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Abstract

A retrieval algorithm used to obtain vertical distributions of NO2 and BrO from SCIAMACHY limb measurements is described.

Furthermore, the information content of SCIAMACHY limb measurements with respect to NO2 and BrO profile retrievals is inves-

tigated. Another investigated aspect is a sensitivity of resulting NO2 and BrO vertical profiles to a priori trace gas vertical distribu-

tions as well as to the pressure and temperature profiles used in the forward modeling. The sensitivity region is estimated to be 12–

40 km for NO2 and 12–35 km for BrO. Larger retrieval errors are encountered below 15 km associated to the influence of the neigh-

boring altitude levels and of a priori information. The dependence of the retrieved trace gas vertical distributions on the pressure and

temperature profiles used in the forward model is found to be insignificant above 20 km, whereas it cannot be completely ignored

when retrieving trace gas amounts below.
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1. Introduction

The Scanning Imaging Absorption Spectrometer for

Atmospheric Chartography (SCIAMACHY) launched

on board the European Environment Satellite (ENVI-

SAT-1) in March 2002 is one of the newest space-borne

instruments intended to improve our knowledge of the
atmospheric physics and chemistry. The SCIAMACHY

instrument measures the scattered and reflected spectral

radiance in nadir and limb geometry and the spectral

radiance transmitted through the atmosphere in solar/

lunar occultation geometry in the spectral region 240–

2380 nm. A detailed description of the instrument design

and capabilities is given by Bovensmann et al. (1999)

and the first results of in-flight performance are pre-

sented by Bovensmann et al. (2004).

First retrievals of SCIAMACHY measurements in

limb viewing geometry demonstrate a huge information

content of the measured data. For example, vertical dis-

tributions of atmospheric trace gases retrieved from

SCIAMACHY limb measurements were used by von
Savigny et al. (2005) to investigate the ozone hole split

over Antarctic during the major stratospheric warming

in September 2002. Despite remaining problems due to

imperfect data calibration and pointing knowledge (Kai-

ser et al., 2004), newly developed retrieval algorithms

were shown to provide vertical distributions of such

atmospheric trace gases as ozone, NO2, and BrO with

a reasonable accuracy.
Whereas NO2 vertical profiles were previously suc-

cessfully retrieved from limb scattering measurements

performed by such instruments as SME (Mount et al.,
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1984) and OSIRIS (Sioris et al., 2003; Haley et al.,

2004), SCIAMACHY is the first limb-viewing instru-

ment enabling the vertical distributions of BrO to be re-

trieved from the measurements of the scattered solar

radiation.

For a future utilization of the retrieved vertical distri-
butions of atmospheric species a sensitivity of the mea-

surements needs to be investigated. This will provide

an information on the origin of the retrieved trace gas

amounts in different altitude regions, i.e., whether the re-

trieved amount at a particular altitude is determined by

the real state of the atmosphere or originated from a pri-

ori information used in the forward model and/or in the

retrieval algorithm. This can be done by analyzing the
averaging kernels (Rodgers, 2000) and the weighting

functions (see below) specific to the measurements

geometry and to the employed retrieval procedure.

Actual accuracy of the retrieval can only be esti-

mated comparing a statistically significant amount of

the retrieved profiles to the results obtained by other

instruments. However, for minor trace gases like NO2

and BrO almost no directly comparable measurements
are available and any kind of conversion introduces

additional uncertainties complicating an estimation of

the real accuracy of the retrieved profiles. In this case,

the reliability of the retrieval can be estimated looking

at the theoretical precisions (Rodgers, 2000) and analyz-

ing the dependence of the retrieved profiles on input

parameters of the forward model and the retrieval

procedure.
In the scope of this paper a retrieval algorithm em-

ployed to obtain vertical distributions of NO2 and

BrO from SCIAMACHY limb measurements is de-

scribed. Sensitivity of the retrieval in different altitude

regions is discussed and the dependence of the retrieved

profiles on a priori trace gas vertical distributions and

vertical profiles of pressure and temperature is

investigated.

2. Retrieval algorithm

Measurements of the scattered solar radiation in limb

viewing geometry as performed by the SCIAMACHY

instrument are simulated using the CDI radiative trans-

fer model (Rozanov et al., 2001). The model calculates
the limb radiance properly considering the single scat-

tered radiance and using an approximation to account

for the multiple scattering. The CDI radiative transfer

model is linearized with respect to the absorption coeffi-

cient, i.e., it can be used to calculate weighting functions

of atmospheric trace gases needed by the retrieval proce-

dure to evaluate the vertical distributions. The radiance

and weighting functions simulated with CDI model were
compared to the results of other radiative transfer

models demonstrating a good agreement at viewing

geometries specific to SCIAMACHY limb measure-

ments (Loughman et al., 2004; Postylyakov, 2004).

The weighting function at a particular wavelength, k,
is defined as a variation of the outgoing radiance at this

wavelength, I(k), due to a variation in the vertical distri-

bution of the trace gas of interest, a, at a certain altitude
level, zi. For limb measurements the dependence of the

outgoing radiance and, therefore, of the weighting func-

tions on the tangent height, hj, is essential:

W jðk; ziÞ ¼
dI jðkÞ
daðziÞ

aðziÞ; j ¼ 1; . . . ;N th; i ¼ 1; . . . ;Nz:

ð1Þ

Here, Nth is the total number of tangent heights and Nz

is the total number of altitude levels.

For NO2 vertical profile retrieval, the outgoing radi-

ance and the weighting functions are computed at tan-

gent heights between 12 and 46 km in the spectral

range from 420 to 490 nm. Beside NO2, the weighting

functions of ozone are employed. In the case of BrO,
the calculations are performed at tangent heights be-

tween 12 and 38 km in the spectral window from 335

to 360 nm. The weighting functions of BrO, ozone,

NO2, and O4 are used in the retrieval procedure. The

retrieval is performed using ratios of limb spectra in

a selected tangent height range to the reference spec-

trum. The limb measurements at tangent heights of

about 46 km and of about 38 km are used as reference
spectra for NO2 and BrO vertical profile retrievals,

respectively.

The retrieval algorithm consist of two steps, namely,

the preprocessing step aimed to get rid of spectral fea-

tures not associated to the retrieved parameters and

the main inversion procedure.

At the preprocessing step, the ratios of limb spectra at

different tangent heights to the measurement at a refer-
ence tangent height are treated independently one by

one. At each tangent height, a polynomial of an appro-

priate order (cubic polynomial for NO2 and BrO retri-

evals) is subtracted from the logarithms: (i) of

measured limb radiance at this tangent height, Imj ðkÞ,
(ii) of measured limb radiance at the reference tangent

height (reference spectrum), ImrefðkÞ, and (iii) of simulated

ratio spectrum, Rs
jðkÞ, (i.e., ratio of modeled limb spectra

at current and reference tangent heights, I sjðkÞ and

I srefðkÞ, respectively) as well as from logarithmic weight-

ing functions in order to account for unknown scatter-

ing characteristics of the atmosphere and broadband

instrument calibration errors. Resulting functions are

denoted as differential spectra, ~I
m

j ,
~I
m

ref , and
~R
s

j, (mea-

sured, reference, and simulated ratio, correspondingly)

and differential weighting functions ~W j:

~I
m

j ðkÞ ¼ ln½Imj ðkÞ� �
XN
i¼0

am;j
i ki; ð2Þ
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~I
m

refðkÞ ¼ ln½ImrefðkÞ� �
XN
i¼0

am;ref
i ki; ð3Þ

~R
s

jðkÞ ¼ ln
I sjðkÞ
I srefðkÞ

� �
�
XN
i¼0

as;ji ki; ð4Þ

~W
k

j ðkÞ ¼
W k

j ðkÞ
I sjðkÞ

� W k
refðkÞ

I srefðkÞ
�
XN
i¼0

ak;ji ki; k ¼ 1; . . . ;N tg:

ð5Þ
Here, j denotes the tangent height index, k is the retrie-

val parameter index, Ntg is the total number of atmo-

spheric trace gases to be retrieved, and N is a

polynomial order. The weighting functions employed

here are vertically integrated, i.e., they represent a

change of the differential limb radiance due to a scaling

of a trace gas vertical profile.
Further in the course of the preprocessing step, a shift

and squeeze correction as well as scaling factors for

available correction spectra (e.g., ring spectrum, under-

sampling, stray light correction, etc.) are determined at

each tangent height minimizing the following quadratic

form:

~I
m

j ðkÞ � ~I
m

refðkÞ � ~R
s

jðkÞ �
X
k

sk ~W
k
j ðkÞ �

X
l

clscSlðkÞ
�����

�ðcsshi � cssqkÞ
dRs

jðkÞ
dk

� ðcrefshi � crefsq kÞ
d~I

m

refðkÞ
dk

�����
2

! min :

ð6Þ

Here, sk are scaling factors for atmospheric trace gas

profiles, i.e., dak(zi) = skak(zi), and clsc are scaling factors

for the correction spectra, Sl(k). Shift and squeeze cor-

rection is done for the ratio of the modeled spectra with

respect to the measured spectrum, represented by the
coefficients csshi and cssq, correspondingly, as well as for

the limb measurement at the reference tangent height

with respect to the measurement at current tangent

height, represented by crefshi and crefsq . All coefficients here

are tangent height dependent, subscript j is omitted for

simplicity.

At the inversion step, vertical profiles of atmo-

spheric trace gases are retrieved solving the following
equation:

y ¼ Kxþ �; ð7Þ
where � denotes errors of any kind, e.g., measurement

noise, linearization error, and so on. The measurement

vector, y, contains the differences between ratios of sim-

ulated and measured differential limb spectra for all
spectral points within the selected spectral intervals at

all selected tangent heights with all corrections from

the preprocessing step, except trace gas profiles scaling,

applied, i.e.,

y ¼ ½y1ðk1Þ; . . . ; y1ðkNwl
Þ; . . . ; yN th

ðk1Þ; . . . ; yN th
ðkNwl

Þ�;
ð8Þ

where Nwl is the total number of the spectral points in

the selected spectral region and Nth is the total number

of the selected tangent heights. The state vector, x, con-
tains relative differences of trace gas number densities
(with respect to initial values) at all altitude layers for

all gases to be retrieved, i.e.,

x ¼ ½x1ðh1Þ; . . . ; x1ðhNh
Þ; . . . ; xN tg

ðh1Þ; . . . ; xN tg
ðhNh

Þ�; ð9Þ

where Nh is the total number of layers in the retrieval

altitude grid and Ntg is the total number of atmospheric
trace gases to be retrieved. The linearized forward model

operator, K, is represented by a matrix having Nwl · Nth

rows and Nh · Ntg columns containing corresponding

differential weighting functions, ~W .

Solution of Eq. (7) is found employing either the opti-

mal estimation method (Rodgers, 2000) or the informa-

tion operator approach (Hoogen et al., 1999).

The final solution is found iteratively subsequently
running the forward model and the retrieval procedure.

The trace gas vertical profiles retrieved in the previous

iteration are used as a priori information at each partic-

ular iterative step.

The retrieval is performed employing all available

spectral points between 420 and 490 nm for NO2 and be-

tween 337 and 357 nm for BrO. Fig. 1 shows examples

of spectral fits in NO2 spectral window at a tangent
height of 28 km and in BrO spectral window at a tangent

height of 18 km. In order to highlight the spectral signa-

ture of BrO, absorption features of other atmospheric

species were removed in the spectral fit for BrO shown

in the right plot. The corresponding measurements were

performed on August 28th, 2002 at 53�N,3�W.

Stratospheric NO2 profiles can be retrieved in the alti-

tude range from about 15 up to 35–40 km. The retrieval
is performed taking into account NO2 and ozone

absorption. Besides shift and squeeze only a stray light

correction is done for NO2 at the preprocessing step

which in the case of wavelength independent stray light

is represented by the inverse radiance at the reference

tangent height. The accuracy of the retrieved number

densities is estimated to be about 15–20% between 15

and 30 km. Above 30 km, and in situations of lower
stratospheric NO2 amounts larger errors may occur.

Fig. 2 shows a comparison of the NO2 vertical profiles

retrieved from SCIAMACHY limb measurements per-

formed on August 28th, 2002 with HALOE (Russel et

al., 1993) and SAGE II (Mauldin et al., 1985) results.

Since both HALOE and SAGE II instruments measure

the solar light transmitted through the Earth�s atmo-

sphere at local sunrise or sunset, the difference between
the local solar zenith angles must be taken into account

when comparing the NO2 vertical profiles obtained from

these instruments to the SCIAMACHY results. This is
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done transforming the NO2 vertical profiles measured

by HALOE and SAGE II to the solar zenith angle

appropriate to the corresponding SCIAMACHY mea-

surement employing a one-dimensional photochemical

model. The comparison procedure is discussed in more

detail by Bracher et al. (2005). As clearly seen, the
NO2 vertical profiles retrieved from SCIAMACHY limb

measurements are in good overall agreement with the re-

sults from other instruments.

Vertical profiles of BrO can be retrieved in the alti-

tude range from approximately 14–15 km to about

30 km. Besides BrO, the absorption by ozone, NO2

and O4 is taken into account in the retrieval procedure.

Additional to shift and squeeze correction a differential

Ring spectrum (i.e., ratio of simulated Ring spectra with

a polynomial subtracted) is used at the preprocessing

step for BrO. The retrieval accuracy is estimated to be

about 30–40%. Fig. 3 shows a comparison of the BrO

vertical profiles retrieved from SCIAMACHY limb

measurements performed on September 24th, 2002 and
on June 9th, 2003 with profiles obtained by the TRIPLE

instrument performing balloon-borne in situ measure-

ments. As seen from the plot, on September 24th, 2002

the SCIAMACHY instrument detects larger amount

of BrO compared to TRIPLE whereas a perfect agree-

ment takes place on June 9th, 2003. The number density

profiles retrieved from SCIAMACHY limb measure-

ments were converted to volume mixing ratios using
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Fig. 1. Examples of spectral fits in NO2 spectral window at a tangent height of 28 km (left plot) and in BrO spectral window at a tangent height of

18 km (right plot). The upper plots show the measured (grey line) and the simulated (black line) differential signals and the lower plots show the

residuals. The corresponding measurements were performed on August 28th, 2002 at 53�N,3�W.
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pressure and temperature profiles measured by the
TRIPLE instrument. Since both measurements were

performed during the daytime no photochemical correc-

tion was applied.

3. Sensitivity studies

All results presented in this section were obtained
employing the optimal estimation method. A priori

covariance matrix was represented by a diagonal matrix

with diagonal elements corresponding to 100% a priori

uncertainty. The measurement error covariance matrix

was also diagonal with diagonal elements corresponding

to a wavelength independent signal to noise ratio of
2000.

Fig. 4 shows the theoretical precision (left plot), aver-

aging kernels (middle plot), and differential weighting

functions at 439.4 nm (right plot) for NO2 vertical pro-

file retrieval from SCIAMACHY limb measurements.

The results were obtained using the limb measurement

at a tangent height of 41.5 km as a reference spectrum.

The theoretical precision of the retrieval is about 5%
in the altitude region 20–32 km decreasing to 10–20%

above 32 km and between 15 and 20 km. Below 15 km

the theoretical precision degrades to more than 70%

indicating that retrieval results in this altitude region

are strongly affected by a priori information. A similar
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Fig. 3. Comparison of the BrO vertical profiles retrieved from SCIAMACHY limb measurements to the profiles measured by the TRIPLE

instrument on September 24th, 2002 (left plot) and on June 9th, 2003 (right plot).

0.0 0.2 0.4 0.6 0.8 1.0
Theoretical precision

0

10

20

30

40

]
mk[

edutitl
A

-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Averaging kernels

0

10

20

30

40

-0.005 -0.003 -0.001
Weighting functions

0

10

20

30

40

  8.7 km
12.0 km
15.3 km
18.6 km
21.8 km
25.1 km
28.4 km
31.7 km
35.0 km
38.2 km

Fig. 4. Theoretical precision (left plot), averaging kernels (middle plot), and differential weighting functions at 439.4 nm (right plot) for NO2 vertical

profile retrieval from SCIAMACHY limb measurements.
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consideration with respect to the information content of

SCIAMACHY limb measurements follows then looking

at the averaging kernels. Between 18 and 35 km the

averaging kernels reach a value of 1.0 at their maxima

indicating a complete independence of the retrieved pro-

file from a priori information. Due to a decreasing infor-
mation content of the measurements and, thus,

increasing dependence of the retrieved NO2 amounts

on a priori information and on NO2 amounts at the

neighboring altitude levels, the averaging kernels be-

come wider and have lower maximum values above

and below. For example, looking at the averaging kernel

peaking at 12 km one see that the contribution of the

true atmospheric state at this altitude to the retrieved
NO2 amount is only as high as 45% and the remaining

information is originated from upper and lower neigh-

boring altitude levels (by about 15% each) and a priori

knowledge. As seen from the right plot in Fig. 4, the

weighting functions have pronounced maxima near the

tangent height only at tangent heights above 20 km.

At lower tangent heights, weighing functions become

wider and have a smooth maxima between 20 and
30 km indicating that most of the spectral signal is orig-

inating from the higher altitudes rather than from the

tangent point region. Nevertheless, down to 12 km the

weighting functions at different tangent heights have dif-

ferent shapes allowing the NO2 amounts below 20 km to

be retrieved.

Fig. 5 shows the theoretical precision (left plot), aver-

aging kernels (middle plot), and differential weighting
functions at 338.6 nm (right plot) for BrO vertical pro-

file retrieval from SCIAMACHY limb measurements.

The results were obtained using the limb measurement

at a tangent height of 38.5 km as a reference spectrum.

Similar to NO2, the theoretical precision of the BrO

vertical profile retrieval is about 10–20% in the altitude

region 18–28 km decreasing to 20–40% above 28 km

and between 14 and 18 km rapidly degrading below

14 km. The peak values of the averaging kernels are

close to 1.0 only between 18 and 25 km decreasing to

0.9–0.95 above 25 km and between 14 and 18 km. The
peak value of about 0.55 at 12 km altitude indicates

an increased dependence of the retrieved BrO amount

at this altitude on BrO amount at neighboring altitude

levels and a priori information. Looking at the right plot

in Fig. 5 one sees that down to 18 km tangent height the

weighting functions exhibit relatively sharp peaks near

the tangent height, whereas at all tangent heights below

18 km the weighting functions peak at about 18 km alti-
tude. Nevertheless, similar to NO2, the BrO amounts

down to 12 km can be retrieved due to different shapes

of the corresponding weighting functions.

Further investigations of the sensitivity of NO2 and

BrO vertical profile retrieval were performed using a

numerical modeling of the measured data, i.e., a set of

limb measurements at different tangent heights was sim-

ulated using the forward model assuming a certain state
of the atmosphere denoted below as ‘‘true’’. Thereafter

the retrieval was performed considering this set of simu-

lated limb spectra as a real measurement sequence.

Fig. 6 shows a set of NO2 vertical profiles retrieved

assuming diverse a priori profiles as well as correspond-

ing relative differences between retrieved and true pro-

files. As clearly seen, the differences are within 10%

down to 18 km increasing to 30–40% at 12 km. Thus,
in conformance with the conclusions following from the-

oretical sensitivity investigations above, a substantial

influence of a priori information on the retrieved values

is observed below 15 km only. Fig. 7 illustrates the

dependence of the BrO vertical profile retrieval on a
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priori information in the same manner as Fig. 6 for

NO2. Similar to NO2, there is no significant dependence

on a priori information down to 15 km.

Fig. 8 illustrates the sensitivity of NO2 vertical profile

retrieval to the pressure and temperature profiles em-

ployed in the forward model. The limb measurement se-
quence was simulated using the temperature profile

marked as ‘‘true’’ then retrieved using in the forward

model climatological pressure and temperature profiles

appropriate to different latitude regions and NO2 profile

appropriate to 65�N (as shown in Fig. 6). The sensitivity

of the NO2 vertical profile retrieval to the temperature

profile is mainly caused by the temperature dependence

of NO2 cross-sections employed in the forward model.

Above 20 km, retrieved vertical profiles of NO2 are al-

most independent of the pressure and temperature pro-

files used in the forward model. At lower altitudes,

however, this dependence becomes stronger resulting in

relative differences between retrieved and true profiles
up to 80%.

Fig. 9 illustrates the sensitivity of BrO vertical profile

retrieval to the pressure and temperature profiles em-

ployed in the forward model. Similar to NO2, the limb

measurement sequence was simulated using the

temperature profile marked as ‘‘true’’ and then retrieved

using in the forward model climatological pressure and

0 1.0•109 2.0•109

NO2 number density [molecules/cm3]

0

10

20

30

40

]
mk[

edutitl
A

-0.4 -0.2 0.0 0.2 0.4
Relative difference

true profile

a priori profiles:
65oN
15oN
65oS

retrieved  using
a priori profile at:

65oN
15oN
65oS

Fig. 6. Sensitivity of NO2 vertical profile retrieval to a priori information. Left plot: true, a priori, and retrieved profiles of NO2. Right plot: relative

deviation of the NO2 vertical profiles retrieved assuming different a priori profiles with respect to true profile.
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Fig. 7. Sensitivity of BrO vertical profile retrieval to a priori information. Left plot: true, a priori, and retrieved profiles of BrO. Right plot: relative

deviation of the BrO vertical profiles retrieved assuming different a priori profiles with respect to true profile.
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temperature profiles appropriate to different latitude re-

gions and BrO profile appropriate to 65�N (as shown in

Fig. 7). The sensitivity of the BrO vertical profile retrie-

val to the temperature profile is mainly caused by the

temperature dependence of ozone cross-sections em-

ployed in the forward model. As seen from the plot,
the dependence on the pressure and temperature is insig-

nificant between 20 and 30 km increasing to 20–30%

above 30 km and between 15 and 20 km. A much stron-

ger influence of the pressure and temperature profiles

used in the forward model is observed below 15 km

resulting in relative differences between retrieved and

true profiles up to 50%.

4. Conclusions

A retrieval algorithm employed to obtain vertical

distributions of NO2 and BrO from SCIAMACHY limb

measurements was discussed. Comparisons of atmo-
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Fig. 8. Sensitivity of NO2 vertical profile retrieval to the pressure and temperature profiles (climatological profiles in different latitude regions in

August). Left plot: temperature profiles used in the forward model. Middle plot: true (gray curve) and retrieved (black curves) profiles of NO2. Right

plot: relative deviation of the NO2 vertical profiles retrieved using different pressure and temperature profiles with respect to the true profile.
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Right plot: relative deviation of the BrO vertical profiles retrieved using different pressure and temperature profiles with respect to the true profile.
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spheric trace gas vertical distributions retrieved from

SCIAMACHY limb measurements with the results ob-

tained by other instruments show a reasonable

agreement.

The sensitivity region is estimated to be 12–40 km for

NO2 and 12–35 km for BrO. Above 15 km, there is no
significant dependence of the retrieved profiles on a pri-

ori information for both NO2 and BrO, whereas major

retrieval problems are expected below associated to the

increasing influence of the information originating from

the upper and lower neighboring altitude levels as well

as form a priori knowledge.

The dependence of the retrieved trace gas vertical dis-

tributions on the pressure and temperature profiles used
in the forward model is insignificant above 20 km,

whereas it cannot be completely ignored when retrieving

the trace gas amounts below. However, it should be

pointed out that very strong changes in the vertical pro-

files of pressure and temperature used in the forward

simulations result in moderate errors in the retrieved

profiles. Thus, using realistic pressure and temperature

distributions, for example, from ECMWF database,
the retrieval error can be minimized.
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