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Abstract
The Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY) measures scattered sun light also in
limb viewing mode (i.e. tangential to Earth’s surface and its atmosphere), which allows determining vertical proﬁles of atmospheric trace
gases. First results on the retrieval of NO2, BrO and OClO proﬁles from the SCIAMACHY Limb measurements are presented and compared to independent satellite and balloon borne observations.
For the proﬁle retrieval we use a two step approach: First, Slant Column Densities (SCDs) of the respective absorber are determined
in the UV/VIS spectral range by Diﬀerential Optical Absorption Spectroscopy (DOAS). Second, inversion of the retrieved SCDs (as
function of tangent height) yields vertical proﬁles of the trace gas concentration (as function of altitude). For that purpose, we either
apply an optimal estimation method (constraining the inversion by a priori information) or invert the measurements by a least squares
approach (independently from a priori). For both approaches box air mass factors calculated by the 3D full spherical radiative transfer
model TRACY-II are utilized as weighting functions.
The agreement of the retrieved proﬁles with balloon validation measurements as well as with other space borne measurements of
stratospheric trace gas proﬁles (e.g. by SMR on Odin) is investigated. For OClO, case studies on the sensitivity of the retrieved SCDs
on ﬁtting parameters (e.g. wavelength range, polarisation correction) and the impact of the a priori on the retrieved proﬁles are performed. Also, the signiﬁcance of the obtained dataset of concentration proﬁles of NO2, BrO and OClO for studies on stratospheric chemistry is discussed.
 2007 COSPAR. Published by Elsevier Ltd. All rights reserved.
Keywords: SCIAMACHY; Limb; Proﬁle; Retrieval; Stratosphere; NO2; BrO; OClO

1. Introduction
Nitrogen and halogen compounds play a major role in
atmospheric chemistry, e.g. as catalysts responsible for
stratospheric ozone depletion. While NOx-chemistry has
a major impact on stratospheric ozone globally, chlorine
and bromine species cause chemical destruction of ozone
in polar spring, leading to the well-known ozone hole over
Antarctica (Wennberg et al., 1994; Solomon, 1999). More-
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over, also at mid-latitudes and equatorial regions a negative trend of the ozone column is observed, which is
attributed to transport mechanisms and halogen chemistry
(WMO, 2003).
Atmospheric chlorine and bromine is eﬀectively stored in
reservoirs by the reaction of the active (ozone destroying)
compounds (ClO, BrO) with NO2 to the respective nitrate
(ClONO2, BrONO2). Only during polar night, when NO2
is removed from the stratosphere by denoxiﬁcation and denitriﬁcation, this equilibrium is shifted and active halogen
(formed by heterogeneous reactions on polar stratospheric
clouds) accumulates inside the polar vortex (Solomon
et al., 1986). For bromine, this process can be monitored
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by spectroscopy of BrO in the ultraviolet region. On the contrary, ClO, which together with its dimer is the main active
compound for atmospheric chlorine, can only be measured
with microwave spectroscopy (due to strong ozone absorption for wavelengths below 310 nm). Therefore, OClO whose
abundance is linearly related to that of ClO during twilight
(i.e., for solar zenith angles 690), and which can be measured with UV/VIS spectroscopy, is often used as an indicator for active chlorine (Solomon et al., 1987a; Schiller and
Wahner, 1996; Tornkvist et al., 2002).
Satellite measurements of the total columns of NO2, BrO
and OClO by GOME (the predecessor of SCIAMACHY)
and of the vertical proﬁle of ClO (Waters et al., 1993; Santee
et al., 2003) have increased our knowledge of stratospheric
and tropospheric chemistry (Wagner and Platt, 1998; Burrows et al., 1999; Wagner et al., 2001; van Roozendael
et al., 2006). Due to the long-term and global dataset
(GOME provides measurements since 1995) inter-hemispheric and inter-annual diﬀerences in the activation of halogens and their dependence on meteorological parameters
could be established (Wagner et al., 2001, 2002; Weber
et al., 2003; Kühl et al., 2004a,b; Richter et al., 2005).
However, until the launch of SCIAMACHY, vertical
proﬁles of BrO and OClO have not been measured on a
long term and global scale. Compared to observations of
total columns, the knowledge about the vertical distribution of trace gases allows one to establish quantitative correlations between them (and to meteorological parameters)
in a much more detailed manner and also on individual
altitude levels (instead of just the same location). Thus,
limb measurements of scattered sunlight provide a new
insight in stratospheric chemistry and are valuable to investigate still open questions.
Here we describe a fast and coherent two step algorithm
to derive vertical proﬁles of NO2, BrO and OClO from the
SCIAMACHY limb measurements. It allows to invert the
retrieved SCDs either directly (applying a least squares ﬁt)
or to constrain the inversion by a priori knowledge. The
parting of the proﬁle retrieval in two steps allows studying
the impact of spectroscopy and radiative transfer simulation separately. Compared to previous SCIAMACHY limb
retrievals of NO2 and BrO (Rozanov et al., 2005; Sioris
et al., 2006) the combination of DOAS with inversion by
either optimal estimation or direct least square ﬁtting is a
novel approach. Also, it is the only algorithm for proﬁle
retrieval from SCIAMACHY limb measurements, for
which calculations of a 3D full spherical Monte Carlo
RTM (Tracy II, see Deutschmann and Wagner, 2006;
Wagner et al., 2007) are applied. First results are presented
and show a good agreement with expectations from atmospheric chemistry as well as with independent balloon and
satellite measurements.

of the ﬁrst European satellite constructed exclusively for
environmental monitoring, ENVISAT-1. The satellite
operates in a near polar Sun synchronous orbit with inclination from the equatorial plane of approximately 98.5. It
performs one orbit in 100 min with equator crossing time
of 10:00 in descending mode.
SCIAMACHY probes the atmosphere on the day side
of the Earth in alternating sequences of nadir and limb
measurements. The limb scans are performed with approximately 3.3 km altitude steps from ground to approx.
100 km height. Horizontally the atmosphere is scanned
with swaps across ﬂying direction of 960 km at tangent
point, consisting of 4 pixels with 240 km width each. The
instantaneous ﬁeld of view is 0.045 in elevation and 1.8
in azimuth, which corresponds to approximately 2.5 and
110 km at the tangent point, respectively. SCIAMACHY
is measuring in the UV-VIS-NIR spectral range from 240
to 2380 nm, allowing the retrieval of a variety of trace gases
(Bovensmann et al., 1999). In the UV/VIS, the spectral resolution ranges between approximately 0.25–0.55 nm which
is suﬃcient to perform spectroscopy of ozone, NO2, BrO
and OClO. With 14–15 orbits per day, global coverage is
achieved in 6 days.

2. Instrument

3.1. DOAS

SCIAMACHY is (among MIPAS and GOMOS) one of
the three instruments of the atmospheric chemistry mission

Based on the Lambert Beer law, optical densities of the
respective trace gas absorptions are determined. Therefore,

3. Proﬁle retrieval
For the retrieval of vertical concentration proﬁles from
the SCIAMACHY limb measurements, we apply a two
step approach: First, slant column densities (SCDs) of
the respective atmospheric absorbers are retrieved by Differential Optical Absorption Spectroscopy (DOAS). In
the second step, box air mass factors calculated by the
Monte Carlo radiative transfer model ‘‘TRACY-II’’ are
applied as weighting functions to convert the SCDs (as
function of tangent height) to vertical concentration proﬁles (number densities as function of altitude).
This inversion is performed either by optimal estimation
(see e.g. Rodgers, 2000) or by an a priori independent LSQ
ﬁtting (Menke, 1999). In the following, these two steps and
the two diﬀerent inversion approaches are described in
detail. A similar two step method (DOAS retrieval of SCDs
combined with inversion by optimal estimation) has been
reported for the retrieval of O3 and NO2 vertical proﬁles
from measurements by the OSIRIS instrument on Odin
(Haley et al., 2004). However, the direct, a priori independent inversion by a LSQ approach is innovative (Sioris
et al., 2006 applied DOAS combined with the TwomeyChahine method on SCIAMACHY limb spectra). An algorithm based on DOAS and an iterative LSQ ﬁt for inversion has been proposed by McDade et al. (2002) for
OSIRIS spectra, but has not been applied to measured
spectra yet.
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the spectral absorptivity of the relevant species i.e. their
absorption cross sections need to be known. The key concept of DOAS is to utilize not the absolute absorption
structures but to separate them in a broadband and a differential cross section (Platt, 1994; Platt and Stutz, 2007).
Many absorbers with only small optical densities like e.g.
BrO and OClO could be determined by DOAS for the ﬁrst
time. As results, SCDs – the integrated concentration of the
absorber along the light path – are obtained (the optical
density of an absorber is the product of its absorption cross
section and its SCD).
In the retrieval algorithm, the diﬀerence of the measured
spectra to the Fraunhofer reference spectrum (containing
no absorption of the considered trace gas) is minimized
by weighting the trace gas absorption cross sections rj with
the respective SCDs Sj. The ﬁlling in of the Fraunhofer
lines (Grainer and Ring, 1962) is accounted for by a calculated Ring spectrum (Bussemer, 1993), which is handled by
the ﬁt just like the cross sections (Solomon et al., 1987b).
Broadband absorption and scattering is modelled by a
polynomial of degree 3–5. The diﬀerence between the logarithm of the measured spectrum I(k) on one side and the
logarithm of the reference spectrum I0(k) and the sum of
the trace gas absorptions (plus the Ring eﬀect) and the
broadband polynomial on the other side is minimized by
applying a least square ﬁt over all wavelengths k:
2
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For the DOAS analysis, diﬀerent wavelength ranges are
utilized that were found to be optimal for the respective
trace gas (see e.g. Wagner, 1999; Wagner et al., 2001; Kühl,
2005; Kühl et al., 2006 and Pukite et al., 2006): For OClO
the ﬁt-window ranges from 363.5 to 391 nm, for BrO from
338 to 357 nm, and for NO2 from 420 to 450 nm. As reference spectrum, the spectrum measured at a tangent height
of 36 km is applied, where both OClO and BrO absorption
can be regarded as negligible. For the NO2 retrieval the reference spectrum is taken at a tangent height of 42 km.
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To account for possible intensity oﬀsets due to instrumental stray-light we include the inverse of the reference
spectrum (1/I0), and for the BrO retrieval also k/I0; similarly, for correction of polarisation features, the eta and
zeta spectra taken from SCIAMACHY calibration key
data are included. These additional spectra are included
in the ﬁt in the same way as the trace gas absorption cross
sections. Since the SCIAMACHY spectra related to one
particular proﬁle retrieval are measured in between approx.
1 min, the wavelength-pixel relation for the reference (I0)
and measured spectrum (I) are identical (likewise also for
the corresponding 1/I0 and k/I0). On the contrary, the ﬁt
is allowed to perform a wavelength shift of the cross sections (see e.g. Stutz and Platt, 1996) relative to these spectra. A squeeze of the spectra is not allowed. Table 1
summarizes the ﬁt parameters for the diﬀerent DOAS
retrievals.
Fig. 1 shows examples of DOAS analyses for OClO,
BrO and NO2, each for one single SCIAMACHY limb
spectrum. One SCIAMACHY limb state consists of
approx. 30 discrete tangent height steps, with four spectra
measured at one particular tangent height (see Section 2).
Thus, approx. 120 DOAS analyses like the ones shown in
Fig. 1 are needed to derive the SCDs of one single proﬁle
(currently, the results of the pixels at the same tangent
height are averaged; however, it is planned to utilize their
information separately, to account also for horizontal
gradients).
In Fig. 2, the NO2 SCDs retrieved by the DOAS ﬁt are
shown as function of tangent height for selected limb
states of one example orbit. Although these are column
densities and not number densities, the ﬁgure already
reveals the diﬀerences in the abundance of NO2 due to
photochemistry and transport: For the equator, the proﬁle peak is at higher altitudes than at mid-latitudes and
the NO2 abundance is also smaller in the lower stratosphere. Note also the asymmetry between northern and
southern hemisphere, reﬂecting the seasonal dependent
conversion of the nitrogen reservoirs due to the solar declination in mid of April.

Table 1
Wavelengths utilized and trace gas absorptions cross sections and additional spectra included for the DOAS analyses of NO2, BrO and OClO from
SCIAMACHY limb spectra
Trace gas retrieval

Fit window (nm)

Included cross sections

Additional spectra

Reference tangent height (km)

NO2

420–450

O3, 223 K (Bogumil et al., 2003)
NO2, 223 K (Bogumil et al., 2003)
H2O, 273 K (HITRAN)
O4 (Greenblatt et al., 1990)

Ring (Bussemer, 1993)
1/I0

42–43

BrO

338–357

O3, 223 K (Bogumil et al., 2003)
O3, 243 K (Bogumil et al., 2003)
BrO, 223 K (Fleischmann et al., 2004)
NO2, 223 K (Bogumil et al., 2003)

Ring (Bussemer, 1993)
1/I0, k/I0, eta, zeta

36–37

OClO

363.5–391

O3, 223 K (Bogumil et al., 2003)
NO2, 223 K (Bogumil et al., 2003)
OClO (Kromminga et al., 2003)
O4 (Greenblatt et al., 1990)

Ring (Bussemer, 1993)
1/I0, k/I0, eta, zeta

36–37
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Fig. 1. DOAS-Analysis of SCIAMACHY limb spectra for OClO (left), BrO (middle) and NO2 (right). The black curve is the absorption structure of the
respective trace gas, scaled by the SCD retrieved in the least square ﬁt according to Eq. (1). The red curve is the black curve plus the residual, i.e. noise and
structures that are not related to the spectra included in the ﬁt. For OClO the ﬁgure is an example for a situation with high chlorine activation observed at
large SZA (91), also for BrO a spectrum measured at large SZA with high optical density for BrO is evaluated. For spectra with low abundances of BrO
or OClO, their signature is not found that clearly. For NO2 the example is typical for an analysis between 25 and 30 km. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this paper.)
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Fig. 2. NO2 SCDs as function of tangent height for orbit no. 11127 from
16th of April, 2004. Shown are results of the NO2 DOAS retrieval for
selected states at diﬀerent latitudes, see legend. For the state at 72N, the
error bars of the DOAS retrieval are given. The hollow triangles indicate
the errors of the retrieval for all states of this orbit.

3.2. Inversion to proﬁles
To derive from the measured SCDs the desired trace gas
proﬁle, the physical relation between these two quantities
needs to be established. For that purpose, radiative transfer
is simulated by the 3D full spherical Monte Carlo RTM
‘‘TRACY-II’’ (Deutschmann and Wagner, 2006; Wagner
et al., 2007). Applying the viewing geometry of the
SCIAMACHY instrument for the particular observation,
box air mass factors (AMF) are calculated that describe
the impact of the trace gas concentration at all considered
altitudes on the SCD measured for a certain tangent height.
As result, a matrix Aij of calculated box AMFs relates the
trace gas concentrations (xj) at the diﬀerent layers of the
atmosphere to the measured SCDs (yi), where e is the error
of the measurement:

Fig. 3 shows an example for a calculation of box AMFs for
NO2. They reveal that the observations are highly sensitive
for boxes that are close to the respective tangent height. As
an example, for a tangent height of 30 km the box at 30–
33 km has an AMF of 65, the box at 33–36 km has an
AMF of 28, etc., while the AMF for boxes situated below
30 km is close to zero. This reﬂects the viewing geometry
for limb measurements: The light has to pass the layers
above the tangent height (at least) twice (from sun to atmosphere and then scattered to instrument), while the light
that comes from layers below is only weakly aﬀecting the
measurements. For altitudes around and below 15 km,
the sensitivity is signiﬁcantly reduced: For a tangent height
of 12 km the AMF for the box from 12 to 15 km is only 23,
while the AMF for each box above is between 10 and 20.
This reﬂects the increase in Rayleigh scattering for low altitudes due to the larger air density.
To retrieve the trace gas concentration proﬁle x, Eq. (2)
needs to be inverted. However, the problem is not exact
(the retrieved SCDs can only be measured with the error
e) and at the same time underdetermined (low sensitivity
for the troposphere) as well as over-determined (measurements at high altitudes may be contradictory within the
uncertainty). Thus, for a given set of measured SCDs,
many proﬁles would solve the equation (including also
unphysical ones like zigzag proﬁles or negative concentration values). To overcome this diﬃculty, diﬀerent
approaches exist. One is to determine the proﬁle by a least
squares approach (Menke, 1999):

1 T 1
^xd ¼ AT S 1
A Se y
e A

ð3Þ
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Fig. 3. Air mass factors at 435 nm (the middle of the NO2 ﬁt window), calculated by the 3D full-spherical Monte Carlo RTM Tracy-II. Shown are
absolute values for 3 km boxes as a function of tangent height. For the atmospheric parameters like pressure, temperature and trace gas concentrations, a
discretization of 1 km is applied.

where Se is the measurement error covariance matrix.
The inversion of the measurement vector y (i.e., the
SCDs for the diﬀerent tangent heights) according to Eq.
(3) produces reasonable results if measurements below
15 km and above 42 km are excluded, i.e. for altitudes from
15 to 42 km the problem can be treated as well-determined
by the least squares approach. However, this approach is
not practicable for wider altitude ranges (due to the low
sensitivity for altitudes below 15 km and the decreasing signal to noise ratio for altitudes above 40 km).
Other approaches utilize the knowledge that exists about
the proﬁle to be derived already before the measurement (e.g.
climatology) as so called a priori information. In our case, the
inversion is stabilized by an optimal estimation method
(maximum a posteriori) based on Rodgers (2000). For the
resulting proﬁle, the retrieved SCDs, their error covariance,
the a priori proﬁle xa and its climatologic variability
(described by its covariance Sa) are taken into account:
1

x ¼ xa þ S a AT ½AS a AT þ S y  ðy  Axa Þ

ð4Þ

One further result of the optimal estimation method are the
so called averaging kernels. They determine the altitude
range where the measurement provided information on
the proﬁle: Large values (close to one) indicate a large impact of the measurement, for low values of the averaging
kernel the retrieved proﬁle approaches the a priori
information.
In our retrieval, the a priori information is taken from
various sources: For NO2, the climatology by Anderson
et al. (1986) is applied. For BrO, there exist only a few independent observations of vertical proﬁles and for OClO
even less. Also, the abundance of these species, in particular OClO, depends very strongly on meteorological conditions (i.e. temperatures below the threshold for PSC

formation). Therefore we apply as a priori a box proﬁle
which allows for retrieval of enhanced number densities
at all altitudes, independently from any prior assumption
or modelling (the uncertainty of the a priori is set to
100%). Alternatively, for BrO, proﬁles based on balloon
measurements (Harder et al., 1998; Fitzenberger, 2000)
are calculated for the corresponding SZA, and for OClO
a modelled proﬁle, calculated by assuming equilibrium
between ClO, BrO and OClO (Solomon et al., 1987a), is
taken as (latitude and SZA independent) a priori. For
NO2, the monthly and zonal means calculated by
ECHAM5/MESSy1 (Jöckel et al., 2006) are used as second
option for the a priori. These alternative a priori information are applied only for comparison to assure that the
retrieved proﬁles are not the result of the magnitude or
shape of the a priori proﬁle. In a case study we investigated
the impact of the a priori proﬁle on the retrieved OClO
proﬁle (see Section 3.3.2).
For NO2, Fig. 4 shows an example of the inversion constrained by a priori in comparison to the one by the least
squares approach: The NO2 SCDs determined in the ﬁrst
step of the retrieval (compare Fig. 2) are given in the left
panel and the proﬁle obtained from the particular inversion
in the middle panel. In the right panel the averaging kernels
for the retrieval with a priori are displayed, revealing the
impact of the measurement at the certain altitudes.
It can be seen that for a wide altitude range the retrieved
proﬁles (with and without a priori) are practically identical.
Diﬀerences appear for altitudes below 15 and above 40 km,
where also unphysical values (negative number densities)
are retrieved for the inversion without a priori constraint,
because this approach is not practicable at these altitudes
(see above). For the retrieval with a priori, the proﬁle at
these altitudes approaches the a priori proﬁle, since there
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Fig. 4. NO2 SCDs (left), retrieved vertical proﬁle of number densities (middle panel) and averaging kernels for the retrieval with a priori (right). The upper
panel shows measured SCDs and retrieved proﬁle for orbit no. 11127, state 9 (72N) and the lower panel for state 16 (22N) of the same orbit (compare
Fig. 2). Shown are as blue lines the measured SCDs and the proﬁle retrieved by the least squares approach. The red lines indicate the proﬁle retrieved by
optimal estimation and the SCDs corresponding to it, applying the calculated matrix of box AMFs. The green line is the a priori proﬁle and the SCDs
corresponding to it.

the impact of the measurement is small, as can be seen
when comparing with the respective averaging kernel. Note
that compared to Fig. 2, the SCDs displayed in Fig. 4 are
oﬀset by the value of the a priori at the altitude of the reference spectrum (36 km for BrO and OClO, 42 km for
NO2). This is to account for possible abundances of the
respective trace gas at this altitude (since the reference spectrum is taken at this altitude, the corresponding SCD is
equal to zero).
3.3. Sensitivity studies and error analysis
Due to the separation of the retrieval in two steps, the
sensitivity and also the error contribution can be investigated for each step individually.

3.3.1. Retrieval of SCDs
In the ﬁrst step, the statistical error of the SCD retrieval
is determined from the magnitude of the residual (see
Fig. 1) compared to the magnitude of the retrieved SCD
(Stutz and Platt, 1996). For a review of error sources
related to scattered light DOAS see Platt et al. (1997), the
errors occurring in limb measurements of scattered sunlight
are summarized in Haley et al. (2004). Typical statistical
errors of the NO2 SCD retrieval as applied in the algorithm
described here are shown in Fig. 2. Errors for the retrieval
of BrO and OClO SCDs are generally larger, mainly due to
the lower optical densities of these absorbers (compare
Fig. 1). Also note that this calculation, which assumes that
the retrieval residual consists of measurement noise only,
does not include possible systematical retrieval errors
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which may arise from interference (cross correlations) of
spectra, false wavelength calibrations, errors in the absolute value of the absorption cross sections, etc.
For OClO, the sensitivity of the SCD results on the ﬁtting parameters wavelength range of the ﬁtting window
and spectra accounting for stray light (1/I0, wl/I0) and
polarisation correction (eta, zeta) is shown for selected retrievals in Figs. 5 and 6. First, we compared the results of
the OClO DOAS analyses for a selected orbit in a cold
northern hemisphere winter (mid of January 2005) when
applying four diﬀerent wavelength ranges as ﬁtting window. Fig. 5 shows the retrieved OClO SCDs and standard
deviations as function of tangent height for a state at 57N
where signiﬁcant chlorine activation or large amounts of
OClO are observed (in agreement with stratospheric meteorological conditions), and for a state at 20N, where no
signiﬁcant OClO is observed, as expected. It can be seen
that a modiﬁcation of the ﬁt window by 15 pixel
(1.5 nm) on the long or short wavelength end alters the
retrieved OClO SCD by approx. 5–10% or 0.5 to 2 * 1013
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molec/cm2. The altitude of the peak and also the shape
of the retrieved SCD proﬁle are very similar for all wavelength ranges.
Only for ‘‘wl3’’, the ﬁt window from 362 to 391 nm, a
strong discrepancy is observed for altitudes from 22 to
37 km. At the same altitudes the error for this ﬁt window
shows enhanced values. A more detailed investigation
reveals that this is caused by interference of the absorption
spectra of OClO with ozone, whose absorption becomes
more important for the shorter wavelengths that are
included in this ﬁt window (ozone shows an absorption
peak at 359,6 nm which extends until 363 nm).
For the other ﬁtting windows, the SCDs and also the
corresponding retrieval error are of comparable size, which
indicates that further reducing the ﬁt window on either side
(relative to the one from 363.5 to 391 nm, see Table 1) does
not further reduce the interference with ozone nor the
retrieval error. On the other side, an extension of the ﬁt
window to longer wavelengths (beyond 391 nm) is not
applicable due to the strong Ca+ Fraunhofer lines (with

Fig. 5. Comparison of retrieved OClO SCDs and corresponding standard deviation as function of tangent height for diﬀerent wavelength ranges applied
as ﬁtting window: wl1 (363.5–391 nm), wl2 (365–391 nm), wl3 (362–391 nm) and wl4 (363.5 to 389.5 nm). Upper panel: limb scanning sequence no. 7
(57 N) of orbit no. 15067 from 16th of January, 2005. Lower panel: limb scanning sequence no. 12 (20N) of the same orbit.
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the peak of the ﬁrst one located at 393.37 nm). The ﬁt window ‘‘wl1’’ (363.5–391 nm) also shows the smallest retrieval
error when considering the retrievals for all limb states of
one orbit. Since this wavelength range is also applied in
our nadir retrievals for OClO, we choose this ﬁt window
as our standard limb retrieval.
In Fig. 6 we compared ﬁve diﬀerent retrieval settings
regarding the spectra for correction of stray light and
polarisation features (see ﬁgure caption). Again, retrieval
results are compared for a case with large OClO SCDs
and one with no chlorine activation, both from one orbit
at January 17, 2005. It can be seen that, compared to the
diﬀerences in the above study regarding the ﬁt window,
the results depend very strongly on the respective retrieval
set: While the retrieved SCDs are very similar for the sets
‘‘1ez’’ and ‘‘1ezl’’, OClO SCDs for the sets ‘‘1’’ and ‘‘1e’’
are 1–5 * 1013 molec/cm2 (or 10–25%) smaller and larger,

respectively. However, the altitude of the peak and also
the shape of the SCD proﬁle are very similar for all retrieval sets shown in Fig. 6, except for the set with no correction spectra (set ‘‘no’’).
This set also has the largest retrieval error, while the
standard deviations of the SCD retrieval for the other sets
are of comparable size, with the retrieval error being smallest for the set ‘‘1ezl’’. This set, which includes all polarisation and stray light correction spectra, is also the set which
shows the most consistent retrievals results globally and for
which the scatter of the OClO SCDs for states with no
chlorine activation is closest to zero (compare Fig. 6, lower
panel). Moreover, the retrieved OClO proﬁles are in good
agreement with independent observations and also model
results (see Section 4). In contrast, the retrieval with the
set ‘‘1e’’ shows unrealistically large SCDs for altitudes
below 30 km (in particular for the low latitude example)

Fig. 6. Comparison of retrieved OClO SCDs and corresponding standard deviation as function of tangent height for diﬀerent sets of polarisation and
stray light correction spectra included in the ﬁt: 1 (only 1/I0 included), 1e (1/I0 and eta), 1ez (1/I0, eta and zeta), 1ezl (1/I0, eta, zeta and k/I0), no (no
correction spectra included). Shown are in the upper panel retrieval results for limb state no. 7 (57N) and in the lower panel for state no. 16 (8S) of orbit
no. 15081 from 17th of January, 2005.
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and the set ‘‘1ez’’ results in negative SCDs for altitudes
below 15 km. For these reasons we choose the set ‘‘1ezl’’
as our standard retrieval for OClO.
This sensitivity study conﬁrms the importance of a
proper correction for polarisation features. This is essential
for DOAS retrievals because the calibration of SCIAMACHY data revealed short-comings, mainly due to unrealistic values of the polarisation fractions q and u as
determined by the PMD measurements (see Tilstra and
Stammes, 2005). Therefore the spectra from the SCIAMACHY calibration key data (eta, zeta) are applied for a
correction of polarisation features in the ﬁt.
The sensitivity on retrieval parameters is discussed here
in detail for OClO, since this is the ﬁrst publication on
OClO proﬁles from SCIAMACHY spectra. For sensitivity
studies on the retrieval of NO2 and BrO proﬁles see Rozanov et al. (2005) and Sioris et al. (2006).
3.3.2. Inversion to proﬁles
In the second step, the inversion to proﬁles, further
uncertainties arise through the statistical error of the
AMF calculation (1–2%), the unknown temperature and
pressure proﬁle (2%) and the uncertainty in altitude
pointing (1–10%). Errors given in brackets were determined in case studies. For the correction of the known
pointing error of ENVISAT (von Clarmann et al., 2003),
we apply the monthly mean tangent height oﬀset statistics
as provided by von Savigny et al. (2005). The impact of
clouds (high cirrus, PSCs) on the calculated AMFs and
on the retrieved proﬁles has been investigated in case studies. It was found that clouds have a strong eﬀect on the altitudes below and similar to the cloud top height, but not for
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altitudes above, in good agreement with previous studies
(Haley et al., 2004; Sioris et al., 2006). In the current algorithm version, no clouds are assumed for all AMF calculations. The inclusion of a cloud detection algorithm is
planned in a coming update of the retrieval scheme (see
outlook section). Refraction is not included in the RTM,
but its eﬀect on altitudes above 12 km was found to be negligible in case studies (see also Sioris et al., 2006). The
Monte Carlo RTM Tracy II takes into account multiple
scattering and full spherical geometry, thereby providing
an optimal description of limb observations (Oikarinen
et al., 1999; Loughman et al., 2004).
For determining the sensitivity of the measurement at
the diﬀerent altitudes, i.e. the impact of the observations
on the retrieved proﬁle, it is essential to consider the averaging kernel of the retrieval. Fig. 7 shows typical averaging
kernels of the two step approach when combined with a
priori. They reveal that information about the vertical proﬁle can be obtained for NO2 in the altitude range from 12–
40 km, for BrO from 15–36 km and for OClO from 15–
36 km.
For OClO, Figs. 8 and 9 show the inversion of the
retrieved SCDs to number density proﬁles for two examples: Fig. 8 is an example for a measurement inside the
northern hemisphere polar vortex with substantial activation of chlorine and Fig. 9 is typical for a retrieval outside
the polar vortex. Also, the corresponding averaging kernels, measurement response proﬁle and spread are plotted
in panels c and d.
In Fig. 8b, both retrieval approaches are in good agreement and reveal large OClO number densities for altitudes
between 20 and 15 km. At 12 km, the inversion without a

Fig. 7. Typical Averaging Kernels for the retrieval of NO2 (left panel), BrO (middle) and OClO (right) vertical proﬁles from the SCIAMACHY limb
observations.
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Fig. 8. Examples for OClO Proﬁle retrievals. (Panel a) Measured SCDs and standard deviation in blue, SCDs of the a priori in green and SCDs of the
retrieved proﬁle in red. (Panel b) Proﬁle obtained by inversion constrained by a priori (optimal estimation) in red, proﬁle obtained by direct (LSQ)
inversion in blue and a priori proﬁle in green. (Panel c) Averaging kernels and measurement response proﬁle. (Panel d): Spread. (Panel e) Retrieval with
alternative a priori. (Panel f) Retrieval with modiﬁed a priori (2 · multiplied relative to (panel e). Shown are results for state no. 5 (65N) of orbit no. 15066
from January 16th, 2005. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this paper.)

priori constraint results in unrealistically large values, indicating that the measurement noise at 12 km is too large to
retrieve a reasonable value (compare the measurement
response proﬁle in panel c). Between 36 and 15 km, the
magnitude of the retrieved number densities and also the
altitude of the peak are in good accord with expectations
and also independent (not correlated) observations, see
also Section 4.
Fig. 9b shows that no signiﬁcant OClO is retrieved for
the example outside the polar vortex by both inversion
approaches (considering the 1r error bars). For all altitudes the retrieved SCD – and thus also the corresponding
number density – scatters around zero (with a retrieval
error of <5 * 1013 molec/cm2 or 5 * 106 molec/cm3), which
is typical for observations in mid and low latitudes (and in
good accord with expectations). The measurement

response proﬁle for both examples shows that information
on the OClO number density is obtained from the measurement for altitudes between 36 and 15 km (for the example
outside the polar vortex, corresponding to lower SZAs,
there is also information at 12 km altitude). Note that the
retrieved proﬁle is practically independent of the a priori
for these altitudes.
This is demonstrated by a case study shown in the lower
panel of Figs. 8 and 9, respectively. For this study, the
magnitude and the shape of the proﬁle applied as a priori
was changed: the alternative a priori, applied in Fig. 8e
(see green line), results in only marginally diﬀerent number
densities. Also, increasing this a priori, which has a substantial diﬀerent shape compared to the box proﬁle (see
panel b), by a factor of 2 has no signiﬁcant eﬀect on the
retrieval for altitudes above 15 km, see panel f. However,
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Fig. 9. same as Fig. 8, but for state no. 8 (51N) of orbit no. 15066. (Panel e) Retrieval with alternative a priori. (Panel f) Retrieval with modiﬁed a priori
(shifted up by 3 km relative to panel e).

the value at 12 km changes in both cases, which indicates
that this altitude is already impacted by the a priori, in
good agreement with the measurement response proﬁle
(see panel c). Similarly, for the case outside of the polar
vortex, Fig. 9 e and f reveal that there is practically no
inﬂuence of the a priori on the retrieved number density
for all altitudes inside the retrieval range (also when the
altitude of the a prior proﬁle peak is shifted up by 3 km).
The vertical resolution of the proﬁle in the retrieval range
is approx. 2.5 to 3 km (determined by calculating the spread
of the Averaging Kernels, see Figs. 8d and 9d). In this range,
the complete relative retrieval error (including also systematic errors) for the OClO proﬁle is estimated to be 50–
100%; for the BrO proﬁle, the error is estimated to be 20–
100% and for the NO2 proﬁle, the error is estimated to be
10–50%. Note that in this estimate the lower value indicates
the typical error for number densities close to the peak and

the large value gives the maximum error for low absolute values of the number density and unfavourable measurement
geometry like e.g. large SZA. For very low number densities
the error might even be larger than 100%. Therefore it may be
more reasonable to give an estimate for the absolute error,
which is estimated to be 3 * 106 molec/cm3 for OClO,
5 * 106 molec/cm3 for BrO and 5 * 107 molec/cm3 for NO2
for small absolute number densities and SZAs below 80
degrees, and 2 * 107 molec/cm3 for OClO, 2 * 107 molec/
cm3 for BrO and 3 * 108 molec/cm3 for NO2 for larger SZAs
and large number densities.
4. First results and comparison to independent measurements
The retrieved proﬁles have been tested for reasonability
and for all studies they were found to be in accord with
expectations from atmospheric chemistry (concerning the
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magnitude of the derived number densities, their latitudinal
and seasonal dependence, the altitude of the proﬁle peak,
etc.). As an example, the global evolution of ozone, NO2,
BrO and OClO during the southern hemisphere polar winter is described below. Moreover, the results for NO2 and
BrO have been compared to SCIAMACHY limb retrievals
from other institutes like e.g. the IFE Bremen (Rozanov
et al., 2005), and a good qualitative and quantitative agreement was found. Also, comparisons with correlated balloon measurements performed exclusively for the
validation of SCIAMACHY observations were made:
For NO2, a few proﬁles have been validated by balloon
measurements and it was found that the proﬁles show a
good agreement (Butz et al., 2006). Also for BrO, comparisons to balloon measurements (Dorf et al., 2006) have
been performed; examples are shown in Fig. 10.

Fig. 10. BrO balloon measurements performed for SCIAMCHY validation for the 9th of October, 2003 near Aire sur l’Adour, France (top) and
for the 24th of March, 2004 near Kiruna, Sweden (bottom). The balloon
observations (red) are performed at the same day and correlated to the
SCIAMACHY measurements (black) by trajectory calculations. Also, a
photochemical correction to match the SZA of the SCIAMACHY
observations has been applied (Dorf et al., 2005). (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the
web version of this paper.)

It can be seen that the BrO proﬁles agree within the
error bars (1r) for both cases (while the diﬀerence is smaller
for the mid-latitude case). There is a tendency for larger
values in the SCIAMACHY BrO proﬁles (also for those
comparisons not shown). This can be explained by the different BrO absorption cross sections utilized in the retrievals: For the balloon proﬁle retrieval, the cross section
measured by Wahner et al. (1987) is used, while for the
SCIAMACHY retrieval we apply the ones from Fleischmann et al. (2004). The latter is approx. 10–15% smaller,
which leads to larger SCDs and thus also larger number
densities. Therefore the agreement with the balloon observation is in fact better than it appears on the ﬁgure. As
mentioned above, the BrO and NO2 proﬁles are also in
good accord with the ones from the IFE Bremen, also
retrieved from SCIAMACHY spectra (Rozanov et al.,
2005). In contrast, we do not observe the high concentrations of BrO in the lower Stratosphere as reported by Sioris
et al., 2006. Again, this is in good agreement with other
observations (Sinnhuber et al., 2005; Sheode et al., 2006).
In contrast to BrO and NO2, there are no reports on retrievals of OClO proﬁles from SCIAMACHY limb spectra
so far. However, for OSIRIS observations, Krecl et al.
(2006) demonstrated the successful retrieval of OClO vertical proﬁles for selected orbits in the southern hemisphere in
September 2002. Furthermore, there are no correlated balloon measurements of OClO proﬁles so far and a validation is therefore not possible. However, the retrieved
values for the number density are in good accord with
modelled values and comparable previous balloon measurements (Pommerau and Piquard, 1994; Fitzenberger,
2000), and also the height of the proﬁle maximum agrees.
Fig. 11 shows results for OClO proﬁle retrievals for
selected days in the Arctic winters 2005 and 2006, in comparison to balloon measurements performed in the Arctic
winters 1992, 1999 and 2000. While the abundance of
OClO depends very strongly on the degree of chlorine acti-

Fig. 11. Vertical OClO proﬁles measured by SCIAMACHY for selected
days in the Arctic winters 2005 and 2006 (see legend) compared to earlier
balloon measurements (Pommerau and Piquard, 1994; Fitzenberger,
2000).
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vation for the particular time and region, it can be seen that
the shape and magnitude of the proﬁles agree very good.
Only for altitudes below 15 km there is a tendency to larger
values for the SCIAMACHY proﬁles compared to the balloon measurements. This can be explained as a result of the
viewing geometry of satellite limb sounders: Due to the
long light-path the retrieval for one particular tangent
height will be impacted not only by absorptions close to
the tangent point but by all absorptions occurring along
the line of sight.
In case of horizontal gradients (which occur e.g. at the
polar vortex edge) this will alter the retrieved proﬁle as follows: Positive gradients of the considered trace gas from
the tangent point (TP) to the direction of the instrument
(as appear for OClO in the northern hemisphere due to
its dependence on the SZA) will lead to larger concentrations and lower altitudes of the peak. Vice versa, a negative
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gradient (from TP towards instrument position) will lead to
lower concentrations and higher altitudes of the peak. A
method to overcome this retrieval shortcoming by including the measurement(s) performed directly before the
observation to be retrieved in a so called 2D retrieval
approach has been described recently (Pukite et al.,
2007). Since there are no correlated measurements of OClO
proﬁles so far, and also the SCIAMACHY measurements
inhibit a statistical and a systematic error, a validation is
lacking but necessary. Also, the diurnal eﬀect is until now
not corrected for (see below).
As an example for a global and height resolved retrieval
of OClO number densities, Fig. 12 shows a latitudinal cross
section of OClO proﬁles and the corresponding map of the
global OClO number densities at 18 km, both for the 16th
January, 2005. It can be seen that chlorine activated air
masses (i.e., large abundances of OClO) are observed for

Fig. 12. OClO number density for 16th of January 2005 as retrieved from SCIAMACHY limb spectra. Top: Latitudinal cross section (number density as
function of altitude and latitude), values are averaged in longitude. Bottom: Global cross section at 18 km altitude.
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regions close to the wintertime north pole only. A comparison to meteorological parameters (T and PV, not shown)
reveals that the chlorine activated air masses are found
inside the polar vortex and that stratospheric temperatures
were below the threshold for PSC formation.
Since OClO is an indicator for ClO it is also informative
to compare the OClO number density derived from
SCIAMACHY spectra to the ones for ClO from microwave spectroscopy (e.g. by MLS on AURA or SMR on
Odin). We did this for several days with large and moderate
chlorine activation in January 2003 and 2005. Some examples of this comparison exercise are shown in Fig. 13.
The ﬁgures reveal a good qualitative agreement: air
masses with comparable degrees of activated chlorine are
observed at the same places and altitudes. Note that the
discrepancy between the maps for 17th–19th January of
OClO and 19th January for ClO can be explained by eastward transport (due to the counter-clockwise rotation of
the polar vortex). Similarly, for the OClO map from 23–
25 January, the activated air masses above northeast Canada are only observed for the 25th (and thus can not be
seen in the ClO observation by Odin for the 23rd). For a
quantitative comparison it is essential to consider the
impact of the SZA on the measurement. This is important
for all photochemical species, like NO2, but even more for
BrO and OClO, the latter having a photochemical lifetime
of a few seconds.
The possibility to correct the proﬁle retrieval from limb
measurements by modelling their diurnal cycle has been
described recently: Mc Linden et al. (2006) reported that
for BrO proﬁles the retrieval error due to neglecting the diurnal eﬀect is 100% at a SZA of 88 and an altitude of 15 km.
For higher altitudes this error is considerably smaller (e.g.
25% at a SZA of 88 and an altitude of 20 km). Also for
lower SZAs the impact of the diurnal eﬀect on the absolute
retrieval error is decreasing signiﬁcantly. However, it should
be noted that also at the altitudes of the OClO proﬁle peak
(approx. 17–21 km) there is a retrieval error due to the diurnal eﬀect which in our estimation will range between 10% and
50% (depending on the SZA).
Apart from the related diﬃculties in the proﬁle retrieval,
the diurnal eﬀect oﬀers also possibilities for research: since
OClO and BrO proﬁles are simultaneously measured by
SCIAMACHY and ClO proﬁles are available by e.g. the
MLS on AURA, the combination of these observations
will give a further insight into questions related to stratospheric ozone chemistry, in particular when combined with
model simulations that can study the eﬀect of diﬀerent photolysis rates and extract budgets.
As an example for the application capabilities of the
SCIAMACHY limb measurements in atmospheric sciences, Fig. 14 shows latitudinal cross sections (number densities as function of altitude and latitude) of NO2, BrO and
OClO for two selected orbits in end of August and end of
September, 2004. The observed evolution of the trace gas
abundances is a good example of the variety of issues on
stratospheric chemistry that can be investigated with the

SCIAMACHY limb measurements: denoxiﬁcation and
denitriﬁcation in polar winter, replenishing of nitrogen oxides in polar spring, and activation of chlorine and bromine
in winter and deactivation in spring followed by substantial
depletion of ozone (for 60–70S) at the altitudes where the
halogens were activated.
These observations are in good accord with independent, already existing observations (Dessler et al., 1996;
Santee et al., 1996, 2003; Randall et al., 2002; Sinnhuber
et al., 2002) but will also contribute to new insights in
stratospheric chemistry: By analyzing the whole data set
of SCIAMACHY, interactions like these can be monitored
for a long time scale (SCIAMACHY measures limb spectra
since August 2002 until present) and globally. Since longterm, vertically resolved global observations of OClO and
BrO do not exist so far, these observations will enhance
our understanding of stratospheric chemistry.
5. Conclusion and outlook
A two step algorithm for the retrieval of stratospheric
trace gas proﬁles from SCIAMACHY limb measurements
was described. It is possible to perform the proﬁle retrieval either with or without constraining the inversion by a
priori knowledge. Results for NO2, BrO and OClO were
presented and compared to balloon validation measurements or satellite observations. The inversion by the least
squares approach (independently from a priori) results in
reasonable proﬁles for altitudes between 15 and 40 km.
For wider altitude ranges, it is necessary to apply a priori
proﬁles.
For all comparison and validation studies performed, a
good agreement to independent observations was found.
However, the number of correlated measurements is small
(for OClO none exist so far). After further validation and
sensitivity studies, the complete record of SCIAMACHY
limb spectra (since October 2002 until present) will be evaluated for NO2, BrO and OClO proﬁles. The obtained data
set of vertical proﬁles will be applied for studies on stratospheric chemistry, like inter-annual and inter-hemispheric
comparisons (variability and evolution of the magnitude
and proﬁle peak height), correlations to stratospheric temperatures and other stratospheric trace gases, and comparison to results from established model simulations.
Although the presented initial results and agreements
with independent observations are very encouraging,
improvements and modiﬁcations are planned that will be
implemented in future algorithm updates. For instance,
the retrieval of clouds from the limb measurements will
be added, since the minimum retrieval altitude is determined by the occurrence of clouds in the lower stratosphere/upper troposphere. Another advantage might be
the enhancement of the handling of the temperature dependency of the absorption cross sections.
For BrO and OClO it may be possible to improve the
proﬁle retrieval if the diurnal cycle is taken into account.
This is in particular important for limb measurements close
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Fig. 13. OClO number density at 18 km retrieved from SCIAMACHY limb observations in comparison to the ClO mixing ratio measured by SMR (Sub
Millimetre Radiometer) on Odin at 19 km for selected days in January, 2003. For details on the ClO observations see (Urban et al., 2004). Displayed are
values for the northern hemisphere in polar projection.
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S. Kühl et al. / Advances in Space Research 42 (2008) 1747–1764

Fig. 14. Latitudinal cross sections (number density as function of altitude and latitude) of nitrogen dioxide, bromine oxide and chlorine dioxide for
selected orbits from 24.08.2004 and 30.09.2004. For altitudes from 10 to 15 km the retrieved proﬁle consists mainly of the a-priori information (see Fig. 5).
Note also that the latitudinal extension of the two orbits diﬀers.

to the terminator, where the abundance of BrO and OClO
is strongly depending on the SZA. In this respect, it will be
useful to complete the daytime OClO proﬁles derived from
limb observations with the night-time OClO proﬁles from
SCIAMACHY occultation measurements. Moreover,
together with the BrO proﬁles (and additional ClO proﬁle
from microwave spectroscopy), these observations give a
full picture of stratospheric halogen chemistry and will certainly give new insight into current open questions (Canty
et al., 2005).
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