x
_
¼ xa þ Aðx� xaÞ þ GyKbðb� b

_

Þ þ Gye ð1Þ

where A represents the averaging kernel matrix, Gy the
gain matrix, Kb the matrix showing the sensitivity of the
forward model with respect to the forward model
parameters b, b̂ the estimated model parameters, and e
the measurement error. The OEM requires the a priori

volume mixing ratio (VMR) profile of the target gas, the
associated a priori covariance matrix and the a priori VMR
profiles of the interfering species. The retrieved state
vector contains the VMR of the target gas on discrete
layers in the atmosphere, and all other fitted parameters
for the interfering species and model parameters. The
vertical information content of the retrieved profile can be
optimized with a good choice of microwindow(s) and a

priori information.
The retrieval algorithm used to analyze the Bruker

spectra was SFIT2 v3.92c, a radiative transfer and profile
retrieval algorithm based on the OEM. A calculated
spectrum is fitted to the observed one by means of
adjustment of the gas profiles and supplementary instru-
mental parameters [15,20,21]. The SFIT2 algorithm per-
mits retrievals using one or more microwindows. The
forward model of SFIT2 is ‘‘a multi-layer, multi-species,
line-by-line transfer model which was developed for the
analysis of FTIR spectra’’ [15]. The model assumes that the
layers are homogeneous and in local thermodynamic
equilibrium, and it also assumes a Voigt line shape
function, refractive ray-tracing calculations using the
fscatm algorithm [22], site-specific pressure and tempera-
ture profiles, and instrument line shape (ILS) function
calculations (including the effects of apodization, max-
imum optical path difference (MOPD), and finite field-of-
view).

fscatm was used to convert the pressure, temperature
and VMR profiles specified at 63 layer boundaries to
density-weighted effective pressure, temperature and
VMR profiles within the 38 layers that form the vertical
retrieval grid used at Eureka [19]. The pressure and
temperature profiles were obtained from the mean of
the two radiosondes launched daily at Eureka by Environ-
ment Canada. This information was supplemented with
the National Centre for Environmental Prediction (NCEP)
profiles above the maximum heights of the radiosondes,
and with the 1976 US standard atmosphere profile above
50 km [19]. The a priori ozone profile was developed by
Sung (personal communication). For the altitude range of
0.6–35 km, the average of 13 years (1993–2005) of ozone
sonde measurements at Eureka for the sunlit February–-
September period was used. Averaged HALOE ozone data
from the same months were used above 35 km [23]. The
updated HITRAN 2004 database was used for line-by-line
calculations of the atmospheric spectrum [24].
The a priori covariance matrix Sa, which constrains the
retrieval to the a priori, was set to 70% uncertainty on
the diagonal with a Gaussian 4 km interlayer correlation
from 0.6 to 100 km. The 70% uncertainty represents the
maximum variability in ozone observed in the Eureka
ozone sonde data record (1s on the 13-year mean). For the
interfering species, the a priori diagonal covariances were
set to 100% with no interlayer correlation.

The optimal value of the signal-to-noise ratio (SNR) as
a fitting parameter, used to determine the retrieval noise
covariance matrix, was chosen after constructing the
trade-off curves of the root mean square (RMS) fitting
residual as a function of SNR for each microwindow. For a
description of this technique see Batchelor et al. [19].

3. Methodology

3.1. Microwindows

A series of ozone microwindows found in the NDACC
filter 6 (600–1400 cm�1) and filter 3 (2400–3100 cm�1)
regions, on the MCT and InSb detectors respectively, were
investigated. Simulations were used to identify the
interfering species for each spectral interval. The a priori

VMR profiles and the pressure and temperature profiles
used in the simulations were the same as those used in
the retrievals (discussed in Section 2.2). The absorptions
for ozone and the interfering species and their mean
values were calculated for each interval of interest. This
helped in the selection of the regions where the ozone
lines were strong enough for retrieval and minimally
influenced by interfering species. It also identified the key
interfering species that should be included in each
retrieval.

After the initial definition of the spectral regions of
interest, preliminary retrievals were performed and the
RMS fitting residuals were examined for systematic
features indicative of issues with the spectroscopic
parameters in the HITRAN database. These results were
used to refine the choice of microwindows. In total, 22
microwindows and multi-microwindows (meaning that
more than one microwindow is fitted simultaneously)
were chosen in our study for further analysis and are
presented in Table 2, along with the values of the SNR
determined from the trade-off curves for each
microwindow combination and the interfering species
included in each case. The microwindow designation for
each microwindow combination, as listed in column two,
approximates the spectral region, with the letter ‘‘m’’
identifying a multi-microwindow fit.

3.2. Averaging kernels

The combined forward model and retrieval system
with respect to the true atmosphere is characterized by
the averaging kernel matrix, A. The rows of this matrix are
the averaging kernels (or smoothing functions), which
describe what proportion of each of the altitude layers in
the true profile is represented in the determination of that
retrieved altitude layer [14]. Summing the elements of
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Table 2
List of ozone microwindows examined in this work, their designation and spectral range, the SNR used in the retrieval, and the interfering species

included in the retrievals.

Microwindow designation Spectral range (cm�1) SNR Interfering species

1 782 780.70–783.10 100 CO2, H2O, HNO3, ClONO2, C2H2, CCl4, COF2, C2H6, HCN, solar

785.55–790.30 CO2, H2O, HNO3, ClONO2, C2H2, CCl4, C2H6, HCN, solar

2 984 984.47–985.28 100 O3(686), CO2, O3(668), H2O, C2H4

3 984 m 984.47–985.90 100 O3(686), CO2, O3(668)

986.10–988.09 O3(686), O3(668), CO2, C2H4

988.30–990.00 O3(686), O3(668), CO2, H2O, C2H4

4 987 986.10–988.10 100 O3(686), CO2, O3(668), C2H4

5 988 988.70–990.00 100 O3(686), CO2, O3(668)

6 1000 1000.00–1004.5 100 H2O, CO2, O3(676), O3(667), O3(686), O3(668), C2H4

7 1088 1088.10–1091.00 100 CO2, H2O, O3(668), CCl3F, CCl2F2, HCOOH, CHF2Cl

8 1090 1085.70–1091.00 100 CO2, H2O, O3(668), CCl3F, CCl2F2, HCOOH, CHF2Cl

9 1106 1101.70–1106.50 100 CCl2F2, H2O, CCl3F, CHF2Cl, HDO, HCOOH, O3(668)

10 1119 1112.00–1117.40 100 H2O, CCl2F2, CH3D, CHF2Cl, HDO, HCOOH, O3(668)

11 1119 m 1112.00–1117.40 100 H2O, CCl2F2, CH3D, CHF2Cl, HDO, HCOOH, O3(668)

1118.85–1120.50 N2O, H2O, CCl2F2, CH3D, CHF2Cl, SO2, HDO, HCOOH

12 1123 1123.85–1133.92 100 N2O, H2O, CCl2F2, CH3D, CHF2Cl, SO2, HDO, HCOOH, solar

13 1146 m 1138.00–1140.85 100 N2O, H2O, CCl2F2, CH3D, CHF2Cl, SO2, HDO, CH4

1142.65–1148.80 N2O, H2O, CCl2F2, CH3D, CHF2Cl, SO2, HDO, CH4

14 1148 1142.65–1148.80 100 N2O, H2O, CCl2F2, CH3D, CHF2Cl, SO2, HDO, CH4

15 1170 1175.80–1180.50 100 CH4, H2O, CCl2F2, CH3D, SO2, HDO, N2O, HNO3, HCFC-142b

16 2775 2766.50–2775.50 200 CH4, N2O, CO2, H2O, HDO, HCl, solar

17 3023 3023.35–3023.85 200 H2O, CH4, CH3D, CH3Cl, C2H4

18 3023 m 3023.70–3024.07 170 H2O, CH4, CH3D, CH3Cl, C2H4

3039.75–3040.55 H2O, CH4, CH3D, CH3Cl, C2H4

3045.09–3040.65 H2O, CH4, CH3D, CH3Cl, HDO, C2H4

19 3040 m 3023.40–3023.55 170 H2O, CH4, CH3D, CH3Cl, C2H4, N2O, solar

3040.90–3041.01 CH4, H2O, CH3D, CH3Cl, HDO,N2O, C2H4, solar

3042.85–3043.16 H2O, CH4, CH3D, CH3Cl, HDO, HCl, solar

3044.25–3044.50 H2O, CH4, CH3D, CH3Cl, HDO, HCl, solar

20 3041 3039.91–3042.20 170 H2O, CH4, CH3D, CH3Cl, solar

21 3045 3044.20–3045.74 170 CH4, H2O, CH3D, CH3Cl, HDO,N2O, C2H4, solar

22 3051 m 3051.35–3051.52 150 CH4, H2O, CH3D, HDO, solar

3051.77–3051.88 CH4, H2O, CH3D, HDO, solar

The microwindow designation for each microwindow combination, as listed in column two, approximates the spectral region, with the letter ‘‘m’’

identifying a multi-microwindow fit. The numbers in brackets for O3 define its isotopes, with 6, 7, and 8 indicating 16O, 17O, and 18O, respectively.
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each row determines the area under the averaging kernel
(also called sensitivity), which is indicative of the fraction
of the retrieval that comes from the measurement rather
than from the a priori. Total or partial column averaging
kernels are determined by weighting the averaging kernel
information for each layer by the ozone density profile,
and summing over the altitude range of interest. The
number of independent pieces of information contained
in the measurement is called degrees of freedom for
signal, DOFS. In this work the trace of the averaging kernel
matrix, tr(A), is used to determine the DOFS [14]. The
averaging kernels and DOFS have been used to assess the
vertical information content of the retrievals for each
microwindow, thereby identifying the microwindow(s)
having the highest information content.

3.3. Error analysis

The error calculations in this work are based on the
methodology of Rodgers [14]. In addition to the smoothing
(Ss) and measurement (Sm) errors, forward model para-
meter errors have been calculated using a perturbation
method and our best estimate of the uncertainties in
temperature (Stemp), line intensity (Slint), air-broadened
half width (Slwdth), and solar zenith angle (Ssza) have also
been included. Interference errors, as described by
Rodgers and Connor [25] have been calculated to account
for uncertainties in retrieval parameters (i.e., wavelength
shift, instrument line shape, background slope and
curvature, and phase error) and in interfering gases
simultaneously retrieved. These interference errors are
referred to as Sint1 and Sint2, respectively. The error budget
calculation is described in depth by Batchelor et al. [19].

The total error (STOTAL) has been determined by adding
all components in quadrature and not taking into account
differences between the random and systematic compo-
nents:

STOTAL ¼ fðS
2
m þ S2

temp þ S2
int1 þ S2

int2 þ S2
szaÞ þ S2

lint

þS2
lwdth þ S2

s g
1=2 ð2Þ

In many cases, however, it is useful to exclude the
smoothing error (because this can be accounted for when
doing comparisons) and the spectroscopic line parameters
(because these are truly systematic), and as such, we
define the total random error (Stotr) as the sum of the
measurement error, interference errors, and errors due to
uncertainties in solar zenith angle and temperature,
added in quadrature (represented by the sum within the
round brackets in Eq. (2)).
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4. Results and discussion

4.1. Comparison of microwindows

Retrievals were performed using spectra recorded
during August 2007 and March 2008 using each of the
22 microwindows listed in Table 2. Fig. 1 shows typical fits
for a selection of 12 of these microwindows. It is evident
that the number and depth of the absorption lines is very
different from one microwindow to the other (e.g., 782
compared to 1123). Systematic features in the residual
tend to correspond to poor spectral parameters in the
HITRAN database, often corresponding to CH4 features.
These have been avoided in many cases by removing badly
affected regions. In the case of microwindow 3041, the
simultaneous retrieval of O3 with CH4 could not remove
the spikes in the residual, corresponding to CH4 spectral
lines. These residuals may also in part be due to the use of
the Voigt line shape in the forward model. Use of a line
shape model that accounts for line-mixing effects
can significantly improve the fitting residuals for some
spectra [26]. This has not, however, been investigated in
this work. For microwindow 3051 m, two narrow
microwindows were used in order to exclude regions
having similar spikes (not shown in Fig. 1). Most of the
microwindows in the filter 3 region are dominated by
interfering species, making it difficult to obtain good
retrievals, as seen from the larger fitting residuals.

The vertical sensitivity of each microwindow was
examined using the VMR averaging kernels, which are
shown in Fig. 2 for 20 of the 22 microwindows, e.g.,
microwindows 3023, 3041, 3045, and 3051 m display
almost no sensitivity in the troposphere, while 984 m,
1000, and 1123 are sensitive in this region.

The filter 6 spectral interval is more suitable for broad
microwindows as the number of strongly interfering
species is smaller. As a result of having fewer interfering
species, we can additionally fit minor species with very
small interference, resulting in better retrievals and
smaller residuals. Examples of microwindows with high
total column DOFS and high tropospheric sensitivity are
1000, 1119, 1123, and 1146 m. The DOFS for the micro-
windows in the filter 6 spectral region are, in general,
higher by at least 1, sometimes by 2 or 3, compared to the
DOFS for microwindows in the filter 3 spectral region. This
is explained by the larger number of lines and greater
range of intensities in the filter 6 region, which allows us
to probe different altitudes of the atmosphere.

Fig. 3 presents the 0.6–8 km partial column (dotted
lines), 8–50 km partial column (dashed lines), and the
total column (solid lines) averaging kernels. Most of the
filter 6 microwindows are seen to have significant
tropospheric column averaging kernels, while the filter 3
microwindows have much smaller tropospheric column
averaging kernels, as seen for example for 3051 m. The
stratospheric column averaging kernels show only small
differences for each microwindow, and are close to 1
between 8 and 50 km in all cases.

Scatter plots of columns retrieved in pairs of micro-
windows were constructed to assess the correlations of
the tropospheric, stratospheric, and total columns. All
spectra recorded from March 1 to April 8, 2008, corre-
sponding to the Canadian Arctic ACE Validation Campaign
(to be discussed in Section 5) were used. Pairs of
measurements were considered matched if they were
made within 1 h of each other. Results are shown for
microwindow 1000 versus 1123, 3023 m, and 3051 m,
where microwindows 1000 and 1123 are sensitive in both
the tropospheric and stratospheric regions, while 3023 m
is less sensitive in the troposphere and 3051 m is only
sensitive in the stratosphere. The top row of Fig. 4 (panels
a–c) shows the scatter plots and linear fits for the
stratospheric partial columns, 8–50 km. In general, for
the stratosphere, there is a good correlation for each pair,
with the correlation coefficient (R) and slope (S) being
very close to 1, and the intercept (I) being very small.
While there is good correlation in all three cases, it is
marginally better for the 1000 and 1123 pair than for the
1000 and 3023 m or 3051 m pairs, as expected by the
sensitivity shown in Fig. 3.

The middle row of Fig. 4 (panels d–f) shows similar
plots for the tropospheric partial columns, 0.6–8 km. As
expected from the sensitivity plots, the tropospheric
information is more varied from microwindow to micro-
window. For the first pair of microwindows, 1000 versus
1123, both of which contain information in the tropo-
sphere, the agreement is good. For the latter two pairs of
microwindows, the correlations are not so good, as
expected.

For the total columns from 0.6 to 100 km, the
correlations are given in the bottom row of Fig. 4 (panels
g–i). These plots are very similar to those for the
stratosphere, with excellent correlations. The slope of
0.92 in (i) versus 1.01 for the stratospheric partial columns
(c) for the 1000 versus 3051 m pair can be attributed to
the differences in the total column averaging kernels for
microwindow 1000 versus 3051 m (shown in Fig. 3). The
total column plots show that the choice of microwin-
dow(s) is less critical if the measurement of interest is
total column ozone than if vertical information is of
interest. This is highlighted in Fig. 5, which shows the
percentage difference between the columns retrieved
for each of these microwindows with respect to
microwindow 1000, along with the mean and standard
deviation. The percentage difference between the total
columns is given by

%Diff ¼ 100% � ½ðMW1000�MWxÞ=ðMW1000þMWxÞ � 0:5�

ð3Þ

where MW1000 represents the total column retrieved
using microwindow 1000 and MWx represents the total
column using one of the other previously mentioned
microwindows. The mean differences for microwindow
1000 versus 1123 and 3023 m (Fig. 5, panels a and b) are
less than 1%, indicating that the retrieved columns are
almost identical. For the 1000 versus 3051 m pair (panel
c), the percentage difference is larger than in the previous
two cases, at �6.17%. The scatter, represented by the
standard deviation, is also greater for this microwindow
pair, suggesting that the 3051 m retrievals are not as
consistent as the other microwindows. A list of mean
differences for the ozone total columns and their standard
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Fig. 1. Examples of fits and residuals for 12 of the 22 ozone microwindows studied. The spectra were recorded on August 30, 2007. The measured spectra

are indicated by the solid line, and the calculated spectra are indicated by the dashed line (generally not visible). The residuals are calculated as the

difference between the measured and calculated spectra.

R. Lindenmaier et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 111 (2010) 569–585 575
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Fig. 2. Ozone VMR averaging kernels for spectra recorded on August 30, 2007 for 20 of the 22 microwindows studied. Each color corresponds to one of the

38 retrieved layers, with the altitude of each layer in km indicated on the right of each panel. The dashed line shows the sensitivity of the retrieval to the

measurement. The DOFS is given for each microwindow.

R. Lindenmaier et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 111 (2010) 569–585576
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Fig. 3. Ozone column averaging kernels for spectra recorded on August 30, 2007 for 20 of the 22 microwindows studied. The solid line indicates the total

column (0.6–100 km) averaging kernel. The dotted line corresponds to the tropospheric partial column (0.6–8 km) and the dashed line to the stratospheric

partial column (8–50 km).

R. Lindenmaier et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 111 (2010) 569–585 577



ARTICLE IN PRESS

Fig. 4. Top row: scatter plots for pairs of microwindows for the stratospheric ozone partial columns (8–50 km). (a) Microwindow 1000 versus 1123, (b)

1000 versus 3023 m and (c) 1000 versus 3051 m. Middle row: same as above but for the tropospheric ozone partial column (0.6–8 km). Bottom row: same

as above but for the ozone total column (0.6–100 km). The spectra were recorded in spring 2008 (March 1–April 8). The correlation coefficient (R), slope

(S) and intercept (I) are given for each comparison. The solid black line shows the best fit for the comparison, and the dotted line shows the 1:1 line.
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deviations for microwindow 1000 versus each of the other
21 microwindows is given in Table 3.
4.2. Error budget

Table 4 provides the error budget for the ozone total
column calculated as discussed in Section 3.3, for all 22 of
the microwindows studied. For the filter 6 region, a
spectrum recorded on August 30, 2007 at 10:20:55 local
time (LT) at a solar zenith angle (SZA) of 73.071 was used.
For the filter 3 region, a spectrum recorded on the same
day at 11:21:42 LT, at a SZA of 71.781 was used. The choice
of these spectra was based on the fact that August 30 was
a very clear day, optimal for FTS measurements.

Measurement errors (Sm) vary from 0.23% for micro-
window 1000 to 3.48% for 3051 m and are generally
higher for the filter 3 microwindows. Microwindows 984,
984 m, 987, 988, and 3040 m, have the largest uncertain-
ties (approx. 2 to 2.5%) due to temperature (Stemp), while
1088, 1090, 1106 and 1146 m have the smallest values
(r0.20%). The uncertainties due to the retrieved instru-
ment parameters (Sint1) and the retrieved interfering
species (Sint2) are higher in the filter 3 region, as expected
from the narrower microwindows and the larger inter-
ference of other gases. The uncertainties resulting from
changes in the SZA (Ssza) are very similar for all the
microwindows, as expected from the identical time
required for each measurement. The uncertainties coming
from the spectroscopic parameters (Slint and Slwdth) have
similar values across the microwindows, however micro-
window 1000 has less than half the uncertainty of the
other microwindows for the line intensity (4.24%), but a
larger uncertainty for the line width compared to the
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Fig. 5. Percentage differences for the ozone total columns for microwindow 1000 versus (a) 1123, (b) 3023 m, and (c) 3051 m. The percentage difference is

calculated using Equation (3). The mean percentage difference (solid line), standard deviation (dashed lines), and number of points compared are given for

each case. The dotted line shows the zero difference.

Table 3
Mean differences in the ozone total columns and their standard

deviations (both in %), for the 1000 microwindow compared with each

of the other 21 microwindows, for spring 2008.

Microwindow

designation

Mean difference

(%)

Standard deviation

(%)

782 2.04 1.39

984 0.27 1.04

984 m 0.96 0.82

987 1.35 0.75

988 0.44 0.73

1088 �0.41 1.07

1090 �0.44 1.02

1106 0.27 1.22

1119 �0.23 1.06

1119 m �0.44 0.99

1123 0.75 0.67

1146 m 0.36 0.82

1148 0.32 0.95

1170 �0.16 1.17

2775 6.16 2.15

3023 0.23 1.88

3023 m 0.11 1.21

3040 m �1.58 1.97

3041 3.11 1.85

3045 �4.03 1.50

3051 m �6.17 1.67

The number of compared spectra was 90 for the filter 6 microwindows

and 66 for the filter 3 microwindows.

R. Lindenmaier et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 111 (2010) 569–585 579
other filter 6 microwindows (0.4%). The line width
difference could be due to saturation effects, since this
microwindow contains the largest number of lines with
nearly 100% absorption compared to the other micro-
windows.

The total error column clearly shows that microwin-
dow 1000 has the smallest uncertainty of the 22
microwindows (4.34%). This microwindow also has the
largest information content as shown by the DOFS in
the last column (7.32). Similar results are shown in
Tables 5 and 6, which give the error budgets calculated
for the spectra mentioned above, for the stratospheric
(8–50 km) and tropospheric (0.6–8 km) columns, respe-
ctively. As for the total column calculations, microwindow
1000 is seen to have the highest DOFS and lowest errors
for both partial columns.

Similar calculations (not shown) have been performed
for spectra recorded during spring 2008, when the sun is
lower and the instrument consequently looks through
more atmosphere. In all cases, the relative results for the
microwindows were similar, but the DOFS were higher
and the total errors smaller (e.g., 7.58% and 1.52% for the
total column using microwindow 1000), reflecting the
additional information contained in the deeper absorption
features.

Combining the information gained from the averaging
kernels, column scatter plots and error analysis, it is clear
that the 1000 microwindow, covering the broad spectral
range 1000 to 1004.5 cm�1 is the best choice for ozone
retrievals using the Bruker 125HR at Eureka.
5. Comparison with other instruments

Since 2004, there has been an annual springtime
Canadian Arctic Atmospheric Chemistry Experiment
(ACE) validation campaign at Eureka (e.g., [27]). During
this time, intensive ozone measurements are made with a
variety of instruments, including FTSs, ultraviolet–visible
(UV–VIS) spectrometers, Brewer spectrophotometers, and
ozone sondes. During the 2008 campaign, three FTSs
measured side-by-side, sharing the same solar beam [28].
These included the Bruker 125HR, the Bomem DA8 FTS
[29] and the Portable Atmospheric Research Interfero-
metric Spectrometer for the Infrared (PARIS-IR) [30]. In
addition, two UV–VIS instruments, Brewer spectrophot-
ometer #21 [31], located at the Eureka Weather Station,
and the SAOZ (Syst�eme d’Analyse par Observation
Zénithale) [32] were in operation.

Fig. 6 shows the ozone total column time series
measured with each of these instruments during the
campaign. In addition, total column ozone determined
from regularly launched ozone sondes and from profiles
recorded with the ACE-FTS [33] onboard the SCISAT
satellite are shown. For ozone sondes, the total column
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Table 4
The error budget for ozone total column (0.6–100 km) for August 30, 2007: SZA=731 for the filter 6 (600–1400 cm�1) region, SZA=721 for the filter 3

(2400–3100 cm�1) region.

MW Sm (%) Stemp (%) Sint1 (%) Sint2 (%) Ssza (%) Stotr (%) Slint (%) Slwdth (%) Ss (%) STOTAL (%) DOFS

782 1.42 1.40 0.03 0.18 0.80 2.16 12.37 0.11 0.56 12.57 4.95

984 1.70 2.53 0.39 0.09 0.68 3.15 10.15 0.12 1.48 10.73 4.65

984 m 0.72 1.96 0.05 0.08 0.61 2.17 9.14 0.10 0.97 9.45 5.97

987 0.96 2.03 0.03 0.06 0.60 2.32 9.09 0.09 1.15 9.45 5.47

988 0.89 2.13 0.09 0.004 0.61 2.39 9.10 0.10 1.08 9.47 5.43

1000 0.23 0.69 0.01 0.003 0.27 0.77 4.24 0.40 0.33 4.34 7.32

1088 1.17 0.09 0.31 0.25 0.71 1.43 11.04 0.05 0.33 11.14 5.42

1090 0.83 0.10 0.17 0.15 0.69 1.10 10.82 0.05 0.21 10.88 5.94

1106 0.70 0.13 0.21 0.02 0.75 1.06 11.42 0.02 0.20 11.47 5.87

1119 0.61 0.58 0.09 0.04 0.79 1.16 11.76 0.12 0.27 11.82 6.14

1119 m 0.54 0.63 0.07 0.03 0.78 1.14 11.65 0.13 0.25 11.71 6.31

1123 0.30 0.41 0.04 0.01 0.74 0.89 11.03 0.17 0.13 11.06 6.71

1146 m 0.64 0.20 0.08 0.05 0.70 0.98 10.98 0.04 0.21 11.03 6.50

1148 0.93 0.34 0.09 0.09 0.69 1.22 10.87 0.05 0.39 10.95 6.09

1170 1.76 0.65 0.20 0.18 0.64 1.10 11.10 0.14 0.65 11.29 4.65

2775 1.15 1.28 0.01 0.35 0.50 1.83 11.53 0.24 0.29 11.68 4.45

3023 2.68 0.95 1.78 0.23 0.65 3.43 10.54 0.59 2.30 11.34 3.95

3023 m 2.08 1.24 1.50 0.24 0.77 2.96 12.46 0.60 1.78 12.94 4.44

3040 m 3.40 2.11 2.72 2.57 0.73 5.53 12.58 1.48 1.24 13.88 3.73

3041 1.53 1.19 0.38 0.79 0.71 2.24 11.54 0.07 0.40 11.77 4.69

3045 2.27 1.61 0.38 0.42 0.71 2.93 11.81 0.65 1.50 12.27 4.10

3051 m 3.48 1.00 3.72 0.81 0.62 5.30 10.15 1.16 3.60 12.06 3.65

The covariance matrices are defined in the text.

Table 5
The error budget for stratospheric ozone partial column (8–50 km), for the same spectra as in Table 4.

MW Sm (%) Stemp (%) Sint1 (%) Sint2 (%) Ssza (%) Stotr (%) Slint (%) Slwdth (%) Ss (%) STOTAL (%) DOFS

782 1.79 0.19 0.04 0.12 0.87 2.01 13.29 0.61 2.70 13.72 4.44

984 2.74 2.55 0.43 0.17 0.67 3.83 10.01 0.45 3.72 11.35 4.01

984 m 1.52 1.58 0.08 0.11 0.54 2.26 8.23 0.61 2.30 8.86 4.95

987 1.95 1.92 0.04 0.12 0.56 2.79 8.48 0.61 2.65 9.33 4.55

988 1.93 1.67 0.10 0.02 0.55 2.61 8.32 0.50 2.68 9.14 4.58

1000 0.55 0.52 0.03 0.02 0.22 0.79 3.36 0.90 1.29 3.79 5.86

1088 1.42 1.02 0.39 0.19 0.74 1.95 11.52 0.56 1.50 11.79 4.80

1090 1.28 1.74 0.32 0.15 0.73 2.31 11.46 0.66 1.32 11.78 5.18

1106 1.34 1.70 0.46 0.03 0.78 2.35 12.06 0.74 1.54 12.41 5.04

1119 0.94 1.70 0.14 0.03 0.80 2.11 12.00 1.00 1.23 12.29 5.22

1119 m 0.84 1.70 0.09 0.02 0.80 2.06 11.92 1.03 1.18 12.20 5.36

1123 0.68 1.85 0.04 0.02 0.77 2.12 11.58 1.04 1.14 11.87 5.63

1146 m 1.07 2.36 0.24 0.07 0.70 2.69 10.95 0.50 1.22 11.36 5.57

1148 1.25 1.56 0.26 0.12 0.68 2.14 10.94 0.50 1.58 11.26 5.33

1170 1.94 0.29 0.07 0.16 0.66 2.08 11.43 0.53 2.73 11.94 4.19

2775 1.48 1.39 0.12 0.19 0.71 2.17 12.38 1.41 1.08 12.69 3.91

3023 2.03 1.27 1.74 0.12 0.68 3.04 11.30 1.21 2.21 11.98 3.76

3023 m 1.37 1.69 1.00 0.06 0.80 2.52 13.02 1.54 2.06 13.51 4.11

3040 m 2.85 2.25 2.11 1.57 0.80 4.56 13.53 2.06 1.22 14.47 3.63

3041 1.29 1.68 0.59 0.19 0.77 2.34 12.65 1.49 1.01 12.99 4.19

3045 1.79 1.71 0.71 0.15 0.76 2.69 12.57 1.65 2.10 13.13 3.79

3051 m 2.95 1.31 2.94 0.68 0.66 4.46 10.85 1.51 2.61 12.11 3.57
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was calculated including the corrections made for ozone
above the point where the last measurement was
performed. For the ACE-FTS, the column between the
lowest measurement altitude and the surface was
determined using ozone sonde values from that day.
Ozone from the ground-based FTSs was retrieved using
the 1000 microwindow described in Section 4. A detailed
comparison of the FTS instruments, including the ACE-
FTS, is presented in a separate paper [34], showing that
the Bruker 125HR agrees, with a mean difference of less
than 2%, with both the DA8 and PARIS FTS and less than 4%
with ACE-FTS.

Here, we focus on the comparison between the Bruker
125HR and the two UV–VIS instruments. The correlation
and percentage difference plots for the Bruker 125HR
versus Brewer #21 are shown in Fig. 7. For this
comparison, all direct sun Brewer measurements made
within 1 h of each Bruker 125HR spectrum were
considered. Good agreement is seen, with both the
correlation coefficient and slope close to 1. The mean



ARTICLE IN PRESS

Table 6
The error budget for tropospheric ozone partial column (0.6–8 km), for the same spectra as in Table 4.

MW Sm (%) Stemp (%) Sint1 (%) Sint2 (%) Ssza (%) Stotr (%) Slint (%) Slwdth (%) Ss (%) STOTAL (%) DOFS

782 16.32 11.83 0.18 1.96 0.36 20.25 6.57 4.08 19.63 29.24 0.61

984 19.08 2.60 7.88 2.25 0.81 20.94 12.01 3.62 22.59 33.26 0.72

984 m 9.99 4.92 0.48 0.38 1.29 11.23 18.76 6.37 21.34 31.21 1.11

987 12.15 2.97 0.09 0.44 1.06 12.56 15.51 6.16 21.19 29.76 1.01

988 17.80 7.25 0.90 0.24 1.34 19.29 19.40 5.70 23.87 36.75 0.94

1000 5.94 5.93 0.12 0.13 0.94 8.46 14.75 5.55 14.76 23.19 1.63

1088 16.86 7.83 0.55 2.28 0.49 18.74 8.14 4.79 14.42 25.46 0.72

1090 13.42 9.97 0.56 1.46 0.53 16.80 7.90 5.11 12.19 22.79 0.87

1106 12.75 12.12 1.37 0.23 0.63 17.66 7.94 6.59 13.53 24.52 0.94

1119 13.95 9.31 0.37 0.73 0.74 16.81 10.77 11.38 16.97 28.56 1.04

1119 m 11.74 8.01 0.47 0.57 0.72 14.25 10.75 10.97 15.49 26.05 1.08

1123 7.25 11.29 0.004 0.11 0.53 13.43 7.82 9.65 14.10 23.10 1.22

1146 m 13.55 19.79 1.31 1.12 0.71 24.06 10.84 6.79 14.52 30.88 1.04

1148 21.77 11.77 1.70 2.37 0.80 24.94 9.68 8.25 21.96 35.58 0.88

1170 24.97 5.65 1.71 0.85 0.42 25.68 7.62 4.94 29.93 40.47 0.55

2775 15.63 3.73 1.05 3.90 0.99 16.60 5.52 9.49 9.97 22.26 0.64

3023 19.13 2.84 5.91 1.42 0.29 20.28 3.16 6.90 36.98 42.85 0.27

3023 m 27.25 5.52 14.34 2.78 0.53 31.41 6.59 12.90 40.63 53.36 0.42

3040 m 21.57 2.45 19.99 18.36 0.14 34.76 1.70 7.49 23.39 42.60 0.16

3041 14.82 4.26 1.46 6.82 0.35 16.93 4.60 10.83 9.35 22.64 0.60

3045 21.76 5.58 5.34 4.30 0.16 23.49 4.45 11.22 32.97 42.24 0.40

3051 m 16.49 2.63 21.02 3.57 0.20 27.08 3.15 3.36 44.35 52.16 0.13

Fig. 6. Ozone total columns at Eureka retrieved during spring 2008. All ground-based FTS results used microwindow 1000. The ACE-FTS measurements

were acquired within 500 km of PEARL as measured from the ACE-FTS 30 km tangent altitude.
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difference is 0.66%, being similar in magnitude to the
difference between FTIR and Brewer measurements (1.9%)
recorded at Izaña [35]. The differences were calculated
with a relation similar to Eq. (3)

%Diff ¼ 100%
� ½ðMW1000� INÞ=ðMW1000þ INÞ � 0:5� ð4Þ

where IN stands for the instrument in comparison with
the Bruker 125HR.
Results of the comparisons with the SAOZ spectro-
meter are shown in Fig. 8 for sunrise and sunset. For each
day, all spectra recorded with the Bruker 125HR before
local noon were compared with the sunrise SAOZ
measurements, and those recorded after local noon with
the sunset SAOZ measurements. The correlation
coefficients are again close to 1, with a slightly better
correlation for the sunset measurements than the sunrise
ones. The mean differences between the instruments for
sunset and sunrise are 7.94% and 8.36% respectively,
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Fig. 7. (a) Scatter plot for ozone total columns retrieved with microwindow 1000 and Brewer #21. The correlation coefficient (R), slope (S) and intercept (I)

are given for the comparison. The solid black line shows the best fit for the comparison, and the dotted line shows the 1:1 line. (b) Corresponding

percentage differences were calculated using Eq. (4). The mean percentage difference (solid line), standard deviation (dashed lines), and number of points

compared are also shown.

Fig. 8. Same as Fig. 7, but for microwindow 1000 versus SAOZ. Blue represents SAOZ sunset values, gray represents SAOZ sunrise values. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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showing that the Bruker 125HR gives higher column
values than the SAOZ spectrometer (similar to differences
of 4–7% shown in [36]). This offset is clearly seen in Fig. 6,
and is most likely related to the very different observing
geometry of the two instruments. SAOZ views scattered
sunlight from the twilight zenith-sky, while the Bruker
125HR is solar pointing, with an atmospheric path
that can extend hundreds of kilometers in the direction
of the sun.

Total ozone columns are obtained by integrating the
ozone sonde profiles from ground level to the maximum
height reached by the sonde and correcting for the atmo-
sphere above. Ozone sondes are launched daily during the
spring campaigns and once a week throughout the rest of
the year. For the 2008 campaign, ozone sonde columns are
compared with the Bruker 125HR in Fig. 9. The correlation
coefficient for this comparison is 0.941, the slope is 1.16 and
the intercept is of order 1018 molec/cm2. The mean
difference in column of �6.94% indicates that the sonde
columns are larger than the columns obtained with the
1000 microwindow, while the standard deviation (4.23%)
indicates some scatter in the column differences (similar
comparisons were done in [35] and [17]) . These results may
again be related to the different air masses being sampled by
the two instruments, as the Arctic stratosphere is highly
variable in time and space at this time of the year.
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Fig. 9. Same as Fig. 7, but for microwindow 1000 versus ozone sondes.
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6. Conclusions

The purpose of this study was to optimize the ozone
retrievals for mid-infrared FTIR measurements made with
the Bruker 125HR at Eureka. In particular, the choice of
retrieval microwindow(s) has been investigated by exam-
ining 22 different spectral regions. Averaging kernels,
DOFS, and error budgets were determined for each
microwindow, using both spring and summer spectra.
The filter 6 region (600–1400 cm�1) shows more sensitiv-
ity in both the stratosphere and troposphere than the filter
3 region (2400–3100 cm�1), with a somewhat smaller
total error and higher DOFS. Microwindow 1000
(1000–1004.5 cm�1) was shown to have the highest
sensitivity to both the stratosphere and troposphere. The
quantity of information given by this microwindow is very
high, with close to 7 DOFS for the total column, and more
than 1.5 DOFS for the tropospheric partial column. The
total error is one-third to one-half of the total error
found for the other microwindows for the total column.
These results support the choice of this microwindow for
the evaluation of tropospheric and stratospheric
ozone trends over Western Europe performed by the
European ground-based FTIR network UFTIR (Upper Free
Troposphere observations from a European ground-based
FTIR network) [37] and by [38,44,18], and [17] from
Table 1.

Ozone measurements retrieved using the 1000 micro-
window were compared with several other instruments at
Eureka during the spring 2008 Canadian Arctic ACE
validation campaign. These comparisons showed mean
agreement of approximately 2% with the two additional
ground-based FTSs, 4% with the satellite-based ACE-FTS,
0.7% with the Brewer spectrophotometer, 8% with the
SAOZ spectrometer, and 7% with the ozone sondes. The
higher differences for the latter two comparisons are
likely indicative of the different air masses being sampled
by these instruments.
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