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Abstract. In this paper we present the first contiguous high-1 Introduction

resolution spectra of the Earth’s polarisation observed by

a satellite instrument. The measurements of the Stokes frac-

tion Q/I are performed by the spectrometer GOME-2 on- Measurements of the atmospheric state of polarisation form
board the MetOp-A satellite. Polarisation measurements by@n important addition to knowledge of the intensity of the
GOME-2 are performed by onboard polarisation measurebackscattered sunlight as it completes the description of
ment devices (PMDs) and the high-resolution measurementiie top of atmosphere (TOA) signal and (therefore) enables
discussed in this paper are taken in the special “PMD RAW"a more accurate retrieval of atmospheric properties and con-
mode of operation. The spectral resolution of these PMmDstituents Mishchenko and Travjsl997. A good example
RAW polarisation measurements varies from 3nm in theOf this is the retrieval of aerosol properties over land made
ultraviolet (UV) to 35nm in the near-infrared wavelength POssible by measurements of polarisation performed by the
range. We first compare measurements of the polarisatio OLDER Deschamps et al1994) instrumentsDeuze et al.
from cloud-free scenes with radiative transfer calculations200% Hasekamp and Landgra#f007 Tanré etal.2011). The

for a number of cases. We find good agreement but alsé’OLDER instruments were designed to measure the state of
a spectral discrepancy at 800 nm, which we attribute to repolarisation for the purpose of improving retrieval possibili-
maining imperfections in the calibration key data. Secondly,!es-

we study the polarisation of scenes with special scattering ge- There are also instruments that measure the state of polari-
ometries that normally lead to near-zepg 1. The GOME-2 sation primarily for the purpose of improving their radiomet-
polarisation spectra indeed show this behaviour and confirnfic calibration. Examples are GOMBJ{irrows et al. 1999,

the existence of the small discrepancy found earlier. Thirdly, SCIAMACHY (Bovensmann et 811999, and the GOME-2

we study the Earth polarisation for a variety of scenes. ThisinstrumentsCallies etal.2000 onboard the MetOp range of
provides a blueprint of2/I over land and sea surfaces for satellites. The spectral detectors of these instruments, which
various degrees of cloud cover. Fourthly, we compare theare responsible for the detection of the Earth radiances, are
spectral dependence of measurement3 af in the UV with not only sensitive to the intensity of the detected light, but
the generalised distribution function proposedSshutgens also to its polarisation. Knowledge of the state of polarisation
and Stamme£20032 to describe the shape of the UV polari- is therefore required to be able to perform a correction for
sation spectrum. The GOME-2 data confirm that these funcihe polarisation sensitivitySchutgens and Stammez)03

tions match the spectral behaviour captured by the GOME-4-ichtenberg et a.2006 Munro and Lang2011]).
PMD RAW mode. Essential for both purposes is (good knowledge of) the

quality of the polarisation measurements. Validation of at-
mospheric polarisation measurements is generally speak-
ing more challenging than validation of Earth reflectance
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measurements. For instance, satellite intercomparisons bend5 both present the results of validation studies. The vali-
tween the small fleet of polarisation-measuring satellite in-dation in Sect4 is based on comparisons with model simula-
struments are complicated or even impossible because of thgons. The validation in Seck is based on the use of special
strong dependence of the state of polarisation on the scattegeometries along the orbit for which the Stokes fractipty

ing geometry. A reliable intercomparison would require the is close to zero irrespective of the underlying scene charac-
instruments to record the same footprint at approximatelyteristics. In Sect6 we present high-resolution polarisation
the same time with more or less identical viewing and so-spectra of Stokes fractio@/1 for a range of typical Earth

lar geometries (as in e.@ilstra and Stamme=2007). An- scenes. In Sec we use the high-resolution spectral mea-
other method used for polarisation validation is based onsurements in the UV wavelength range to confirm that the
analysing the polarisation for (the few) special geometriesspectrum of Stokes fractiofi/I can be described well in the
along the orbit for which the state of polarisation can be pre-UV by a generalised distribution function (GDF). The paper
dicted @Aben et al, 2003. Strictly speaking, this only val- ends with a summary and conclusions.

idates the atmospheric polarisation measurements for these

special geometries. Other methods of validation rely on sim- o

ulations based on radiative transfer calculations or employing?  Pefinitions

alternative approaches of polarisation retrievElstra and

Stammes2005. The amount of circularly polarised light reflected by the

. _— arth’s atmosphere is negligibl€¢ulson 1988, and there-
This paper focuses on the polarisation measurements . . : . .
. . . - _fore only linearly polarised light needs to be considered in
the GOME-2 instrument. More specifically, it focuses on its : . ! X
the current context. Linearly polarised light can be described

so-called “PMD RAW” mode, which is a special mode in
which the entire, contiguous spectrum of polarisation is mea—by the Stokes parametefh, 0, U}. These three parameters

sured from 300 to 850 nm with a high to moderate spectralg(r)eog?fmed as followsv@n de Hulst1981 Hovenier et al
resolution between 3 and 35nm. Contiguous spectra of at- '
mospheric polarisation have been rneqsured before over thg _ L+1=Ip + Igp, 1)
(UV=-)VIS—NIR wavelength range with high spectral resolu- O=1Iy—1, = Iy —1I @
tion (Aben et al, 1999 Boesche et al2006). However, these I A S
measurements of the scattered skylight were performed usV = /45 — I135, 3)
Ing ground—basgd mstrument;. Al.l of thg satellite mstrur_nentswherel is the total intensity of the light an@ and U to-
that were mentioned earlier in this section perform their po-

I . . ether contain all the information about the linear polarisa-
larisation measurements for specific wavelength bands in th S
) . ion. In Egs. 1)—(3) the angles denote the direction of the
spectrum. Other remote-sensing spectrometers exist that dg . . : . .
nsmission axis of a linear polariser, relative to some ref-

measure contiguous polarisation spectra, such as the GOSA . .
instrument Kuze et al, 2009, but only in specific small erence plane. In this paper, and for GOME-2, this reference

RAW mode is the first instrument that observes the Earth 9 P 9

polarisation at the TOA over the entire UV-VIS—-NIR wave- _t|on. The Stokes parametg@andU can "?"SO be exprgssed
length range. in terms of the degree of linear polarisati®rand the direc-

The goal of this paper is twofold. First, to introduce the tion of linear polarisatiory (van de Hulst1981):
measurements of polarisation spectra taken by GOME-2 ancb/l — Pcos2 @)
to validate the quality of the polarisation spectra. Validation U/l = Psin2 (5)
of the spectra is not only relevant to applications making use o X
of the measured spgctr_a. It is also a check of the calib_ration In this representation, the degree of linear polarisafion
of the normal polarisation measurements, as the radiometynq the direction of linear polarisatignare defined as
ric calibration data used for the normal polarisation mea-
surements has been partly derived from PMD RAW mea-p — /021 y2/1; tan2 = U/ Q. (6)
surementsl{ang 2010. Secondly, we want to present the
first measured contiguous polarisation spectra taken from The normalised quantitie® /I and U/I are referred to
the TOA and present (measured) blueprints of atmospherias Stokedractions The direction of linear polarisation
polarisation for typical Earth scenes under typical circum-is mainly determined by the geometry that defines the sun—
stances. atmosphere—satellite system. A study has shown that it de-

The outline of this paper is as follows. In Se2twe start  viates very little from its theoretical single scattering value
off with a short introduction of atmospheric polarisation in (Schutgens et 3l2004). This means that we can uge~ xss
terms of Stokes fractions. Secti@briefly introduces the in good approximation, whergss is calculated from geom-
GOME-2 satellite instrument, and describes how the PMDetry only. As for the degree of linear polarisatién in gen-
RAW polarisation measurements are performed. Sectlons eral it not only depends on the scattering geometry, but also
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on the properties of the observed scene. Inside strong gaseois80 kmx 40km (across track along track). The sunlit part
absorption bands, e.g. belew300 nm, where ozone absorp- of an orbit track consists of about 11 000 measurement foot-
tion is so strong that single scattering is a good approximaprints. Global coverage is achieved in three consecutive days.
tion, the degree of polarisation does only depend on the scat- The scientific goal of the GOME-2 instrument is to per-
tering geometry, and is given by (e @handrasekhad96Q form global measurements of trace gases in troposphere and

Schutgens and Stamme&902 stratosphere for support of meteorological operations and cli-
mate studies. The list of trace gases currently retrieved in-
o 1-coso ’ ) cludes ozone, N§g) BrO, S@ and HCHO. Next to these
1+ A+cog® gases, GOME-2 also monitors aerosol presence and retrieves

where ® is the single scattering angle, aad=2p,, /(1 — cloud information.

pn) is a correction factor for depolarisation due to molecular
anisotropy. The parametgy, is the depolarisation factor for
natural light which may be calculated directiyafi de Hulst
1981) from the reported values of the King correction factor
Fx found in, for instanceBates(1984. At 300 nm, Fx =
1.055 leading tqv, = 0.03178. The correction factax thus
amounts to 0.0656 at this wavelength.

In this paper, the Earth’s reflectance is defined as

3.2 GOME-2 polarisation measurements

The GOME-2 instrument is, like its predecessors GOME-1
and SCIAMACHY Bovensmann et 311999, not only sen-
sitive to the intensity of the detected light, but also to its
state of polarisation. Other instruments such as OMI (Ozone
Monitoring Instrumentl_evelt et al, 2006 are equipped with

a polarisation scrambler to remove the instrumental polarisa-
_nl (®) tion dependence. For the GOME-2 instrument the polarisa-
" oE’ tion sensitivity is corrected for in the on-ground processing.

. ) _ For this purpose, the response of the spectral channels to both

whereZI IS tlhe raclilancg reflected by the Earth atmosphere (inpe intensity and the polarisation of radiation was measured
Wm™sr=nm™), E is the incident TOA solar irradiance  qring on-ground calibration campaigns. This in principle al-

. . _1 .
perpendicular to the solar beam (in W fmm 7). anduois |ows a correction, provided, of course, that the polarisation of
the cosine of the solar zenith anglg The viewing zenith 4 incoming light is known.

R

angle is denoted & the relative azimuth angle gs— ¢o, Knowledge of the state of polarisation of the incident radi-

and the single scattering angle@s ation is therefore essential. For this reason, the GOME-2 in-
struments were equipped with two additional detector arrays

3 Description of GOME-2 to measure the paral_lel _comp(_)nd[ptand the perpendicular
component/; of the incident light. From Eqsif and @)

3.1 Instrument it follows that Stokes fractio® /I can be determined from

these. Stokes fractioti/I is not known, but GOME-2 was

The spectrometer GOME-2Cgllies et al. 2000 was  designed in such a way that the dependenc¥ phis much
launched on 19 October 2006 onboard the MetOp-A satellitesmaller than the dependence @ri. Moreover,U/I is not
The MetOp-A satellite is kept in a polar sun-synchronous or-neglected but scaled 19/1 using the theoretical single scat-
bit at an altitude of 800 km, with a local crossing time of the tering ratio(U/Q)ss (Munro and Lang2011).
equator of 9.30 a.m. for the descending node. MetOp-A was The two detector arrays on board GOME-2 are officially
launched as the first satellite in a series of three Meteoro<called polarisation measurement devices (PMDs). PMD-p
logical Operational (MetOp) satellites. The second satellitemeasures the parallel compondptand PMD-s measures
platform, MetOp-B, was launched successfully in Septem-the perpendicular componenht. Both PMD-p and PMD-s
ber 2012, and placed in the same orbit as MetOp-A but withconsist of 1024 detector pixels, of which 256 can be read
a head start of 50 min (half an orbit) on MetOp-A. The third out to produce radiance spectra theoretically spanning the
MetOp satellite, MetOp-C, is scheduled to be launched inwavelength range 300—1200 nm. In practice, the useful wave-
2017. All three MetOp satellites host identical versions of length range is limited to 300-850 nm. The integration time
the GOME-2 instrument. (IT) of the PMDs in this mode is 23.4 ms and the associated

GOME-2, like its predecessor GOME (in this paper also footprint size in the forward scan amounts to 10 krdOkm
called GOME-1 for clarity) on the ERS-2 satellitBu(rrows (across track along track). This is eight times smaller than
et al, 1999, measures the sunlight reflected by Earth in the typical footprint size of the main science channels.
the wavelength range between about 240 and 790 nm, with In the normal mode of operation, the detected polarisation
a spectral resolution (FWHM) ranging from 0.2 nm inthe UV spectra araottransferred down to Earth. Instead, the spectra
to 0.4nm in the NIR. The instrument scans the Earth fromare down-linked in 15 programmable spectral bamdsr(ro
east to west in 4.5s and back in 1.5 s by rotating an internahnd Lang 2011). This reduces the data rate consumption.
scanner mirror. The orbit swath sensed this way is 1920 kmThe current definition of these 15 PMD bandlsiuig 2010
wide. The typical measurement footprint in the forward scanis given graphically in Figl. Here the top bar shows the
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GOME-2 PMD-p and PMD-s detector array 7. Determine the viewing and solar angles.
PMD band definition: detector pixels 8. Calculate the single scatteriny / Q)ss ratio.
| I] 9. Determine the Mueller matrix elements (MMES).
1 64 128 192 256 10. Calculate Stokes paramet@r/ I using Eq. (167) (PGS-
7.0).

PMD band definition: wavelength

11. Calculate the radianckusing Eq. (216) (PGS-7.0).

Steps 1-7 are already performed for the PMD RAW data
300 nm 600 nm 900 nm 1200 nm inside the GOME-2 level-1b product. The MME key data can

. . . , be found in the GOME-2 level-1a product. The version of the
Figure 1. lllustration showing the spectral coverage of the fifteen level-1 data which we used was version 5.3. In this paper, we
GOME-2 PMD bands, on the PMD detector arrays (top bar), and - !
on the wavelength grid (bottom bar). The PMD RAW mode in prin- only present data fr(?m 2007 and 2008. Pata from later years
ciple covers the entire GOME-2 wavelength range between 300 andnay be affected by instrument degradation.

800 nm with a spectral resolution ranging between 3nm in the UV
up to 35nm in the NIR.

4 Case studies and radiative transfer simulations

definition of the PMD bands in terms of the PMD detector In this section we study the polarisation measurements that
pixels that make up a PMD band. The bottom bar presentgre performed by the GOME-2 instrument in its special PMD
the same but then in wavelength space. Note the many PMIRAW mode. We also study the Earth reflectance that may be
bands located in the UV Wave|ength range. This is a hugederived from the PMD measurements in this SPECia| observa-
improvement over the GOME-1 situation, where only threetion mode. We do this for a number of cases, and we compare
broadband PMD bands were available for the entire UV=NIRthe results with simulations performed by a radiative transfer
wavelength range. model. As mentioned before, the PMD RAW mode is only
However, this paper is not concerned with the GOME-2 active for one orbit per month, and the orbit paths of all PMD
polarisation measurements that are performed in the normd®RAW mode orbits collected so far have been nearly identical.
mode of operation. Our interest is in the so-called “PMD In each of the three panels in Figthe associated orbit swath
RAW” mode in which the full polarisation spectrum is mea- is drawn over the region containing Northern America. The
sured. Employing this mode could only be achieved within locations of three scenes that will be studied are indicated by
roughly the same data rate by reducing the spatial coveragdhe three white circles.
only every 16th spectrum is actually down-linked, and the 15 The three panels in Fi®2 each have a background that
spectra before that are discarded. As a result, the footprintepresents the Lambert-equivalent reflectivity (LER) of the
size is the same as it is for the normal operation mode. Onlysurface at 772nm for the month May, determined from the
one orbit per month is observed in PMD RAW mode. GOME-1, MERIS, and GOME-2 instruments, respectively
The PMD RAW spectra that are contained in the GOME-2 (Koelemeijer et al. 2003 Popp et al. 2011). The surface
level-1b data product are those recorded directly by PMD-pLER is an essential input parameter for the radiative trans-
and PMD-s, and are only partly calibrated. The radiances ander calculations of clear-sky scenes that will be presented in
Stokes fractiong)/I are not given directly, and they have to this section and represents the largest source of uncertainty
be calculated from the PMD-p and PMD-s signals. For this,(see, e.gTilstra et al, 2005 Fig. 4). Clearly, Fig.2 poses
we follow the description given in the Product Generation & Warning that there are large differences between the three
Specification (PGS) documeri(nro and Lang201]) but  surface LER databases.
then adapted to the PMD RAW situation. The steps that are
needed to calculate the radiances and Stokes fractions are: 41 Case 1

1. Determine the raw signals for PMD-p and PMD-s. The first case to be studied is that of scene 1 as defined in
Fig. 2. The scene was observed on 8 August 2007 around

2. Perform a dark current correction. 19:12 UTC and was cloud free at that time. This was checked
3. Correct for pixe|_t0_pixe| gain (PPG) USing AVHRR cloud fraction data, which had been mapped
to the GOME-2 footprints. The scene was observed by the
4. Determine the spectral calibration of the PMDs. last forward-scan PMD RAW measurement inside the re-
5. Perform an etalon correction. spective scan from east to west. In the left panel of Big.
the red curve shows the Earth reflectance spectrum retrieved
6. Correct for stray light. from the PMD RAW measurements, presented as a function
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Figure 2. Geophysical location of the three cases in North America studied in this paper. Case°IN6746.3 W; case 2: 60.4N,

113.6 W; case 3: 67.9N, 146.3 W. All three cases constitute cloud-free scenes over land. The two white curves indicate the edges of the
GOME-2 orbit swath. Each of the three panels contains a different background. This background represents the 772 nm surface LER product
of GOME-1, MERIS and GOME-2, respectively, for the month May. Obviously, there are significant differences which can have a large
impact on the outcome of the simulations performed in this paper.

of wavelength. The green spectrum was calculated by the raproblem, but it is at this point more likely to be caused by
diative transfer code DAK (“Doubling-Adding KNMI")de inaccuracies in the provided surface albedo spectrum.
Haan 1987 Stammes2001). All relevant scene parameters  To verify whether inaccuracies in the surface albedo spec-
that were known were fed to the code. These parametersum could indeed explain the differences between measure-
include ozone column (293 DU, obtained from the TEMIS ment and simulation, we redo our analyses using surface
website,http://www.temis.n), the viewing and solar angles, albedo input from the GOME-2 and MERIS surface albedo
surface pressure, surface albedo and aerosol optical thicknesgtabases. The results are shown in BigHere, the solid
(AQT). and dotted blue curves represent simulation results convolved

The surface albedo was taken from the GOME-1 surfacewith the PMD slit function and based on the GOME-2 and
LER databaseKoelemeijer et al.2003. Aerosol presence MERIS surface albedo databases, respectively. Only above
was introduced by including Lowtran-7 tropospheric aerosol.500 nm are there significant differences. The analysis con-
We assumed an AOT value of 0.03, somewhat smaller tharfirms that inaccuracies in the surface albedo have a large im-
the estimated value of 0.05 which we deduced from AOT pact for the longer wavelengths, and that it is hard to draw
observations made by the nearby AERONET station of “Bo-quantitative conclusions for wavelengths above 500 nm. Be-
nanza Creek”. Note that the surface albedo of the GOME-llow 500 nm the PMD RAW reflectance is found to be accu-
surface LER database may actually partly represent backrate within 2 %.
ground aerosol as aerosol presence was not filtered out in We now shift our attention to the PMD RAW polarisation
the surface LER retrievaKpelemeijer et al.2003. Further-  measurements. The right panel of Fpresents the spec-
more, to get an as good as possible comparison, we includettum of the measured Stokes fractighy I (in red). The po-
not only ozone absorption, but also absorption by oxygenlarisation spectrum shows a lot of detail. The green horizon-
(02-02, O2-A, and &-B band) and water vapour. From the tal lines indicate the situation of unpolarised light, for which
left panel of Fig.3 we conclude that there is a reasonable Q/I = 0, and the situation of singly scattered light, for which
agreement between the measured spectrum and the simulat&y/ 7 = (Q/I)ss For most of the wavelengths, the measured
spectrum, especially in the UV, below 450 nm. Above this Stokes fraction is found to lie in between these two limits, as
wavelength there is certainly some disagreement. one would expect based on considerations givelrijger

To try to understand the differences between measureet al.(2005. For part of the wavelength range, however, this
ment and simulation, we improve the simulated spectrum byrule of thumb is violated, because of multiple scattering of
taking the slit function of the GOME-2 instrument into ac- the light. To further study the spectrum, we plot the simu-
count. The response functions of the PMD detector pixelsated Stokes fraction spectrum (in green) and also the three
are known and the simulated DAK spectrum was convolvedconvolved versions (in blue). The conclusion is that there is
with these (wavelength dependent) slit functions. The resulta good agreement between the measured and the simulated
is the dashed blue curve shown in F3gAs can be seen, the polarisation spectra for all wavelengths. The spectrum nicely
features around the/2A and water vapour absorption bands demonstrates the depolarising effect of the surface (albedo)
are described accurately by the simulated spectrum. Howen the Stokes fraction. A feature is present in the polarisation
ever, the result still points to a quantitative disagreement bespectrum around 800 nm. Note that the simulated spectrum
tween measurement and model. This could be a calibratiomlso violates the rule of thumb mentioned earlier.
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Figure 3. Earth reflectance (left panel) and polarisation Stokes fragdiph (right panel) derived from GOME-2 PMD RAW mode measure-

ments for case 1 in Fi@ (in red). The green curves represent the high-resolution simulated reflectance and polarisation spectra, based on
surface albedo input from the GOME-1 surface LER database. The dashed blue curve represent the same, but convolved with the PMD silit
function. The FWHM of this slit function typically ranges between 3 nm in the UV up to 35 nm in the NIR. The solid and dotted blue curves
also represent convolved simulation results but for these simulations the surface albedo input was taken from the GOME-2 and MERIS
surface reflectivity databases, respectively. The two horizontal green lines in the right panel indicate the unpolarised situation, for which
Q/I =0, and the single scattering situation, for whighi7 = (Q/I)ss

4.2 Case? a maximum disagreement of 0.05. This maximum disagree-
ment is found for the longer wavelengths (above 650 nm),

The reflectance spectrum that was measured for scene 2 fd i perhaps caused by the fact that we have a Lambertian
shown in the left panel of Figd, again in red. This time (non—p_olarlsmg) surfacgmc_:luded in the simulations. This un-
the scene was observed by the first forward-scan PMD R anderestimates the contribution of the surface to the TOA po-
measurement inside the scan from east to west, leading to agfsation. However, the non-Lambertian (polarising) nature
entirely different scattering geometry than for scene 1. TheP! the real surface cannot explain the feature that is found
difference with respect to the spectrum of Fgis mostly aro_und 800 nm. The existence of thls_ feature is pointing to
caused by a difference in surface albedo, though. The simu@ discrepancy in the GOME-2 calibration key data.

lation results that are represented in Hdpy the blue curves 43 Case3

were all convolved with the PMD slit function, but differ-

ent surface albedo spectra were used in the radiative transfef,q results for scene 3 are shown in FsgThe scene was
calculations. The dashed curve represents the case calculatgflceored by the westernmost PMD RAW measurement in-
with the GOME-1 surface LER, the solid curve was calcu- e the scan. For the reflectance we find good agreement
lated using the GOME-2 surface LER, and the dotted oneyih the simulations based on the GOME-1, GOME-2, and
using the surface albedo from the MERIS database. CleafeRr|s surface albedos. Deviations are very small in the UV,
from Fig. 4 is that the particular choice of surface albedo in- | ¢ go up to 0.05 in the visible wavelength range. These de-
put for the radiative transfer model (RTM) is essential at the,itions are explained completely by the uncertainty in the
longer wavelengths (say, above 400nm). Apparently, thergiface LER spectra used. For the scattering geometry at
are quite some differences in the surface albedo databasggng, the degree of polarisation is modest. The simulated and
(such differences were visualised already in Bg.From  measuredp/ 1 are close together for each of the three sur-
the comparison between the GOME-2 measured and simug,ce alhedo input spectra. The GOME-2 surface LER seems
lated reflectances we have to conclude that there seems {8 generate the best results. There clearly is a wavelength-
be a satisfactory agreement when we take into account th§enendent difference between measurement and simulation.
uncertainty in surface albedo. _ This small difference (of up to 0.02 i®@/I) may be ex-

We now look at the spectrum of the Stokes fracti@/  pjained by inaccuracies in the (assumed) surface albedo, or it
which is given in the right panel of Figt. Because of the 5y e partly a consequence of the Lambertian (unpolarised)

difference in scattering geometry, the shape of the polarg tace reflection. Note that the feature around 800 nm is
isation spectrum is very different from the one shown in again present in the polarisation spectrum.

Fig. 3. The simulated polarisation spectra, convolved with
the PMD slit function and given in blue, are in reason-
able agreement for all three surface albedo inputs. There
is quite a good agreement with the measu@gdl, with
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Figure 4. Earth reflectance and polarisation Stokes fractign measured by GOME-2 for case 2 indicated in Zgin red). The simulated
spectra (in blue) were calculated with different surface albedo inputs (see legend) and were convolved with the PMD slit function. For the
Stokes fractionD /I the agreement between measurement and simulation is good in the UV but less good for the longer wavelengths.
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Figure 5. Reflectance and polarisation spectrum measured by GOME-2 for case 3. The agreement between measurement and simulation i
good for both reflectance and polarisation for all three surface albedo inputs.

5 Special polarisation geometries 135 we end up with a collection of “validation” scenes for
which Q/I should be close to zero irrespective of the value
) . . of the degree of linear polarisatioR (see Eq.4). Strictly
In the previous section the goal was to verify the GOME-2 g0 a1ing "this only validates the subset of measurements and
PMD RAW polarisation measurements by comparison with scattering geometries for whiahl/ I ~ 0. However, a study
simulations. The quality of the simulated reflectance and PO{Tilstra, 2008 has shown that, at least for the GOME-2 PMD
larisation is limited by the uncertainty in the surface albedo'bands, the quality of the /I for these special geometries is

This is especially the case for the longer (visible) wave- comparable to the quality of /I for all scattering geome-
lengths, where the impact of the surface albedo is the Iarges[ries_

Because of this, the focus was restricted to cloud-free scenes In Fig. 6 we present the Earth reflectance of one of the

over land. In this section, we do not use radiative transfergoyve-2 PMD RAW special geometry observations. In this
calculations, but employ a method which focuses on special ;e the scene was selected also based on the grounds that
scattering geometries for which the Stokes fracipff can i a5 |ocated over sea and cloud free at the time of mea-
be expected to be close to zero based on geometrical considyrement. The results of radiative transfer calculations are
erations (seg, for instancében et al,.2003. also given, in the same way as was done for BigThere

Th!s spgual ggometry m‘?th‘?d r(_alles on the kqowledggthageems to be a reasonable agreement. However, at 750 nm
the direction of linear polarisatiop in most situations devi- . o<urement and simulation of the reflectance differ from
ates very little from its theoretical single scattering vald¢  o5ch other by more than 0.0% @5 %). In Fig.6 we also
(Schutgens et al2004. This means thatwe Can Uge~ xss  ghow the Stokes fractio /I of the same scene. The sim-

where xss is calculated from geometry onlyfstra et al, ation results are not shown, because accurate modelling
2003. Picking out all scenes for whicjssis close to 45 or
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Figure 6. Left: reflectance spectrum measured by GOME-2 for a special geometry case over the ocean for which we Axpedte

close to zero based on geometrical considerations. The agreement between measurement and simulation is good. Right: polarisation Stoke
fraction Q/I. Here the simulation results are not shown. Instead, the brown horizontal lines indicate the small range in Stokes fractions in
which we expect to find th@ /I measurement. The dashed horizontal lines indicate the 0.01 accuracy level.

in the visible under these conditions (low surface albedo)® > 178 and|cosZs4d > 0.03, where the second criterion
is not possible anyway. Instead, two horizontal brown linesmakes sure that there is no overlap with the special geome-
that indicate theQD =0 and Q0 = (Q/I)ss limits are shown  try observations presented in the left panel of FigA total
and, as explained, the red PMD RAW special geometry meaef 155 backscatter geometry spectra were found. Comparing
surements are expected to fall in between these two limitsthe results with the results in the left panel of Figwe see
Q/1 ~0. This is almost completely the case. Some devia-that there are clear differences. Especially in the UV, below
tion is certainly there, though, and the spectral shape of the- 400 nm, the backscatter observations systematically show
discrepancy resembles the spectral shape of the differencem offset inQ/1.
between measurement and simulation presented in the pre- This discrepancy is, however, not caused by imperfections
vious section, where the measured Stokes fradfigii was  in the GOME-2 data. It is a result of the fact that backscat-
compared with simulated /7. From this we conclude that ter geometries do not always lead to completely unpolarised
the Stokes fractior® /I — of the PMD RAW mode —is suf-  light. To explain, for backscatter situations whére: 6y > 0
fering from detectable radiometric calibration problems. Thethe axis of rotational symmetry (with respect to the scatter-
problems are not large: the accuracy®@f! appears to be ing geometry) makes an angle with the zenith axis, which is
within 0.01 for most wavelengths, which is well within the the symmetry axis of rotational symmetry of the atmosphere.
pre-flight expected accuracy €f0.05. The dashed horizon- In this situation the multiple scattering terms do not cancel
tal lines in Fig.6 indicate the “0.01” accuracy levels. out any more, and the backscattered light at the TOA is not
In the left panel of Fig7 we present the measured Stokes completely unpolarised. This phenomenon is captured well
fraction spectrum for all collected special geometry obser-by radiative transfer simulations. The result of such a (repre-
vations in the years 2007 and 2008. The selection criterissentative) calculation is given by the brown spectrum in the
used werg cos 2sd < 0.005 and® < 175, which resulted  right panel of Fig.7. Therefore, backscatter geometries in
in a total of 470 spectra. The second criterion on the singlegeneral do not always lead to completely unpolarised light
scattering anglé® was added to filter out backscatter geome- and theQ /I to be expected is in general small but not zero.
tries. Also given, in black, is the mean of the spectra, and theNote that a similar effect is present for the special geometry
standard deviation, visualised by the two blue curves. The situations shown in the left panel of Fig. A calculation of
result confirms that there are indeed spectral features preseiit/I for a representative special geometry situation is given
in the Stokes fractions. Further analyses of the data did nohere by the brown spectrum. Taking all this into account ex-
point to a clear dependence on, for instance, viewing angle. plains most of the discrepancies between the two results in
An alternative validation approach is to focus on backscat-Fig. 7. The conclusion is that both approaches point to the
ter geometries. For these situations, wherer 180°, the de-  same systematic spectral features and indicate that the error
gree of linear polarisatio® may be expected to be small on Stokes fractio®/I is below 0.01 for most wavelengths.
based on symmetry arguments, resultin@ify close to zero
independent of the properties of the scene. The right panel
of Fig. 7 presents the measured Stokes fraction spectra for
all collected backscatter geometry observations in the years
2007 and 2008. This time we used the selection criterion
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Figure 7. Left: Stokes fractiorQ /I for special geometries along the GOME-2 PMD RAW orbit for which we exgeft to be close to zero
based on geometrical considerations. The plot shows 470 spectra, their mean, and the standard«deRigtitnStokes fractio@ /1 for

155 backscatter geometries for which we exp@¢f to be close to zero based on symmetry arguments. Brown curves (shifted downwards
by 0.09 for clarity): simulated?/I for a typical special geometry/backscatter geometry, showing that the exg¢feid not completely

equal to zero.

S L R A RN scattering Stokes fractions. The range(iD/I)ss is illus-
08-AUG=2007 loc = {18, 137°W) ocean scenes trated graphically in Fig8 by the horizontal blue bar.
For the spectra an effective cloud fractias is provided
to give an idea of the cloudiness of the scenes. This effective
cloud fraction was calculated for the PMD RAW footprints
in a way similar to that followed in the FRESCO retrieval
algorithm @ang et al. 2008, with the difference that the
retrieval was fed beforehand with the official FRESCO cloud
pressure that was measured for the (eight times) bigger main
science channel footprints. This approach was needed as the
O2-A band is not resolved properly by the PMD RAW mode
measurements, allowing only cloud fraction to be derived for
the smaller PMD RAW footprints.
S e e The nearly cloud-free spectrunaef = 0.01) shows the
30 400 S(VJVZve‘ength?nm) 700 800 200 typical wavelength behaviour of atmospheric polarisation
over a relatively dark surface: just above 300 nm depolarisa-
Figure 8. Stokes fractiorQ /I as a function of wavelength for ocean  tion sets in rapidly caused by the onset of multiple Rayleigh
scenes with vario_u's degrees of cloud 'cor_ltamination_ but OtherWiS%cattering and the increased surface reflection, both made
c_omparable condlt!ons. Th_e numbers |n(_:i|cat<_e effective cloud fracigjp|e by the decrease of ozone absorption. As the wave-
tions. The blue horizontal lines are explained in the text. length increases further, the Rayleigh optical thickness de-
creases further and, because of the low surface albedo, single
Rayleigh scattering is again the dominant process. As a re-
6 Earth polarisation spectra sult, the spectrum moves in the direction of the single scat-
tering limit (Q/I)ssagain.
In this section we illustrate the potential of using the Withincreasing cloud cover (i.e. with increasing), the
GOME-2 PMD RAW mode for the study of high-resolution depolarisation increases, and the curves are positioned closer
Earth polarisation spectra. For this, we study the Stokes fracto the line 0/1 =0 (given in blue). For the longer wave-
tion Q/[ spectrum of a few typ|ca| Earth scenes under typ- Iengths, this effect is Iarger than for the shorter Wavelengths
ical conditions. In F|g_8 we present e|ght scenes observed because of the lower a.tmOSpheriC contribution. At the hlghest
over the ocean with different degrees of cloud cover, buteffective cloud fractiondesr = 0.47) the scene is dominated
with otherwise comparable conditions. The eight observa-entirely by the high reflectivity of the (mainly depolarising)
tions were recorded within a time interval of three minutes cloud layer. The picture shown in Fi§.by the eight traces
(27 scans) and for the exact same scan mirror angle. Therds quite generic in the sense that the traces describe the typi-
fore, the viewing and solar geometries are very similar andcal behaviour of/1 for scenes over the ocean with variable
so are the single scattering angles and the theoretical singleloudiness.

I
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Figure 9. Spectra ofQ/I for scenes over (vegetated) land. Cloud Figure 10. Stokes fractionQ/I for cloud-free scenes over snow
presence varies from one scene to the other. For the rest the sceffiglue), permanent ice (black) and sea ice (red).
properties are comparable. As before, the numbers indicate effective
cloud fractions. For low effective cloud fractions the spectra show
the chlorophyll “bump” at~ 500 nm and the vegetation red edge at feature around 800 nm that was discussed in Séstclearly
~ 700 nm. present in all the spectra presented in Big.
Finally, in Fig. 10 we study the TOAQ/I spectrum of
snow and ice surfaces. More precisely, the surfaces studied

Now we focus on a selection of scenes over land with var-are “snow”, “permanent ice” and “sea ice”. All three scenes

ious degrees of cloud coverage. The result@yy spectra  Were cloud free, and taken at the same scan mirror position
are given in Fig9. Again the scenes were taken at the same@nd within 34 scansx 3min). Clearly, the spectra of snow
position of the scanner mirror. The time interval in which the @nd permanent ice mimic each other in great detail. The sea
measurements were performed was smaller than in the ocedf€ case shows a high@// for wavelengths above 400 nm.
case (8 scans; less than one minute). The range in the calcdis can be explained by the lower albedo of sea ice com-
lated (Q/I)ss illustrated by the blue bar, is a bit larger, due pared to the albedo of snow or pure ice. This leads to a higher
to the higher solar zenith angles. Nevertheless, the scenes afggdree of polarisation as explained earlier. On the other hand,
highly comparable, apart from the (selected) differences inthe surface can also actively contribute to the polarisation of
cloud cover. An effective cloud fractions as indication of ~ the scene. Spectra as in FI) can provide information on
this cloud cover is provided in Fig.for each scene. the polarisation contribution of the snow/ice surface.

In the nearly cloud-free spectrunwf = 0.01) we candis- N conclusion, the GOME-2 PMD RAW mode can provide
cern the typical wavelength behaviour of atmospheric polar-high-quality high-resolution Earth polarisation spectra.
isation over a (mainly depolarising) surface of type “vegeta-
tion” (see, for instanceAben et al, 2003. As in the ocean o o
case, theQ /I spectrum moves away from the single scat- / Parameterisation of UV polarisation

tering value(Q/I)ss as the wavelength exceeds 300 nm, andThe GOME-2 PMD RAW mode provides unique measure-

around 330 nm it slowly starts to bend back. The major dif- ents of the polarisation spectrum at the top of the atmo-

ference compared.to the ocean case is that the surface albe@:ghere. According t&chutgens and Stammg003 the de-
of vegetated land is higher than that of the ocean for wave- T
lengths above about 400 nm. As the surface is mostly depogree of polarisatior® in the UV wavelength range can be pa-

larising, Q1 starts to move towards the unpolarised limit rameterised using a generalised distribution function (GDF).

O . ; . Essentially, the TOA degree of polarisatiéhcan be well
Q/1'=0 again, at a rate controlled mainly by the magni- 4o 0. 4'(in the UV) by the following function:

tude of the surface albedo. In Figwe clearly see th€ /1
spectrum forcef = 0.01 respond to the chlorophyll “bump” P
at~ 500 nm and the vegetation red edge-at00 nm. PO\ = ss ae—(hmrsd/in

Looking at the traces with highets, we see that the Pss—a (1— W) A > Ass,
features introduced by the shape of the “vegetation” albedo
spectrum fade away from th@/7 spectra. The spectra ba- wherex is the wavelength, and, Assand A are in principle
sically start to adopt the shape of tli&/I spectra of the fit parameters. Parameterisations fgg and A1 are, how-
clouded ocean scenes. Note that the (probably instrumentaBver, provided in the referenced paper. As explained in this

A < Ass,

©)
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L R AR AR AR 8 Conclusions
0.2 —— PMD RAW mode 7
[ porometerisation (a = ~0.2, A, = 300.7 nm, &X = 4.2 nm) | The spectra of Stokes fractiop/I measured by GOME-2
L —— GDF fit (a = -0.2, A__ = 300.8 nm, AX = 5.3 nm) , in its PMD RAW mode and studied in this paper are the
0.0 first high-resolution top of atmosphere contiguous polarisa-

r ] tion spectra covering the entire UV-NIR wavelength range
between 300 and 850 nm. The GOME-2 polarisation spectra
may be useful to the validation of polarised radiative transfer
models and to the development of satellite instruments. This
paper started with a validation of the Stokes fraction spectra
using radiative transfer calculations and a method based on
special geometries. From the validation results we concluded
| i that the polarisation spectra are of good qualidy'/ is ac-
b b b b b curate within 0.01 for most wavelengths. There is also room
290 300 310 320 330 340 350 . . .
Wavelength (nm) for improvement — we mention explicitly the feature around
800 nm which points to a systematic error in the radiomet-
Figure 11. Polarisation Stokes fractio@// for scene 2 defined ric calibration and the spectral features that are seen in the
in Fig. 2 (red pgints) and GDF fun.ction. based on parameterisatiorjuv_ The origin of the spectral features in the UV needs to be
(blue curve). Fit parameters are given in the plot. The agreement Surther investigated.
good. Using the high-resolution spectra of Stokes fract@n/
recorded in the GOME-2 PMD RAW mode we studied the
reference, expressions similar to E8) ¢an be written down behaviour of atmospheric polarisgtion for typical scenes over
for the Stokes fraction® /1 andU /1. sea, (vegetate_d) land a_nd _snowllce surfaces. The behaviour
could be explained qualitatively and the measured traces, ob-

the GDF as a description of the UV polarisation originated S€rved for various degrees of cloud cover, provide a concep-
from a study of simulated polarisation spectra. In Riwe tual mpdel of the Earth’s polarisation. As an example of _the
verify the correctness of Eq9)using GOME-2 PMD RAW potential of the PMD RAW mode, we'made use 'of the high
polarisation data. The figure presents the measured Stoke%oeCtral resolyhon in the UV to te;t if the; pplarllsatmn cgn
fraction Q/I already shown in Figd, but now accompa- be descnb_eql in terms of a generalised distribution function
nied by a blue curve which represents the GDF defined in(GDF). This is indeed the case.
Eq. 9). The fit parameters wete= —0.20, Ass= 300.8 nm,
and Ax = 5.3nm. Schutgens and Stamm¢2002 provide  AcknowledgementsThe work presented in this publication was
a recipe for calculating the parametexs and Ax. Follow- financed by EUMETSAT via the O3M SAF. EUMETSAT is also
ing this recipe, using a geometrical air-mass fadtoof 2.9 acknowledged for providing the GOME-2 data. We acknowledge
and a surface albedé of 0.05, we findiss= 3007 nm and the use of AERONET data and thank John R. Vande Castle for
AL = 4.2 nm. The fit based on these numbers is representeﬂis effort in establishing and maintaining the Bonanza Creek site.
in Fig. 11 by the dotted curve. The differences may be ex- Michael Eisinge_r (ESA) is gcknowledged fqr this contribution
plained by the fact that the scene is observed from an offfo the“c.onstructlon and deggn of the polarisation measurement
nadir viewing geometryy{ = 0.65), while the referenced pa- capabilities of the GOME-2 instrument.
per is restricted to scenes for whigh> 0.92. Edited by: C. von Savigny

Nevertheless, the agreement between the GDF and the
measured polarisation spectrum is good, except for the spec-
tral features that are seen in the measured polarisation spe&eferences
trum. These features are not caused by ozone absorption, but
presumably by (i) spectral misalignment between the twoAPen. I., Helderman, F., Stam, D. M., and Stammes, P.: Spectral
PMD detector arrays and (ii) inaccuracies in the radiometric fine-structure in the polarisation of skylight, Geophys. Res. Lett.,

. - . 26, 591-594, do1:0.1029/1999GL900023.999.
calibration. Outside the UV these spectral features are seeRben’ I.. Tanzi. C. P.. Hartmann, W.. Stam. D. M... and Stammes, P:

to disappear. Itis ImporFant to under_stand.the orlgln of these Validation of space-based polarization measurements by use of
spectral features and this should be investigated in the future. , single-scattering approximation, with application to the Global

In summary, the above result confirms that the UV polar-  ozone Monitoring Experiment, Appl. Optics, 18, 3610-3619,
isation spectrum can indeed be described by the proposed doi:10.1364/A0.42.00361@003.
GDF. Bates, D. R.: Rayleigh scattering by air, Planet. Space Sci., 32, 785—
790, doi10.1016/0032-0633(84)90102-8384.
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