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[1] In this paper, we compare reflectance and polarization measurements from two
different satellite instruments, namely, the imager Polarization and Directionality of the
Earth’s Reflectances (POLDER) and the spectrometer Scanning Imaging Absorption
Spectrometer for Atmospheric Chartography (SCIAMACHY). Both instruments are able
to measure not only the Earth reflectance but also the state of linear polarization of the
detected light. The aim of this paper is to validate the SCIAMACHY reflectance and
polarization data using the fact that POLDER is well calibrated. This validation requires a
careful search for suitable, collocated data having identical solar and viewing angles. For
the reflectance, there is a disagreement between POLDER and SCIAMACHY of up to
20% in the wavelength interval 400–1000 nm, which we attribute to SCIAMACHY. As
for the linear polarization, we present for the first time clear evidence for the existence of
discrepancies in the SCIAMACHY polarization retrieval for polarization measurement
devices 2, 3, and 4.

Citation: Tilstra, L. G., and P. Stammes (2007), Earth reflectance and polarization intercomparison between SCIAMACHY onboard
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1. Introduction

[2] Spectrometry of the Earth’s atmosphere in the short-
wave spectral range (from the ultraviolet to the near-infrared)
has received much attention with the availability of data from
Global Ozone Monitoring Experiment (GOME), launched in
April 1995 onboard the ERS-2 satellite, and Scanning
Imaging Absorption Spectrometer for Atmospheric Charto-
graphy (SCIAMACHY), launched in March 2002 onboard
the Envisat satellite. These instruments, which have a spectral
resolution of about 0.2–1.5 nm, have enabled chemical
composition measurements of the atmosphere down to the
surface. Important trace gases like O3, NO2, BrO, H2CO,
SO2, andH2O, and, with SCIAMACHY, also CO andCH4, as
well as clouds and aerosols, have been detected globally with
these instruments [Burrows et al., 1999; Bovensmann et al.,
1999; Gottwald et al., 2006].
[3] The Earth reflectance at top-of-atmosphere (TOA) is a

basic quantity for all geophysical products derived from
GOME and SCIAMACHY. Both instruments measure the
Earth radiance as well as the solar irradiance at TOA, so the
reflectance can be determined from their ratio. The advan-
tage of working with the reflectance is that several uncer-
tainties in the radiance and irradiance cancel out. The
instrument’s radiometric calibration of radiance and irradi-
ance is the most important factor determining the quality of
the reflectance, and of the derived geophysical products.
Some products, like the column densities of most trace
gases, which are usually retrieved by the differential optical

absorption spectroscopy (DOAS) method [Platt, 1994], are
insensitive to errors in the absolute calibration of the
reflectance. Other products, however, like the vertical
distribution of ozone [Munro et al., 1998; Hoogen et al.,
1999; Spurr, 2001; van der A et al., 2002; Hasekamp et al.,
2002; Meijer et al., 2003], cloud properties [Koelemeijer
et al., 2001; Acarreta et al., 2004], and aerosol properties
[de Graaf and Stammes, 2005], rely strongly on a correct
absolute calibration of the reflectance.
[4] In the first year after the launch of SCIAMACHY

[Bovensmann et al., 1999], a number of studies showed
indications of severe shortcomings in its radiometric calibra-
tion [see, e.g., Skupin et al., 2003; Acarreta and Stammes,
2003]. The shortcomings in the reflectance calibration were
confirmed later on for the UV by comparison with radiative
transfer models [van Soest et al., 2005; Tilstra et al., 2005]
and for visible and near-infrared wavelength ranges by com-
parison with the satellite instruments Medium-Resolution
Imaging Spectrometer (MERIS) and GOME [Acarreta and
Stammes, 2005; von Hoyningen-Huene et al., 2006; Tilstra
and Stammes, 2006]. Most notable was the 15–25% under-
estimation of the reflectance by SCIAMACHY. Although
this problem was partly removed with the calculation of
alternative instrument response data, some negative side
effects were introduced in the process, such as the occur-
rence of spectral features in the reflectance, which could
potentially harm DOAS retrievals. Additionally, the reflec-
tance spectra are still troubled by the existence of polariza-
tion features caused by errors in the retrieved linear
polarization [Tilstra and Stammes, 2005]. In summary, the
quality of the SCIAMACHY reflectance is still far from the
level that had been anticipated before launch (reflectance
accurate within 1%).
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[5] The first aim of this paper is to validate the SCIA-
MACHY reflectance by making use of the imager Polari-
zation and Directionality of the Earth’s Reflectances
(POLDER) [Deschamps et al., 1994] as a reliable reference.
POLDER has a calibration accuracy better than 2% for the
reflectance [Hagolle et al., 1999] and has a unique multi-
directional measurement approach which allows it to mimic
the SCIAMACHY observational geometry. By this compar-
ison with POLDER, we can also extend the wavelength
range of the SCIAMACHY reflectance validation further
into the near-infrared.
[6] The second aim is to validate the polarization retrieval

algorithm (PRA) of SCIAMACHY by comparison with
POLDER polarization measurements of the Earth as a
reference. POLDER measures the state of polarization with
an accuracy of 0.01 or better [Toubbé et al., 1999]. The
main task of the SCIAMACHY PRA is to calculate, from
the signals of the polarization measurement devices (PMDs)
and the spectral channels, the Stokes parameters Q and U
[van de Hulst, 1981] that describe the (linear) polarization
of the incident radiation [Slijkhuis, 2001]. The performance
of the PRA is very relevant to the quality of the Earth
reflectance because, as most spectrometers, SCIAMACHY
is sensitive to the state of polarization of the detected
radiation. The polarization correction algorithm needs reli-
able polarization values from the PRA to correct for this
dependence on polarization.
[7] Validation of atmospheric polarization measurements

is a complicated task, and there are only a small number of
techniques available. The first validation method that
deserves attention is a method that focuses on special
situations where the viewing and solar geometry of the
problem is such that the detected light is unpolarized,
regardless of the actual atmospheric situation [Aben et al.,
2003]. The disadvantage of this method is that these special
cases occur only twice per viewing angle per orbit, and that
the method is by definition restricted to unpolarized cases.
A second method, baptized as the method of limiting
atmospheres [Krijger et al., 2005], makes use of a limit of
maximum polarization that is reached by a large collection
of cloud-free situations. The disadvantage of this method is

that it requires a long record of data, and, more importantly,
the polarization limit found in this way is instrument-
dependent. For an absolute validation, the method cannot
be used. Nevertheless, both methods have already proved to
be very useful for precise monitoring of degradational
effects in GOME, where the restrictions of the methods are
of minor importance. In the present study, we will be
comparing polarization data of SCIAMACHYand POLDER
directly, in such a way that we can validate in an absolute
sense the SCIAMACHY polarization observations.
[8] Earlier validation studies of SCIAMACHY polariza-

tion have been limited to verification, by considering if the
values are physically possible [Krijger and Tilstra, 2003],
and to validation in the UV by an alternative polarization
retrieval algorithm [Tilstra and Stammes, 2005], which
showed that the operational polarization retrieval algorithm
worked quite well for PMD 1 (�344 nm). However, an
accurate validation of the polarization values of the other
PMDs (at larger wavelengths) was still lacking. In this
paper, we will be presenting the first validation results for
PMDs 2, 3, and 4.
[9] The outline of this paper is as follows. In section 2,

we briefly introduce the satellite instruments POLDER and
SCIAMACHY. Section 3 explains the approach that was
followed to perform an accurate intercomparison between
the level-1 data of these two satellite instruments. Section 4
presents the results of this intercomparison, for the Earth
reflectance and for the Earth polarization. The results are
discussed and linked to results of other recent studies. The
paper ends with a summary and conclusion.

2. Satellite Instruments Description

2.1. Description of SCIAMACHY

[10] SCIAMACHY [Bovensmann et al., 1999] is a spec-
trometer designed to measure sunlight reflected by the
Earth’s atmosphere over the wavelength range 240–
2380 nm, with a spectral resolution of 0.22–1.48 nm (cf.
Table 1). The instrument was launched on 1 March 2002
onboard the European Envisat satellite, which is in a near-
polar, Sun-synchronous orbit. The local time of the
equator crossing is 10:00 a.m. for the descending node
and the orbital period is about 100 min. An overview of
all available scientific products from SCIAMACHY is
given at http://www.sciamachy.org/validation/.
[11] SCIAMACHY has the ability to perform measure-

ments in either nadir or limb mode. This is a new aspect
as compared to its predecessor GOME [Bovensmann et al.,
1999], which only has a nadir mode. The two measurement
modes are normally being alternated along the orbit, and the
collected data are stored in blocks called ‘‘states.’’ Since our
aim is to intercompare SCIAMACHY level-1 data with
POLDER level-1 data, we will only make use of the nadir
mode of the instrument. The size of a typical nadir state is
approximately 960 � 490 km (across track � along track).
This area is scanned in the along-track direction by virtue of
the forward movement of the satellite and in the across-track
direction as a result of an internal mirror scanning back
(eastward in 1 s) and forth (westward in 4 s) every 5 s. In
this way, global coverage of the planet in nadir mode is
achieved in roughly 6 days.

Table 1. Specifications of SCIAMACHY’s Eight Spectral

Channels and Seven Broadband Polarization Measurement Devices

(PMDs)a

Channel Spectral Range (nm) Resolution (nm)

1 240–314 0.24
2 309–405 0.26
3 394–620 0.44
4 604–805 0.48
5 785–1050 0.54
6 1000–1750 1.48
7 1940–2040 0.22
8 2265–2380 0.26

PMD Spectral Range (nm) Sensitive to

1 310–377 Q
2a 450–525 Q
3a 617–705 Q
4a 805–900 Q
5 1508–1645 Q
6 2265–2380 Q
7 802–905 U

aThe PMDs that are relevant to this paper.
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[12] To have as small as possible ground pixels within a
limited data rate, SCIAMACHY employs a variable inte-
gration time (IT) within the recorded spectra. The spectrum,
for this purpose, has been divided into specific wavelength
regions, called ‘‘clusters,’’ which can be read out with
different ITs. This allows a higher spatial resolution for
clusters that contribute much to the retrieval of the trace
gases at the expense of clusters that in their current use offer
little or no atmospheric information. Next to that, the ITs of
the clusters can be changed along the orbit (per state) to
prevent saturation or too low signals. In the nadir mode of
the instrument, 56 of such clusters exist, usually with
integration times of 0.25 or 1.0 s, although other ITs are
also possible. The two mentioned ITs correspond to nadir
pixel sizes of 60 � 30 km and 240 � 30 km, respectively.
[13] The spectral detectors of SCIAMACHY are sensitive

to the state of polarization of the incident light. To be able to
correct for this sensitivity, which has been characterized
preflight for Stokes parameters Q and U, polarization is
measured at six different wavelengths using seven broad-
band PMDs. The Q and U sensitivities of the PMDs have
also been characterized preflight. The specifications of the
PMDs are listed in Table 1. PMDs 1–6 are mostly sensitive
to the Stokes parameter Q, and all measure the radiance
component I? perpendicular to the entrance slit, and not so
much the component Ik parallel to the entrance slit. This
alone is not enough to calculate Q = Ik � I?, but the
radiance signals of the main channels can be used to provide
additional information through I = Ik + I?. This method has
worked well in the past for the spectrometer GOME [Aben
et al., 2003]. For PMD 7, which is sensitive to the Stokes
parameter U, a similar approach is followed [Slijkhuis,
2001].

2.2. Description of POLDER

[14] The first POLDER instrument [Deschamps et al.,
1994] was launched in August 1996 onboard the Japanese
Advanced Earth Observing Satellite (ADEOS) and operated
until 30 June 1997. The scientific goal of POLDER was to
contribute to climate-related research by determining the
influence of aerosols and clouds on the Earth radiation
budget and by studying the ocean and land surface proper-
ties, particularly vegetation. The second, identical version of
the instrument was launched into orbit on the ADEOS-2
satellite in December 2002 and operated until 25 October
2003. The ADEOS-2 satellite was in a near-polar, Sun-
synchronous orbit with an orbital period of approximately
100 min. The local time of the equator crossing was
10:30 a.m. for the descending node.

[15] The POLDER instrument was designed to measure
the first three parameters of the Stokes vector [van de Hulst,
1981], so that the instrument did not only record the Earth
radiance I but also the state of linear polarization of the
backscattered sunlight described by the Stokes parameters
Q and U. The POLDER measurement principle is based on
a bidimensional charge-coupled device (CCD) detector, a
rotating wheel carrying 15 optical filters and polarizers, and
a wide field-of-view telecentric optics which projects the
light onto the CCD detector array. Thanks to the available
spectral filters and polarizers, measurements of I can be
performed within nine spectral bands (see Table 2). For
three of these spectral bands, Stokes parameters Q and U are
measured as well.
[16] An important and unique feature of the POLDER

design is the fact that the measurements are repeated (every
19.6 s) in such a way that an image of an Earth scene
overlaps largely with the previous image (see Figure 1a). As
a result, a given point inside the POLDER swath may be
observed by as much as 14 independent measurements, each
having a different viewing geometry and thus a different
scattering angle. This capability allows studying scattering-
angle-dependent phenomena, like rainbows and glories,
which are important to determine size and shape of aerosol
and cloud properties. The pixel size of a POLDER image
is about 6 � 7 km at exact nadir. The instrument’s swath
is 2400 km, and viewing angles up to 70� are reached
(cf. Figure 1b). As a result, global coverage of the Earth’s
surface is achieved virtually on a daily basis.

3. Intercomparison Approach

[17] The reflectance in this paper is defined as

R ¼ pI
m0E

; ð1Þ

where I is the radiance reflected by the Earth atmosphere
(in W m�2 nm�1 sr�1), E is the incident solar irradiance at
the top of the atmosphere perpendicular to the solar beam
(in W m�2 nm�1), and m0 is the cosine of the solar zenith
angle q0. To intercompare the reflectance and polarization
data of both instruments, collocations should be found, and
scattering geometries of collocated measurement data
should be identical.

3.1. Spatial and Temporal Collocation

[18] Collocation in this case means that both satellites
follow the same orbit track, i.e., reach each other’s subsat-

Table 2. Overview of the POLDER Spectral Bandsa

POLDER Band 443 443P 490 565 670P 763 765 865P 910

Central Wavelength, nm 444.9 444.5 492.2 564.5 670.2 763.3 763.1 860.8 907.7
Bandwidth, nm 20 20 20 20 20 10 40 40 20
Saturation Level (norm. reflectance) 0.97 1.1 0.75 0.48 1.1 1.1 1.1 1.1 1.1
Polarization (Q, U) – Yes – – Yes – – Yes –
SCIAMACHY PMD Band 2 3 4
Central Wavelength, nm 487 661 853
Bandwidth, nm 75 88 95

aAll POLDER bands are well within the SCIAMACHY spectral range. Also given are specifications for the SCIAMACHY PMDs that are comparable to
the POLDER polarization bands. A graphical representation of the spectral response functions of the POLDER bands is given in Figure 2.
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ellite point with a time difference of only about 30 min.
For the moment we assume that changes in the observed
scene during this small time difference, for example,
because of movement of clouds, are small. Because of
differences in the orbital periods of the ADEOS-2 and
Envisat satellites, collocation in the strict way we defined
it only takes place once in about 15 days. For this paper,
we selected a scene covered by SCIAMACHY orbit 7503
(software version 5.01) and POLDER-2 orbit 060/048
(software version 14.01) of 7 August 2003. Part of this
scene is illustrated in Figure 1d.

3.2. Scattering Geometry

[19] The scattering geometry is determined by the viewing
geometry of the satellite instrument, represented by the
angles q and f, and the position of the Sun, represented by
the angles q0 and f0. As for the viewing geometry, Figure 1b
illustrates the fundamental difference between the viewing
geometry of both instruments. POLDER, by virtue of its wide

field-of-view telecentric optics, observes the Earth in all
azimuth directions, while SCIAMACHY scans the Earth’s
surface perpendicular to the flight direction, from east to
west, and back along the same azimuthal direction f.
[20] To ensure comparable viewing geometries, we have

to filter out those POLDER data that have different azimuth
directions than the SCIAMACHY data. This leaves us with
only a small strip of POLDER data with suitable azimuth
angles, indicated by the arrows in Figure 1b. All individual
POLDER measurement events (images) contribute such a
strip of data; the resulting collection of viewing angles is
illustrated in Figure 1c. The viewing angles of this
selection of POLDER data closely resemble those of the
SCIAMACHY instrument because both satellites are in a
similar orbit.
[21] At this point we should mention that, because of the

difference in overpass time of the ADEOS-2 and Envisat
satellites, the solar angles of POLDER and SCIAMACHY
are slightly different. The difference is depending on orbit

Figure 1. (a) Single reflectance image of the area containing the Arabian peninsula and surrounding
seas (58�N, 23�E) measured by the POLDER 670-nm spectral channel, and contours of previous images.
(b) Viewing angles of the POLDER data and contours of SCIAMACHY (forward scan) pixels of 0.25-s
IT. (c) We select from each POLDER image a subset of data with viewing directions that best approach
SCIAMACHY’s scanning directions from east to west. Here, the viewing angles of all these subsets are
plotted. (d) For the same collection of subsets, we plot the 670-nm reflectance measured by POLDER.
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phase and can reach up to 7� for the solar zenith angle q0.
The effect of this on the reflectance is small, namely, less
than 1% in the reflectance [cf. Tilstra and Stammes, 2006].
For the quantities Q/I and U/I describing the linear polar-
ization, we found from radiative transfer simulations a
somewhat higher estimated effect. The maximum deviation,
found for the highest difference in q0, and over ocean
surface, was �0.02 at 450 nm to �0.01 at 900 nm. Note
that in most other cases, the errors are much smaller.

3.3. Spatial Averaging

[22] Dealing with the different pixel sizes of POLDER
and SCIAMACHY is relatively easy because the pixel sizes
of the two instruments are so different (6� 7 km for POLDER
versus 60 � 30 km or 240 � 30 km for SCIAMACHY).
Starting out with a SCIAMACHYpixel, we collect all suitable
POLDER pixels of which the centers lie within the
SCIAMACHYpixel. We then average the collected POLDER
reflectances, which are denoted as Ri

p, to obtain �R
p

i . Here the
superscript p refers to the POLDER instrument, while i refers
to the spectral band in question. We do the same for the
collected Stokes parameters, which are denoted as Qi

p and
Ui
p. Doing so, we arrive at the spatially averaged quantities

�R
p

i ,
�Q
p

i , and
�U
p

i . This procedure is repeated for all spectral
bands i. Depending on the IT and pixel size of the
SCIAMACHY pixels, there are �50 (IT = 0.25 s) or
�200 (IT = 1.0 s) POLDER pixels inside every single
SCIAMACHYpixel.

3.4. Reflectance: Spectral Equivalents

[23] POLDER and SCIAMACHY are spectrally funda-
mentally different. POLDER is an imager, in which the
radiance signals are determined by nine broadband detec-
tors. This results in nine broadband reflectances Ri

p, where i
refers to the spectral band in question. SCIAMACHY, on
the other hand, retrieves a full, continuous reflectance
spectrum Rs(l). This is illustrated graphically in Figure 2,
which shows the response functions of the POLDER
broadband detectors and part of a reflectance spectrum
measured by SCIAMACHY over a desert scene. Note the
jumps in the reflectance around 400, 600, and 800 nm. They

are related to calibration problems in the channel overlap
regions. These jumps are fortunately located outside the
range of the POLDER broadband detectors and therefore
pose no threat to the reflectance intercomparison.
[24] Along with knowledge of the response functions of

the POLDER spectral bands, it is possible to integrate the
SCIAMACHY spectral reflectance to a POLDER-equivalent
reflectance Ri

s:

Rs
i ¼

Z 1

0

siðlÞRsðlÞdl; ð2Þ

where si is the response function of the ith POLDER band
and l stands for the wavelength. Strictly speaking, we have
made an error in equation (2) because we should not
integrate the reflectance, but instead integrate the radiance
and irradiance separately, and then use equation (1) to
calculate Ri

s. The error that is introduced in this way is,
however, very small as the irradiance is relatively constant
over the narrow POLDER bandwidths over which is being
integrated.
[25] Inspecting Figure 2 reveals that there are complica-

tions for POLDER reflectances R565
p and R765

p . For these two
bands, not all the covered SCIAMACHY wavelength clus-
ters are read out with the same IT of 0.25 s (and hence the
pixel sizes are different). This problem can be solved by
combining four subsequent SCIAMACHY measurements
with an IT of 0.25 s to simulate one measurement of 1.0 s IT
for those clusters that were read out with 0.25 s IT. In this
way, one is able to construct a complete reflectance spec-
trum for an IT of 1.0 s, which can be integrated according to
equation (2), albeit at a lower spatial and temporal resolu-
tion than for the other POLDER bands, which only cover
SCIAMACHY clusters with an IT of 0.25 s. This approach
was applied to obtain R565

s and R765
s . For the other spectral

bands, an IT of 0.25 s was available.

3.5. Polarization: Comparable Bands

[26] For the intercomparison of the Earth polarization, we
used the following strategy. From the POLDER polarization
data product, the Stokes parameter ratios �Q

p

i =
�I
p

i ; and
�U
p

i =
�I
p

i

Figure 2. Spectral response functions of the POLDER spectral bands (left axis) and a SCIAMACHY
reflectance spectrum of a desert scene (right axis). Where the reflectance curve is thick, the integration
time (IT) of the SCIAMACHY wavelength clusters is 0.25 s, and the reflectance is the average of four
subsequent measurements. Elsewhere, the IT is 1.0 s.
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were calculated for the three polarization spectral bands at
443, 670, and 865 nm (see Table 2). From these we
calculated the POLDER degree of linear polarization:

�P
p
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð�Qp

i =�I
p
i Þ

2 þ ð �U p
i =
�I
p
i Þ

2
q

: ð3Þ

The reasons for also studying this parameter P are (1) it is a
more intuitive parameter than Q and U, and (2) it is not
depending on the reference plane like Q and U, and
therefore less sensitive to remaining differences between the
viewing and solar angles of both instruments. Note in this
respect that polarization is more sensitive to scattering
geometry than reflectance.
[27] The values of �Q

p

i =�I
p

i ; �U
p

i =�I
p

i , and
�P
p

i are considered
to be equivalents of the Stokes parameter ratios and
the degree of linear polarization calculated from the
SCIAMACHY polarization measurements performed by
PMDs 2, 3, and 4 (cf. Table 2). As can be concluded from
Table 2, there are small differences in the central wavelength
and bandwidth of the POLDER and SCIAMACHY polari-
zation bands. The effects of these differences will be dis-
cussed in section 3.6.

3.6. Polarization: Spectral Mismatch

[28] The spectral response functions of the SCIAMACHY
PMDs and the POLDER polarization bands are not the same.
We will now try to provide a rough estimate of the con-
sequences of this spectral mismatch for the polarization
comparison presented in section 4.2.
[29] Figure 3 presents some calculations of the TOA

degree of linear polarization, presented as a function of

wavelength, for a number of surface types. These surface
types include ‘‘desert,’’ ‘‘sand,’’ ‘‘soil,’’ and ‘‘vegetation’’
(from Bowker et al. [1985]) and have a spectrally varying
albedo, as well as three artificial surfaces with constant
albedos of 0, 0.05, and 0.5. The calculations were per-
formed by the radiative transfer model Doubling-Adding
KNMI (DAK) [de Haan et al., 1987; Stammes, 2001] for
typical viewing and solar angles taken from the scene
shown in Figure 1. The surface was assumed to be Lam-
bertian, i.e., completely depolarizing. Aerosols and clouds
were not included in the simulations.
[30] Clearly, the TOA degree of linear polarization is

strongly influenced by the surface type in the model and
shows a strong wavelength dependence. Also, given in
Figure 3 are vertical lines that indicate the sensitivity ranges
of the SCIAMACHY PMDs (dashed lines) and the
POLDER polarization bands (dotted lines). The spectral
mismatch is the largest for PMD 2/443P. Judging from
Figure 3, POLDER band 443P would record a higher degree
of linear polarization than SCIAMACHY PMD 2, by about
0.01–0.03, depending on the surface type.

4. Results of the Intercomparison

4.1. Reflectance

[31] The main result for the reflectance intercomparison
between POLDER and SCIAMACHY is shown in Figure 4.
On the vertical axis, we plot the POLDER reflectances �R

p
i ,

for all nine POLDER spectral bands i; on the horizontal
axis, we plot their SCIAMACHY equivalents Ri

s, calculated
using equation (2). The �R

p

i mentioned here are the spatially
averaged values as described in section 3.3. The intercom-

Figure 3. Spectral variation of the TOA degree of linear polarization for four different surface types,
indicated by the legend, and for three wavelength independent surface albedos of 0, 0.05, and 0.5,
indicated by the gray solid curves. The curves were calculated by the radiative transfer model DAK, for
q = 9�, q0 = 35�, f � f0 = �45�. The surfaces were assumed to be depolarizing. The vertical lines
indicate the sensitivity ranges of SCIAMACHY PMDs 2–4 (dashed lines) and the three POLDER
polarization bands (dotted lines).
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parison was done for 1040 SCIAMACHY forward scan
pixels (5 nadir states), of which 807 were labeled cloud-
free. Backscan pixels were not included in the analysis. In
Figure 4, the cloudy pixels are indicated with gray crosses,
cloud-free pixels with black pluses. The specific differences
between the two types of pixels will be discussed later on. A
linear one-parameter fit to the cloud-free data is also shown.
Its slope m is given along with the standard deviation s
representing the spread of the data.
[32] As can be seen, the correlation between the POLDER

and SCIAMACHY reflectances is linear, but there appears
to be a systematic deviation from the one-to-one line. A
possible viewing-angle dependency, either for the POLDER

or SCIAMACHY data, was not found. Other dependencies,
such as scene dependencies, or latitude/longitude depen-
dencies, were not found either. In particular, the effect of
scene inhomogeneity could be studied by discriminating
between cloudy and cloud-free pixels. Cloudy pixels, in this
case, are pixels that are reported cloudy by POLDER and/or
SCIAMACHY. These pixels may be inhomogeneous, and
their reflectances are likely to vary during the time interval
between POLDER and SCIAMACHY overpasses. Pixels
labeled cloud-free therefore are pixels that most likely
remained cloud-free. Figure 4 shows that there are clear
differences in behavior. Obviously, the scatter in the data
labeled as cloudy is higher, which can be explained by the

Figure 4. Result of the reflectance comparison: POLDER versus SCIAMACHY, for all nine POLDER
bands. The gray crosses are flagged as cloudy pixels, and the black pluses as being cloud-free. The dotted
line indicates the one-to-one relationship. The solid line represents the one-parameter linear fit to the
cloud-free data. Its slope m is given, along with s, the spread in the data. Note that the results for
POLDER spectral bands 565 and 765 were determined for the SCIAMACHY integration time of 1.0 s
(instead of 0.25 s).
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unstable nature of these pixels in combination with the
time difference between POLDER and SCIAMACHY
overpasses.
[33] The linear fits were based on cloud-free data only

because (1) we achieve a higher accuracy this way, (2) we
want to avoid pixels which might suffer from scene changes
caused by cloud movement in the time period between the
overpasses of POLDER and SCIAMACHY, and (3) we
automatically filter out reflectances over bright clouds
which for some of the POLDER spectral channels (see
Table 2) might cause saturation. We should mention that, as
explained in section 3.4, for the 565- and 765-nm spectral
bands, the SCIAMACHY pixels were larger to ensure a
continuous spectrum over which to integrate equation (2).
This explains why there are less data points and why the
reported accuracy is lower. Additionally, we note that the
measurement at 763 nm may be subject to a systematic error
because for this channel, the integral in equation (2)
includes a strong atmospheric absorption band (O2-A band).
[34] In Figure 5 we plotted the average ratios �R

p

i /Ri
s, for

all nine POLDER spectral bands, determined from the linear
fits in Figure 4, as a function of wavelength. The data points
are indicated by circles. Error bars are given as well. They
were based on the reported errors in the slopes of the linear
fits presented in Figure 4. A first conclusion is that
SCIAMACHY underestimates the Earth reflectance by
10–15% at blue wavelengths, by 15–20% at green/red
wavelengths, and up to �20% in the near-infrared.
[35] Also shown in Figure 5 are the results of inter-

comparisons between SCIAMACHY and other sources.
These sources include the satellite instruments GOME
[Bovensmann et al., 1999] and MERIS [Rast et al.,
1999], and the radiative transfer model DAK mentioned

before. The results, as indicated in Figure 5, can be found
in the work of Tilstra et al. [2005], Acarreta and Stammes
[2005], and Tilstra and Stammes [2006]. The different
methods more or less agree with each other and with the
new results from this paper. The maximum deviation is
5%, not much more than the reported accuracy of the
instruments or techniques involved. One thing worth
mentioning at this point is that the reflectance intercom-
parison between MERIS and SCIAMACHY showed a
noticeable nonlinear behavior for the smaller reflectances
[Acarreta and Stammes, 2005]. In Figure 4 we found a
clear linearity between the reflectances of POLDER and
SCIAMACHY. This suggests that the nonlinearity found in
the MERIS-SCIAMACHY intercomparison was not due to
a nonlinearity present in the SCIAMACHY data.

4.2. Polarization

[36] The main result of the polarization comparison
between the two instruments is shown in Figure 6. On the
vertical axis of each plot, we have POLDER polarization
data, which may be Q/I, U/I, or the degree of linear
polarization P, measured by POLDER spectral bands
443P, 670P, or 865P. On the horizontal axis, we have Q/I,
U/I, or P from SCIAMACHY PMDs 2, 3, or 4. The data
originate from the scene shown in Figure 1 and were
processed according to the method explained in section
3.5. In total, 1040 (forward scan) SCIAMACHYpixels were
involved in the intercomparison, of which 807 were labeled
cloud-free. Cloudy pixels are represented in Figure 6 by
gray crosses, cloud-free pixels by black pluses. As before,
backscan pixels were not included in the analysis. The
intercomparison was performed for the lowest possible IT
available in the SCIAMACHY data, which was 0.25 s for
all pixels involved.

Figure 5. Ratio of the reflectances of POLDER and SCIAMACHY as a function of wavelength
(indicated by circles). The ratios of SCIAMACHY reflectances w.r.t. two other satellite instruments
(MERIS, GOME) are plotted as well, and a ratio based on comparisons with calculations by a radiative
transfer code (DAK) in the UV. The SCIAMACHY data version numbers are also given.
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[37] The solid lines in Figure 6 are linear fits to the data.
From earlier results, we know that the cloud-free data are
more reliable; the linear fits were therefore fitted to these
data only. The intercept m0 and slope m1 of the fits are
given. The spread in the data was calculated and is pre-
sented, where useful, by the standard deviation s. Starting
out with the results for Q/I, we find a reasonable relation-
ship between POLDER and SCIAMACHY for PMDs 2
and 3. The correlation is somewhat better for PMD 3,
which is reflected by the linear fit, which has a slope
closer to 1 (to be precise, 0.91 ± 0.02 for PMD 2 and 0.98 ±
0.03 for PMD 3). Also, the spread in the data (s) is
significantly less for PMD 3 than for PMD 2. Note that for
both PMDs, the spread of the data points around the origin

(i.e., for unpolarized cases) is higher than elsewhere. As for
Q/I from PMD 4, we must conclude that the SCIAMACHY
data processor is failing to present the right values for a large
number of data points. Note that despite the obvious prob-
lems, part of the PMD 4 data do show a similar correlation to
the POLDER data as the other two PMDs.
[38] Looking at the U/I data, we see a different behavior.

For PMD 2, the linear fit has a slope deviating strongly from
one. The linear fit to the U/I data from PMD 3 also deviates
from the one-to-one relationship. PMD 4 is again behaving
the worst, with almost all values showing different behavior
than POLDER. The data of the degree of linear polarization
P emphasize that the data from PMD 3 are following
POLDER better than the other two PMDs. For PMD 2,

Figure 6. Stokes parameter ratios Q/I, U/I, and degree of linear polarization P, measured by POLDER,
versus the same quantities measured by SCIAMACHY. Results are given for the three spectral bands that
measure polarization. The gray crosses relate to cloudy pixels, the black pluses to pixels that were flagged
cloud-free. The dotted lines indicate the origin and the one-to-one relationship. A linear two-parameter fit
is presented for the data related to PMDs 2 and 3 (solid lines). The intercept m0 and slope m1, and the
errors in these, are given. The spread in the data is given by the standard deviation s.
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the problems for unpolarized cases (where P = 0) are much
clearer than before. Also, note the difference in s between
PMDs 2 and 3, again stressing the better results for PMD 3.
The result for PMD 4 shows again that part of the data
produce the right behavior, while many outliers are found as
well.
[39] The accuracy of the POLDER polarization values

was reported to be �0.01 [Toubbé et al., 1999], which
leaves very little room for explaining the deviations found.
In the SCIAMACHY data product, the reported errors for
PMDs 2 and 3 are typically 0.01–0.02 for Q/I and 0.1–0.2
for U/I. For PMD 4, the reported errors are �0.01 for Q/I
and �0.04 for U/I. Given the results from the polarization
intercomparison, we must conclude that the reported errors
in the SCIAMACHY data product are not representative for

the actual errors found in the polarization data because of
insufficient quality of the polarization product present in
SCIAMACHY data processor version 5.01.
[40] To further study the SCIAMACHY polarization data,

we present in Figure 7 another way of analyzing polariza-
tion data. On the vertical axis of the plots, we present Q/I,
U/I, or P, obtained from measurements by SCIAMACHY
PMDs 2, 3, or 4. On the horizontal axis, we plot the same
quantities, but now calculated for a Rayleigh single scatter-
ing atmosphere without surface reflection. Plots like these
are very useful for a quick verification of the polarization
data because for atmospheric polarization in normal cases,
we should find P < Pss [see, e.g., Krijger et al., 2005] and
similar relations for Q/I and U/I. With these inequalities in
mind, the nine scatterplots of Figure 7 can be divided into

Figure 7. SCIAMACHY polarization quantities Q/I, U/I, and degree of linear polarization P, measured
by PMDs 2, 3, and 4, versus the same quantities calculated for a Rayleigh single scattering atmosphere
without surface reflection. Gray crosses relate to cloudy pixels, black pluses to cloud-free pixels. We
distinguish between ‘‘likely’’ and ‘‘unlikely’’ domains in the scatterplot (see text). The ‘‘unlikely’’
domain is indicated by the gray color. For PMD 4, and to a lesser degree also for PMD 2, many data
points are found in the ‘‘unlikely’’ regime.
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two types of regions, one in which the polarization values
are likely to be found (the ‘‘likely regime’’), and one in
which values are not expected to be found (the ‘‘unlikely
regime,’’ which was given a gray color in Figure 7).
[41] Exceptions to this rule of thumb are found in sunglint

and rainbow situations. However, for the present data, these
situations should not occur, and we therefore do not expect
a violation of this simple check, at least not for a significant
part of the data. Starting with PMD 3, we find that most data
points indeed do pass the sanity check, for Q/I, U/I, and P.
For Q/I, however, the values near the origin of the plot
slightly leave the likely regime, in a way that suggests that
there may be an offset problem in the calculation of the
Stokes parameter ratios. Also, U/I from PMD 3 clearly
shows that some values with P � 0 (low-polarized cases)
are found to be exactly equal to the single scattering value,
which is a very unrealistic coincidence.
[42] When looking at Q/I and P for PMD 2, we find more

data points than for PMD 3 violating the simple sanity
check. This is especially the case for low-polarized situa-
tions (where P � 0). For PMD 4, the behavior is even more
suspect, with more points in the unlikely regime, and more
proof for ‘‘offset problems’’ in Q/I, U/I, and P. The plots
shown in Figures 6 and 7 are in fact quite generic and were
reproduced when focusing on other scenes than the one
presented in Figure 1. We therefore conclude that the
SCIAMACHY polarization data for PMD 3 are working
for most cases, but that the polarization data from PMDs 2
and 4 are lacking quality.

5. Discussion and Interpretation of the Results

[43] The correlation between the SCIAMACHY and
POLDER Earth reflectances, shown in Figure 4, is good:
The internal spread of the data points around the linear fit
(s) is small, despite the fact that the individual data differ in
geometry and scene type. For all wavelengths, there is,
however, a systematic underestimation of the reflectance by
SCIAMACHY by 10–20%, depending on wavelength. We
attribute this to calibration problems of SCIAMACHY.
[44] As for the polarization comparison shown in Figure

6, the quantities derived from PMD 3 show a very reason-
able agreement with those from POLDER’s polarization
channel 670P, but for PMDs 2 and 4, the agreement is less
good. Remarkably, there appear to be polarization data that
behave as expected, while other data points show wrong
values.
[45] Using the results from section 3.6, we now consider

if the disagreements could be (partly) due to the spectral
mismatch of the polarization bands of the two instruments.
According to Figure 3, SCIAMACHY PMD 2 would
always record a somewhat higher degree of linear polariza-
tion than POLDER spectral band 443P. However, according
to Figure 6, and if we ignore the points around the origin
which are clearly wrong, the POLDER values of P are just a
little smaller than the SCIAMACHY value and not larger.
So the spectral mismatch cannot be the cause the difference.
Also, it should be mentioned that the presented simulations
are quite pessimistic cases for estimating the effects of the
spectral mismatch because polarizing aerosols were not
included in the calculations. If they had been included, they
would have flattened the curves in Figure 3 [see, e.g.,

Schutgens et al., 2004], thereby reducing the consequences
of the mismatch between POLDER and SCIAMACHY
polarization bands. Note also that for PMD 4, the mismatch
is much smaller than for PMD 2, while the problems for
PMD 4 are clearly larger. We therefore dismiss this spectral
mismatch as a possible explanation for the disagreement
between POLDER and SCIAMACHY in the polarization
comparison.
[46] Instead, we find indications of what we called ‘‘offset

problems’’ for all PMDs. This could point to a wrong
calibration of the PMD signals. Also, we find that some
of the data points are showing (numerically) the same value
for U/I as the single scattering model. This is rather suspect.
A plausible explanation for this phenomenon came to
our attention recently. Because of the lower sensitivity of
SCIAMACHY to Stokes parameter U, the retrieved U/I
values are generally less reliable than the retrieved Q/I
values. In fact, U/I values that after calculation are found
to be in the ‘‘unlikely’’ regime [cf. section 4.2, where U/I >
(U/I)ss] are being set equal to the single scattering value
(U/I)ss by the SCIAMACHY data processor (S. Slijkhuis,
personal communication, 2006). However, this only
explains the origin of the errors for a small fraction of
the data points.

6. Summary and Conclusions

[47] In this paper, we presented new work on the valida-
tion of the radiometric calibration and polarization detection
of the spectrometer SCIAMACHY. The validation relied on
a careful comparison of the SCIAMACHY reflectance and
polarization data with those of the imager POLDER. The
POLDER instrument is well calibrated and, as such, may
serve as a reliable reference for the actual Earth reflectance
and polarization. More importantly, by virtue of the unique
measurement design of POLDER, it is possible to find
POLDER data that are able to mimic the SCIAMACHY
observation geometry. This allows an accurate comparison.
[48] Our analysis clearly shows that SCIAMACHY sys-

tematically underestimates the Earth reflectance by as much
as 10–20% in the wavelength range 400–1000 nm (soft-
ware version 5.01). This outcome is supported by previous
studies, based on different techniques, which provided
comparable numbers. No dependence on viewing angle,
latitude, longitude, scene, or instrument signal was found. In
particular, we found no proof for a possible nonlinearity in
the SCIAMACHY reflectance. All this combined leads us
to conclude that the source of the current reflectance error is
most likely an imperfect on-ground radiometric calibration
of the instrument.
[49] The verification of the SCIAMACHY linear polari-

zation for the first time revealed the magnitude of the error
of the SCIAMACHY polarization data from PMDs 2, 3,
and 4. For PMD 3, and to a lesser degree also PMD 2, the
polarization quantities are of reasonable quality. We find,
however, that SCIAMACHY’s polarization product is seri-
ously lacking quality for PMD 4. To illustrate the impact of
the current state of the polarization on the reflectance, the
typical polarization errors encountered in Figure 6, reflected
by the standard deviation s for PMD 2/3 and by a bias of
�0.1 for PMD 4, would lead to errors in the reflectance of
2% at 500 nm, 1% at 700 nm, to 3% at 900 nm.
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[50] In conclusion, the current SCIAMACHY level-1 data
(software version 5.01) suffer from calibration errors. This
applies to both the radiance and polarization products. The
approach of this study may also be interesting for the
validation of new polarization measuring satellite instru-
ments, such as Polarization and Anisotropy of Reflectances
for Atmospheric Sciences coupled with Observations from a
Lidar (PARASOL), GOME-2 on the MetOp satellite,
launched on 19 October 2006, and Aerosol Polarimetry
Sensor (APS) on the future Glory mission.
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