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ABSTRACT

The authors describe the optical design of a high-resolution Fourier Transform Spectrometer (FTS),
which serves as the primary instrument at the University of Toronto Atmospheric Observatory (TAO). The
FTS is dedicated to ground-based infrared solar absorption atmospheric measurements from Toronto,
Ontario, Canada. Instrument performance is discussed in terms of instrumental line shape (ILS) and phase
error and modulation efficiency as a function of optical path difference. Typical measurement parameters
are presented together with retrieval parameters used to derive total and partial column concentrations of
ozone. Retrievals at TAO employ the optimal estimation method (OEM), and some impacts of the nec-
essary a priori constraints are examined. In March 2004, after participating in a retrieval algorithm user
intercomparison exercise, the TAO FTS was granted the status of a Complementary Observation Station
within the international community of high-resolution FTS users in the Network for the Detection of
Atmospheric Composition and Change (NDACC). During this exercise, average differences between total
columns retrieved from the same spectra by different users were below 2.1% for O3, HCl, and N2O in the
blind phase, and below 1% in the open phase, when all retrieval constraints were identical. Finally, a 2.5-yr
time series of monthly mean stratospheric ozone columns agrees within 3% with those retrieved from
Optical Spectrograph and Infrared Imager System (OSIRIS) measurements on board the Odin satellite,
which is within the errors of both measurement platforms.

1. Introduction

The University of Toronto Atmospheric Observatory
(TAO) has been operational since October 2001 and
fills a coverage gap in midlatitude Canada within the
Network for the Detection of Stratospheric Change
(NDSC) described by Kurylo and Zander (2000). In
2005, the NDSC was renamed the Network for the De-
tection of Atmospheric Composition and Change
(NDACC) in order to better reflect the scope of its
activities. Ground-based Fourier transform infrared
(FTIR) spectra recorded at NDACC stations have been
widely used to retrieve long-term time series of ozone

and ozone profiles (Pougatchev et al. 1995; Barret et al.
2002; Schneider et al. 2005a) and related chemical spe-
cies (Zander et al. 1994; Rinsland et al. 2002b, 2003;
Schneider et al. 2005b).

TAO was established to acquire high-quality long-
term measurements of trace gases for the purpose of
understanding chemical and dynamical processes in the
atmosphere and to validate models and satellite mea-
surements of atmospheric constituents. The geographic
position of TAO (43.66°N, 79.40°W) makes it well
suited for measurements of midlatitude stratospheric
ozone, related species, and greenhouse gases, while its
urban setting enables measurements of tropospheric
pollutants. The primary instrument at TAO is a high-
resolution Fourier Transform Spectrometer (FTS)
manufactured by ABB Analytical Business PRU
Québec (Canada). The FTS is complemented by a com-
mercially available weather station (Vantage Pro Plus
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manufactured by Davis Instruments Corp.) that records
local meteorological variables, UV radiation, and solar
irradiance; and (on a campaign basis) by a Differential
Optical Absorption Spectrometer (DOAS) (Bassford
et al. 2001, 2005); and a Sun Photo Spectrometer (SPS)
(McElroy 1995). A Meteorological Service of Canada
(MSC) Brewer spectrometer and a ground-level ozone
monitor were installed in 2005.

In section 2 we present details of our new facility and
instrument characterization results obtained with the
LINEFIT algorithm described by Hase et al. (1999),
and in section 3 we detail our implementation of a data
analysis and error characterization technique based on
the optimal estimation method (OEM) as formulated
by Rodgers (1976, 1990, 2000). We also discuss the im-
pacts of a priori information on ground-based OEM
retrievals of partial columns and profiles, which were
highlighted during the algorithm user intercomparison
exercise performed in order to evaluate the TAO FTS.
As a direct result of this exercise, the TAO FTS was
granted the status of a Complementary Station in the
NDACC in March 2004. Finally, in section 4 we com-
pare a 2.5-yr time series of ozone with measurements
made by the Optical Spectrograph and Infrared Imager
System (OSIRIS) instrument (von Savigny et al. 2003;
Llewellyn et al. 2004) on board the Odin satellite
(Murtagh et al. 2002).

2. Measurement technique

The FTS and its dedicated suntracker are located 174
m above sea level in downtown Toronto, Ontario,
Canada. The altitude–azimuth suntracker (manufac-
tured by AIM Controls Inc.) is housed in an electroni-
cally controlled weatherproof enclosure and provides
continuous active solar tracking throughout the day.
Figure 1 shows a schematic of the FTS and suntracker
installation. To characterize the FTS instrument line
shape (ILS) a dedicated blackbody (IR-563/301 manu-
factured by Infrared Systems Development Corp.) has
also been installed at TAO and is coupled to the FTS
through the same optics as the suntracker plus one ad-
ditional removable 45° mirror (Fig. 1).

FTIR solar absorption spectra are recorded under
clear-sky conditions, allowing for approximately 80 ob-
servation days per year in the first three years of op-
eration. The temporal coverage of the dataset is more
sparse in the winter months due to decreased daylight
hours and increased cloud cover.

a. FTS design, configuration, and measurement
parameters

The TAO FTS is manufactured by ABB Analytical
Business PRU Québec. The DA8 model is a modified

Michelson interferometer (Fig. 2) with a maximum op-
tical path difference of 250 cm, providing a maximum
apodized resolution of 0.004 cm�1. Until recently, a
dynamic alignment approach was used whereby the po-
sition of the fixed mirror of the interferometer was ad-
justed to compensate for the deviations from alignment
of the moving mirror; thus, the fixed mirror was not
truly fixed. In the new design, the fixed mirror is per-
manently mounted and an adjustable flat mirror that
folds the beam is added to the moving mirror arm of the
interferometer (Fig. 2). It is this folding mirror that now
provides dynamic alignment and compensates for any
wobble of the moving mirror. At the same time, the
dynamic alignment circuitry and actuation are kept sta-
tionary at the folding mirror. This arrangement results
in a fixed optical axis through the beamsplitter (and a
fixed focal point on the detector) as well as more stable
modulation efficiency, which leads to an improved in-
strumental line shape and stability. The TAO FTS rep-
resents the first commercial implementation of this de-
sign on the 250-cm-OPD DA8, with a few other high-
resolution DA8 spectrometers retrofitted with the
dynamically aligned folding mirror since then.

The FTS is currently equipped with KBr and CaF2

beamsplitters, and InSb and HgCdTe (MCT) detectors
for coverage of the spectral range from 750 to 8500
cm�1. The system is also equipped with six narrowband
optical interference filters that are widely used in the
NDACC Infrared Working Group (IRWG). Table 1
summarizes trace gases commonly measured with this
filter set, both detectors and the KBr beamsplitter. This
FTS configuration (operating under vacuum) is used
during regular solar absorption measurements. Built-in
globar and quartz halogen sources (Fig. 2) as well as an
external collimated blackbody are used during instru-
ment characterization.

Solar absorption measurements are semiautomated,
involving an operator at start up and shut down to en-
gage the suntracker, cool the detectors with liquid ni-
trogen, and initiate an automatic measurement se-
quence. All spectra are recorded without apodization,
nominally using the settings summarized in Table 2.

b. FTS characterization

The alignment and performance of an FTS is char-
acterized by its ILS (e.g., Park 1982; Goorvitch 2000).
Accurate knowledge of the ILS is necessary in order to
retrieve information on the vertical distribution of trace
gases from FTIR spectra, which is contained in the
spectroscopic absorption line shapes (Schneider et al.
2005a). Bernardo and Griffith (2005) showed that ac-
curate knowledge of the ILS can reduce errors in the
retrieved absorber amount by as much as 12%. For
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these reasons the ILS of the TAO FTS is monitored on
a regular basis by means of calibrated low-pressure
N2O and HBr gas cell measurements and the newly
developed ILS retrieval algorithm described by Hase et
al. (1999). We apply the latest version of that retrieval

software (LINEFIT version 9) to characterize the phase
error and modulation efficiency of our instrument as a
function of optical path difference (OPD) from high
signal-to-noise-ratio (SNR) transmission spectra of
N2O and HBr absorption features. Unlike N2O, HBr

FIG. 1. FTS and suntracker installation at TAO (adapted from ABB Analytical Business PRU Québec
facility schematics). The M1, M2, and M3 serve to couple the heliostat optics to the DA8 FTS. A
removable 45° mirror (M4) couples the FTS to a blackbody for instrumental line shape testing.
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cell measurements can additionally be used to deter-
mine the ILS of an FTS directly while solar absorption
spectra are being recorded, since the atmosphere has
no appreciable quantities of HBr (Coffey et al. 1998).
For an ideally aligned FTS with perfect optics and an
infinitesimal field of view (FOV) the phase error is zero

and the modulation efficiency is one at all path differ-
ences in the interferometer.

At TAO, low-pressure gas cell measurements can be
made using a calibrated, 1050°C blackbody radiation
source optically coupled to the emission port of the
spectrometer, the internal globar source, or the sun

FIG. 2. The DA8 FTS is a modified Michelson design. A moving folding mirror selects between the
emission port used for solar absorption measurements and blackbody line shape testing, and internal
sources (shown in the faded portion at top right) used for some instrument alignment. (Adapted from
ABB Analytical Business PRU Québec instrument schematics.)

TABLE 1. Spectral coverage of the NDACC filter set.

NDACC
filter Wavenumber (cm�1) Wavelength (�m)

10 standard NDACC targets
(in bold in their typical retrieval regions at TAO)

1 4000–4300 2.3–2.5 HF, CO . . .
2 2900–3500 2.6–3.3 H2O, C2H2, HCN . . .
3 2400–3100 3.3–4.1 O3, HCl, N2O, CH4, NO2, C2H6, H2O, CO2 . . .
4 2000–2700 3.9–5.0 CO, OCS, N2 . . .
5 1500–2200 4.7–6.3 CO, NO, COF2 . . .
6 750–1350 7.4–14 O3, ClONO2, HNO3, N2O, CH4, C2H2, C2H4, CFCs . . .
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(Fig. 2). The gas cell is placed in the focused beam of
radiation in the evacuated sample compartment (below
the beamsplitter and immediately before the InSb de-
tector) in order to limit cell temperature variations.
Typically, a spectrum consisting of 50 co-added scans is
recorded at maximum resolution (0.004 cm�1) with all
other measurement settings matching those used for
TAO atmospheric observations. Transmission spectra
are generated by taking the ratio of a full cell spectrum
to an empty beam spectrum for the HBr cell and an
empty cell spectrum for the N2O cell, thus eliminating
systematic features associated with water vapor absorp-
tion and detector baseline nonlinearity. Selected mi-

crowindows in the transmission spectra, each contain-
ing a single HBr or N2O absorption feature, are simul-
taneously fitted with the LINEFIT algorithm; the
modulation efficiency and phase error as a function of
OPD are adjusted until the spectral fit residual is mini-
mized. These experiments are performed every three to
four months at TAO.

Recent (June 2005) fits of HBr transmission spectra
and the corresponding retrieved ILS, modulation effi-
ciency, and phase error are shown in Fig. 3 for six HBr
cells filled to �2 mbar in 2001 using one gas distribution
manifold and used at six different NDACC stations
(M. T. Coffey et al. 2001, personal communication).
The 2-cm-long sealed glass cells with 2.5-cm-diameter
fused sapphire windows were maintained at room tem-
perature throughout the measurements. A thermo-
couple was placed inside the sample compartment to
monitor the initial and final ambient temperature, and
the mean of the two values was used in the LINEFIT
retrievals, with the largest observed difference for any
given spectrum being 0.9°C. The HBr spectra were re-
corded at 0.004 cm�1 resolution using the internal globar
source and co-adding 50 scans over a period of 4.5 h per
spectrum. Background spectra consisted of 100 co-
added scans. The root-mean-square (RMS) noise in the
spectral fits is well below 1% and comparable to values

FIG. 3. (a) Observed (solid) and fitted (circles) HBr line (R4), with residual shown in the lower panel. (b) Sample
ILS retrieved by LINEFIT. (c) Retrieved phase error from six different HBr cells. (d) Retrieved modulation
efficiency from six different HBr cells. All measurements and ILS retrievals performed in June 2005.

TABLE 2. Measurement parameters used with the TAO FTS.

Resolution
(cm�1)

No. of
scans

co-added*

Full field
of view

(mrad)** Detector

Filters 1–5 0.004 4 1.54 InSb
Filter 6 0.005 5 4.63 HgCdTe

(MCT)

* Co-adding time is approximately 20 min in both cases to limit
SZA changes.
** Defined as input aperture diameter divided by focal length of
input optics (324 mm).
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reported by Hase et al. (1999). The phase error is well
below 0.1 rad for all optical path differences in the FTS
and results in the small asymmetry visible in the ILS.
The modulation efficiency drops to approximately 30%
at maximum OPD and implies a reduction in the theo-
retical resolution (0.004 cm�1) and a possible misalign-
ment of the instrument. Efforts to improve the align-
ment of the TAO FTS are ongoing, and we are pres-
ently investigating the full effect of using the LINEFIT
ILS parameters on retrieved trace gas profiles and the
information content of the measurements. Since a given
atmospheric absorption feature will appear broader
than it truly is, the retrieved profile for the correspond-
ing gas will shift to lower altitudes, where the Lorentz
broadening of spectral lines is greater. In general, the
effects of an imperfect ILS become smaller for total
column retrievals, which are less sensitive to the details
of the absorption line shape (section 3), and are ap-
proximately proportional to the area under the absorp-
tion curve.

3. Data analysis

In ground-based Fourier transform infrared spectros-
copy, information about the vertical distribution of at-
mospheric trace gases is derived from well-resolved
Lorentz-broadened solar absorption line shapes. The
observation geometry of ground-based measurements,
the maximum achievable spectral resolution and mea-
surement SNR limits the vertical resolution to at best
5–10 km [see, e.g., Pougatchev et al. (1995), Barret et al.
(2002), or Schneider et al. (2005a) for a discussion of
the vertical resolution of retrieved O3 profiles]. Vertical
resolution can be improved by combining multiple
spectral features of varied absorption strength in one
retrieval (Barret et al. 2002). The typical range of ver-
tical sensitivity is taken to be approximately 45 km and
can be increased by choosing absorption lines at lower
wavenumbers, which have smaller (confounding) con-
tributions from Doppler broadening (Schneider et al.
2005a).

a. Retrieval theory

The OEM is commonly employed in the underdeter-
mined problem of deriving a vertical profile of an at-
mospheric trace gas from a ground-based solar absorp-
tion spectrum. This topic has been described in the lit-
erature (Rodgers 1976, 1990, 2000), and in this paper
we only recount basic formulas relevant to our work.

In OEM the a priori knowledge, xa, of the n-
dimensional state vector x (e.g., the vertical profile of
the trace gas of interest) is combined with the m-

dimensional measurement vector y (e.g., spectral mea-
surements related to the vertical profile by a nonlinear
forward model) as a weighted mean. The weights are
determined by the (matrix) covariance of the a priori
profile, Sa, and the (matrix) covariance of the random
spectral measurement noise �, given the symbol S�. If
the forward model F, including model parameters b, is
linear in x [i.e., y � F(x, b) � � � Kx � �], the optimal
solution is given by

x̂ � �Sa
�1 � KTS�

�1K��1�Sa
�1xa � KTS�

�1y�, �1�

where K is the weighting function matrix. Equation (1),
which is analogous in form to the linear combination of
two scalars with known variances, can also be written as

x̂ � xa � GK�x � xa� � xa � A�x � xa�, �2�

where the gain matrix G is given by

G � �Sa
�1 � KTS�

�1K��1KTS�
�1, �3�

and the averaging kernel matrix A is defined as the
product of G and K. The rows of the n � m G matrix are
commonly referred to as the contribution functions and
represent the sensitivity of the retrieved state to the
measurements. The rows of the m � n K matrix are
commonly referred to as weighting functions and rep-
resent the sensitivity of the forward model to the true
state. By definition, the rows of the n � n A matrix give
the sensitivity of the retrieved state to the true state:

A � GK �
�x̂
�y

�F�x�

�x
�

�x̂
�x

. �4�

For a measurement system that resolves each ele-
ment of the retrieved state vector with perfect sensitiv-
ity, A equals the identity matrix. The nth row of A then
corresponds to a delta function response to the nth el-
ement of the retrieved state vector. The nth column of
A is the impulse response to a perturbation in the nth
element of the true state vector. In ground-based FTIR
measurements the diagonal elements of A are not unity
(representing imperfect sensitivity to the true state at
all heights) and off-diagonal elements are present (rep-
resenting the inability to independently resolve all ele-
ments of the retrieved state vector).

The above results are strictly valid where the mea-
surement and state vectors are linearly related and
where the measurement and a priori error covariance
statistics are Gaussian. More commonly the forward
model K is only a linearization about a reference state,
here taken to be the a priori state (K � 	F/	x is a matrix
of derivatives evaluated at the reference state). In this

MARCH 2007 W I A C E K E T A L . 437



case the optimal solution is obtained using Newtonian
iteration and is given by

xi�1 � xa � �Sa
�1 � Ki

TS�
�1Ki�

�1Ki
TS�

�1
�y � yi�

� Ki�xa � xi��, �5�

where Ki is taken to mean “K evaluated at xi” and yi �
F(xi).

The number of state vector elements that are inde-
pendently resolved is calculated by taking the trace of A
and is referred to as the degrees of freedom for signal
(Rodgers 2000) in the measurement

ds � tr�A�. �6�

By taking the trace of A over a certain vertical range of
the atmosphere, we determine the number of indepen-
dently resolved pieces of information present in the
partial column derived from this region. Table 3 shows
typical ds values for a set of seven species retrieved
from TAO spectra in microwindows detailed in Ta-
ble 4.

b. Retrieval algorithm

The above OEM formulation of Rodgers (1976, 1990,
2000) is implemented semiempirically in the SFIT-2 al-
gorithm (version 3.81 and 3.82 �3 were used in this
study) developed at the National Aeronautics and
Space Administration (NASA) Langley Research Cen-
ter and the National Institute of Water and Atmo-
spheric Research (NIWA; Pougatchev et al. 1995; Con-
nor et al. 1996; Rinsland et al. 1998). It has been suc-
cessfully compared to another OEM retrieval algorithm
by Hase et al. (2004). The characterization of vertical
information contained in high-resolution FTIR spectra
is of ongoing interest to the NDACC; the more sophis-
ticated vertical profile and partial column data products
clearly have more uses in basic research and satellite
validation applications than the more limited vertical
columns.

The first step in our retrieval is to calculate a model
atmosphere using the ray tracing program fscatm docu-
mented extensively by Gallery et al. (1983). Recent im-
provements to the code are described by Meier et al.
(2004). The fscatm program converts pressure, tem-

perature, and volume mixing ratio (VMR) profiles
specified at 63 layer boundaries to density-weighted ef-
fective pressure, temperature, and VMR profiles within
the 38 layers that form the vertical retrieval grid used at
TAO. The program also calculates airmass factors for
each layer, given pressure and temperature profiles
from the National Centers for Environmental Predic-
tion (NCEP) reanalyses available through the NASA
Goddard Space Flight Center automailer (http://
hyperion.gsfc.nasa.gov/Data_services/automailer/
index.html). We examined the effect of using in situ
temperatures and pressures from the weather station
instead of the lowest NCEP profile values on retrievals
of CO and HCl; retrieved total column differences were
negligible for both species, while retrieved VMR pro-
file differences were well below 0.5% and 0.01%, re-
spectively, at all heights.

VMR profiles of the 10 NDACC target atmospheric
trace gases (Fig. 4) are constructed from a combination
of 123 Halogen Occultation Experiment (HALOE)
version 19 solar sunset occultation profiles between
1991 and 2004 and between approximately 15 and 60
km and within 
5° in latitude and longitude of TAO
(Russell et al. 1993) for HCl, HF, O3, NO, and NO2;
midlatitude daytime 2001 Michelson Interferometer for
Passive Atmospheric Sounding (MIPAS; Carli et al.
2004) reference a priori profiles (http://www.atm.
ox.ac.uk/group/mipas/species) for N2O, CH4, H2O, and
HNO3; and Jet Propulsion Laboratory (JPL) MkIV
FTS balloon flight data (http://mark4sun.jpl.nasa.gov/
balloon.html) for ClONO2. A priori profiles for trace
gases not routinely retrieved and minor interfering spe-
cies are constructed from a combination of these
sources, model outputs, and other refereed literature.

During the iterative retrieval, the model atmosphere
is used in each iteration to calculate the infrared ab-
sorption spectrum of the target gas (plus any signifi-

TABLE 3. Average degrees of freedom for signal in total and
partial column retrievals in 2004.

CH4 N2O O3 HCl HF NO NO2

0–100 km 3.62 4.12 2.01 2.88 2.45 1.22 1.10
0–15 km 2.42 2.71 0.10 0.24 0.18 0.02 0.03

15–50 km 1.21 1.41 1.91 2.62 2.27 1.09 1.07

TABLE 4. Microwindows and interfering species used in opera-
tional TAO retrievals, which typically also retrieve the back-
ground slope and curvature, wavenumber shift, and simple phase
forward model parameters.

Target gas Microwindow (cm�1)
Interfering

species
Mean
SNR

O3 3045.0975–3045.3500 H2O, CH4 350
CH4 2650.8500–2651.2500 HDO 650

2666.9500–2667.3500
2673.9000–2674.4100

N2O 2481.3000–2482.6000 CO2, CH4, O3

NO 1899.8800–1900.1500 CO2, H2O 250
NO2 2914.5900–2914.7070 CH4, H2O 1000
HCl 2925.8000–2926.0000 CH4, NO2, O3 850
HF 4038.7700–4039.1300 H2O, HDO, CH4 350
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cantly absorbing interfering species) in a small micro-
window (�1 cm�1 wide). Pressure- and temperature-
dependent absorption line parameters are obtained
from the high-resolution transmission molecular ab-
sorption (HITRAN) 2004 spectral database (Rothman
et al. 2005), except in section 3c, where an older version
of the database was used (Rothman et al. 2003). The
absorption cross sections are calculated assuming a
Voigt line shape on a grid of 0.0005 cm�1.

The instrument forward model includes a wavenum-
ber scale multiplier, resolution, field of view, any
apodization imposed digitally during the recording of
the interferogram (none at TAO), as well as empirical
apodization and phase error parameters. The two em-
pirical parameters can be set to 0, or to a set of tabu-
lated values (e.g., those provided by LINEFIT), or a
polynomial of user-specified order n. The LINEFIT re-
sults (Fig. 3) were not used in this work; however, their
incorporation into retrievals is presently under investi-
gation at TAO.

The simulated spectrum can include absorption fea-
tures originating in the atmosphere of the sun as pre-
viously described in detail by Rinsland et al. (1998).
(The improved solar database available with SFIT-2
version 3.90 and higher was not used.) Continuous
broadband extinction features due to aerosols in the
earth’s atmosphere are modeled by a background slope
and curvature parameter. Commonly, we retrieve only
the scaling factors applied to the a priori profiles of the
interfering species, while full vertical profiles are only
retrieved for the target gas in a given microwindow.
Thus, the retrieved state vector x consists of 38 target
gas profile elements, usually a few scaling factors for
profiles of interfering gases, and a few retrieved for-
ward model parameters such as wavenumber shift,

background slope, solar line shifts, and constant phase
error.

Finally, the user must construct a measurement error
covariance matrix S� and an a priori covariance matrix
Sa that will be used in the iterative retrieval scheme
[Eq. (5)]. Here S� is constructed diagonal and all ele-
ments are set to the inverse of the square of the SNR
(calculated as the maximum signal in the microwindow
divided by the RMS noise in the microwindow for a
previous retrieval). In neglecting off-diagonal elements
we assume uncorrelated measurement errors in the
spectral domain. The construction of Sa is more chal-
lenging in that it requires knowledge of the true vari-
ability of the target trace gases from 0 to 100 km, most
commonly unknown or only partially known. Typically
a diagonal and uncorrelated Sa is assumed, which has a
stabilizing effect on the retrievals (Rodgers and Connor
2003). The magnitude of the diagonal elements is esti-
mated from measurements where possible, for ex-
ample, from the previously described HALOE clima-
tology, and smoothly extended throughout the entire
vertical extent of the retrieval grid. While we have cal-
culated full covariance matrices between 15 and 60 km
for the seven species measured by HALOE, their
implementation into operational retrievals requires
care (the matrices must be constructed positive definite
over the full retrieval grid) and is the subject of current
research at TAO and by, for example, Hase et al.
(2004). Finally, we have also performed retrievals with
prior covariances that allow for correlations between
different height levels; we used covariances of Gaussian
form, with typical correlation lengths of 4 km; however,
the results of this separate study are beyond the scope
of this paper and will be the subject of a future publi-
cation.

Together with the weighting function matrix, S� and
Sa determine the quantity and vertical distribution of
the independent pieces of information in the retrieval
[Eqs. (3), (4), and (6)], and typical values derived from
our high-resolution FTIR spectra are shown in Table 3.
Furthermore, the covariance matrices determine the er-
ror budget, as discussed in section 4 [Eq. (8)]. As such,
the importance of their realistic estimation and impact
on retrievals is widely recognized.

c. Retrieval algorithm user intercomparison

Side-by-side instrument and algorithm intercompari-
sons comprise a part of the NDACC instrument and
site validation protocol (http://www.ndsc.ncep.noaa.
gov/organize/protocols/appendix4/). Instrument side-
by-side intercomparisons of retrieval results have been
described by Paton Walsh et al. (1997), Goldman et al.
(1999), Griffith et al. (2003), and Meier et al. (2005).

FIG. 4. A priori profiles of volume mixing ratios used in TAO
retrievals for the 10 NDSC target gases and CO. Profiles are based
on a combination of sources discussed in the text.
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Since these studies included different retrieval algo-
rithms (sometimes employing different retrieval tech-
niques), they did not focus on details of differences due
to different retrieval constraints. Hase et al. (2004) fo-
cus specifically on an intercomparison of two different
software implementations of the OEM retrieval, and
they describe results for matched and unmatched con-
straints. Our study differs in that we describe how the
results obtained by different users can differ when the
same retrieval algorithm is applied to the same set of
spectra. This can be termed a retrieval algorithm user
intercomparison; however, the root causes of any dif-
ferences in retrieval results are, of course, the implicit
and explicit constraints necessitated by the OEM ap-
proach.

In ideal circumstances a side-by-side instrument in-
tercomparison is highly desirable, provided that instru-
ment alignment and retrieval constraint differences can
be accounted for. However, it was not possible to ar-
range for the traveling FTS that was used in past
NDACC intercomparisons to be shipped to Toronto. A
validation exercise was designed to demonstrate the re-
trieval capabilities of the Toronto group (and also the
Bremen, Germany, candidate NDACC Complemen-
tary Observation Station, which will not be described in
this paper) as follows. Toronto and Wollongong inves-
tigators exchanged a small set of quality-controlled
spectra recorded at Toronto, Wollongong, and Lauder.
The Wollongong spectra were also recorded using a
250-cm-OPD Bomem DA8 FTS previously described
by Rinsland et al. (2001) and retrofitted with the design
described in this work, while the Lauder spectra were
recorded using a 257-cm-OPD Bruker 120M FTS pre-
viously described by Rinsland et al. (2002a). Although
the spectra were recorded by three different instru-
ments, each team analyzed all spectra using the SFIT-2
algorithm, retrieving O3, N2O, and HCl from their own
spectra and from the spectra of the other team. The
analyses performed at Wollongong became the con-
trols, with the Wollongong investigators refereeing the
exercise. Corresponding to spectra from each site, a set
of a priori profiles of VMR, temperature, and pressure
was agreed upon and used by both teams; the retrieval
microwindows and major interfering species were also
prescribed in the blind phase of the intercomparison,
and the spectral database used was that documented in
Rothman et al. (2003). The a priori VMR profiles of the
target gases (O3, N2O, HCl) were allowed to vary at all
heights in a full profile retrieval, whereas the a priori
VMR profiles of the major interfering species (e.g.,
CO2, H2O) were scaled by a single (retrieved) factor;
S� and Sa were left to the discretion of the investigators
in the blind phase of the intercomparison, as were any

other retrieved forward model parameters and minor
interfering species. In the open phase of the intercom-
parison, all of the above were matched to the param-
eters used in the control analysis performed at Wollon-
gong. For example, the Toronto spectra were analyzed
using S� of 440, 380, and 350 for O3, HCl, and N2O in
the blind phase, and 200, 200, and 150, respectively, in
the open phase. Similarly, in the blind phase, Toronto
spectra were analyzed using diagonal Sa matrices with
20% standard deviations at all heights for all three tar-
get gases, while in the open phase a 4-km correlation
length was applied for O3 retrievals, none was used in
HCl retrievals, and a 3-km correlation length was again
used in N2O retrievals. Furthermore, the diagonal ele-
ments of Sa were not constant as a function of height
for all three target gases in the open phase, where the
standard deviations ranged between 0% and 100%. Fi-
nally, very similar constraint differences were present
in the blind and open phase retrievals of O3, HCl, and
N2O from Wollongong and Lauder spectra.

The blind and open phase total column retrieval re-
sults for all analyzed spectra are shown in Figs. 5–7 for
each of the target gases. The results of our intercom-
parison show that two different users analyzing the
same spectra with the same auxiliary a priori informa-
tion (VMR, pressure, and temperature profiles) but dif-
ferent a priori and measurement covariances, as de-
scribed above, (some) different retrieved forward
model parameters (e.g., transmission spectrum back-
ground slope and curvature fitting, wavenumber shift
fitting), and (some) different minor interfering species
(e.g., OCS) can expect average differences of 2.1% for
O3, 1.6% for HCl, and 0.3% for N2O. For comparison,

FIG. 5. Total columns of ozone (molec cm�2) retrieved in the
control analysis and in the Toronto analysis during both the blind
and the open phase of the exercise.
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Schneider et al. (2005b) summarize total column ran-
dom errors due to solar zenith angle (SZA), tempera-
ture profile, measurement noise, and smoothing as
2.6% for O3, 2.2% for HCl, and 0.8% for N2O. [A
detailed discussion of error analysis in FTIR measure-
ments is presented in Schneider et al. (2005a).] Only
after controlling for all differences due to retrieval con-
straints, minor interfering species and retrieved for-
ward model parameters do the average differences in
the open phase of the intercomparison fall below 1%
(0.83% for O3, 0.92% for HCl, and 0.05% for N2O).
The remaining differences are ascribed to small differ-
ences in the retrieval grid (38 layers at Toronto versus
36 layers at Wollongong), minor differences in the ver-
sions of the SFIT-2 software used, and the propagation
of rounding errors to the retrieved solution. The effect
of HCl retrieval parameters was studied in some detail

and differences in retrieved total column amounts of up
to 5% were observed over a range of retrieval param-
eter values such as different a priori covariances of pro-
file scaling factors for interfering species (N2O, CH4,
H2O), the omission or inclusion of a minor interfering
species (OCS), different values of the a priori wave-
number scale multiplier, and slightly different micro-
window boundaries. While no strict generalizations to
other species are practical or appropriate because of
the nonlinear nature of the retrieval forward model,
this number is representative of expected total column
differences if the retrieval parameters that are used in
the same software implementation of a retrieval algo-
rithm are somewhat different.

Our total column differences below 1% are consis-
tent with the findings of Meier et al. (2005), although
our two studies are not precisely comparable since a
nonlinear least squares fitting approach was used by
Meier et al. to derive the total column amounts, as
opposed to the OEM approach used here to derive the
full profile first and later integrate it using the airmass
profile as a weighting. However, our results support the
general conclusions of Meier et al. (2005), which are
that instrumental differences (for well-aligned spec-
trometers) are often smaller than systematic differences
due to differences in the details in the analysis ap-
proach, which are in turn smaller than day-to-day vari-
ability of the observed gases. More precisely, our study
also points to the importance of the consistency in the
analysis approach (including all elements of the re-
trieved state vector and all constraining information)
for the detection of small trends in long-term datasets
of variable quantities.

Finally, the two retrieval grids used in the Toronto
and control analyses contained a similar number of lay-
ers and were constructed in a similar fashion, that is,
with thin layers (�1 km) in the troposphere and gradu-
ally thickening layers in the stratosphere and above.
Preliminary results of a further investigation of six
other commonly employed retrieval grids containing
29–45 layers suggest that total column differences re-
main smaller than 1%. A detailed study of this implicit
retrieval constraint is in progress.

4. Results

a. Ozone observations

Concentrations of ozone above Toronto were de-
rived from 295 spectra recorded at SZAs between 25°
and 65° in the NDACC filter 3 region (Table 1) be-
tween May 2002 and December 2004, since no continu-
ous measurements are available for this time period in

FIG. 6. Same as in Fig. 5, but for HCl.

FIG. 7. Same as in Fig. 6, but for N2O.
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the filter 6 region used by, for example, Barret et al.
(2002). Retrievals were carried out in the 3�3 band of
ozone, in a microwindow spanning 3045.1–3045.35
cm�1 (Goldman et al. 1999; Mikhailenko et al. 2002;
Griffith et al. 2003). The retrieval state vector has 44
elements: 38 for the vertical profile of ozone; 4 for the
wavelength shift parameter, background slope, back-
ground curvature, and phase error; and 2 from scaling
the vertical profiles of water vapor and methane, which
interfere with the target gas in this microwindow.

The ozone a priori VMR profile was constructed
from HALOE profiles (section 3b) between 15 and 60
km and the MIPAS reference profile outside of this
altitude range. A priori profiles of pressure and tem-

perature were taken from NCEP for each day. Follow-
ing the approach of Barret et al. (2002), the a priori
covariance matrix for ozone was constructed to be di-
agonal with 20% variability at all of the 38 layers in the
retrieval grid. The measurement error covariance ma-
trix was also chosen to be diagonal and was constructed
from the RMS SNR in the microwindow for each spec-
trum.

Figure 8a shows a representative microwindow spec-
tral fit and its corresponding residual. Figure 8b shows
the weighting function matrix that corresponds to this
microwindow; the vertical sensitivity of the retrieval is
plotted as a function of wavenumber and clearly corre-
lated to the position and strength of ozone absorption

FIG. 8. (a) Typical spectral fit for ozone in the 3045 cm�1 microwindow. The residual has an
RMS of 0.287% of the peak transmission in the microwindow. (b) Typical weighting function
matrix (spectrum was recorded on 28 Aug 2003 at a solar zenith angle of 52.0°).
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features in Fig. 8a. For each of the retrievals, the RMS
value of the residuals (Fig. 8a) was used to judge the
quality of the fits, with a quality assurance criterion set
at 20% above the median. The median RMS value of
the 2.5-yr time series was determined to be 0.284% of
the peak transmission in the microwindow. The noise in
the residuals is primarily random with small systematic
features near the peak absorption of the ozone lines.
Similar systematic structures have been observed by
other groups performing fits in this microwindow (Grif-
fith et al. 2003) with spectral parameters taken from the
HITRAN database.

The vertical resolution of these ozone observations is
characterized by the averaging kernel matrix [Eq. (4)].
Figure 9 shows the rows of the averaging kernels matrix

for a typical profile retrieval of ozone on the 38-layer
height grid. The integrated area under each averaging
kernel is a simple measure of the amount of non–a
priori information that appears in the retrieval at the
corresponding height (Rodgers 2000). It is clear that
the retrieval is most sensitive in the stratosphere be-
tween 17 and 35 km, where the VMR of ozone peaks.
The total column degrees of freedom for signal for
ozone is approximately 2 (Table 3), and thus it is rea-
sonable to report two independent partial columns in
the stratosphere.

In a full information content analysis the transformed
weighting function matrix is decomposed into its singu-
lar values and singular vectors (Fig. 10). [Rodgers
(2000) shows that this is analytically equivalent to per-
forming an eigenvalue decomposition on the square av-
eraging kernel matrix.] The singular vectors that corre-
spond to large singular values (approaching 1) repre-
sent spatial patterns in the true profile that are mapped
to the row space of the measurement. The magnitudes
of the singular values give an idea of the “sensitivity” of
this mapping. The full width at half maximum (FWHM)
of these leading-order singular vectors gives an idea of
the vertical resolution in the measurement. Figure 10
shows the singular vectors that correspond to the six
largest singular values and their corresponding degrees
of freedom for signal for a measurement taken on 14
April 2004. The two degrees of freedom for signal in
this ozone retrieval are almost entirely confined to the
first three singular vectors, which qualitatively suggest a
vertical resolution of approximately 10 km.

FIG. 9. Typical averaging kernels for the profile retrieval of
ozone with their corresponding heights (km). This particular spec-
trum was recorded on 28 Aug 2003 at a solar zenith angle of 52.0°.

FIG. 10. Information content analysis: the six largest singular vectors of the transformed K
matrix with degrees of freedom for signal shown below each plot.
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It is often convenient to construct partial columns
that correspond to heights associated with the tropo-
sphere and the stratosphere as in Table 3; however, for
comparison with satellite data the profile may need to
be integrated to form different partial columns (section
4c).

b. Characterization of errors

By incorporating error terms into the formalism of
the optimal estimation retrieval, Eq. (2) becomes

x̂ � xa � A�x � xa� � GKb�b � b̂� � G�f � G�,

�7�

where the first two terms are part of the original for-
mulation, the third term represents the error due to
estimates of model parameters (b) that are not re-
trieved, the fourth term is due to physical processes
missing from the forward model, and the last term is
known as the retrieval noise and represents the random
error caused by measurement noise that propagates to
the retrieval (Rodgers 1990). By taking the expectation
value of the difference between the retrieved state and
the true state, the following error covariance matrices
are generated:

Ss � �A � I�Sx�A � I�T

Sf � GKbSbKb
TGT

S�x
� GS�GT, �8�

where Ss is the covariance of the error caused by
smoothing of the true state by the averaging kernel, Sf

is the covariance of the error due to ill-described for-
ward model parameters, S�x

is the covariance of the
error due to random measurement error propagating to
the retrieval, and I is the identity matrix.

As the smoothing error is dependent on the true state
of the atmosphere, it is calculated with a climatological
covariance matrix, Sx, which captures the natural vari-
ability of the atmosphere and which can differ from the
Sa matrix used in the retrievals. Typical smoothing er-
ror values for partial and total columns of seven trace
gases retrieved at TAO are shown in Table 5, while
typical measurement error values are shown in Table 6.

The model parameter error is dependent upon the
covariance of the model parameters (b), denoted by Sb

in Eq. (8). The primary model parameters that contrib-
ute to error in ozone retrievals are the temperature
profiles, SZA, spectroscopic line parameters, and ILS
(only ILS forward model parameters can be retrieved
in the SFIT-2 OEM implementation). A detailed dis-
cussion of forward model errors for ozone is presented
in Schneider et al. (2005a) who estimate errors at all

heights in the vertical profile retrieval due to the above
quantities to be less than 4%, 1%, 5%, and 5%, respec-
tively.

c. Intercomparison of a 2.5-yr time series of ozone

We show preliminary comparisons of ozone retrieved
from spectra recorded at TAO with collocated mea-
surements made by OSIRIS on the Odin satellite.
Partial columns spanning 16–32 km were formed from
TAO profile retrievals. Figure 11 shows strong over-
lap between the averaging kernels of the TAO total
column and the stratospheric partial column, implying
that the bulk of the total column is found between 16
and 32 km. As expected, neither kernel shows sensitiv-
ity to tropospheric ozone. Figure 12 shows the time
series of daily stratospheric (16–32 km) column ozone
measurements made by the TAO FTS between May
2002 and December 2004. The springtime ozone maxi-
mum can be seen in the data, which are more sparse
during the fall and winter months due to cloudy condi-
tions.

The OSIRIS instrument has been collecting ozone
data from orbit since August 2001 (Llewellyn et al.
2004). The instrument measures vertical profiles of
ozone by observing limb-scattered radiances between
280 and 800 nm. These vertical profiles are retrieved
using a nonlinear Newtonian iteration version of opti-
mal estimation (von Savigny et al. 2003) and span ap-
proximately 14–50 km, with a vertical resolution of 2
km. The coincidence criterion used for selecting spa-
tially collocated measurements from the OSIRIS
dataset (version 2.4) was 
5° in latitude and longitude.
Figure 12 also shows the coincident daily OSIRIS
stratospheric measurements (also between 16 and 32
km), which are sparse in fall months due to Odin’s focus
on the Southern Hemisphere at that time. The qualita-

TABLE 5. Average smoothing error (%) in total and partial
column retrievals in 2004.

CH4 N2O O3 HCl HF NO NO2

0–100 km 0.54 0.14 2.58 0.79 0.75 5.36 6.24
0–15 km 0.73 0.45 18.3 14.0 23.2 29.4 9.46

15–50 km 4.01 3.54 1.28 1.25 1.30 4.95 4.00

TABLE 6. Average measurement error (%) in total and partial
column retrievals in 2004.

CH4 N2O O3 HCl HF NO NO2

0–100 km 0.80 0.28 1.83 0.97 1.00 2.87 2.28
0–15 km 0.84 0.36 4.21 6.38 11.7 2.59 0.73

15–50 km 1.62 1.81 1.78 0.73 0.77 4.22 5.88
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tive agreement between the TAO and OSIRIS datasets
is good, with a few notable outliers in the summers of
2002 and 2004, and the winter/spring months in general.
Disagreement between August and October 2004 is
thought to be due to the small number of TAO mea-
surements, which resulted from a problem with the he-
liostat at TAO that has since been resolved. Further-
more, due to the long horizontal pathlength character-
izing OSIRIS observations, it is possible that some
discrepancies are due to different air masses being
sampled by the satellite instrument. For example, a pre-

liminary examination of potential vorticity (PV) maps
has shown that a polar vortex filament has passed
above Toronto in March 2004 when anomalous trace
gas concentrations were recorded above the station; an
investigation of the frequency of such events—which
can lead to disagreements with satellite observations—
is being conducted at TAO.

Petelina et al. (2005) showed that the OSIRIS ozone
profiles are most reliable between 16 and 32 km in
altitude and show the best agreement with other satel-
lite instruments in this region. For this reason, the com-
parisons made here are restricted to this same region of
the atmosphere, as previously noted. In comparing re-
mote sensing measurements made by two instruments
using different observation geometries, it is necessary
to take into account the intrinsic differences between
the averaging kernels of the two observing systems
(Rodgers and Connor 2003). To this end, profiles ob-
served by OSIRIS were smoothed with the TAO FTS
averaging kernels as follows:

xsmoothed
OSIRIS � ATAOxOSIRIS � �I � ATAO� � xa

TAO.

�9�

Since OSIRIS retrieves ozone concentrations with
2-km vertical resolution, it is appropriate to use Eq. (9)
to smooth OSIRIS profiles to the much more coarse
TAO resolution (�10 km). Finally, partial OSIRIS col-

FIG. 11. Total and partial column averaging kernels for the
retrieval of ozone concentrations from TAO-FTS spectra.

FIG. 12. Daily stratospheric ozone columns (16–32 km) recorded from May 2002 to De-
cember 2004 at TAO and by the OSIRIS satellite instrument within 
5° longitude and
latitude of Toronto. The TAO error, calculated as the quadrature sum of smoothing and
measurement errors [Eq. (8)] is on the order of 3%, while the OSIRIS (version 2.4) error has
a median value of �5%.
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umns were derived by integrating the smoothed pro-
files.

To reduce the effect of temporal and spatial sampling
inhomogeneities, monthly mean values were calculated
from both datasets (Fig. 13). The agreement between
monthly mean values in the stratosphere (16–32 km) is
good for every month that TAO has been operational
and where TAO and OSIRIS temporal coverage was
high (n � 5). During the spring and summer months
when the temporal coincidence is highest, almost all of
the monthly means are in agreement with no consistent
bias. Clear discrepancies exist for the winter months in
which OSIRIS has limited viewing capability near To-
ronto and the increased presence of cloud cover se-
verely limits the observing capabilities of the ground-
based FTS. As a result, there are few measurements
that span the October–February regions of any winter,
potentially biasing the monthly means. For the months
in which the TAO-FTS has only recorded one measure-
ment (November 2002–January 2003), the error bars on
the monthly means have been set to zero.

5. Conclusions

We have described the new optical design of a high-
resolution Fourier transform infrared spectrometer,
which serves as the primary instrument at the new
Complementary Station of the NDACC in Toronto,
Ontario, Canada. The ILS of the FTS has been quan-
tified with the use of low-pressure HBr cell measure-
ments and a previously described ILS parameter re-

trieval algorithm. We have outlined operational mea-
surement settings used to record solar absorption
infrared spectra at TAO since 2002. The OEM retrieval
approach and its SFIT-2 algorithm implementation
used to derive vertical profiles and partial columns of
trace gases from TAO spectra were also reviewed.
Some impacts of explicit and implicit retrieval con-
straints on retrieved total column amounts were de-
scribed as part of the retrieval algorithm user intercom-
parison exercise performed by the TAO group in order
to formally join the NDACC. During this exercise av-
erage differences between total columns retrieved from
the same spectra by different users were below 2.1% for
O3, 1.6% for HCl, and 0.3% for N2O in the blind phase,
and below 1% (0.83% for O3, 0.92% for HCl, and
0.05% for N2O) in the open phase, when all retrieval
constraints were identical.

The retrievals of O3, N2O, CH4, HCl, HF, NO, and
NO2 have been characterized in terms of the number of
independent pieces of information retrieved, and total
and partial column smoothing and measurement errors,
assuming an ideal instrument line shape function. The
effect of the reduced modulation efficiency observed at
maximum OPD on the information content of retriev-
als of trace gas profiles is the subject of current inves-
tigation, and efforts to optimize the FTS alignment are
ongoing.

Finally, a 2.5-yr time series of the seven gases de-
scribed above was submitted to the online NDACC
archive (http://www.ndsc.ws) in 2005. The ozone re-
trievals were further characterized by their averaging

FIG. 13. Monthly mean stratospheric ozone column concentrations (16–32 km) observed at
TAO and by OSIRIS. Error bars represent 1 std dev of the monthly means.
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kernels, and a 2.5-yr time series of ozone partial col-
umns (16–32 km) was compared to OSIRIS ozone par-
tial columns from the same vertical region (smoothed
by the TAO averaging kernels). The agreement be-
tween monthly means (when the number of TAO mea-
surements is �5) is within 3% during this time interval,
which is within the errors of both measurement plat-
forms.
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