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Abstract. We present a comprehensive model that can becalibration sources. As more satellites spent longer times in
employed to describe and correct for degradation of (scanprbit, it became clear that the transmission loss or degra-
mirrors and diffusers in satellite instruments that suffer from dation is dependent on the scan angle (of the scan mirror)
changing optical Ultraviolet to visible (UV=VIS) properties (Krijger et al, 2005k Tilstra et al, 20129. This has been re-
during their operational lifetime. As trend studies becomeferred to as the scan-angle-dependent degradation. This prob-
more important, so does the importance of understanding antbm is becoming more pressing with the increasing number
correcting for this degradation. This is the case not only withof long-term (climate) trend studies.
respect to the transmission of the optical components, but Our hypothesis is that both scan mirrors and surface dif-
also with respect to wavelength, polarisation, or scan-angldusers suffer from a thin absorbing layer of contaminant,
effects. Our hypothesis is that mirrors in flight suffer from the which slowly builds up over time. Many previous studies of
deposition of a thin absorbing layer of contaminant, which such contaminant layers that form on mirrors and/or diffusers
slowly builds up over time. We describe this with the Mueller in space have been performed. However, despite their good
matrix formalism and Fresnel equations for thin multi-layer quality, many authors decided not to publish in peer-reviewed
contamination films. Special care is taken to avoid the con-scientific journals. Studies like e.g. the oneStiegman et al.
fusion often present in earlier publications concerning the(1993 on diffusers, show some organic effluent present, but
Mueller matrix calculus with out-of-plane reflections. The did not allow for the identification of the contaminant. Also,
method can be applied to any UV=VIS satellite instrument.Chommeloux et al(1998 showed the on-ground degrada-
We illustrate and verify our approach to the optical behaviourtion as a result of UV or photon radiation, as deorgiev
of the multiple scan mirrors of SCIAMACHY (onboard EN- and Butler(2007) or Fuqua et al(2004). In-flight studies of
VISAT). contaminant are of course more difficult. Some studies are
collected in an extensive database, which has recently been
made available to the general publ@réen 200J). In sum-
) mary, most of the early satellites suffered from degradation
1 Introduction caused by outgassing. However, the exact identity of the con-
L . . taminant causing the Ultraviolet to visible (UV-VIS) degra-
Almost all optical instruments in space suffer from transmis- dation remained uncleavicMullin et al. (2002 studied the

sion loss due to in-flight degradation of optical Componentsdegradation of SOHO/SEM, and found that they could ex-

and/ot detectors. This transmissionlloss, especially atshorteglain the degradation with a thin layer of carbon forming on
Ultraviolet (UV) wavelengths, can, in the worst case, CauS€e forward aluminium filter. The exact source of the con-
a nearly complete loss of detectable photons, and in Iesse{%minant is unknown, but is suspected to be outgassing of the

cases a strong decrease in the signal-to-noise ratio. Often thgatellite itself. Schiappi et al(2010 attempted in situ mass

transmission loss is corrected by solar calibration, e.qg. byspectrometry with ROSETTA to measure the constituents of

using a diffuser to observe the (assumed stable) sun. HOWt'heir contamination, and found the main contaminants to be

(vater. In addition, organics from the spacecraft structure,

ever, instruments employing scan mirrors often observe thei
scientific targets under different angles than their (in-flight)
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electronics and insulations were identified. Water was also The great value of this model is that it is generally ap-
found in SCIAMACHY, where it was deposited onto the cold plicable and can easily be applied to all satellites, employing
detectors (Lichtenberg et al., 2006). In fact, Earth-observing(scan) mirrors or other reflecting optics suffering from degra-
satellites suffer from degradation, both in throughput anddation due to contamination. The model, once applied, can
in the polarisation and/or scan-angle dependence, such gwovide detailed scan-angle and wavelength behaviour as a
GOME (Krijger et al, 20054 Slijkhuis et al, 2006, MODIS function of time, allowing for accurate correction, which is
(Xiong et al, 2003 Xiong and Barnes2006 Meister and  needed for precise (trend) analyses.

Franz 2011), SeaWiFsEplee et al.2007), VIIRS (Lei et al, In Sect.2, we describe a model for a scan mirror and a sur-
2012, MERIS ([Delwart, 2010, SCIAMACHY (Bramstedt face diffuser. In Sect3, we shortly describe SCIAMACHY,
et al, 20091, and the two GOME-2l(ang 2012 instru- important for our verification. This verification using on-
ments currently in orbit. Most provide an empirical degra- ground measurements is described in S&chA general dis-
dation correction for the data users. cussion follows. Finally, we will draw conclusions on the

Thin layer deposits on mirrors and diffusers have beenmodel with an outlook to its application.
modelled before (e.g. most recentlylbgi et al, 2012); how-
ever, these earlier attempts focus only on transmission loss
and often do not take scan-angle dependence into accourt, Model
and none consider polar|sat|on.. These, hovyever, need_ to bf.l Mueller calculus
considered for a proper description of in-flight behaviour.

This can be done by employing the Mueller matrix formalism | order to model the scan-angle-dependent throughput of
and Fresnel equations. The application of Mueller matrix Cal'mirrors, we employ the well-known Stokes and Mueller cal-
culation in combination with the Fresnel equations requiresg ;s (zzam and Bashayd987 Hecht 1987). The incom-

special care (_:iue to their.diffe.rent mathematical descriptions,ng (partly) polarised light is characterised by a Stokes vector
of polarised light, especially in the case of out-of-plane re-

flections. However, there are many ambiguities in often not
well-defined absolute polarisation frames, in the direction or
handedness in the often ignored circular polarisation, in namy —
ing conventions, or in the application of signs with respect to
frame changes, which often lead to much confusion. There-

fore, in this paper, we go for the first tirhto full detail, and Here, I is the intensity, @ and U describe the two-

present a consistent, well-defined approach to Mueller magimensional state of linear polarisation, andepresents cir-
trix calculation in combination with Fresnel equations, using cyjar polarisation.

detailed illustrations and descriptions to describe the mathe- Any description of polarisation requires an exact refer-
matics and frames. We will show that this approach is in full ance frame definition. In this paper, we use the same refer-
agreement with verification measurements, and is generallynce frame and conventionstdscht(1987. This means that
applicable. _ _ o ~ when looking along the direction in which the light is travel-
As the first paper in a planned series on in-flight mirror |ing positive is found by rotating 45 anticlockwise from
contamination, this initial paper focuses on the mathematical, '\yhile positiveV is defined when th& vector is rotating
modelling of the mirror with possible contaminants. Further ¢ockwise, as shown in Fid.. Note that the rotation and di-
application to in-flight measurements and how to derive op-rection of theE vector is defined in a fixed reference frame
tical properties of in-flight contaminations will be presented o pjane. Many other frame definitions are in use; however,

in a follow-up paper. _ _ these will require different Mueller matrices than those used
This study was initiated to investigate the wavelengthip, this text.

and scan-angle-dependent degradation as observed by SCIA-The Stokes vectof is often split into a total signal part
MACHY, onboard ENVISAT Gottwald and Bovensmann  anq a polarisation vector,
2011, which affects long-term data records. The optical be-

@

< Qo ~

haviour of the scan mirror of SCIAMACHY has been simu- 1
lated based on this model, and was compared with measurer _ ;. | ¢ ’ @)
ments during on-ground calibration and dedicated laboratory u
measurements, which show that the model performs very sat- v

isfactorily under those early on-ground conditions. AnalysesWith q
of in-flight SCIAMACHY contaminations and its behaviour '
over time will also be presented in a follow-up paper.

u, andv the fractional polarisatio®, U, andV with
respect to the total signal.

Any detected signa$ depends on the received polarised
light I and the polarisation sensitivity of the instrument

1pata athttp://www.iup.uni-bremen.de/sciamachy/mfactors/
2To the authors’ knowledge. S=pn-1, ()
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Mirror

L

V=1 s-polarised

\

Q=1
"""" Incident plane or
p-polarised scattering plane
Figure 2. s and p polarisation direction definitions for a reflection.
, P\f;';g‘rg Fig. 2). The p ands frame can be, and often is, coupled
; Y ----- to a Stokes frame in the case of a single reflection, with

S=Q=1andP = Q = —1. However, this is a choice and
can be different, as long as the Stokes frame is rotated be-
fore and after a reflection to theands frame (see Sec®.5

for more details on frame rotations). For example, the mirror
in Fig. 2 would have to be rotated 90n order to match the
frame from Fig.lwith S = 0 = 1.

Figure 1. Stokes vector frame definition used in the paper. Pointing
vector is perpendicular and into the paper (following the light).

with
2.2 Mirror model
=M1 (1,2, us, ua), 4)
. . L ) The generic Mueller matrix for a mirror, defined in the refer-
with M the absolute radiance sensitivity of the instrument o .o trame of Figl, with the angle of incidence of the light
andy., the normalised polarisation sensitivity @fu, andv given byimir and the plane of reflection perpendicular to the

of the instrument, respectively. = 1 direction, is given byAzzam and Bashard987):
Any optical element that modifies the polarised light, such Q 189 4 @987:

as retarders, polarisers, and mirrors, can be describedsas a 4 Mmi(¢mir) =

4 transformation matri@ (known as the Mueller matrix): %(’:z“g) %“sz *’é) 0 0 7
305 —rp) 305 +rp) 0 0 (7)

0 0 [rpllrslcos(A) — |rpllrs|sin(A)

S=p-M-I (®) 0 0 —IrplinlsinA) Irplirlcosa)

~ For polarigation—inser)sitive detectors, the 'first rowMdf  \where the complex reflection coefficiemfsandr, for s- and
is often considered equivalent fq thus removing the need ,_yolarised light are given by the Fresnel equations
for u. However, here we consider a possible polarisation-

sensitive instrument, and choose to emplogxplicitly. e 2
Multiple elements encountered by the light can be de- n2 CoYpmir) —n1,/1— (E Sln(¢mir))
scribed by multiplying consecutive Mueller matrices: 'p =

. (®)
S N MaMaM o 1. © 12 COSimir) +n1\/1— (12 sin(min))

Note that, for Mueller matrix calculations, the first encoun-
tered element by the light is the one farthest right in the for- _ o )2
mula. Matrix multiplication is not commutative, so order is n1COLPmir) —nay/1— (Es'n(¢m'f)>
important. s = 2 ©)

It is always important to define the reference frame both at 1n1COSPmir) ~I—n2\/1 - (% Sin(¢mir)>
the detector and at the source, and to keep track of the frame
at different positions between source and detector, since a The complex indices of refraction of the mirror material
frame rotation might be needed between two optical com-and ambient medium are denoted iy andn1. Note that
ponents when out-of-plane reflections happen. In reflectionsy = ny — ik, with k > 0, with n, the real part and the imag-
the p ands directions are often used. Thepolarisation inary part. This makeg a damping factor, which describes
from “parallel”) is the polarisation in the plane of reflection the absorption of light by metals (se&n Harten et a|2009.
or incidence, whiles polarisation £ from “senkrecht”, Ger-  Note that thes and p directions are given here according to
man for perpendicular) is perpendicular to this plane (seehe conventional definition, witlp in the plane of reflection
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ands perpendicular to this plane. The phase juagn this
coordinate frame is defined as

A = arg(r,) —argry). (10)

On a side note: a perfect reflection is described by

10 0 O
01 0 O

M perfect reflectior= 00 -1 0 I (11)
00 0 -1

The reflection Mueller matrix correctly describes that the
signs of U and V flip. This is a direct consequence of the
fact that the Stokes frame is defined for an observer look-
ing along the beam, so upon reflection, the definitions of left
and right are swapped. This sign changd/oandV can be
achieved mathematically by changing the signs in the lower-
right quadrant of the mirror Mueller matrix (see elller,
2002, or as was done here, by the definitionsfwith r,
andry, which cause a 18Qhase difference for a perfect re-
flection.

Figure 3. Angle definitions used in the mirror model for diffuser
geometries. Solid curves with arrows indicate the light beam of in-
terest with direction; long dashed curves indicate the macro-scale
surface of the diffuser and its normal. Short dashed curves indi-
cate the extrapolated surface and normal of the facet that causes the
The mirror model can also be employed to describe the beSPecular reflection of the light beam of interest. The various random
haviour of a surface diffuser. The roughened surface Con_(mlcro-scale) facets of the diffuser are indicated by the wiggly solid

. . " : . curve. Only facets oriented such that they cause specular reflection
tains many irregularities (or facets) which cause light to bein the direction of the instrument contribute to the signal, dictat-

reflected in various directions, thus decreasing the transmisng relative polarisation behaviour. Unpolarised reflectivity is only
sion in the direction of the instrument. The assumption herea function of the angular distribution of the facets of the diffuser,
is made that for polarisation behaviour, the diffuser can beand the orientation of the diffuser in the light path.

considered to be a large number of small mirror facets. Only

those facets contribute to the signal which are oriented such

that they cause specular reflection of the light into the direc-1999. The change to the model, as presented in Se2f.
tion of the instrument (see Fig). The geometry thus dictates is only in the equations for the reflection coefficientsand
the relative polarisation behaviour, while the unpolarised re-». combined here as an implied and p-specific reflection
flectivity is only a function of the angular distribution of the coefficient®,. We employ a capitak for combined multi-
facets of the diffuser and the orientation of the diffuser in thelayer intensity reflections at a certain interface, which incor-
light path. The Mueller matrix for a surface diffuser is then Porates the direct reflection at the interface and all (multiple)

2.3 Diffuser model

given by reflection from subsequent layers. Note that this is a differ-
. ent approach from that describedvian Harten et al(2009,
M git (@in, Pout) = Mf'f (Pin, Pout) - M mir (i), (12) as we include each extra layer explicitly. The total reflection
) dif ) o coefficient for the bulk or substrate (subscript 4) with refrac-
with the scalan/;" the diffuser sensitivity and tive indexns, the second layer (subscript 3) with refractive
1 index n3, the first layer (subscript 2) with refractive index
$dit = §(¢in + dout), (13)  n2, and the ambient medium (subscript 1) with refractive in-

dexni combined, is given by (see also Figfor a graphical
with ¢in andgeyt both positive angles with respect to the nor- explanation, and Azzam and Bashara, 1987)
mal, andM iy as in Eq.7. Figure3 shows the various angles. )
r12+ Roge(~%%)

1+ r12Rpge(~2%2)"

R = (14)

2.4 Contamination
Our hypothesis is that degrading mirrors and diffusers deWherer;x are thery andr, reflection coefficients between
grade through deposition of thin absorbing layers of contam Media with subscriptg andk, as given by Eqs ) and @),
inant, which change over time. The model was thus extende@"d by

to allow up to two layers with a specified thickness and re- do
fractive index Azzam and Bashard 987 Born and Wolf &2 = 2ﬂ7n200$(¢2), (15)
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with
d:
8 = 2n71n,-cos(¢j), (21)
n vacuum n; 2
! cos¢;) = ,[1— (—’sin(fpi)) ) (22)
ny, dp : contamination n;j
n3,ds i aluminium oxide

R12 can thus be calculated by successively employing
Eqg. 20—(22) for incrementing layerg and j until an ef-
fectively infinite layern +1 (whereR, ,4+1 =1y n+1, @S in
Eq.17) or the desired accuracy is reached.

2.5 Multiple mirrors

Fi_gure_4. Layers and angle definition_s u_sed in the mirror model gome instruments, such as SCIAMACHY, employ multiple
with thickness ;) and complex refractive index ). Left: annota- — goan mirrors, As a result, both polarisation and throughput
ﬂgﬂofﬁr the general case; right: materials for SCIAMACHY appli- change as a function of the viewing angle of each mirror.
' The modelling of the reflection from multiple mirrors may
require the use of rotation matrices. Especially in cases where
the planes of two successive reflections are not parallel, a
n1 2 rotation of the reference frame is needed in order to align the
cog¢o) = ,/1- (n—zsin(dn)) ,

(16) QO =1 direction of the reference frame with thedirection
corresponding to the plane of reflection. The rotation matrix

(218 over an arbitrary angle is given by

r23+raset 7%

1+ rograge(=283)° (17)

Rz = 1 0 0

| 0 cog2y) -—sin(2y)
RMD=1 0 sin2y) cos2y)
d
83 = 27773713008@3), (18) 0 0 0
Using this Mueller matrix withy = 45° changesQ =1
into U = 1. In order to add an optical element with Mueller

(23)

)

ny . 2 matrix M placed at an anglg, one has to rotate the element
codgs) =,/1- n—35|n(¢2) mathematically in line as follows, to get it to align with our
5 frame:
ni .
= \/ 1- (,733'“@1)) : 19 M =R()-M-R(=). (24)
with ¢, the angle of incidence in medium (only ¢1 is For a mirror, where the reflection flips the coordinates, the

needed; the others can be derived as showrthe wave-  back transformation should hence also be mirroteellér,

length of the light, andl, and ds the layer thicknesses of 2002, resulting in

the layers closest to the ambient medium and the substrate,

respe?:ltively. (?Vlrot =R(—y)-M-R(—yp). (25)
To expand the model to any desired number of layers, the . clarity,

total reflectance®; at the top interface of a multi-layer system long as they are then also changed in the rotation matrix.

can be calculated by determining the combined (mmti'layer)Sometimes both definitions are used in the same book, e.g.

reflectance at the interface between the ambient mediurrih Azzam and Bashar@ 987). Note that for polarisation, two
(subscript 1) and the first layer (index 2§10, as done in ' ’

ositive rotations do not equal two negative rotations, due to
Eq. (14). However, Eq. 17) must be expanded to the gen- p d g

X | the handedness of polarisation.
eral case, where the combined (multi-layer) reflectance at Combining the two mirrors can then be written as

the interface between layer or mediunand layer; (with

note that all rotation signs can be swapped as

J=i+1), namerRivj' is given by M mir (Pmir1, Pmir2) =
rij+ Rjje1e~280) R(=ymir2) - M (¢mir2) - R(=¥mir2)
Rij = 147 Rj’j_ﬂe(—zisj) ’ (20) R(=ymir1) - M (¢mir1) - R(=¥mir1). (26)
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Each rotation is with respect to the Stokes frame of the It has been shown that these polarisation properties can not
light incident on the optical element. This allows changing be described using the Fresnel equations for bare aluminium
from e.g. an external frame to an instrument frame and vicgBurge and Bennettl964). Attempts to fit measured instru-
versa by adding the appropriate rotation matrix. When em-mental polarisation to an aluminium model lead to unrealis-
ploying two mirrors, the angle of incidence on the secondtic pseudo-indices of refractiols@nkarasubramanian et,al.
mirror depends on the angles at which the mirrors are rotated 999 Joos et al.2008.
with respect to each other. An example of modelling two mir-  Indeed, this bare aluminium model is incomplete, since the
rors applied to the case of SCIAMACHY will be shown in instant an aluminium mirror is exposed to air, an aluminium
the next section. oxide layer a few nanometers thick starts growing on its sur-

face. This phenomenon, as explained theoreticallyMojt
(1939, was measured using microscopy and spectroscopy
3 SCIAMACHY by Jeurgens et a{2002. Mueller matrix ellipsometry byan
Harten et al(2009 showed that the mirror polarisation can
The SCIAMACHY (Gottwald et al. 2006 calibration con-  be described by & 4.12+0.08 nm aluminium oxide layer on
cept (Noél et al, 2003 builds on a combination of on-ground top of bulk aluminium, where the layer grows asymptotically
and in-flight calibration measurements. The on-ground cali-to the final thickness within the first 10 days. This is also
bration measurements were split up into ambient measureReeded to describe the aluminium mirrors in SCIAMACHY
ments comprising the scanner unit only, and thermal vac-adequately.
uum (TV) measurements using the entire instrument. View-
ing angle dependence for the on-ground calibration data i$-2 SCIAMACHY geometry

derived from the ambient measurements, while the remain- . .
der of the calibration information is derived from the TV The SCIAMACHY scanner (Figb) consists of two mecha-

measurements. For in-flight conditions, the combination of MISMS, eaqh contamln‘g a mirror V\."th a diffuser on the back.
ambient and TV data is essential. The elevation scan mirror (ESM) is needed for all measure-

Unforeseen instrumental polarisation behaviour, most™eMt modes and contains the main diffuser. The azimuth

likely caused by thermally induced stress birefringence Of_scalndmirrorr] (ASSM) Is onIySuseg_]ifn limb m%asurre]menst mod((aj,
one of the optical components in the instrumeri€| 2000, including the Sun over ESM diffuser mode. The ESM an
required the initial calibration approach to be extended, wit

hASM can be set at any angle.
additional on-ground polarisation characterisation of the in- SCIAMACHY has a geometry where detector and both
strument. mirrors are in the same plane, but with a perpendicular ro-
Shortly after launch, discrepancies between the observelfion axis (see Figs). Let e, be the rotation of mirror
and expected signals were observed, and subsequently sign

round its axis, with 45mirror rotation resulting in the light
icantly reduced by means of ad hoc sign changes of selecte ging reflected at 90 For the ESM (employed for both the
polarisation calibration parameters. This solution was con-

nadir and limb scans), the angle of incidence towards the de-
sidered acceptable for the time being, and worked well fortector is equal to the rotation of the ESM on its axis:
nadir viewing geometry, but needed additional workarounds¢ Yy 27)
for limb geometry. Here however we will now employ a ESM = HESM:
more fundamental approach. Our method is consistent in When choosing the Stokes reference frames optimally

poth nadir and limb, as we now describe the various mirrors(namelys = 0 = 1 for the ESM), the nadir case is very sim-
in the same frame. ple:

3.1 SCIAMACHY mirrors Mggtdir: M (bEsm). (28)

Aluminium mirrors are known to induce instrumental polari-  For |imb observations, the situation is a bit more compli-

sation when used at non-normal incidence (€lgessen and  cated, because one has to account for the different orientation
Broglia, 1959. Such mirrors however are often used in tele- of the planes of reflection of the ESM and ASM with respect
scope mirrors, as onboard SCIAMACHY. This phenomenonyg the Stokes reference frames of the incoming and outgoing

is caused by differential reflection between polarisation injight. The rotation angle between the plane of reflection of
the plane of incidence and polarisation perpendicular to it, aghe ESM and the ASM is given by

described by the Fresnel equations. The amount of polarisa-

tion depends on the mirror material, angle of incidence, andyxsy_, esm = /2 + arcsincot(gmir1) - tan(2pmir2)).  (29)
wavelength. For instance, reflection off an aluminium mirror

at 45 turns unpolarised visible light into 3 to 4% polari-  Also, the ASM must be placed at a very specific angle in
sation perpendicular to the plane of incidengan Harten  order to reflect the light onto the ESM and then the detec-
etal, 2009. tor/instrument slit. The required angle of incidence on the

Atmos. Meas. Tech., 7, 33873398 2014 www.atmos-meas-tech.net/7/3387/2014/



J. M. Krijger et al.: Mirror contamination | 3393

4 \ferification

< Combining Mueller matrix formalism with the Fresnel equa-
tions requires, especially in the case of out-of-plane reflec-
tions, a precise definition and bookkeeping of mathematical

N signs and conventions. In particular, this applies to the ab-
OBM ASM \ ESM solute polarisation frame, to the rotations between frames
before and after reflection, to the handedness of circularly
Figure 5. Schematic view of SCIAMACHY multiple mirror setup polar!sed light, and to the implementation in the form of an
in limb observation mode. On the left side, the Optical Bench Mod- &/gorithm.
ule (OBM) and entrance slit. On the right side, the ESM, which if ~Hence, it is of the utmost importance to verify Mueller
rotated to a 45angle will reflect light (curve with arrow head) com- matrix calculations. In this section, we apply our model to
ing from below (nadir) directly into the slit. In the middle, the ASM, SCIAMACHY on-ground measurements of the diffuser and
which reflects the (limb) light coming from the front and slightly scan mirrors. We show that all data can be explained well by
below onto the ESM. Both mirrors have a bead-blasted aluminiumysing Mueller matrix calculations in combination with the

surface diffuser on their back side (not shown here). Fresnel equations, confirming the correct use of these tools.

) 4.1 Refractive index
ASM can be calculated using

In the section below, we compare model calculations with
= arccosco - €092 . 30 ' .

Pasm $coSaasm) - COX20ESM) (30) older on-ground measurements performed on aluminium

The total Mueller matrix for limb observations is then mirrors during SCIAMACHY calibration. As mentioned,

given by these aluminium mirrors were not vacuum protected, and

opt will thus have a thin layer of aluminium oxide on them.
Miimp = M (#esm) - R(—yasm—Esm) In order to describe these mirrors, the refractive index of
-M (¢pasm) - R(—yAsM—ESM)- (31) aluminium and aluminium oxide is needed for the wave-

L o length range of interest (here 300-2400 nm). However, there
However, for historical reasons, tf@ =1 direction was o 'several conflicting aluminium refractive indices available
chosen perpendicular to the entrance slit of SCIAMACHY i, yhe jiterature, namely the direct measurements found in
(see Fig5), i.e. parallel to the scattering plane of the ESM, Haynes(2013 and Palik (1985 and the Kramers—Kronig-
or 90’ compared to the simple case. This requires several royarived values oRakic (1995. While the differences in the
tations, resulting in a Mueller matrix for nadir observations: refractive index can be several percent, the difference in spe-
cific applications is much harder to quantify. Our verification

phist R(—yesm) - M (Besm) - R(—VEsm), (32) results improved very slightly when employing the indices
nadir of Rakic (1999, and hence the choice was made to employ
with yegm = 90°. these indices.
The total Mueller matrix for limb observations derived by  To the best of our knowledge, in the literature there is no
frame rotating for each mirror element is then given by complete information on the refractive index of amorphous
hist _ aluminium oxide in the 0.2—-2.4 um wavelength range.

Miimp = R(=vEsm) - M (¢esm) - R(=yESm) However, the work oEdlou et al.(1993 can be extrap-
‘R(=vesm) - R(—yasm—Eswm) - M (paswm) olated to the desired wavelength range by using the Cauchy
R(=yasm—Eesm) - R(—yESm). (33)  dispersion equation

_2 _
As rotations are commutative, and twe@@tations equal () = A+ BA72+Ca 7% (36)

a full rotation for polarisation, this equation can be simplified \we employ the values found bdlou et al.(1993 of 1.63,

here to 2.25x 10° nn?, and 2016 x 107 nn* for A, B andC, respec-

tively. The two different methods produce the same refractive

Mhist — R(— M ‘R(— Ve e CHOUS | S
imb = R(=yEsm) - M (¢esm) - R(=yesm) indices for aluminium oxide within uncertainties. The latter

"R(=yasm) - M(@asm) - R(=yasm), (34)  option was employed for its ability to interpolate accurately
with to desired wavelengths.
YASM = arcsincot(mirt) - tan(2pmir2)). (35) 4.2 Mirror model verification

Finally, we emphasise that these formulas will change ifFirst we compared the mirror model with the measurements
different Stokes reference frames are used, but the approaadf van Harten et al(2009. Shown in Fig.6 is the compar-
remains the same. ison at 600 nm, using a refractive index for the aluminium
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Figure 6. Normalised Mueller matrix of reflection off a real aluminium mirror with an aluminium oxide layer of measured 4.1 nm on top of
it at 600 nm. Measurements by van Harten et al. (2009) (diamonds) and our model (lines).

of 1.262—i7.186 and a refractive index for the aluminium refractive index of aluminium. Including a 4.12 nm layer of
oxide, calculated by Eq36), of 1.637—:0.000 at the mea- aluminium oxide yan Harten et al2009 improves the com-
sured wavelength of 600 nm, for the different Mueller matrix parison significantly; however, for the shortest wavelength,
components. The normalised, to the top-left element, meaan additional contamination was needed. A correction by in-
surements are assumed to be accurate within 0.02. The firstreasing the thickness of the aluminium oxide to 9 nm (not
column components, the instrumental polarisation sensitivityshown) showed improvement, but did not show the correct
here, has residuals smaller than 0.003, and are thus in alvavelength behaviour, and was rejected. Further investiga-
most perfect agreement. The diagonal components, indication showed that employing 0.4 nm of light oil contamination
ing the transmission of polarisation, have residuals smalleon the surface of the mirrors would be consistent in order to
than 0.01. Other (polarisation cross-talk) residuals remairmodel the measurements correctly.
below 0.02, but here the measurements might have suffered The light oil optical properties were taken froBarbaro
from limited calibration accuracy (for more discussion on et al. (1991). Such a small contamination of 0.4 nm on the
the measurements, segn Harten et al2009. In summary,  mirror was within the molecular cleanliness control require-
the residuals between measurement and model are withiments yan Roermund1996 during on-ground measure-
the measurement accuracy, hence the measurement data ameénts. Of course, the exact kind of oil or even the kind of
model are in excellent agreement. contaminant is unknown; however, the assumption of light
For another verification, we turned to SCIAMACHY. Dur- oil contamination is not unreasonable. As both mirrors were
ing on-ground calibration of the SCIAMACHY aluminium kept under similar conditions, we assume a similar contami-
scan mirrors, reflectivity was measured with different polar- nation of oil on both.
isation orientations of the incoming light, with both single  The good agreement between measurements and model
and multiple mirrors. clearly shows that the mirror model works very well, and
We show the most complicated situation first, with multi- that the inclusion of aluminium oxide and oil contamination
ple mirrors where multiple orientations of linear polarisation is necessary for explaining the measurement results. Since
(=1, 0=-1,U =1, andU = —1 with respect to the an error or sign change in one of the rotation angles used in
SCIAMACHY reference frame) were reflected on the whole the calculation will result in completely different polarisation
scanner unit. The reflected light was then analysed by emsensitivities (not shown here), Figconfirms that the correct
ploying linear polarisation filters (eithgd =1 or Q0 = —1). signs and rotation angles are employed. The use of the optical
Shown in Fig.7 are both measurement and model simu- properties of light oil, while the true contaminant source and
lations under the SCIAMACHY reference viewing angles its polarisation properties are as yet unknown, could be the
(pesm = 12.7° and ¢pasm = 45°) for the various combina- reason for the differences at the shortest wavelengths. How-
tions of offered and measured polarisation directions. Theever, more likely the measurements have larger uncertainties
original estimated errors bars are shown; however, alreadyhan originally stated.
during the measurements, it was clear these were too opti- The single mirror measurements are less sensitive to con-
mistic (Dobber 1999. As can be seen, the measurementstaminations, and are thus less useful for verification, but we
originally differed several standard deviations from a sim- show them here for completeness in FBgAgain, a 4.1 nm
ple clean mirror model employing the literature value for the aluminium oxide and 0.4 nm light oil contamination were
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flectance according to the mirror model, using an aluminium mirror
Figure 7. SCIAMACHY scan mirror reflectance for different po-  with 4.1 nm aluminium oxide and 0.4 nm light oil contamination,
larisation states of the incident lighD(=1, 0 =—-1,U =1,and  ynder an angle of incidence of either°2@lashed) or 61 (solid).
U = —1 with respect to the SCIAMACHY reference frame) and potted and dash—dotted curves indicate the reflectance of clean alu-
different orientation of the analyserQ(: 1 and Q = —1), as in- minium instead as a Comparison.
dicated in the subplots. The measurement results with error bars
obtained during on-ground calibration are shown in red, while the
model calculations are represented by the black solid curve. Thenjrror was made, while keeping the light source and detec-
model calculation includes an aluminium mirror with 4.1 nm alu- tor at a fixed position, over which a negligible change in po-
minium oxide and 0.4 nm light oil contamination, and angles of in- |4 jsation was observed during the measurements. IngFig.
cidenceggsy = 12.7° and gasy = 45°. Dash-dotted curves in- i oo for a smaller range of rotation angles, near the
dicate clean aluminium, and dotted curves aluminium with only . . .
4.1 nm aluminium oxide, as a comparison. operanqnal rotation a_ngle .of 165In the figure, the mea-
sured signal of the main science detectors for bt = 1)
andp polarisation Q = —1) are plotted at 324 nm as a func-

. . . . tion of the diffuser rotation angle. Both signals are scaled to
employed in order to employ identical mirrors, as for the

. . . dthe maximum ofs polarisation for comparison, as the level
multiple mirror case. Measurement and model are in goo : . . .
agreement of the signals is a scanner-independent instrument character-

. . . istic, depending on the instrument polarisation sensitivities.
In order to verify the coordinate frames, to verify the em- ! o
. . . The signals show exactly the same response (within the er-
ployed Mueller matrices, and to avoid previous on-ground

confusion, the authors have rebuilt the SCIAMACHY scan- ror b"?“s)z as s_hown by their plotted ratio, indicating that the
: . olarisation did not change, only the total reflectance, as ex-
ner setup in an optics lab. No new results where found, but alP
) : . pected.
the measurements confirmed all rotations and Mueller matri®
signs.
5 Discussion

4.3 Diffuser model verification
We present here a method capable of describing the degrada-

The assumption that the diffuser acts as a surface diffusetion as a function of wavelength, polarisation and scan angle
with mirror facets can be checked by changing the angle offor all Earth-observing instruments employing a (scan) mir-
the mirror with respect to a fixed light source and a fixed de-ror in both low and geostationary orbits. In addition, employ-
tector. In this casepqjr is fixed as the sum of the incident an- ing a time-dependent contaminant layer thickness also allows
gle and the outgoing angle, which is the fixed angle betweerus to describe the degradation as a function of time. Ini-
the light source and the instrument. Sildg,r depends only tially this work was started to solve the scan-angle-dependent
on the fixedpgis, only the scaIaMf'f(qﬁin, ¢dout) Will vary due degradation of SCIAMACHY, but in this paper we have at-
to the change in the angle of incidence and the outgoing antempted to describe the method in the most generic way, for
gle (see Eq12). This will cause a change in the intensity of easy application to other instruments. Not all possible cases
the signal, but not in the polarisation properties. Hence, thehave been described, but expansion of the model to for exam-
relative polarisation should remain the same in this situationple more mirrors or layers can easily be derived from the pre-
irrespective of the angle with respect to the fixed light sourcesented cases. The model is of interest to all instruments em-
and the fixed detector. ploying (scan) mirrors or other optics suffering from degra-
A measurement to test this hypothesis has been performedation due to contamination. In its current version, the model
on-ground for SCIAMACHY. A scan over 4Qotation of the  can be applied to provide detailed scan-angle and wavelength
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10F ' ' ' ' - 6 Conclusions

F| &——=< P—polarisation B
S—polarisation 4

H oo oo 1 We have presented a model for accurately describing reflec-
] tion and polarisation properties of multiple scan mirrors and
diffusers in space. This model includes the impact of contam-
ination, both spectrally and scan angle dependent. The model
can easily be applied to any satellite, both in low and geo-
stationary orbits, employing (scan) mirrors or other optics
suffering from degradation due to contamination. Also, in
cases where no scan-angle-dependent degradation is present,
but only wavelength-dependent degradation, the model al-
lows for accurate in-flight corrections, provided that infor-
: . 1 L - mation on the contamination can be constrained. Our hy-
155 160 165 170 175 180 85 .. . .
SCIAMACHY Diffuser angle pothesis is that both scan mirrors and diffusers suffer from
a thin absorbing layer of contaminant, which slowly builds
up over time. We described this transmission, polarisation
and angle dependence of mirrors, including multi-layers us-
(0 = —1) at 324 nm. Estimated uncertainties or noise)(are in- ing the Mueller matrix formalism and Fresnel equations. In

dicated by the filled yellow areas. As expected, the ratio between tNiS Paper, we have gone into explicit detail with respect to

and p polarisation (green curve) does not change as a function othe handedness of the polarisation and mathematical signs,
the diffuser angle. accompanied by detailed illustrations and descriptions. We

resolve the long-standing ambiguities in the application of

behaviour as a function of time, allowing for accurate cor- Mueller matrix and Fresnel calculations in (out-of-plane) re-
rection, which is needed for precise (trend) analyses. We willflections. As an application, the SCIAMACHY scanner has
further expand on this and illustrate it by the application to been modelled based on this multiple-layer contaminated
SCIAMACHY in-flight measurements in the next paper in mirror hypothesis. The model was checked against all known
this series. on-ground measurements, and shows excellent agreement

For application to in-flight satellites, several properties under those conditions.
must be known: the instrument response to polarisation, the Looking to the future, the current model which will be
mirror’s optical properties (along with its initial contamina- used in the next paper in this series to investigate the ob-
tions), and the in-flight contaminant optical properties. Theserved UV-VIS signal loss over time and the scan-angle-
model is not wavelength limited, as long as the optical prop-dependent degradation of SCIAMACHY onboard ENVISAT.
erties of the mirror are known for the wavelength of interest.
Issues like a low signal or other instrument limitations will
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