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ABSTRACT

SCIAMACHY measures the linear polarization (Q-
component of the Stokes vector) in 6 broad wavelength
bands between approximately 300 and 2400 nm. The po-
larization is inferred from the Polarization Measurement
Devices (PMDs) and the scientific data integrated over
the corresponding bandwidth of the PMDs (80-300 nm),
using their known polarization sensitivity.

These data are primarily used for the absolute radiometric
calibration of the spectrometer data. On the other hand
it is known that polarization may be sensitive to aerosol
concentration and size. In particular, the SCIAMACHY
limb data can potentially provide valuable information on
aerosol profiles.

This study investigates the feasibility of using the SCIA-
MACHY polarization data for aerosol profile retrieval.
The accuracy of the data is estimated from the statisti-
cal precision of the data and the accuracy of calibration
constants and algorithm. The data and their accuracies
are then compared to results of a Vector Radiative Trans-
fer Model (SCIATRAN Version 3) for different aerosol
settings and albedos.

1. INTRODUCTION

The measurement of the polarized reflectance can sig-
nificantly enhance the information content of aerosol re-
trievals in satellite remote sensing. Several studies (see,
e.g., Lebsock et al. [2], Parol et al. [1], Hasekamp et al.
[3]) have shown that polarization is, in particular, sen-
sitive to the aerosol size distribution. Another advan-
tage is that the polarized surface BRDF is in many cases
almost independent of wavelength [4], therefore resolv-
ing surface and atmospheric contributions to the top-of-
atmosphere (TOA) reflectance if multispectral measure-
ments are performed.

A variety of instruments have employed dedicated mea-
surements of polarized reflectance, the POLDER instru-
ments on JAXA ADEOS and ADEOS-2 Satellites and on

PARASOL [5], and CALIOP on CALIPSO [6]. Both
PARASOL and CALIPSO are part of the NASA A-
Train configuration. The POLDER instruments are mul-
tispectral, multiview imagers measuring the polarized
reflectance in 3 narrow wavelength bands around 440,
670 and 860 nm. They are capable of providing col-
umn aerosol loads and size distributions, and aerosol
height information in some limited cases. CALIOP is
a Nd:YAG lidar instrument with polarization measure-
ment at 532 nm, providing detailed height information,
aerosol size and shape as well as cloud identification [6].
However, the spatial coverage is much smaller than that
of the passive instruments. Other nadir viewing satel-
lite instruments like GOME [7], GOME-2[8] and SCIA-
MACHY [9] are capable of measuring polarization in
single viewing angle geometry with large footprints and
broad (GOME and SCIAMACHY) or variable medium
resolution (GOME-2) spectral bands.

Limb polarization measurements have been performed
on research aircraft missions [11]. So far, no satellite
mission employs dedicated polarization measurements in
limb geometry. However, SCIAMACHY on ENVISAT
does measure polarization in limb and nadir, albeit with
the main purpose of correcting the reflectance data for
the polarization sensitivity of the instrument [10]. Com-
bined with the unpolarized reflectances the polarization
data can potentially yield aerosol profiles and size infor-
mation for the full SCIAMACHY data set since 2003. A
study on the feasibility of using the polarization data from
limb measurements for the retrieval of aerosol profiles is
presented here. Emphasis is put on the comparison of
the data with a forward radiation transfer model (RTM)
and on the data quality. The potential sensitivity of the
data to aerosols at tangent heights above the troposphere
is assessed by comparing the estimated accuracy of the
data with the predicted differences due to different strato-
spheric aerosol loads.

In section 2 the algorithm for the determination of the
polarization measured by SCIAMACHY is explained
briefly. The forward model and its application for com-
parison with the data is presented in section 3. The sen-
sitivity analysis follows in section 4 and a comparison of
the model with the data in section 5.
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2. POLARIZATION DETERMINATION

SCIAMACHY uses the Polarization Measurement De-
vices (PMDs) to determine the effective polarization
〈Q(U)〉/〈I〉 in six spectral bands forQ (PMD 1-6) and
one band forU (PMD 7, full overlap with PMD 4). Here,
I, Q, U are the components of the Stokes Vector defined
with respect to the local meridional plane spanned by the
line of sight and the local zenith at the intersection of line
of sight and the top of the atmosphere (TOA) at 100 km
altitude. Each spectral band covers 80-300 nm in band-
width, the relevant wavelengths are located at 350, 480,
660, 860 and 1600 nm for PMDs 1 to 5, respectively.
PMD 6 with center wavelength at 2300 nm is not used
in this study due to its bad data quality. The algorithm
compares the integrated intensities of the corresponding
science pixelsID with the intensityIPMD measured by
the PMDs:

IPMD ≡

Npix
∑

i=1

ID
i , (1)

where the sum runs over all detector pixels in the wave-
length band. Eq. 1 is transformed into an equation for
the measured, offset and dark current corrected, signal
SPMD(D) (in binary units) by means of a sensitivity
Stokes vector of the instrument:

SPMD =

Npix
∑

i=1
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(2)
where the first Stokes vector elementM

PMD(D)
1 is the

wavelength dependent efficiency of the PMD (science
pixels) to unpolarized light andµPMD(D)

2(3) are the effi-
ciencies for theQ- (U -) components normalized to the
the correspondingM1. The ‘virtual sum equation’,Eq. 2,
resembles a polarization measurement with two different
polarizer angles, because the Stokes vectors are different
for PMDs and science detectors. Given both measured
signals, this equation can be solved for one parameter. In
the case of PMDs 1-5 this will beQ/I, andU/I in case
of PMD 7, assuming thatQ/I(U/I) is constant over the
full bandwidth. ForU/I in PMDs 1-3 and 5 the assump-
tion thatU/Q = const. = U0/Q0 is imposed, where
Q0/I0 (U0/I0) are the normalized Stokes vector compo-
nents for single Rayleigh Scattering at the TOA which
only depend on the scattering geometry. Between PMD
4 and 7 the results forQ/I andU/I are iterated.

The data used for this investigation are Level 1B data
from the operational processor version 6. From this prod-
uct, only the PMD and pixel signals are used, the polar-
ization is calculated with an independent algorithm simi-
lar to the operational one described in [12] but with slight
modifications. For instance, the operational algorithm
does not foresee the determination of〈U〉/〈I〉 from PMD
7 data. Also, it uses an extrapolation above 30 km tangent
height which is not applied in this analysis. Most impor-
tantly, the instrument Stokes vector used here has been
provided by Krijger et al. [13] who used a revised cali-
bration approach to determine them.
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Figure 1. Top: Effective〈Q(U)〉/〈I〉 from PMDs 1-5 and
7 vs. limb state in one example orbit (ENVISAT orbit
33750 on 2008/08/13) at a tangent height of 21.5 km.
Bottom: Corresponding total errors on the polarization
values versus limb state number in one.

The error of each polarization measurement is estimated
from the statistical (shot noise of the measurement and
dark current correction) and systematic contributions (er-
rors on the instrument Stokes vector and the relative cal-
ibration). Also, an uncertainty arising from the assump-
tion on U is taken into account. Fig. 1 shows the ef-
fective〈Q(U)〉/〈I〉 determined from the PMD measure-
ments taken at 21.5 km tangent height with an azimuth
mirror angle of−8◦ during all limb states within one or-
bit where the solar zenith angle is smaller than80◦, as a
function of limb state number. For these measurements,
also the total errors are displayed in the lower panel. The
overall magnitude and shape of these measurements are
reproducible between orbits.

3. FORWARD MODEL

To assess the sensitivity of the data to different aerosol
profiles, a forward model is used. To this purpose, SCI-
ATRAN (Version 3, [14]) is used with its capability to
calculate the full Stokes vector in a spherical atmosphere
with homogeneous layers. The output is convoluted with
the detector response in order to obtain a simulated effec-



Figure 2. Example for a forward model calculation ofQ/I vs. wavelength by SCIATRAN four different aerosol settings
(standard WMO, tropospheric aerosol scaled by factors 2 and 4 and boundary layer aerosol type changed from maritime
to continental) together with corresponding PMD 1-5 data.

tive 〈Q(U)〉/〈I〉 for each PMD value:

〈Q(U)〉

〈I〉
=

∫

λ
dλMPMD

1 µPMD
2 QS(US)

∫

λ
dλMPMD

1 µPMD
2 IS

, (3)

where the superscriptS refers to the SCIATRAN Stokes
vector.

Input to the model is, amongst other atmospheric param-
eters, an aerosol profile according to the standard WMO
model [15, 16]. Predefined mixtures of different types of
aerosols with different optical properties are modeled in
a variable number of aerosol layers. Typically, there are 4
layers (boundary layer between 0 and 2 km, troposphere
between 2 and 12 km, stratosphere between 12-30km
and mesosphere between 30-60 km altitude), where the
boundary layer can contain a variety of types of aerosol
(maritime, continental, urban), and the stratospheric load
can be the typical background (H2SO4) aerosol or vol-
canic. The aerosol types differ by their size distributions
and complex refractive indices. In SCIATRAN, the phase
matrix is calculated by means of the Mie formalism, as-
suming spherical particle shapes. The aerosol extinction
coefficients and types can be changed on an user defined
altitude grid. Fig. 2 shows an example calculation of
the effective〈Q(U)〉/〈I〉 for PMDs 1-5, together with
the high resolution spectrum ofQ/I for four different
aerosol profiles, together with the SCIAMACHY data for
this measurement.

For this study, measurements for all limb states within a
full orbit with solar zenith angleθ0 < 80◦ were simu-
lated. The reference orbit is ENVISAT orbit 33750 on
August 13, 2008. Within this orbit, latitudes between
80◦N and 70◦S were covered with solar zenith angles
between 28 and 80 degrees and relative azimuth angles
between the sun and the instrument between 200 and 320
degrees. The line of sight angles follow the typical SCIA-
MACHY limb scan pattern, with tangent heights (TH) be-
tween 0 and 50 km in 3 km steps. The calculations were
performed for 16 different aerosol profiles, varying the
AOD of the tropospheric layer between 0.05 and 1.5, and
that of the stratospheric layer between 0.002 and 0.005
for background aerosol. The volcanic aerosol AOD was
0.08. The variety of aerosol profiles used for the calcula-
tions is shown in figure 3. Note that not all possible com-
binations of tropospheric and stratospheric aerosol types
and AODs were investigated, as this is intended to be a
rather qualitative study. Also, the steps in AOD are rel-
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Figure 3. Profiles of aerosol extinction coefficients used
in the forward model calculations. The green curve
shows the profile for volcanic aerosol.

atively coarse. Each of the 16 sets were simulated with
the (Lambertian) surface albedo for sea water as well as
constant albedos of 0.3 and 0.6.

4. SENSITIVITY TO STRATOSPHERIC AOD

The primary interest in this study was the sensitivity of
the SCIAMACHY polarization data to changes in profiles
of the stratospheric aerosol optical depth. To assess this
sensitivity, the differences of pairs of SCIATRAN simu-
lated dataS1,2 with the same tropospheric, but different
stratospheric aerosol profiles (see Fig. 3) was compared
to the total error of the dataδQ by computing a reduced
χ2:

χ2/NDoF =
1

NPMD

NP MD
∑

i=1





〈Q(U)〉
〈I〉

S1

i
− 〈Q(U)〉

〈I〉

S2

i

δQi





2

(4)
where the number of degrees of freedomNDoF equals
the number of PMD measurementsNPMD used. It can
be either 5 when using only〈Q〉/〈I〉 from PMD 1 to
5, or 6 when〈U〉/〈I〉 from PMD 7 is included. This
was done for each limb state and at each tangent height
separately. Fig. 4 shows the reducedχ2 for one limb
state with solar zenith angle of about29◦ vs. tangent
height. The pairs of aerosol profiles considered in this
figure correspond to an integrated difference of strato-
spheric AOD of 0.001 (bluish curves), 0.002 (reddish
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Figure 4. Reducedχ2 from total errors on the SCIA-
MACHY polarization data applied to differences of SCI-
ATRAN forward calculations using different aerosol pro-
files. See text for details.

curves), and 0.003 (green curve) between 12 and 30 km
altitude. A difference of 0.001 in the total stratospheric
AOD corresponds to a maximum difference in extinction
coefficients of aboutCext ≈ 10−4 km−1. This difference
is of the same order in magnitude as the typical back-
ground aerosol load at altitudes of about 20 km [17]. The
horizontal lines in Fig. 4 mark the1σ (dashed) and2σ
(dotted) confidence levels, beyond which either profile
can be excluded with a probability of 68% and 95%, re-
spectively, given that the respective other profile of the
pair represents the true atmospheric state. For this par-
ticular limb state, with the smallest solar zenith angle in
the orbit, differences larger than∆AOD = 0.002 (or
∆Cext = 2 · 10−4 km−1) can be clearly detected at each
tangent height with a confidence level larger than 95%.
Differences of∆AOD = 0.001 (∆Cext = 1 · 10−4

km−1) can just barely be distinguished with confidence
levels larger than 68%. In these cases a higher confi-
dence level may be reached when combining several tan-
gent heights. The sensitivity to AOD depends strongly
on the scattering geometry. The larger the solar zenith
angle, the smaller the sensitivity to surface and bound-
ary layer reflectance. However, the sensitivity to strato-
spheric aerosol is generally smaller where the polariza-
tion arising from single Rayleigh scattering is small. Due
to the sequence of states during an orbit this is typically
the case at higher latitudes and larger solar zenith angles
θ0 > 55◦ or where the relative azimuth is45◦ or 135◦. In
these cases, the sensitivity depends almost entirely on the
U/I measurement by PMD 7.

The orange curve in Fig. 4 is an example for the dif-
ferences detectable in the stratosphere which are solely
due to changes in the troposphere. The stratospheric pro-
file is the same for both SCIATRAN calculations, but the
tropospheric AOD differs by 0.27. The reducedχ2 is
extremely large at tropospheric altitudes, however, there
are also significant differences in the stratosphere. This
means that under realistic conditions, with high aerosol
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Figure 5. Simulated polarization data (〈Q〉/〈I〉) for 2
different stratospheric aerosol types (background (black
points), volcanic (red points)) with the same extinction
profile. The lines mark the± total uncertainty range of
the SCIAMACHY data for this particular limb measure-
ment.

and albedo variability as well as cloud contamination in
the troposphere, the retrieval algorithm has to take the
tropospheric effects into account in order to distinguish
tropospheric and stratospheric changes.

In general it would be desirable to retrieve not only AOD,
but the effective size parameter or other information. Fig.
5 shows an example of the effect of different aerosol types
on the measured polarization. The extinction profiles for
both SCIATRAN simulations are the same, only the type
of the aerosol in the stratospheric layer is different. The
curves represent the range of the uncertainty in the SCIA-
MACHY data for this particular measurement. This fig-
ure demonstrates that volcanic and background aerosols
can in principle be differentiated even at low (background
level) AODs, with the highest sensitivity at larger wave-
lengths (PMD 5). In a real retrieval, the unpolarized re-
flectance should be included for optimal results. The sen-
sitivity to the different aerosol optical properties depends
to a large degree on the a-priory information and method
(see, for instance, Hasekamp et al. [3]) and therefore has
not been studied here. A trade-off between resolution in
altitude and AOD and information on other aerosol pa-
rameters is to be expected, but at the same time system-
atic uncertainties due to assumptions on the albedo and
size parameters may be reduced.

5. DATA QUALITY

The data can be compared against a number of SCIA-
TRAN calculations in order to estimate their quality. The
SCIATRAN calculations for a wide range of aerosol pro-
files and albedos should provide a large enough variabil-
ity to represent, in an effective way, probable atmospheric
conditions from which the data could originate. Fig. 6
shows the effective〈Q(U)〉/〈I〉 measured by PMDs 1-
5 and 7 vs. tangent height for a single limb state. The
black squares correspond to the measured data, colored
lines to all SCIATRAN calculations with different aerosol
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Figure 6. SCIAMACHY polarization data for one limb state vs. tangent height, together with the SCIATRAN forward
calculations for different aerosol profiles and albedos.

profiles and albedos (see section 3). From analyzing all
states in this orbit in an analog way, two distinct features
can be noted: First, a wavelength (PMD) and scattering
geometry dependent offset that is visible already at low
tangent heights, in particular in situations with low sen-
sitivity to surface variability (high solar zenith angles).
Second, a large slope with tangent height above approxi-
mately 25 km that is not seen in most of the SCIATRAN
profiles. The second effect is most likely due to the con-
tamination of the signal with spatial stray light, which
becomes more important as the tangent height increases.
Effects of this can also be seen when looking at the mea-
sured unpolarized reflectance above 40 km. However, the
polarization of the stray light is unknown.

For the first feature, several explanations might be possi-
ble. The relative calibration of the science detector to the
PMDs incorporates a correction for the so called ‘out-
of-band signal’, which primarily accounts for parts of the
PMD signal in wavelength regions not seen by the science
channels. However, it does also account for degradation
effects that may be different between science channels
and PMDs. It is determined from the unpolarized solar
spectrum and then converted to the equivalent limb spec-
trum using on ground calibration constants. This conver-
sion constitutes an unknown systematic error source due
to the possibly diverging degradation of the diffuser used
for the solar measurements and that of the elevation mir-
ror used in the limb scans. In addition, the out-of-band
signal depends on theshapeof the detected spectrum and
possibly even on the polarization, such that the out-of-
band signal from solar measurements may not be applica-
ble to limb measurements. The offset of〈Q(U)〉/〈I〉 de-
pends linearly on the out-of-band signal, however, it con-
tributes to the polarization by the same amount in each
limb state. Therefore, the out-of-band signal alone cannot

explain the observed offset changes from state to state.
Another explanation might again be stray light which
does change with scattering geometry. For PMD 1, where
the largest offsets are observed, it may also be that the
current algorithm for the determination of〈Q(U)〉/〈I〉 is
simply not applicable. The algorithm assumes that both
Q/I andU/Q are constant over the wavelength range of
the PMD. From Fig. 2 it can be seen that this is clearly
not the case between about 300 and 400 nm, where PMD
1 spectral band is located. In addition, this PMD has a
fairly large sensitivity toU/I of approximately 0.1, so
that a substantial error can result from the assumption that
U/Q is constant and corresponds to that of single scat-
tering. The actual value can differ from this assumption
by several factors, heavily depending on the scattering
geometry. Furthermore, for PMD 5, large scatter is ob-
served at large tangent heights or high solar zenith angles,
where the signal is small. This is due to the fact that there
are many bad or noisy pixels in the corresponding science
channels. With the coming new operational Level 1 pro-
cessor (Version 7) a much better bad pixel mask should
become available, potentially solving this issue.

Most likely a combination of all the mentioned effects is
responsible for the observed low data quality. Before the
data can be used for aerosol retrievals, these effects need
to be understood and corrected for. Also, a more rigor-
ous assessment of the systematic errors needs to be per-
formed, such as studying the effects of the assumption
that Q/I and U/Q is constant with the help of SCIA-
TRAN. It should be noted, that although the SCIATRAN
model can certainly incorporate a fair range of the atmo-
spheric variability, it is limited in its predictive capability
insofar as it does assume spherical homogeneity in the
atmospheric layers. The effects of inhomogeneity (3D
effects) need to be studied separately, using, for instance,



Monte Carlo models such as MYSTIC [18]. Also, a rigor-
ous comparison of the limb calculations with other mod-
els has not yet been performed.

6. CONCLUSIONS AND OUTLOOK

A qualitative study on the potential sensitivity of limb
polarization data taken by SCIAMACHY on the strato-
spheric aerosol optical depth was performed, using esti-
mated total errors of the data and a forward model. The
result of this study is that differences in the stratospheric
aerosol optical depth larger than about5 · 10−4 at 550
nm can be detected with an altitude resolution of about
3km. The typical background aerosol extinction coeffi-
cient is between 1 and 10 km−1 [17], and therefore the
expected uncertainty constitutes a large relative error on
the background aerosol. The retrieval of volcanic aerosol
profiles with loads of several factors higher than the back-
ground should be possible with a much smaller relative
uncertainty. The sensitivity can be improved when the
unpolarized reflectance is taken into account as well. The
data are also sensitive to differences in the aerosol type.
Exactly how good the aerosol type can be distinguished
depends on the retrieval method and underlying assump-
tions and has not been studied in detail. Only the instru-
mental errors have been taken into account.

Currently, the SCIAMACHY data are not reliable enough
to perform aerosol retrievals. Several calibration issues
and the correction algorithms for spatial stray light need
to be investigated and improved. The same holds for the
algorithm applied to determine the polarization values.
Currently, a revision of the Mueller Matrix Elements used
in the polarization determination is under way [13]. The
results of this new approach have already been used in
this study and can be considered a substantial improve-
ment to the ones used in the operational processing. The
next processor version 7 comes with a more meticulous
bad pixel filtering which could affect the measurements
by PMD 5. The results for PMD 1 can be optimized by
imposing a parameterization for the wavelength depen-
dentQ/I andU/Q instead of the current assumption that
both are constant.

To summarize, although the current state of the polariza-
tion data does not allow their application in aerosol re-
trievals, the potential for improvement is large and needs
to be fully exploited before arriving at a final assessment
about their reliability and usability. As a side effect, this
would also improve the absolute radiometric calibration
of the SCIAMACHY limb data.
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