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[11 The Sub-Millimetre Radiometer (SMR) on board the Odin satellite, launched on

20 February 2001, observes key species with respect to stratospheric chemistry and
dynamics such as O5, ClO, N,O, and HNO; using two bands centered at 501.8 and
544.6 GHz. We present the adopted methodology for level 2 processing and the achieved
in-orbit measurement capabilities of the SMR radiometer for these species in terms of
altitude range, altitude resolution, and measurement precision. The characteristics of the
relevant level 2 data versions, namely version 1.2 of the operational processor as well as
versions 222 and 223 of the reference code, are discussed and differences are evaluated.
An analysis of systematic retrieval errors, resulting from spectroscopic and instrumental

uncertainties, is also presented.
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1. Introduction

[2] The Odin satellite was launched on 20 February 2001
into a circular quasi-polar low Earth orbit at ~600 km
altitude. It carries two instruments, namely the Optical
Spectrograph and Infrared Imaging System (OSIRIS) and
the Sub-Millimetre Radiometer (SMR).

[3] The SMR instrument employs four tunable single-
sideband Schottky-diode heterodyne receivers in the
~486—581 GHz spectral range as well as one mm-wave
receiver at ~119 GHz. Observations of thermal emission of
trace gases originating from the Earth’s limb are performed
in a time-sharing mode with astronomical observations
using a 1.1-m telescope. Spectra are recorded by means of
two high-resolution auto-correlators, one acousto-optical
spectrometer, and a three-channel filter bank for the
119-GHz radiometer. Detailed technical information on
the satellite and the SMR instrument is given by Frisk et
al. [2003].
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[4] In aeronomy mode, various target bands are dedicated
to profile measurements of trace constituents relevant to
stratospheric and mesospheric chemistry and dynamics such
as O3, CIO, N,O, HNO;, H,0O, CO, and NO, as well as
isotopes of H,O and O; [e.g., Murtagh et al., 2002; Merino
et al., 2002].

[s] Stratospheric mode measurements are performed
typically twice per week using the two auto-correlator
spectrometers centered at 501.8 and 544.6 GHz. We
describe the adopted retrieval methodology and the
achieved observation capabilities of the SMR radiometer
for the study of the stratospheric target species O3, ClO,
N,>O, and HNO;. The ground-segment is first described in
section 2. Section 3 gives an overview of theoretical and
achieved in-orbit measurement capabilities for the strato-
spheric mode target species. Differences between the latest
versions of the operational and reference level 2 data
products are analyzed and discussed. Systematic errors of
the level 2 data arising from instrumental and spectro-
scopic uncertainties are evaluated in section 4, and the
characteristics of the Odin/SMR stratospheric mode level 2
data are summarized in section 5.

2. Odin/SMR Data Processing
2.1. Ground Segment

[6] The Odin satellite with its two instruments is
operated by the Swedish Space Corporation. Calibrated
spectra (level 1b) are produced from the SMR instru-
ments raw data and the reconstructed attitude data of the
satellite (level 0) at the Onsala Space Observatory in
Sweden, both for the astronomy and aeronomy measure-
ment modes. Detailed information on level 1 data pro-
cessing is given by Olberg et al. [2003]. For the retrieval
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of vertical profiles from the spectral measurements of a
limb scan (aeronomy level 2 processing), two similar data
processors have been developed in Sweden and in France:
within the SMR retrieval group, the Chalmers University of
Technology (Gothenburg, Sweden) is in charge of the
systematic production of the operational level 2 data (avail-
able at http://www.rss.chalmers.se/geml). The Observatoire
Aquitain des Sciences de 1’Univers (Bordeaux, France)
provides a reference level 2 product with the aim of
verification and validation of the operational data product.
The overall objectives of the specifically designed reference
code include the development and optimization of the
retrieval methodology for the various measurement modes
as well as the quality assessment of the operational code by
comparison of results for scientifically interesting periods,
but without aiming at the processing of the whole data set.
The French level 2 data processor CTSO (for Chaine de
Traitement Scientifique Odin) has for this purpose been
installed within the French atmospheric data bank ETHER
(http://ether.ipsl.jussieu.fr), which also serves as a platform
for distribution of the Odin/SMR level 2 data.

2.2. Forward and Retrieval Models

[7] Vertical profiles are retrieved from the spectral mea-
surements of a limb scan by inverting the radiative transfer
equation for a non-scattering atmosphere. Retrieval algo-
rithms based on the Optimal Estimation Method (OEM)
[Rodgers, 1976], a linear inversion method using statistical
a priori knowledge of the retrieved parameters for regular-
ization, were developed for the ground segment of Odin/
SMR in Sweden and in France [Baron, 1999; Baron et al.,
2001, 2002; Merino et al., 2001, 2002; Lautié et al., 2001;
Lautié, 2003; Eriksson et al., 2002, 2005; Urban et al.,
2002, 2004a].

[8] The modular 1-d forward and retrieval code for the
millimeter and sub-millimeter wavelengths range
MOLIERE-5 (Microwave Observation Llne Estimation
and REtrieval, version 5) is used for Odin/SMR
level 1b — level 2 processing within CTSO/ETHER. The
forward model part of MOLIERE-5 includes modules for
spectroscopy (line-by-line calculation, water vapor, and dry
air continua), radiative transfer (including refraction), and
sensor characteristics (antenna, sideband, spectrometer). It
also allows the computation of differential weighting func-
tions (jacobians) needed for the inversions. The forward
model and an inversion module based on the Optimal
Estimation Method are implemented within a framework
allowing nonlinear retrievals to be performed according to
a Newton Levenberg-Marquardt iteration scheme. For
detailed information on the model, the reader is referred
to Urban et al. [2004a].

[¢9] The Swedish level 2 processor Qsmr, aiming at fast
operational data analysis, is based on the same basic
principles and methods. The employed retrieval model
Qpack [Eriksson et al., 2005] is built around the atmo-
spheric radiative transfer model ARTS (Atmospheric Radi-
ative Transfer Simulator), developed at the Chalmers
University of Technology (Gothenburg, Sweden) and the
University of Bremen (Germany) [Buehler et al., 2005].

[10] A systematic comparison of the forward models
ARTS and MOLIERE-5 used within the Odin/SMR level
2 processors resulted in an excellent agreement of the
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different modules for spectroscopy, radiative transfer and
instrument modeling [Melsheimer et al., 2005].

3. Odin/SMR Observation Capabilities
3.1. Theoretical Capabilities

[11] In a first step, the nominal measurement capabilities
of the SMR instrument with respect to the stratospheric
mode target gases ClO, N,O, Oz, and HNO; were investi-
gated theoretically by means of nonlinear retrieval simula-
tions assuming nominal instrument performance [Frisk et
al., 2003]; that is, all instrumental parameters (antenna-,
sideband-, spectrometer-response) were simulated accord-
ing to their pre-flight characterization. A realistic receiver
noise temperature of 3000 K (single-sideband) and an
effective integration time of 0.875 s in the stratosphere
below 50 km, corresponding to a spectrometer read-out
every 1.5 km in terms of tangent-altitude, were assumed
(1.75 s above 50 km). Note that Odin’s scan velocity is kept
constant at ~0.75 km s~ .

[12] Figure 1 shows the results of the MOLIERE-5
simulation runs, providing for each target species the
nominal retrieval precision as well as altitude range and
resolution. The theoretical retrieval capabilities are summa-
rized in Table 1. In order to test and to demonstrate the
robustness of the retrieval model, somewhat extreme cases
were chosen: Vertical distributions characteristic for polar
winter conditions were retrieved starting from a first guess
corresponding to a midlatitude scenario.

[13] Results are in qualitative agreement with pre-flight
studies performed by, for example, Baron et al. [2002] and
Merino et al. [2002]. Small quantitative differences can be
explained by the slightly different set-up for the pre-flight
simulations, for example with respect to the assumptions
made for the measurement error and a priori error covari-
ance matrices. The simulation results of this work were
obtained using the robust retrieval methodology developed
for the CTSO-v223 and are here presented as a quantitative
estimate for the best possible performance which could
theoretically be expected from the SMR instrument for
stratospheric mode measurements.

3.2. Level 2 Data Versions

[14] In order to account for the in-flight performance of
the Odin/SMR instrument, the methodology and set-up
adopted for level 2 processing has progressively been
adapted and optimized. The discussed here most recent
versions of the reference code CTSO are version 222 (in
the following also called “CTSO-v222”), optimized for
retrieval of ClO, N,O, and O3 in the 501.8-GHz band, and
version 223 (or “CTSO-v223’), which also gives satisfac-
tory results for the 544.6-GHz band retrievals of O3 and
HNO;. The most recent version of the operational code,
used for the systematic processing of the stratospheric mode
measurements, is version 1.2 (““Chalmers-v1.2”"). Particu-
larities of the different versions of both reference and
operational code are first summarized in this section. A
detailed comparison is provided in section 3.4.

3.2.1. CTSO-v222

[15] Version 222 of the reference code CTSO allows for
simultaneous nonlinear retrievals of the volume mixing
ratios (VMR) of ClO, N,0, and O3 in the 501.8-GHz band.
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Table 1. Theoretical and Typically Achieved Capabilities of Odin/SMR for the Observation of Stratospheric C10, N,O, O3, and HNO;"

Frequency, Precision Altitude Altitude Number of
Species GHz (1-0) Resolution Range Iterations
Theoretical Capabilities®
05 501.5 0.5-2 ppmv (25-30%) ~2 km ~19-50 km 2-3
Clo 501.3 0.15-0.2 ppbv 1.5-2 km ~16-67 km 2-3
N,O 502.3 15-35 ppbv (10-20% <30 km) ~1.5 km ~15-70 km 2-3
05 544.9 0.2—0.4 ppmv (10—-20%) ~1.5 km ~18-70 km 3-4
HNO; 544.4 <1 ppbv (15-25% <30 km) 1.5-2 km ~21-67 km 3-4
Achieved Capabilities CTSO-v222°9
0; 501.5 0.25-1.5 ppmv (20—25%) ~2.5 km ~17-45 km 2-3
ClO 501.3 0.15-0.25 ppbv 2-2.5 km 15-55 km 2-3
N,O 502.3 10—45 ppbv (5-15% <30 km) ~2 km 13-55 km 2-3
O3 544.9 0.2-0.5 ppmv (10-25%) ~2 km 14-70 km 3-4
HNO; 544.4 <1 ppbv 2-3 km 20-50 km 3-4
Achieved Capabilities CTSO-v223%¢
05 501.5 0.25—-1.5 ppmv (20—25%) 3-3.5 km ~18—-45 km 2-3
ClO 501.3 0.15-0.25 ppbv 2-2.5 km 15-55 km 2-3
N,O 502.3 15-45 ppbv (15-20% <30 km) ~1.5 km 14-55 km 2-3
O3 544.9 0.2-0.8 ppmv (10—-40%) ~1.5 km 14-70 km 3-4
HNO; 544.4 <1.5 ppbv 1.5-2 km 18—35 km 3-4
Achieved Capabilities Chalmers-v1.2%%%
O3 501.5 0.25-0.75 ppmv 3.5-4 km 21-45 km 4-5
ClO 501.3 0.05-0.15 ppbv 2—4 km 15-45 km 4-5
N,O 502.3 10-30 ppbv (5-15% <30 km) 2—4 km 15-35 km 4-5
O3 544.9 0.2—0.4 ppmv (10—20%) 2-3 km 17-60 km 5-6
HNO; 544.4 <1 ppbv 2-2.5 km 1835 km 5-6

“Indicated are target line frequencies, single-scan precisions and altitude resolutions (FWHM) in the lower stratosphere, approximate altitude ranges for a
polar scenario, and the typical number of iterations required for reaching convergence.
PRetrieval grid given by nominal tangent-altitudes of stratospheric mode scan: Az = 1.5 km (z < 50 km), Az = 3 km (z > 50 km).

“Based on single-scan retrieval (latitude ~78.4°S, 20/9/2002, orbit 217F).

dRetrieval grid Az =2 km (z < 50 km), Az = 6 km (z > 50 km).

“Retrieval grid given by tangent-altitudes of scan: Az ~ 1.5 km (z < 50 km), Az ~ 6 km (z > 50 km).

Smoothed in altitude (using non-diagonal a priori covariance matrix).

The usable bandwidth is 700 MHz, a 100-MHz-wide sub-
band of the auto-correlator has been excluded owing to
frequently occurring instabilities of the sub-band power
level. The response function of the auto-correlator indicates
a spectral resolution of ~2 MHz and is taken into account in
the forward calculations. A scan-bias is retrieved assuming
an a priori uncertainty of 500 m, as estimated from the
satellites attitude data. Moreover, a continuum profile is
retrieved in order to account for water vapor and dry air
continuum emissions which increase with decreasing tan-
gent-altitudes. Profiles are retrieved on an altitude grid of
2 km resolution in the stratosphere and of 6 km resolution
above 50 km and are defined as piecewise linear functions
determined by the altitude levels of the retrieval grid. The
assumed a priori error for the retrieved mixing ratios
corresponds to 75% of the climatological a priori mixing
ratios. Threshold values are used if the climatological

mixing ratio is too small: The minimum a priori error is
limited to 1 ppmv for O3, 50 ppbv for N,O, 0.5 ppbv for
CIO, and 0.1 ppbv for HNO;. A constant a priori error of
5 K is assumed for the temperature retrieval in the
544.6-GHz band. For the optically thin bands (ClO, Os,
and N,O around 501.8 GHz), only channels with a total
opacity smaller than 1.5 according to the climatological a
priori profiles are used, a measure to linearize the inversion
problem and to assure rapid convergence. In practice, only
the lowest tangent-views are rejected using this criterion. In
the case of bands containing optically thick lines (O3 and
HNO; band at 544.6 GHz), temperature information is
retrieved simultaneously, in accordance with recommenda-
tions from dedicated studies [Baron et al., 2001; Cailley,
2002]. Moreover, the measurement error is assumed to be
3 K higher than the theoretical noise calculated from the
radiometer equation (4.5 K higher for the 544.6-GHz band),

Figure 1.

Retrieval simulations for the Odin/SMR stratospheric mode target species using MOLIERE-5. (top left) CIO at

501.3 GHz; (bottom left) N,O at 502.5 GHz; (top right) O; at 544.9 GHz; (bottom right) HNO; at 544.4 GHz. Two plots
are presented for each molecule. The plots on the left-hand side show the profiles used for simulating the measurement
(dashed line) and the retrieved profile (solid line with error bars). Errors due to statistical measurement noise (thick error
bars) and total errors, including also the error due to smoothing of the profile due to the limited altitude resolution, can be
distinguished. The a priori (“first guess”) profile (dash-dotted line) and the assumed 1-o a priori uncertainty (shaded area)
are presented as well. The plots on the right-hand side show the averaging kernel functions providing information on the
altitude resolution associated with the retrieved parameters (FWHM values are indicated). The envelope is the sum of the
averaging kernel functions for a given altitude, an indicator for the measurement response as a function of altitude. See
color version of this figure in the HTML.
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in order to account for baseline artifacts (e.g., offsets,
ripples) present in the calibrated spectra (of level 1b,
calibration version 4). The errors associated with the
individual spectrometer channels are assumed to be un-
correlated, and the measurement error covariance matrix
is consequently diagonal. A linear baseline is retrieved
(offset and slope), applied to the whole scan, as well as a
spectrometer frequency shift from the strong O; line in
the 544.6-GHz band in order to account for a possible
residual (non-corrected) Doppler shift. Spectroscopic line
parameters for the line-by-line calculation are taken from
the Verdandi database (http://www.rss.chalmers.se/gem/
Research/verdandi.html) [Eriksson, 1999], which merges
frequencies, line intensities, and lower state energies from
the JPL catalog [Pickett et al., 1998] with pressure
broadening parameters from the HITRAN compilation
[Rothman et al., 2003], but also includes spectral param-
eters from other sources where appropriate. See Table 2
for an overview of the spectroscopic parameters used in
the processing system.

[16] Level 2 data of the CTSO-v222 for the 501.8-GHz
band, available since February 2003, have been used in
the past for scientific studies concerning polar vortex
chemistry and dynamics [e.g., Urban et al., 2004c;
Ricaud et al., 2005a; Berthet et al., 2005]. However,
known spectroscopic uncertainties of the pressure broad-
ening parameters for the 544.9-GHz Oj; line have pre-
vented the use of version 222 data of this band.

3.2.2. CTSO-v223

[17] The CTSO-v223 retrieval scheme was developed in
order to account for several identified instrumental and
spectroscopic problems with the version 222 data analysis
and is available since July 2003.

[18] First of all, CTSO-v223 profiles are retrieved on an
altitude grid given by the actual tangent-altitudes of the
Odin limb scans. This scheme allows to have access to the
highest possible altitude resolution of the Odin/SMR mea-
surements and provides at the same time a certain robust-
ness since the integration time for a single Odin/SMR
measurement changes between stratosphere and mesosphere
(typically 0.875 s versus 3.5 s) and the altitude where the
change occurs may vary by a few kilometers as do the lower
and upper limits of the scan. Moreover, during a few orbits
per day when the ground station at Esrange (Sweden) is not
accessible for data down-link, the integration time in the
stratosphere is prolonged (~1.75 s) in order to meet
platform memory requirements.

[19] Second, the baseline retrieval was extended to the
retrieval of an offset for each tangent altitude in order to
account for frequently observed jumps of the spectral
baseline of the order of a few Kelvin. This unphysical
behavior, easily identifiable at high tangent-altitudes where
the continuum level should be zero, is assumed to arise from
gain variations during the calibration cycle or, more pre-
cisely, from uncertainties in the correction of the contribu-
tions of the antenna baffles to the measured power. The new
scheme leads in particular to smoother retrievals for the
544.6-GHz band.

[20] Third, the instrument module of the version 223
forward model simulates the nominal behavior for image-
band suppression and signal-band transmission, based on
pre-flight laboratory measurements of the sideband ratio.
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Thus the accurate modeling of the measurements is
further improved.

[21] Finally, the a priori errors assumed for HNO; were
slightly adapted in order to allow for a more stable profile
retrieval from the HNOj3 band residing around 544.4 GHz
on the wing of a strong ozone line centered at 544.9 GHz.
The HNOj a priori error was slightly reduced to 50% of the
climatological value, while the minimum value was slightly
increased to 0.5 ppbv.

[22] Compared to version 222, CTSO-v223 single-profile
data appear noisier, but provide a better altitude resolution.
On the other hand, averaged data are somewhat smoother,
since the CTSO-v223 retrieval scheme corrects for a num-
ber of systematic problems of the level 1b data, in particular
the offsets at higher tangent altitudes.

[23] While, in general, all SMR data versions are based
on the same set of spectroscopic parameters (see Table 2 for
an overview), a known problem with the line broadening
parameter of the 544.9-GHz ozone line was corrected for
the CTSO-v223 algorithm. The values reported by Smith et
al. [1997] of 3.4 MHz Torr~' and 0.69 for the temperature
dependence coefficient were adopted, derived from param-
eters of the corresponding transition of the v-band in the
infrared spectral region. For comparison, the “first guess”
parameters used in version 222 were 4.25 MHz Torr ' and
0.53.

3.2.3. Chalmers-v1.2

[24] The retrieval scheme employed for version 1.2 of the
operational code of the Chalmers University of Technology
(Goteborg, Sweden) is in many aspects identical to the
CTSO-v223 scheme. Differences are as follows: (1) Re-
trieved parameter is the logarithm of the volume mixing
ratio divided by the a priori VMR; that is, negative mixing
ratios (which might appear owing to measurement noise)
are avoided, a measure which provides regularization for the
single profile retrieval; (2) a relative a priori error of 50% is
assumed, leading to stronger regularization than in the
reference versions and as a consequence to a slightly
reduced altitude range, as indicated by the measurement
response data of the different data versions; (3) minimum
threshold values for the a priori error are not used at all,
which might cause a strong weighting of the a priori
information at altitudes where the climatological a priori
profile approaches zero; (4) smoothing of the profile in
altitude is applied by assuming a correlation of retrieval
parameters with altitude (off-diagonal elements of the a
priori covariance matrix: linearly decreasing correlation
function, half-width at 1/e of maximum: ~3 km), leading
to a reduced resolution in altitude while improving at the
same time the retrieval precision; (5) the measurement
covariance matrix is calculated directly from the theoretical
noise of the measurement; (6) the minimum tangent-altitude
of measurements of a scan which are used for the retrievals
is determined empirically, e.g., 15 km at midlatitudes;
(7) different parameters are used within the Levenberg-
Marquardt iteration scheme, leading to slightly slower
convergence compared to CTSO-v222 and -v223; (8) the
continuum profile is retrieved on a reduced altitude grid;
and (9) the spectrometer center frequency fit is omitted.

[25] In summary, the stronger regularization of the
Chalmers-v1.2 data compared to the recent versions of the
reference code CTSO leads to smoother and less noisy
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Table 2. Spectroscopic Parameters Used Within the Odin/SMR Processing Chains for the Most Significant Lines Residing in the

Stratospheric Mode Target Bands®

Frequency, Intensity 300 K Eions y2,~, 296 K, y.‘glf-296 K,
Species MHz logo, nm> MHz cm”! MHz Torr ! MHz Torr ! ng [1] Ny [1] Level 2 Version
Clo *501264.3791 —2.1377 102.2295 3.23(13)° 3.35 0.69(6)° 0.50 v222,v223,v1.2
*501265.1728 —2.1701 102.2283
*501265.8420 —2.2026 102.2279
*501266.7152 —2.2351 102.2282
*501267.8681 —2.1377 102.2300
*501268.7569 —2.1701 102.2288
*501269.4092 —2.2026 102.2284
*501270.1533 —2.2351 102.2286
05 501112.0592 —5.2619 1094.0036 2.90 3.83 0.76 0.76 v222,v223,v1.2
501220.2903 —6.3050 1375.4012 2.79 3.81 0.76 0.76 v222,v223,v1.2
*501476.3852 —5.4899 428.5805 2.77(5%)° 3.96 0.76(4)° 0.76 v222, v223, v1.2
501771.1392 —4.4777 1032.9718 2.79(3) 3.72 0.78(6) 0.76 v222,v223,v1.2
05-18-asym 501623.3065 —3.5967 212.2880 2.76 3.96 0.76 0.76 v222, v223, v1.2
N,O *502296.4230 —3.1600 159.1987 2.98(3%)° 2.95 0.71¢ 0.77 v222, v223, v1.2
05 * 544486.1463 —4.9548 965.4669 2.83 3.98 0.76 0.76 v222,v223,v1.2
* 544857.4467 —3.4528 15.0520 425" 4.27 0.53 0.76 v222,v1.2
3.40(3)% 0.69(4)% v223
05-18-asym 544518.7134 —3.8554 292.2070 2.80 3.96 0.76 0.76 v222, v223, v1.2
HNO; * 5442529191 —2.8856 385.7943 4.34 4.34 0.75 0.75 v222, v223, v1.2
* 544252.9700 —2.8856 385.7943 434 434 0.75 0.75 v222,v223,v1.2
* 544283.3900 —2.9039 385.0016 4.34 4.34 0.75 0.75 v222, v223, v1.2
* 544283.4328 —2.9039 385.0016 4.34 4.34 0.75 0.75 v222, v223,v1.2
* 544309.0320 —2.9213 383.3659 434 4.34 0.75 0.75 v222,v223,v1.2
* 544309.0700 —2.9213 383.3659 4.34 4.34 0.75 0.75 v222, v223, v1.2
* 544330.5800 —2.9378 380.8881 4.34 4.34 0.75 0.75 v222, v223, v1.2
* 544330.5833 —2.9378 380.8881 434 4.34 0.75 0.75 v222,v223,v1.2
* 544349.0079 —2.9535 377.5686 4.34 4.34 0.75 0.75 v222, v223, v1.2
* 544349.0079 —2.9535 377.5686 4.34 4.34 0.75 0.75 v222, v223, v1.2
* 544365.3149 —2.9685 373.4082 3.95" 4.34 0.89" 0.75 v222,v223,v1.2
* 544365.3200 —2.9685 373.4082 3.95" 4.34 0.89" 0.75 v222, v223,v1.2
* 544380.6543 —2.9828 368.4071 434 4.34 0.75 0.75 v222,v223,v1.2
* 544380.6543 —2.9828 368.4071 4.34 4.34 0.75 0.75 v222, v223, v1.2
* 544396.4036 —2.9965 362.5655 4.34 4.34 0.75 0.75 v222, v223, v1.2
* 544396.4036 —2.9965 362.5655 434 4.34 0.75 0.75 v222,v223,v1.2
* 544414.3152 —3.0098 355.8836 4.34 4.34 0.75 0.75 v222, v223, v1.2
* 544414.3152 —3.0098 355.8836 4.34 4.34 0.75 0.75 v222, v223, v1.2
* 544436.7738 —3.0226 348.3610 4.34 4.34 0.75 0.75 v222,v223,v1.2
* 544436.7738 —3.0226 348.3610 4.34 4.34 0.75 0.75 v222, v223, v1.2
* 544467.2100 —3.0350 339.9971 4.34 4.34 0.75 0.75 v222, v223, v1.2
* 544467.2675 —3.0350 339.9971 4.34 4.34 0.75 0.75 v222,v223,v1.2
* 544511.2900 —3.0473 330.7908 4.34 4.34 0.75 0.75 v222, v223, v1.2
* 544511.2900 —3.0473 330.7908 4.34 4.34 0.75 0.75 v222, v223, v1.2
* 544578.1723 —3.0592 320.7400 4.34 4.34 0.75 0.75 v222, v223, v1.2
* 544578.1723 —3.0592 320.7400 4.34 4.34 0.75 0.75 v222, v223, v1.2
* 544685.0600 —3.0709 309.8412 434 434 0.75 0.75 v222,v223,v1.2
* 544685.0834 —3.0709 309.8412 4.34 4.34 0.75 0.75 v222, v223, v1.2
* 544866.6254 —3.0819 298.0881 4.34 4.34 0.75 0.75 v222, v223, v1.2
* 544866.6600 —3.0819 298.0881 434 4.34 0.75 0.75 v222,v223,v1.2
544940.9095 —3.1664 2449331 4.34 4.34 0.75 0.75 v222, v223, v1.2

“Indicated are line center frequencies, integrated intensities, lower state energies, and air- and self-broadening parameters, as well as corresponding
coefficients describing the temperature dependence. Pressure-shift is assumed to be negligible.

From Bauer et al. [1998], based on measurement.

“From J. P. Colmont (Université de Lille, France, personal communication, 2002), based on calculation.

9From Bauer et al. [1998], based on measurement.

‘From Henry et al. [1985], based on infrared measurements of the v3-band.
fOur own first guess (assuring consistency of commissioning phase ozone, temperature, and scan-bias retrieval).

eFrom Smith et al. [1997], based on infrared measurements of the v,-band.

"From J. P. Colmont (Université de Lille, France, personal communication, 2002).

profiles with the drawback of a slightly reduced resolution
and range in altitude. Note that Chalmers-v1.2 ozone
retrievals are based on the same problematic spectroscopic
line-broadening parameters for the 544.9-GHz line as ver-
sion 222 (see Table 2).

3.3. Achieved Capabilities

[26] We investigate the typically achieved capabilities of
the SMR instrument for the observation of stratospheric O3,

N,O, ClO, and HNO; using the reference analysis chain
CTSO-v223. Figures 2 and 3 present for the 501.8-GHz
band the results of a retrieval case study for typical limb-
scans performed on 20 September 2002 at high latitudes
(Antarctic polar vortex) and at midlatitudes. Spectral mea-
surements and retrieved profiles of ClO, N,O, and Os are
shown for both scenarios. Moreover, retrieval diagnostics
such as retrieval errors and averaging kernel functions
providing information on the achieved altitude resolution
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Figure 2. Example for spectral measurements of ClO, N,O, and O taken by Odin/SMR with an auto-
correlator spectrometer centered at 501.8 GHz on 20 September 2002. (left) High latitudes, southern
winter hemisphere. (right) Midlatitudes, Northern Hemisphere. (top to bottom) Spectral measurements
(thin black lines) and fits using MOLIERE-5.32 (thick shaded lines) for tangent altitudes of ~18, 25, 33,

and 40 km.

and range are presented for the polar case. Information on
CIO is here retrieved between 15 and 55 km, as indicated by
values of the measurement response close to 1 in this range.
In the lower stratosphere the altitude resolution is of the
order of 2 km and the precision is approximately 0.15 ppbv.
Slightly worse values are obtained in the upper stratosphere,
for example, 0.25 ppbv and 2.7 km at 40 km. N,O and O3
are measured and retrieved simultaneously with ClO in the
501.8-GHz band. Information on N,O is obtained in the
stratosphere above about 14 km for the polar case. Approx-
imate values for precision and altitude resolution for the
lower stratosphere are 15—45 ppbv (15-20% below 30 km)
and ~1.5 km. Profile information for ozone is obtained in
the altitude range between about 18 and 45 km from the
small line residing in this band. The altitude resolution is of
about 3 km in the lower stratosphere, and the corresponding

single-scan precision is of the order of 20-25% (e.g.,
0.4 ppmv at 20 km).

[27] Figures 4 and 5 provide information on the achieved
measurement capabilities for O3 and HNO;z; which are
simultaneously measured using the second auto-correlator
spectrometer centered at 544.6 GHz. The strong ozone line
at 544.9 GHz is the main ozone target line of Odin/SMR.
Emissions from a smaller line at 544.5 GHz also contribute
to the retrieval result for ozone in this band. For the polar
case, ozone is retrieved from about 14 km up to the upper
limit of the stratospheric scan of ~70 km. The altitude
resolution of this ozone measurement is ~1.5 km through-
out the stratosphere, limited mainly by the characteristics of
the stratospheric mode scan with spectrometer read-out
every 1.5 km in terms of tangent-altitudes below 50 km.
The achieved single-profile precision is of about 10—15% in
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Figure 3. Single-profile retrieval results for (top) ClO, (middle) N,O, and (bottom) O5 as measured by
Odin/SMR in the 501.8-GHz band on 20 September 2002 at (left) polar and (right) middle latitudes. Plots
on the left- and right-hand side show retrieved profiles with error bars. Thick error bars indicate the error
due to intrinsic receiver noise; thin error bars represent the total retrieval error including also the
smoothing error due to the limited altitude resolution of the measurement. A priori profiles and errors are
also plotted. Retrieval errors and diagnostics such as averaging kernel functions indicating altitude range
(envelope) and resolution (FWHM) are shown for the polar case, only. Figure is based on CTSO-v223
data. See color version of this figure in the HTML.
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Figure 4. Example for Odin/SMR measurements of HNO5; and O; in the 544.6-GHz band taken on
20 September 2002 (thin black lines). (left) High latitudes, southern winter hemisphere. (right)
Midlatitudes, Northern Hemisphere. The reproduction using the MOLIERE-5.32 forward model,
calculated from the retrieved profiles, is also shown (thick shaded lines).

the lower stratosphere (e.g., 0.25 ppmv at 20 km). Note that
the spectrometer read-out interval above 50 km is of the
order of 5.5 km, a measure introduced to limit the overall
data amount with respect to the spacecrafts memory and
data down-link capabilities. This instrumental characteristic
is directly reflected in the retrieval precision (~0.2 ppbv)
and altitude resolution (~6 km) obtained for ozone above
50 km, as shown in Figure 4 for the polar case. Finally,
information on HNOj is retrieved between roughly 18 and
35 km with an altitude resolution in the order of 1.5—-2 km
and a corresponding single-profile precision of 1—1.5 ppbv.

[28] The achieved capabilities of Odin/SMR for the
measurements of stratospheric mode target species are
summarized in Table 1 for the relevant level 2 data versions.
Compared to the theoretical capabilities, the achieved alti-
tude resolutions and/or the related measurement precisions
are slightly degraded for the target species having only
relatively small emission lines such as ClO, HNOs3, and O3

at 501.5 GHz. While upper limits of the retrieval altitude
ranges are mainly determined by the signal-to-noise ratio of
the measurements, the increasing absorption of the atmo-
spheric water vapor continuum is the important limiting
factor at the lowest altitudes. The respective lower limits at
middle and low latitudes are typically 2 and 3—4 km higher
than in the polar case discussed here due to the increasing
tropopause height and water vapor absorption toward the
tropics. Also note that the horizontal resolution of the limb
measurements is in the order of 300 km, determined by the
limb path in the tangent-layer. The satellite motion leads to
an additional uncertainty of the profile position of similar
magnitude.

3.4. Comparison

[29] A comparison of the most recent Odin/SMR level 2
data versions is presented in Figure 6. Shown are averages
of profile retrievals of the stratospheric mode target species
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Figure 5. Results of the CTSO-v223 retrieval case study for O3 and HNO; measured by Odin/SMR in
the 544.6-GHz band on 20 September 2002 at (left) polar and (right) middle latitudes. See caption of
Figure 3 for explanation. See color version of this figure in the HTML.

ClO, N0, and O3 at 501.8 GHz as well as of Oz and HNO;
at 544.6 GHz for the limb measurements performed on four
observation days: 19-20 September 2002, 25—-26 Septem-
ber 2002, 20—-21 March 2003, and 18—19 June 2003
(12:00 UT-12:00 UT).

[30] A large number of profiles was averaged for each
species, and the error due to noise is consequently very
small. The standard deviation, indicating the atmospheric
variability, as well as the mean difference with respect to
reference version 223 are also plotted. Only good quality
Odin/SMR profiles (assigned flag QUALITY = 0) were
considered, and the measurement response associated with
each retrieved mixing ratio was required to be larger than
~0.9, a measure to assure that the information comes
entirely from the measurement and the a priori contribution
is negligible. Moreover, the logarithmic retrieval scheme of
version 1.2 suggests that the logarithm of the mixing ratio
should be averaged rather than the VMR, and this case was
therefore investigated additionally.

[31] For the 501.8-GHz band target species, reference
versions CTSO-v222 and CTSO-v223 give very similar
results. For CIO and O3, version 1.2 of the operational code
(Chalmers-v1.2) agrees well with the reference versions
between about 25 and 45 km, while a considerable positive

bias is found toward the lower and upper limit of the
altitude range covered by the measurements. In the case
of ClO, this bias can slightly be reduced if the logarithm of
the ClO mixing ratio is averaged. For N,O a small positive
bias of ~10 ppbv is found throughout the stratosphere for
the mixing ratio average; larger differences are found below
20 km. Averaging of the logarithm of the mixing ratio yields
here clearly smaller mixing ratios in the stratosphere which
leads to a negative bias of 20—30 ppbv compared to the
reference versions, while the large positive bias below 20 km
remains unchanged.

[32] Concerning ozone measured in the 544.6-GHz band,
a good agreement is found between all versions above
~50 km, but considerable discrepancies are found below.
Compared to the 501.8-GHz ozone retrievals of version
223, slightly smaller mixing ratios are found for the
544.6-GHz retrievals, for example, ~1 ppmv below 30 km
for version 223. Version 222 data give systematically very
low mixing ratios around the ozone mixing ratio peak. This
was identified to be caused by a wrong line broadening
parameter used in this version for the ozone line at
544.9 GHz (see Table 2). Version 1.2 retrievals, based on
the same spectroscopic parameters as version 222, yield
nevertheless slightly larger mixing ratios than version 222.
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At altitudes below 20 km, the operational product is again
characterized by a small positive bias compared to the
reference versions. For HNO;, all data versions agree
reasonably in the altitude range from 25 km up to 40 km.
Version 1.2 is slightly on the high side by 1-2 ppbv, while
more considerable discrepancies persist below 25 km.
Differences are slightly smaller if the logarithm is averaged.

[33] We assume that the systematic positive bias at the
lowest and highest altitudes of the retrieval range is
caused by a combination of different factors implying
the logarithmic VMR retrieval employed by the Chal-
mers-v1.2 processing scheme. This technique provides
reasonable regularization for a single-profile retrieval by
avoiding negative mixing ratios, which otherwise might
appear owing to measurement noise, but is susceptible to
cause a systematic positive bias for averaged data at
altitudes where the mixing ratios are smaller than 2—3 times
the statistical 1-0 uncertainty of a single profile measurement.
The different regularization schemes and the altitude resolu-
tion might also play a role for the vertical distribution of the
systematic deviations. Moreover, it was found by visual
inspection that the larger differences at the top and the bottom
of the averaged profiles are partly caused by some obviously
unreasonable profiles in version 1.2, which are not
correctly flagged. This is also indicated by the larger
standard deviation of version 1.2, for example, for N,O
below 20 km and for CIO below 25 km and above 45 km.
The incorrectly flagged profiles cannot be easily elimi-
nated by automatic filtering, since only limited diagnos-
tical information is available in the level 2 files.
Improvement of the quality parameter of the operational
product will therefore be important for future data
releases, while for now the data user is advised to
account for the limited altitude range and to use version 1.2
data with caution, depending on species and application.
Averaging of the logarithm of the version 1.2 mixing
ratios may yield in some cases better results, and more
sophisticated filtering, such as median filtering, might
also be a solution for certain applications. Please note
that an assessment of the quality for each stratospheric
mode target species by comparison with independent
validation measurements is subject to further work and
will be published elsewhere.

4. Systematic Errors
4.1. Instrumental Errors

[34] Uncertainties of the radiometric calibration as well as
in the parameters used by the instrument module of the
forward model might cause systematic biases in the re-
trieved mixing ratios. The most important instrumental
sources of error for the Odin/SMR limb observations are
discussed below.

URBAN ET AL.: ODIN/SMR LIMB OBSERVATIONS OF STRATOSPHERIC TRACE GASES

D14307

4.1.1. Calibration Error

[35] The calibration procedure is described in detail by
Olberg et al. [2003] and shall only briefly be recalled here
for the convenience of the reader. The calibrated brightness
temperature 7, ; of a spectrometer channel 7 is given by

ru= (41, 1)
with
k-8
8 7 e, — nST; + (qu =) Tamb @
and
Ty =—0Ts+ (0" = ") Tums - 3)

[36] The measured quantities o and oF designate,

respectively, the digital values of the thermal radiation
detected in the direction of the atmosphere using the main
telescope (A), in the direction of the cold sky (S), and in the
direction of the internal hot load (L). The reference data (S,
L) are measured in appropriate cycles and are properly
interpolated onto the times of the atmospheric observations
(A) in order to account for orbital gain variations. The
receiver gain is denoted g;, and the transmission coefficients
1, v% and n" express the fact that part of the beam is
terminated within the instrument at the unknown ambient
temperature 7, Ts is the known background brightness
temperature of the sky, and the brightness temperature 7
corresponds to the temperature of the internal calibration
load which is measured to ~0.1 K. The emissivity of the
load material is denoted . The quantities €, 0", and 7 are
expected to be very close to 1 with a maximum uncertainty
of 1%. The spill-over contribution T, is typically of the
order of 10 K and is for each scan directly determined from
the uppermost limb-views with an estimated precision of
~0.5 K. The assumption of 7,,;, ~ 300 K with an
uncertainty of 100 K then allows estimation of the coeffi-
cient 1" and its uncertainty. Typical values are of the order
of 0.97 = 0.015. The root-sum-square calibration error,
resulting from an error propagation analysis, is shown in
Figure 7 along with the individual contributions. This
systematic error is roughly of the order of 2% of the
calibrated brightness temperature 7, ; with a minimum value
of 0.5 K. These values should be interpreted as a conser-
vative estimate for the Odin/SMR calibration uncertainty,
since consistency considerations based on the comparison
of measured and modeled continuum (window channel)
brightness temperatures for the lowest opaque tangent-

Figure 6. Comparison of level 2 reference versions CTSO-v222 and CTSO-v223 with operational level 2 data of version
1.2. (left) Global averages of stratospheric mode data measured on four observation days (19—-20 September 2002, 25—
26 September 2002, 20—21 March 2003, and 18—19 June 2003), (middle) the statistical error (~0) and the standard
deviation of the averaged measurements, and (right) the bias with respect to reference version CTSO-v223. The number of
averaged mixing ratios per altitude level is indicated in the legend (values in parentheses: minimum and maximum number
of averaged mixing ratios). For version 1.2, the thick dashed line indicates the result for the case that the logarithm of the
mixing ratio was averaged, while the thin dashed line indicates the usual result if mixing ratios were averaged directly.
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Figure 7. Estimation of the Odin/SMR calibration error as
a function of brightness temperature. Individual error
contributions are indicated (see legend and text for
explanations). See color version of this figure in the HTML.

views, calculated using ECMWF temperatures and clima-
tological data, indicate slightly smaller differences.
4.1.2. Pointing Uncertainty

[37] The tangent-altitudes of the individual limb-views of
a scan are obtained from the satellite’s altitude data. In order
to account for uncertainties in the absolute values of the
geometrical tangent-altitudes and in the atmospheric pres-
sure profile used in the retrieval, the standard processing
algorithms retrieve an offset on the mean pointing angle of a
limb-scan from the information contained in the pressure-
broadened spectral lines. Typically, the tangent-altitude
offset is determined with a precision of the order of
~100 m. The corresponding uncertainties of the retrieved
mixing ratios is already included in the retrieval error covari-
ance matrix calculated by the Optimal Estimation Method. In
addition, we consider here uncertainties in the determination
of the individual tangent-altitudes. A statistical investigation
of the differences between consecutive limb-views (see

1.4
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O
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Figure 8. Variability in the determination of Odin/SMR
tangent-altitudes derived from a large number of strato-
spheric mode limb-scans. (left) Spectrometer read-out
corresponding to 1.5 km in terms of tangent-altitude
(stratosphere). (right) The 5.5-km read-out interval (meso-
sphere). Fitted Gauss-functions are also shown. Corre-
sponding values of the full-width-at-half-maximum
(FWHM) of the Gauss-functions and the 1-o0 standard
deviations are indicated.
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Figure 8) yielded random 1-0 deviations from the nominal
values of ~15 m for the spectrometer read-out every 1.5 km
(stratosphere) and of ~38 m for the 5.5-km read-out interval
(mesosphere), as well as of ~27 m for the 3-km read-out
interval (reduced stratospheric scan, not shown). These val-
ues for the variability of the tangent-altitude step between
consecutive spectrometer read-outs should be interpreted as
upper limits for the statistical uncertainty in the knowledge of
the individual tangent-altitudes, after removal of an overall
bias for the whole scan by the retrieval.
4.1.3. Antenna Knowledge

[38] The antenna response function used in the forward
models is based on pre-launch measurements and modeling.
A verification of the major antenna and pointing character-
istics was also done several times in orbit by mapping of
Jupiter [Frisk et al., 2003]. A main beam efficiency of 87 +
6% was found, assuring that in-orbit values are very close to
theoretical expectations (~89%). Following the results of
these investigations, we adopt an uncertainty of 6% for the
main beam efficiency. Moreover, a worst-case knowledge
error for the antenna sidelobe contribution was simulated by
cutting the antenna pattern at —17 dB, the theoretical value
for the interception of the main beam by the baffle. The total
antenna knowledge error is the root-sum-square value of
these two contributions (see Figure 9).
4.1.4. Sideband Response Knowledge

[39] Sideband response characteristics of the Odin/SMR
Martin-Puplett-type sideband filters have been measured in
the laboratory before the launch. While no obvious system-
atic contamination of the stratospheric mode target bands by
strong lines from the image bands could be detected in orbit,
such effects have nevertheless been seen in other measure-
ment modes [Lautié, 2003; Urban et al., 2004b]. We
accordingly assume an uncertainty in the path length
difference of the Martin-Puplett interferometer correspond-
ing to a spectral shift of the suppression curve of about
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Figure 9. (top) Odin/SMR antenna response function at
540 GHz, integrated over the azimuth angle (in logarithmic
units (dB)). Also shown are the extreme scenarios of (1) a
response function with main beam efficiency reduced by
6% (dotted line), as well as with sidelobes cut at the
—17-dB level by the baffles (dashed line). The bottom plot
shows the differences to the nominal case (in linear
units (1)), for clarity.
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Figure 10. Sideband response function for the 501.8-GHz
band. Shown is the nominal case (dotted line), derived from
pre-flight laboratory measurements, as well as estimated
worst-case scenarios (solid and dashed lines).

+250 MHz leading to a value of ~15 dB instead of ~18 dB
for the image band suppression at the band edges (at the
intermediate frequencies of 3.3 and 4.5 GHz, see Figure 10).
The root-mean square value of the two resulting retrieval
errors is used for the error analysis.

4.1.5. Spectrometer Resolution

[40] In aeronomy mode, the auto-correlator spectrometers
are operated since November 2001 with a processed band-
width of ~700 MHz and a spectral resolution of ~2 MHz
(due to Hanning smoothing) for each of the ~700 channels.
See Olberg et al. [2003] for detailed information on the
spectrometer data processing. Main uncertainties of the
resulting auto-correlator channel response function are
(1) a temperature drift of the sampling clocks of 0.5%,
causing an error smaller than 10 kHz for the spectral
resolution, as well as (2) a more significant representation
error of <5%, which leads to an uncertainty of up to
100 kHz in the spectral resolution modeled by the forward
model during level 2 data processing. We consider the root-
sum-square value of these contributions.

[41] For the error analysis, we first calculated spectral
errors for all of the aforementioned individual instrumental
uncertainties using the MOLIERE-5 forward model. The
modeled errors in the spectra of a limb-scan Ay were then
linearly mapped to errors in the retrieved mixing ratios Ax
using the contribution functions D of the retrieval,

Ax =D Ay. (4)

In case of the statistical pointing error, spectra were first
calculated for 200 random scans characterized by the
standard deviation of the difference between consecutive
Odin tangent-altitudes. A root-mean square retrieval error
was then determined from the individually determined
retrieval errors. See, for example, Urban [2003] and Verdes
et al. [2002] for a more detailed discussion of this method
and Urban et al. [2004a] for a definition of the contribution
functions in MOLIERE-5.

[42] The resulting uncertainties of the retrieved mixing
ratios are presented in Figures 11 and 12 (left panels). The
most critical instrumental error for all target species is the
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calibration error. Since this error is roughly proportional to
the brightness temperature (see Figure 7), the error
decreases for the optically thin band around 501.8 GHz
with altitude. For the target species of the 544.6-GHz band,
in particular ozone, largest errors are found in the altitude
range of the ozone mixing ratio maximum, which reflects
the fact that the strong ozone line at 544.9 GHz is saturated
even in the middle and upper stratosphere. Also important is
the uncertainty of the sideband ratio, which contributes to
the instrumental error budget of the target species. The other
instrumental parameters are much less important, in partic-
ular for the 501.8-GHz band. The antenna and pointing
errors give still a small contribution to the total instrumental
error, in particular for the 544.6-GHz band targets species,
while the uncertainty of the spectrometer resolution is
completely negligible.

4.2. Model Errors

4.2.1. Spectroscopic Parameters

[43] Now we focus on spectroscopic parameters of the
forward model. Any uncertainty in a model parameter b of
the forward model F(x, ) which is not retrieved but
assumed to be known is translated into a retrieval error.
Here x stands here for the vector of retrieved parameters.
The foreign air broadening parameters 2, of target and
interfering lines (given at reference pressure and tempera-
ture Py and 7;) as well as the coefficients n describing the
temperature dependence according to

Yair = Yair - (P/Po)(T/To)™" (5)

are known to be the most critical spectroscopic model
parameters [Bauer et al., 1998; Biihler, 1999]. The
spectroscopic retrieval errors with respect to these
parameters have therefore been determined for the major
Odin/SMR stratospheric mode target species. Two cases
were investigated separately: First, errors of 5% were
assumed for the line-broadening parameters of target and
interfering lines and, second, a 10% uncertainty was
assumed for the exponent appearing in the semi-empirical
law of the temperature dependence of the broadening
parameter. Typically, these uncertainties may only be
obtained when the parameters are measured in the
laboratory, which is the case for the major stratospheric
mode target lines (see Table 2). In addition, we also
investigated retrieval errors due to a 1% uncertainty in
the catalog value for the line intensity.

[44] The spectroscopic retrieval error was estimated fol-
lowing a linear approach described by Rodgers [1990]. The
errors of the spectroscopic parameters in the forward model
are specified in the model parameter covariance matrix Sj.
The resulting error covariance matrix for the retrieved
parameters can then be calculated using

Sy =(D-Kp)-Sy-(D-Kp)" | (6)

where K, = OF(x, b)/0b represents the weighting function
matrix with respect to the model parameters b and D is the
contribution function matrix of the retrieval. See, for
example, Urban [2003] for a more detailed description
concerning this application.
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Figure 11. (left) Instrumental, (middle) spectroscopic, and (right) total systematic errors for the Odin/

SMR stratospheric mode target species of the 501.8-GHz band (spectro-agam, retrieval error due to
uncertainties of collisional line broadening parameters in air; spectro-n, temperature dependency
uncertainty of collisional broadening; spectro-s, uncertainty of spectral line intensities). See color version

of this figure in the HTML.

[45] The resulting retrieval errors due to uncertainties in
the line broadening parameters are shown in Figures 13 and
14 for the 501.8-GHz and 544.6-GHz bands, respectively.
The sensitivity of the retrieval to 5% errors in the line
broadening parameters is roughly twice as large as the
sensitivity to 10% uncertainties of the exponent in the
temperature dependence law. The assumed 1% uncertainties

in the line intensities lead to a factor of 5—10 smaller
retrieval errors. Spectroscopic retrieval errors with respect
to the exponents of the temperature dependence law and the
intensities are not explicitly shown, but are taken into
account for the error budget.

[46] Important foreign broadening parameters for the
error budget correspond naturally to the major target lines
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Figure 12. (left) Instrumental, (middle) spectroscopic, and (right) total systematic errors for the Odin/

SMR stratospheric mode target species of the 544.6-GHz band. See color version of this figure in the

HTML.

themselves: ClO at 501.3 GHz, O5 at 501.5 GHz, and N,O
at 502.3 GHz in the 501.8-GHz band, as well as Os at
5449 GHz and the HNOjs-band around 544.4 GHz in the
544.6-GHz band. The spectroscopic error of N,O at
502.3 GHz turns out to be critical for the simultaneous
retrieval of C10O and O; in the 501.8-GHz band, since it gives
a non-negligible contribution to the error budget of these
species at ~25 km and below. The resulting spectroscopic
retrieval errors for the 501.8-GHz band can be considered as
a worst case scenario, since the major parameters were
indeed measured or calculated to 5% or better. Concerning
the 544.6-GHz band, the HNOj retrieval is at low altitudes
significantly affected by the spectroscopic errors of the
strong ozone line at 544.9 GHz, but also at higher altitudes
by spectroscopic uncertainties of the close 544.5-GHz ozone
line. One also should note the importance of the spectro-
scopic line broadening parameters of the somewhat smaller
544.5-GHz ozone line for the ozone retrieval. Its contribu-
tion is very critical in particular since spectroscopic param-
eters of this line have not yet been measured at all in the
laboratory and the uncertainty of its pressure broadening
parameter might therefore be considerably larger than 5%.
Other lines than the above mentioned have only a very small

impact on the retrieval, and the contribution of their spec-
troscopic uncertainties is negligible.

[47] New measurements of spectroscopic line broadening
parameters for the 544.9-GHz ozone line, the principal
Odin/SMR ozone target line, were reported by Amano
and Yamada [2004]. The measurements indicate a value
of 3.15 MHz Torr ' and were just recently revised to
3.11 MHz Torr ' [Yamada and Amano, 2005]. For com-
parison, the parameter derived from measurements in the
infrared spectral region of 3.4 MHz Torr ' reported by
Smith et al. [1997] is larger by ~9%. However, retrieval
tests revealed that the parameters proposed by Smith et al.
[1997] give slightly better agreement with retrieval results
from the 501.8-GHz band, and this value was therefore
adopted at the time when the CTSO-v223 level 2 processing
chain was implemented. The ambiguity between results
reported from the direct line-broadening measurements
and values extrapolated from the v,-band has still to be
resolved by experimental confirmation. Future Odin/SMR
level 2 data versions will certainly rely on the measured
line-broadening parameters and temperature dependence of
the 544.9-GHz ozone line. It should be noted that experi-
mental verification for other target lines, for example, for O3
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Figure 13. Spectroscopic retrieval errors resulting from 5% errors in the collisional air broadening
parameters (agam) for the Odin/SMR stratospheric mode target species ClO, O3, and N,O measured in
the 501.8-GHz band. Retrieval errors resulting from individual lines as well as the total spectroscopic
errors are plotted (see legend). The total statistical retrieval error and a typical profile are indicated for
comparison. See color version of this figure in the HTML.

at 501.5 GHz, O5 at 544.5 GHz, and N,O at 502.3 GHz,
would also be highly beneficial for the Odin/SMR strato-
spheric mode level 2 data quality.
4.2.2. Temperature Knowledge

[48] Uncertainty of the temperature profile used by the
retrieval model is also susceptible to cause systematic
retrieval errors. The Odin/SMR level 2 analysis uses
temperature data from the European Centre of Medium-
range Weather Forecast (ECMWF) in the stratosphere as
well as data from a model climatology in the mesosphere
[Hedin, 1991]. Moreover, temperature information is
simultaneously retrieved if contained in the spectral
measurements, a measure which reduces the sensitivity
of the retrieval result to uncertainties in the temperature
data. As a worst case, we investigated therefore the effect
of a constant temperature error of £2 K on the retrieval
result using the linear mapping technique. Results are
shown in Figures 11 and 12 (middle panel) along with
the spectroscopic model errors. While the model error is
in general dominated by the spectroscopic errors, the
temperature error gives a significant contribution in par-
ticular for the ozone retrieval from the strong, saturated
ozone line in the 544.6-GHz band. Temperature is there-
fore retrieved in this band. The uncertainty estimated here
due to a systematic temperature error is consequently not
added to the error budget of this band’s target species
since a possible temperature bias would be retrieved in
the altitude range where the spectral measurement is
sensitive to temperature. Moreover, the statistical error
of the temperature retrieval is included in the species

retrieval error covariance matrices and vice versa, since
all parameters are retrieved simultaneously.

4.3. Error Budget

[49] The estimated total systematic retrieval errors result-
ing from the aforementioned individual instrumental and
spectroscopic contributions are shown in Figures 11 and 12
(right panel) for all stratospheric mode target species and are
also summarized in Table 3. The statistical errors due to
intrinsic receiver noise for a single-profile retrieval are
plotted in the figures for comparison.

[s0] The total systematic error for CIO measured in the
501.8-GHz band is smaller than 0.02 ppbv above 30 km
(<5%) and increases below to values of 0.07 ppbv at 20 km
and 0.1 ppbv at 16.5 km. Spectroscopic and instrumental
errors are roughly of equal importance. The total systematic
error of N,O increases from values smaller than 3 ppbv
above 30 km with decreasing altitude to values of 12 ppbv
at 20 km. Below 20 km the increasing calibration uncer-
tainties and the additional contributions of the spectroscopic
error lead to a total systematic error of ~35 ppbv around
15 km. In terms of relative units with respect to our
midlatitude reference profile, shown in Figure 1, the sys-
tematic error is lower than 5% between 20 and 40 km and of
the order of 5-15% below. The ozone retrieval in the
501.8-GHz band is dominated by the spectroscopic model
error. The total systematic error is lower than 0.4 ppmv
above 25 km and increases to ~0.75 ppmv at 20 km. In
terms of relative units, the error is of the order of 5% above
30 km and increases below up to 35% at 20 km.
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Figure 14. Spectroscopic retrieval errors resulting from 5% errors in the line broadening parameters
(agam) for the Odin/SMR stratospheric mode targets O; and HNO; measured in the 544.6-GHz band. See
caption of Figure 13 for description. See color version of this figure in the HTML.

[s1] For ozone measured in the 544.6-GHz band the total
systematic error is determined by calibration and spectro-
scopic uncertainties. A maximum total systematic error of
~0.6 ppmv is found at the altitude of the ozone mixing ratio
maximum, while the error decreases considerably above and
below. Values lower than 0.2 ppmv are obtained above
50 km and below 25 km. The relative error with respect to
our midlatitude reference profile varies between 3 and 8%
over the altitude range of the measurement. For HNO;,
measured in the same band, a total systematic error of
~0.5 ppbv at 25-30 km is found. The error increases
below 25 km owing to the influence of the spectroscopic
uncertainties up to a value of ~0.7 ppbv at the lower limit of

Table 3. Estimated Systematic Errors of Odin/SMR Measurements

the exploitable altitude range around 21 km. In other words,
the total systematic uncertainty for HNOj is better than 15%
between 20 and 35 km.

5. Summary

[52] In this work we first described the theoretical capa-
bilities of the Sub-Millimetre Radiometer (SMR) on board
the Odin satellite for the measurements of main stratospheric
mode target species ClO, N,O, O3, and HNO;. The opti-
mized robust retrieval methodologies for treating calibrated
spectra (of level 1b, calibration version 4) were then
presented, and differences between the operational (Chal-

of Stratospheric C1O, N,O, O3, and HNO;*

Systematic Errors

Species Frequency, GHz Altitude Range, km Instrumental Model Total
05 501.5 25-50 <0.2 ppmv <0.4 ppmv <0.4 ppmv
<25 0.2-0.3 ppmv 0.35-0.7 ppmv 0.4-0.75 ppmv
CIO 501.3 25-50 <0.02 ppbv <0.01 ppbv <0.02 ppbv
<25 0.02—0.06 ppbv 0.01-0.08 ppbv 0.02—0.10 ppbv
N,O 502.3 20-50 <7 ppbv <8 ppbv <12 ppbv
<20 7-27 ppbv 8-25 ppbv 12—35 ppbv
05 544.9 25-50 0.15-0.5 ppmv 0.2—-0.4 ppmv 0.3—0.6 ppmv
<25, >50 <0.15 ppmv <0.2 ppmv <0.25 ppmv
HNO; 544.4 25-50 <0.3 ppbv <0.4 ppbv <0.5 ppbv
<25 <0.4 ppbv 0.4-0.6 ppbv 0.5-0.7 ppbv

“Indicated are instrumental, spectroscopic, and total systematic errors.
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mers-v1.2) and reference (CTSO-v222,-v223) level 2 prod-
ucts were evaluated. An analysis of systematic instrumental
and model uncertainties was also presented. Results are
summarized in Tables 1 and 3 for the stratospheric mode
target species and the different level 2 data versions.

[53] The most recent and elaborated data version is the
reference product CTSO-v223. For a measurement inside
the polar vortex, CIO is retrieved from a line at 501.3 GHz
between 15 and 55 km with a vertical resolution of 2—
2.5 km and a single-scan precision of 0.15—0.25 ppbv. The
estimated systematic error including instrumental and spec-
troscopic uncertainties is smaller than 0.02 ppbv above
25 km and increases below up to 0.1 ppbv at ~16 km.
Information on N,O is obtained from a line in the same
band (at 502.3 GHz) in the stratosphere above 14 km with
an altitude resolution of 1.5 km and a precision of 15—
45 ppbv (15-20% below 30 km). The systematic error is
smaller than 2—3 ppbv above 30 km. It increases to values
of 12 ppbv at 20 km and 35 ppbv at 15 km. A small ozone
line in this band allows retrieval of profile information
between 18 and 45 km with an altitude resolution of 3—
3.5 km, a precision of 0.25—1.5 ppmv (20-25%), and a
systematic uncertainty of 0.75 ppmv around 20 km and of
below 0.4 ppmv above 25 km. The main Odin/SMR ozone
line at 544.9 GHz gives profile information from 14—70 km
with 1.5 km resolution and a statistical error of 0.2—
0.8 ppmv (10—15% between 18 and 45 km). The systematic
error was found to be about 0.6 ppmv around the ozone
mixing ratio maximum and lower than 0.2 ppmv above 50
and below 25 km. HNOs is retrieved between 18 and 35 km
with a resolution of 1.5—2 km and a single-scan precision of
better than 1.5 ppbv. For HNOj, the systematic uncertainty
is 0.5-0.7 ppbv between 20 and 25 km and better than
0.5 ppbv above. The lower altitude limit of the Odin/SMR
species retrieval is in general approximately 2 and 4 km
higher at middle and low latitudes, respectively, owing to
increased water vapor absorption.

[s4] The operational code (Chalmers-v1.2), smoothed in
altitude, gives in general a slightly improved measurement
precision compared to the reference code (CTSO-v223) at
the cost of a slightly degraded resolution in altitude.
Compared to the reference codes CTSO-v222 and CTSO-
v223, which agree relatively well throughout the strato-
sphere for C10, N,O, HNO3, and O3 in the 501.8 GHz band,
Chalmers-v1.2 data appear to show systematically slightly
higher mixing ratios, in particular at the upper and lower
limits of the species retrieval altitude ranges.

[s5] Ozone retrievals in the 544.6-GHz band yield con-
siderably smaller mixing ratios compared to the 501.8-GHz
ozone retrievals. Largest discrepancies were found for
CTSO-v222 and Chalmers-v1.2 around the ozone mixing
ratio peak. This was identified to be caused by a wrong line
broadening parameter for the ozone line at 544.9 GHz used
in these two older versions (see Table 2).

6. Conclusions

[s6] A users choice of a version would very much depend
on the species and application. Chalmers-v1.2 data, the
operational level 2 product, has the advantage to be sys-
tematically processed and covers therefore the whole Odin
measurement period starting in November 2001, based on
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about 10 stratospheric mode measurement days per month.
The reference level 2 processor (CTSO-v222, CTSO-v223)
aims first of all at the verification and validation of the
operational data product, and data are therefore not system-
atically produced. However, version 222 data of the
501.8-GHz target species ClO, N,O, and O; are already
available for various periods of particular scientific interest
(Arctic winter 2002—2003, Antarctic vortex split 2002).
Version 223, the most recent and advanced version, pro-
vides in particular the best altitude resolution as well as
good results for the 544.6-GHz band measurements of O3
and HNO;. Data could be produced on request for scientif-
ically interesting periods.

[57] In general, only good quality Odin/SMR profiles
(assigned flag QUALITY = 0) shall be used for scientific
studies, and the measurement response associated to each
retrieved mixing ratio shall be larger than ~0.9, a measure
to assure that the information comes entirely from the
measurement and the contribution of the climatological a
priori profile used by the “Optimal Estimation” retrieval is
negligible. Both values, quality flag and measurement
response, are provided in the Odin/SMR level 2 HDF data
files. Data are available at http://www.rss.chalmers.se/gem/
and http://ether.ipsl.jussieu.fr.

[s8] A quality assessment of the Odin/SMR stratospheric
mode level 2 products by comparison with independent
measurements is the subject of individual studies focusing
on nitrous oxide [Urban et al., 2005], chlorine monoxide,
ozone, and nitric acid. Future work on a unified level 2 data
version includes a further refinement with respect to the
quality of both level 1b data and operational level 2 product,
for example, by optimization of the retrieval methodology
and of the relevant instrumental and spectroscopic input
parameters identified here.
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