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High accuracy multi-angle polarimetry is of crucial importance for remote sensing of aerosol properties with accuracies
demanded by climate and air quality studies. In this contribution, we discuss the polarimetric calibration of the multi-angle
polarimeter “SPEX airborne”. SPEX airborne is a multi-angle viewing instrument providing snapshot measurements of
spectral radiance and degree of linear polarization at fixed viewing angles. Radiance and polarization are measured as a
continuous function of wavelength in the 400-760nm range, at nine viewing angles equally distributed over an angular
range of -56° to +56°. Each viewing-angle aperture has a swath of 7° with an instantaneous field of view of 0.5°x1° (cross-
times along-track).

SPEX airborne measures the degree and angle of linear polarization of scattered sunlight by means of spectral
modulation. For each field of view, the instrument records two modulated spectra. Ideally, these are perfectly in anti-phase,
such that the sum of the modulated spectra is modulation free and gives the spectral radiance. The state of linear
polarization is derived from the scaled difference of the modulated spectra. As a result of finite image quality at the focal
plane, any spectropolarimeter using spectral modulation will show different polarimetric responses for the two modulated
spectra, which breaks the anti-phase symmetry. For SPEX airborne this is indeed the case, and special care is taken both
in the calibration and in the data processing. Ignoring this can lead to errors both in polarimetric and radiometric
measurements. It is shown however that these errors are quite small.

In this contribution, we will outline the spectral modulation technique employed by SPEX airborne to measure
the state of linear polarization, explain which instrumental parameters are to be determined by calibration and how they
feature in the data processing chain. We discuss the polarization calibration setup and how polarization calibration
measurements are processed into useful calibration data. Taking a Mueller matrix approach, we show how differences in
polarimetric responses can be mitigated, while also other imperfections like telescope polarization are accounted for
without extra calibration effort. We also present a scheme to correct for sharp features in the solar spectrum, which would
otherwise mix into the modulation spectra via the finite slit-width of the spectrometer and result in polarimetric errors. The
effect of telescope polarization is also discussed

Polarimetric calibration of SPEX airborne is relevant for SPEXone, a compact multi-angle polarimeter that builds
on SPEX airborne heritage and space-borne spectrometer heritage within the Netherlands. SPEXone has been developed
for NASA’s PACE mission, which has a planned launch date in 2023.

Keywords: spectro-polarimetry, multi-angle, airborne, remote sensing, acrosols

1. INTRODUCTION

It is a well-established fact that acrosol impact our climate and air-quality significantly. The present situation is that the
overall cooling effect due to aerosol may be as large as the heating effect of the strongest greenhouse gas. However, large
uncertainties in aerosol-cloud interactions hamper reliable climate forecasts. These uncertainties must urgently be reduced,
by improving observations of aerosol on a global scale, and by extending the parameter space of measured particle
properties. Aerosol (and cloud) properties can only be unambiguously determined from space-based instruments that
measure both intensity and polarization at multiple viewing angles and multiple wavelength with a wide swath to enable
global coverage at daily timescales [1]-[5]. The present-day standard for remote sensing multi-angle polarimetric
instrumentation for atmospheric aerosol characterization is to deliver polarimetric measurements with an error on the
degree of linear polarization not larger than a few times 0.001. The realization of SPEX airborne is part of a development
in The Netherlands towards several possible realizations of space-based, SPEX-like instruments [13]. The original optical
module of SPEX airborne was designed and built by a consortium of Dutch knowledge institutes and space technology
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companies [6][7]. Preliminary characterization & performance tests under laboratory conditions demonstrated excellent
performance [8]-[12], indicating that the instrument concept would be capable to meet stringent performance requirements
for aerosol characterization of the Earth’s atmosphere. SPEX airborne was subsequently developed by SRON as a payload
for NASA’s high altitude atmospheric research aircraft ER-2 [18]. In October 2020 the instrument participated in a flight
campaign that is part of SCARBO (Space CARBon Observatory) [19], a study funded by the European Commission to
develop a new miniature CO2 sensor “NanoCarb” [20] to be deployed together with SPEX-like instrument on a future
constellation of satellites.

The first space-borne derivative of SPEX airborne is SPEXone, a compact, 6 dm>-sized spectropolarimeter with five fixed
viewing angles, developed for NASA’s Phytoplankton, Aerosols, Clouds and ocean Ecosystems (PACE) mission which is
scheduled for launch in 2023. For SPEXone the requirement on the DoLP error is <0.003. Details of SPEXone, including
optical and mechanical design, integration, test & verification approach are provided in [14],[16] and see also the current
ICSO proceedings [23] and [24] on the SPEXone instrument design and performance.

2. SPEX AIRBORNE INSTRUMENT AND INSTRUMENT MODEL

The optical module of SPEX airborne consists of nine identical pre-slit optical units —the polarization encoders— and a
spectrometer. The interface between the two is an array of slits. The optical system, including several light paths in the
plane of spectral dispersion, are shown in Figure 1. Nine identical units with pre-slit polarization modulation optics (PMO)
are responsible for encoding the linear degree of polarization of the incoming light. Light passes the polarization encoder
optics first, ensuring that no instrument polarization corrupts the signal before polarimetric encoding occurs. Two
spectrally modulated beams exiting each of the nine polarization encoders are focused in pairs, by a 4.4 mm diameter
lenslet with a focal length of 10 mm, via a folding mirror onto a pair of slits of an array of eighteen identical slits. In the
spectrometer, light is collimated via a spherical mirror, then folded via a flat mirror, and spectrally dispersed by a
holographic grating. Light is subsequently re-focused by a set of a-spherical lenses onto a single CCD detector. The
effective wavelength range of 400-760 is determined by the transmissive optics becoming opaque below 400nm, and by
high order overlap from the grating at wavelengths above 760nm. A detailed description of the instrument is provided in
[18] and [21].

Mirror stack

Focus lenses ) l
Slit array
j Grating
p— t }
Focal Plane
Viewing apertures
with polarization
Flat mirror modulation optics
Collimator

Figure 1. Representation of the OM optical components and light paths entering via the polarization modulation optics.
The slit array is oriented normal to the paper.
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2.1 Spectral Modulation

Encoding of the state of linear polarization by the PMO occurs by a combination of three optical elements [8]: a quarter
wave retarder, a (composite) multiple order retarder (MOR), and a polarizing beam-splitter (PBS). Light passing through
the MOR undergoes a wavelength-dependent phase shift, resulting in a change of incident linearly polarized light along
the vertical into circular, elliptical or linear polarization, as a function of wavelength. The PBS acts as two linear polarizers;
the projection of the state of polarization onto each polarizer axis determines the intensity of the light passing through.
After the PMO, two beams emerge, denoted as “S” and “P”. The intensity spectrum of each beam is modulated sinusoidally,
with the amplitude of the modulation proportional to the degree of linear polarization of the incident light:

Is;p(2) =% 1) {lipcos <ZAL6+2B)}. )

Here I(1) is the incident spectral radiance, p and 8 are the degree and angle of linear polarization of the incident light
respectively, 4 is the wavelength, § is the retardance, and Ig(A) and Ip(A) are the two beams exiting the PMO. The
retardance § is ~21um, resulting in a gradually increasing modulation period from 7nm at 400nm up to 28nm at 760nm.
The retardance is not quite constant but varies slightly with wavelength. The modulation amplitude scales with the degree
of linear polarization p (DoLP), while the phase 8 equals angle of linear polarization (AoLP). The “+” and “-* in Eq.(1)
apply to the S- and P-beam respectively. The two beams have orthogonal polarization, whereby their respective
modulations are precisely in anti-phase. The function of the QWR is to change linearly polarized light with polarization
axis along the optical axes of the MOR into circularly polarized light. One single parameter characterizes the instrument
response, which is the retardance § (4). From Eq.(1) it follows that
1) = Sy + Sp (), @)
i.e. the incident spectral radiance is readily obtained from the sum of S and P beam.
The angle and degree of linear polarization can be obtained from the modulation function
_ S =5@ 218 (A)
Froa(A) = ROFTHAON p cos( 7 + 2,8>.

From the modulation function DoLP and AoLP can be retrieved by demodulation (Section 4), provided the retardance is
known (from calibration). In the following sections several instrumental effects are considered leading to slight
modification of the ideal expression Eq.(1).

(€)

2.2 Mueller Matrix elements

Equation (1) derives from a more general description of the optical system using Mueller matrix representation, see [21]:
Sou@) =M@ 5, (D), @

where § = (1,Q,U,V) and M is a 4x4 matrix describing the instrument response. The Mueller matrix leading to Eq.(1) is
2nd 2nd
1 kcos (—) —k sin (—)

A A
1 218 2ms
Mppo (k) = 5|k cos (%) —sin (%) 01 k=+1-1, Q)
0 0 0 0
0 0 0 0

where = +1,—1 applies to the S- and P- beam respectively. In our specific case we consider cases where circular
polarization is absent, V = 0:

1 1

¢ _q/la )= cos 2f8

S =11, P\ sin2p |’ (6)
0 0

in which ¢ = Q/I, u = U/I . Note that p = \/q®> + u? and B = %atan(u/q). The intensities of the S- and P- beams are

obtained by inserting Eq.(5) and (6) in Eq.(4), and then considering the first element of the vector §0ut :
2nd

I.() = % I(A) {1 +q cos (ZAL&) —usin (T)}' 7
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1 2né . [2nd (8)
I,(A) = > I(1) {1 —q cos (T) + usin (T)}
which is identical to Eq.(1). In line with the Mueller matrix formulation, Eq.(1) can be written in a more general form:

1

I,(A) = E 1(/1){Ms,11 + qu,12 + uMs,13} , )

1 10

() = 2 I(A){MP,H +qMp 1, +uMP,13} ) (10)

All quantities in these two equations are wavelength dependent with the (current) exception of the M;; matrix elements.
For the ideal modulation scheme Eq(l), Mg, = Mp,; = 1, but as we shall see in Section 3.1 this is equivalent to
incorporating radiometric calibration. For the off-diagonal terms

2mé . /216 (11)
Mg, = —Mp,, = cos (T) ; Mg13 = —Mp 3 = —sin (T)
The anti-symmetry property Mg;, = —Mg 1, and Mg .3 = —Mjg ;3 is a nice to have because it guarantees that we can

construct modulation-free and a modulation-only quantities like in Egs.(2) and (3). As we will see later on, adopting the
more general form Eqgs.(9) and (10) of the system, without assuming that Eq.(11) is valid, allows to incorporate
instrumental effects in a natural way.

2.3 Instrument Spectral Response Function

When S and P beams pass the spectrometer, the predominant effect is the spectrometer slit function, or Instrument Spectral
Response Function (ISRF) which results spectral smearing of a spectrum F (A1) incident on the slit:

(F) = f A R ONFG - 1) (12)

In the case of SPEX airborne, the slit function is more or less a smoothened top-hat with a width of ~3nm. A basic
assumption made in the spectral modulation measurement is that all spectral features have characteristic wavelengths
longer than the ISRF effective spectral width, with the exception of the rapid modulations in M,, and M, ;. L.e., the spectral
dependence of 1(4), g(4) and u(A) is assumed to be “slow”. Then convolution of the slit function with Egs.(7) and (8)
results in

() = % 1) {1 + q{(cos (?)) — u(sin (27716))}’ (13)
(L)) = % 1(1) {1 —q{cos (ZALS)) + u (sin (?))} , (14)

where we have used (I) = I, (q) = q, (u) = u. Since SPEX airborne is collecting reflected solar light, radiance is solar
spectrum-like, or will have solar and atmospheric absorption features. In that case (I) # I. This is ignored for the moment
but will be addressed in Section 5. Averaging of the sine and cosine terms with the ISRF effectively reduces their
amplitude. Because the modulation period in the wavelength domain decreases towards shorter wavelength, the effect of
the ISRF is stronger at short wavelengths, reducing the modulation amplitude more than at longer wavelengths. This can
be accounted for by adopting the following expressions:

(I = % (1) {1 +WQ) (q cos (2);8) — usin (?))} , (15)
(L)Y = % I(A) {1 -w@Q) (q cos (#) —usin (ZLA(S))} . (16)

The function W (A) is denoted as the modulation amplitude, is s wavelength much more slowly than the modulations. So
now we have the two (wavelength dependent) parameters W (A) and § (1) that describe the instrument response.

There are other factors which may result in additional deviations from the nominal modulation form Eq.(1). The
spectrometer optics introduce deformations like keystone and spectral smile, which result in changes in the orientation of
the slit image focal plane plus variations in point spread. Effectively this causes differences in the ISRF for S- and P-
beams, so that the convolutions in Egs.(15) and (16) are actually different. This breaks the S-P anti-symmetry; W, = W),
i.e. the sum Eq.(5) is not valid. In addition misalignment of the modulation optics may introduce phase shifts between the
S and P beams. In SPEX airborne, the quarter wave retarder (a Fresnel Rhomb) does not invoke a perfect /2 phase shift

over the full wavelength range. Consequently, u -polarized light will be somewhat less polarized than u -polarized light.

Finally, the assumption that we can write (cos (?))S as W () cos (?) (with only a single cosine term) is at least
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mathematically incorrect for a general ISRF. Then the assumption that the off-diagonal Mueller elements are simple
cosines and sines is incorrect. Altogether, this leads to adopting the more general form Eqs.(9) and (10) for a description
of the instrument response. In addition, we will consider possible transmission losses along the optical path in the
spectrometer , down to the detector, where conversion to a digital signal occurs. Ultimately the signal at detector level is
modelled as follows:

1
C;(M) = 7 Igs{Ms,n +q Ms,, +uMs,13}: (17

1 18
Cp(D) = E 1gp {MP,II +qMp 1, +UMP,13}' (18)

where gs(1) and gp (A1) are radiometric “gain” factors which may be different for both beams.

3. CALIBRATION

Two aspects of instrument calibration discussed here: radiometric and polarimetric calibration. Other aspects of SPEX
instrument calibration are discussed in detail in [21]. Here, “calibration” means the process of obtaining instrumental
parameters from calibration measurements.

3.1 Radiometric calibration

Radiometric calibration data are achieved by exposing the instrument to an unpolarized (@ = u = 0) light source. We use
a 30cm diameter CSTM-USLR-V12F integrating sphere from LabSphere, in combination with a QTH-150 150 Watt
quartz-tungsten-halogen light source. The output of the integrating sphere is radiometrically calibrated (NIST-traceable)
by the manufacturer, so that the radiance I = [.¢(4) is known to a high level of accuracy (to within 1-2 %). Then from the
measured signals Cs(4) and Cp(A) the factors gsMs 14, and gpMp 4, are determined via the relation

1 1
Cs,unpol(l) = E Lee(D)gs Mg11 5 CP,unpol(A) = E Les(D) gp Mp 14 (19)
The factors g;Mg 41, and gpMp 4, are subsequently used to convert recorded signals to quantities with dimensions of
radiance,

I,(A) = G(D)/(gs Ms11) 5 1p(D) = C(A)/(gs Ms11) (20)
Inserting this in Eqs.(17) and (18), the result of the radiometric calibration is that we may write
1
I,(A) =3 H1+qmg, +umg,}, (21)

1 22
Ip(ll)=§l{1+qmp,q +umplu}; ( )

where mg, = Ms,,/(9gsMs1), and others terms likewise. This shows that after radiometric calibration there are four

wavelength dependent parameters mg 4 (1), Mg, (1), mp 4(A) and mp,, (1) describing the instrument response, which are
to be determined in the next calibration step. In is noted that all four Mueller matrix elements have the ISRF imprint.

3.2 Polarimetric Calibration

Polarimetric calibration data, i.e. knowledge of the Mueller matrix elements mg (1), mg,, (1), mp 4(A) and mp,, (1) as a
function of wavelength, is achieved by exposing the instrument to 100% polarized light. For SPEX airborne a wiregrid
polarizer is used with a large extinction ratio (> 10%), in combination with the unpolarized lightsource setup in the
previous section. The instrument response is recorded when the polarizer is rotated from 0-360 degrees in discrete angular.
To determine four values mg 4, Mgy, Mp 4 and mp,, , four polarizer angles are in principle sufficient, but we typically
take steps of 15 degrees for an accurate solution. With the polarizer set at an angle 8, the input calibration signal is then
given by

{I =tl., q=cos2B ,u=sin2B}. (23)
Transmission of the polarizer is contained in t(4). The raw signals are then
1
CAB) =5t Let { Mg 11 + cos2B Mg, +5sin2f Ms,5}. (24)

For the P-beam, replace subscript S with P. An example of the instrument response as a function of wavelength is displayed
in Figure 2a for two of SPEX airborne’s viewports, with S and P spectra extracted for one field of view element in the
center of the swath. It is noted that while for the nadir viewport the S- and P- response appear in anti-phase when the
polarizer is turned, this is not strictly the case for all viewports, as can be seen in the aftward viewport in in Figure 2c.

Proc. of SPIE Vol. 11852 1185232-6
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At a fixed wavelength 4, the counts Cs undergo a double period variation when the polarizer is turned over 360 degrees
(Malus’ law). Dividing by the unpolarized signals in Eq.(21) cancels out the light source:

1
Cs(4 B)/ Conpol (1) =5 € {1+ cos2p mg, +sin2B mg,} (25)
To find mg, and m,,, fit the measured ratio on the lhs of Eq.(27) with a fit function of the form
fic(B) = My +cos2B M, +sin2f M, (26)
after which the Mueller matrix elements are obtained by
M, M,
mS,q = E ;o Mgy = E (27)

Repeating the procedure at all wavelengths of interest gives mg4(4) and mg, (1) as a function of wavelength (and
likewise for the P-channel). The spectral behaviour of the Mueller matrix elements mg 4 (1) and mp 4(A) is shown in the
plots in the right in Figure 2. They are sinusoids with a wavelength dependent amplitude, Eqs.(15) and (16). Not shown
are the Mueller elements mg,, (1) and mp,,(1). They are also sinusoids, and basically identical to mg, (1) and mp (1)
but shifted in phase by 90 degrees. In both graphs Figure 2b and Figure 2d it is evident that the modulation amplitude for
S and P beams is not quite the same. This is shown more clearly in Figure 3, where the modulation efficiency is derived
from the Mueller matrix elements:

W(2) = J(ms,q(z))z + (mg (D)2, 28)

and likewise for the P-beam. For both viewports the modulation efficiency is smaller for the P beam than the S beam at
the lower end of the spectrum. For the nadir viewport, the efficiencies converge towards each other at longer wavelengths,
while for the aft viewport the P beam becomes slightly more efficient above 600nm. Note also how overall the polarimetric
efficiency of the aft viewport is much smaller at lower wavelengths than the nadir viewport. In Figure 3 the modulation
efficiency drops sharply at wavelengths above ~760nm. At longer wavelengths transmission ratio of the polarizer drops to
low values, and the calibration measurements are invalid there.
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Figure 2. Left: Malus law, single wavelength fit. Right: derived Mueller elements mg qand m, . For the outermost viewing
angle, there is a phase shift, due to a wavelength calibration error. It is of no concern however.

45 Polarimetric Efficiency. Viewport +0 deg. 56 Polarimetric Efficiency. Viewport -56 deg.

::: e ﬁ”‘ | D:S "‘/’r_”—
07 / / 07 /‘// /
4 Vi

05 05 /
— Wsl) =ymd +m2, / — Ws(A)=ymi +mi,

0.4 1 0.4 H
— WeA)=y/mg +m3, — WpA)=ymg +mi,
0.3 T T T T 0.3 T T T T T
400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 750 800
Wavelength [nm] Wavelength [nm]

Figure 3. Modulation efficiencies derived from the Mueller elements for two viewports of SPEX airborne. Left: nadir
viewport. Right: aftmost viewport looking “back” at an angle of 56 degrees. The right plot shows an anomaly in the form
of a dip which is due to badly behaving pixels in the detector.
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It is noted that the lightsource I..¢ cancels in Eq.(25) only when it is sufficiently stable in time, or if the (spectrally)
integrated output is recorded. In our case, the lightsource is typically stable to within 0.5% over the entire measurement,
while also the integrated output is recorded with a silicon sensor integrated in the integrating sphere. An advantage of this
approach is that it involves a linear fit-function. Moreover, prior radiometric calibration of Cs(4) is not required, since it
would cancel in taking ratio I(4, B)/Isunpoi (4). Therefore possible radiometric calibration errors (or noise) don’t affect
the polarimetric calibration in this approach.

An alternative approach is to construct the modulation function Eq.(3) from the radiometrically corrected signals (1) and
I,(A), and fitting the measurements as a function of polarizer angle § with a fit-function (insert Eq.(23) and (24) in Eq.(3)):
Amg cos2f + Am,, sin 23

F . =
moa st (B) 2+ Img cos 2 + Em,, sin 28 (29)
with fit four fit parameters
A771(.1 =Mgq —Mpy; Am,, = Mgy — Mpy (30)
Img =mgq +mpg; Imy, =mg, +mp, (31)

In principle the separate Mueller elements can be derived from these fit parameters. Like in the former approach, fitting is
performed separately at each wavelength. A slight disadvantage of this approach is that the fit-function is non-linear,
requiring an iterative solver to find a solution. However, solutions are found rapidly for the initial guess S-P anti-symmetry
is assumed, ¥m, = Zm,, = 0, and then solve the resulting linear expression for Am, and Am,,. An advantage of this
approach is that it is independent of the light source and variations thereof because /.. cancels in the construction of the
modulation function.

4. DEMODULATION

Demodulation is the process of deriving the DoLP from recorded S and P spectra. From polarimetric calibration
measurements (previous section), Mueller matrix elements have been obtained and are known functions of wavelength.
Either in the form mygp 4(1) , Mg/p4(A) or in the form Amg,p(4) and Emg,p(A). To be precise, they are known at
discrete wavelength values A;. In SPEX airborne, spectral sampling occurs at a spectral resolution of ~Inm. The first step
is to construct the modulation function from measured radiometrically spectra I;(4;) and I,(4;):
p @)~ 1)
ST (A + 1p(4)
To derive the DoLP at a particular wavelength A,, take a number of number N, of measurements F,.,;(4;) in an interval
centered around Ay, and fit the measurements F,.,, ; with a fit-function
Fr () = Amg(A) qo + Amy, (A) ug
BT 24 3my(2) qo + Emy, (D) up
The solution (g, u,) is obtained from the over-determined set of equations
Fmeas,i - Ffit(/li) = 0' i= 1'N)1' (34)
For SPEX airborne, we typically take a spectral fit-window of one modulation period long, which ranges from ~7nm at
400nm to 20nm at 800nm, and 7 up to 10 equations to solve. For a rapid solution of Eq.(34) we start assuming S-P
symmetry (Em, = ¥m, = 0) so that the system of equations is linear and can be solved in a single go. Next, the solution
is taken as a starting point for solving the non-linear form iteratively. The DoLP then follows simply with

DoLP=,/gZ + u3. After demodulation, radiance can be obtained with
Is(Ao) +Is(4o)
Imeas (A‘O) = 1 1
1+ 72mq(/10) qo + 7Zmu(/10) U
in which g, and u, have been obtained from the demodulation step. Note again that in case of S-P anti-symmetry, this
expression reduces to Eq.(3), so that the radiance can be determined independently from demodulation. A more refined

solution may be constructed by adopting a parameterized dependence of the stokes elements, e.g. in the form of a
polynomial

(32)

(33)

(35)

M M

q() = Z @ s u) = Y bk k=1,M. (36)
k=0 k=0
which are inserted in Eq(33) in place of g, and u,. Naturally, the number of measurements N, must be larger than the
number 2M of parameters. For SPEX airborne a linear spectral dependence is adopted when demodulating over one
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modulation period. Alternatively, one may extend the spectral range to the full spectrum. This can be an attractive approach
when for example it is known that q(1) and u (1) are smooth functions of wavelength over the wavelength range of interest.
Then a parameterized solution can be more accurate (less noisy) than a per-wavelength solution, because fewer parameters
are fitted with the same number of measurements.

(a) File 20201018-100320-images.h5. 10:04:47 UTC 500 (b) Ocean Scene SCARBO Campaign, Viewport 0 deg
( 0.50 0.05
—— Default Demodulation
200 4000 —— S-P anti-symmetry Demodulation [ 0.04
. 0.45 003 &
400 200 é &
F0.02 S
— 0.40 &
600 Fo.01
2500 0.35 | | | ' : T ;.00
800 400 450 500 550 600 650 700 750
2000 0:010
1000
0.005
1500 5
1200 3
2 0.000 1
1000 2
1400 2
—0.005 1
500
1600

—0.010 T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 400 50 500 550 500 550 200 750

Wavelength [nm]

Figure 4. Left: raw detector image obtained during the SCARBO flight campaign in October 2020. Wavelength increases
with detector colum, towards the right. For each of the nine viewports there are two spectra, S and P. Right: DoLP and
radiance I(A) derived for the Nadir viewport. Black line is the spectral radiance I(A), DoLP is shown in blue and orange,
where the blue line corresponds with the default solution obtained using Eq.(33), while the orange is obtained when
adopting S-P symmetry.

An example of a single SPEX airborne measurement is show in Figure 4 , recorded during the SCARBO flight campaign
in October 2020 when the aircraft was flying over the Mediterranean sea, approaching Granada (Spain). The raw detector
image in Figure 4(a) shows eighteen spectra aligned top down, where two adjacent spectra form an S and P pair. Already
in the raw image spectral modulation is clearly present, with varying amounts of polarization in different viewing angles.
Two of the viewing angles which show the least amount of polarization had land in sight, while all other viewports were
viewing the sea. Figure 4(b) shows the spectral radiance radiance I(A) and DoLP(L) as derived for the nadir viewport (the
middle two spectra in Figure 4(a)). Radiance I(A) (black curve) shows atmospheric absorption features, while the DoLP is
a much more smooth function of wavelength. The DoLP was derived taking two approaches. The “default” modulation,
by solving Eq.(33) is the blue curve in Figure 9(b), while the orange curve was obtained by adopting S-P symmetry both
in calibration and in demodulation. With this assumption we ignore differences in the polarimetric efficiency (Figure 3).
The difference between the two approaches is displayed in the bottom graph of Figure 4(b). The two are in remarkable
good agreement, with an rms difference of 0.002 over the range 400-760nm. For the other viewports the agreement between
the two approaches is of the same order. This particular scene has rather high DoLP and represents an almost worst case
test of the two methods, because we expect differences to increase with DoLP. In conclusion it seems that one may adopt
S-P anti symmetry even in the case when the differences in the polarimetric efficiency seem rather large. Apparently, if
the S-P anti symmetrical approach is used consistently both in calibration and demodulation, the resulting error is second
order (or higher) in the difference in modulation efficiencies of S and P beams.

5. SPECTRAL FEATURES

The recorded radiance spectrum in the previous section displays atmospheric absorption features. These features are in
reality sharper than they appear Figure 4(b) because they have been smeared out by the ISRF. When the spectrum incident
to SPEX has sharp spectral features, we expect errors in the derived DoLP that correlate with the spectral features. Figure
4(b) suggests that this occurs near 430nm, where a prominent “wiggle” in the DoLP spectrum appears to be correlated
with a complex of lines in the solar radiance spectrum. In this section the effect of sharp spectral features on the DoLP is
discussed. A remedy to deal with them is presented which requires knowledge of the instrument spectral response function
(ISRF). For SPEX airborne this method has not been implemented in the data processing, because the required
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measurements to determine the ISRF are not available. Therefore the method is tested on simulated data. Before turning
to the remedy, a simulation of the effect of sharp spectral features is shown in Figure 5. In this simulation, a simple model
of the SPEX airborne instrument is constructed taking Eqs(1) as a starting point, using a 3nm wide top-hat slit function
with gaussian edges to mimic point spread. Artificial calibration measurements are constructed with a spectrally smooth
light source, from which the Mueller matrix elements are derived following the steps in 3.2. A simulated measurement is
constructed using a full Stokes radiative transfer (Full Stokes) code (see, e.g. [22]) for the radiation field at the top of the
atmosphere looking downward in different viewing directions. The DoLP is set to 0.6 (all wavelengths) and the AoLP is
also fixed at an arbitrary value. The measurement is then simulated using the same instrument model, and the data are
demodulated as in Section 4. Figure 5 shows the simulated radiation field and the DoLP. Clearly the derived DoLP deviates
from the truth quite significantly, and the deviations correlate strongly with the spectral features of the incident radiation
field.
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Figure 5. Simulated demodulation of a 100% polarized reflectance spectrum. Left: reflectance spectrum was calculated
with a full-stokes radiative transfer code. Also shown are the simulated S- and P-beams. Right: DoLP after demodulation
of the simulated data.

The simulations show that the spectrum to be recorded has sharp spectral features, with variations on a spectral scale
shorter or comparable effective slit width, the basic assumption made in Section 2.3 that we can take out the radiance (1)
out from the convolution with the ISRF (Eqgs.(13) and (14)) is no longer valid. We adopt here for simplicity S-P anti-
symmetry, but the discussion is valid also for the more general case. Also we expand only the expressions for the S-beam
as the P-beam is readily obtained from the anti-symmetry. Starting with the modulation spectra incident on the
spectrometer:

Is() = D1 +me(D) g +m, (D) u(d)) (37)
convolution with the ISRF leads to

(Is) = (D) + (I mgq) + (I my, u)) (38)

In polarimetric calibration measurements, light source was smooth, without prominent spectral features (In contrast to
earlier calibration measurements. For a discussion on this, see [21]), so that from these measurements we have obtained
(mg) and {m,,), both of which do not feature in Eq.(38). A way out, or forward, is to make a less stringent assumption, by
the notion that the ‘rapid’ spectral variations of / (and also Q and U) originate mostly from the rapid spectral variations in
the incident solar flux /5 (4) at the top of the atmosphere, which has a fixed spectral shape, while spectral dependence of
the normalized Stokes’ parameters q and u is slow. We can then write

D) =fD) I, (39)
where f(1) is some function with smooth spectral behaviour. Then we may write
(N =f{lo)

and also that g and u can be taken out of the convolution integral. For the modulation function we then have
(Is) = Ip) _ q{lomg ) +u(lom, )
(Is) +(Ip) (Io)

So instead of calibration parameters (mq ) and (m, ) we should use modulation parameters

(40)
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{lomiz ) and {lomis ) @1)
(lo) (lo)

For this to work, we must have knowledge of

e the instrument ISRF h(1)

+ the unconvolved functions m,, (1) and m,5(4)
We should also account for the fact that the ISRF derived from instrument characterization/calibration measurements will
not provide a perfect match with the actual ISRF of the instrument. The “true” ISRF determines the smoothing of Mueller
matrix elements obtained from calibration. Therefore we introduce “revised” Mueller matrix elements

(lomg )0 <mq ) (lomy )0 (my, )

m,() = —F——7— , M,A) =—F—— »
! (IQ)O (mq )0 “ (I@)o (my )o (42)
Where ( ), stands for convolution with an approximate slitfunction:
+00
(F)o = dA hy(A — A)F(X)

Such an approximate function may be derived for ex;mple from the optical model (ZEMAX Optics Studio), or from the
characterization/calibration measurements. In the above equation, (mq ) and (m,, ) are obtained from calibration of SPEX,
{lomq ),

{1o),

accounts for the fact that an approximate ISRF is used in

in which the true ISRF determines the brackets. The idea is that the term takes care of the rapid spectral variations

(mq) (lomq),
(mq), (1),
Convolutions (mq )0 and (m, ), require knowledge from the “unconvolved” (or deconvolved) functions m,(1) and

in the solar spectrum, and that the term

m, (4). Unconvolved functions m,(4) and m,, (1) can for example be constructed from the retardance §(4):
mg(AD)=cos(2md /1), my (A)=-sin(2md/2)
Our is that for SPEX airborne the retardance can be accurately derived from (mq ) and (m,, ).
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Figure 6. Left: Simulation of a DoLP measurement minus the truth (DoLP=0.6). The incident spectrum is the same as in
Figure 5. Blue curve is the DoLP solution from gure 5, orange is the solutionusing 77, , (1) and 1,5 (4) in the demodulation,
and where the approximate ISRF differs significantly from the “true” ISRF. ISRF. True ISRF is a tophat of width 3nm,
folded with a gaussian pointspread function with ¢ =0.25nm. The approximative ISRF is a 3.2nm wide tophat, folded
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with ¢ =0.3nm. The green line is the DoLP solution in case one has perfect knowledge of the ISRF. Right: simulated
ISRFs, where blue is the “true” ISRF of the instrument and red is the approximate version.

A test of this approach with revised Mueller matrix elements is shown in Figure 6, where de delta between measured DoLP
and the truth are shown. In this simulation, the true ISRF has a slit width of 2nm with a Gaussian convolution parameter
of 6=0.25. The approximate ISRF is very different, with a slit width of 2.5 nm and 6=0.3. See the right graph in Figure 6,.
Despite the fact that the ISRF is rather poorly estimated, the resulting DoLP error is 0.002 at most and only near the
sharpest spectral features. With increased knowledge of the ISRF, the resulting DoLP measurement improves. The green
curve in Figure 6 corresponds with the ideal case of perfect knowledge of the ISRF. The DoLP measurement, despite its
negligible error here, is not perfect, and further improvement can only be obtained by a narrower ISRF.

6. TELESCOPE-INDUCED POLARIZATION

As explained in Section 1, the polarization optics in SPEXone are the first elements in the optical train. This way, there is
no instrumental polarization contaminating the state of polarization prior to its encoding. Therefore we do not expect
instrumental polarization to be a point of concern in SPEX airborne. In SPEXone on the other hand, the first optical element
is a reflective three-mirror telescope, after which a PMO of a kind similar as in SPEXone encodes the polarization [16].
Here it is shown that telescope induced instrumental polarization (telescope polarization in short) poses no specific
challenges when the Mueller matrix recipe is followed through. Telescope polarization can be described with:

1 m 0 0
m 1 0 O

L A (43)
0 0 0 1

For SPEXone, ZEMAX modelling indicates telescope polarization to be of order m;~0.001-0.007 [16]. With telescope
polarization included, the Mueller matrix becomes
1 +my 4m, O 1 m 0 0
1 +m, +m, 0 m 1 0 0
M = — - q - u . t
sP=29% o 0 0 o)/ \o 0 10
0 0 0 0 0 0 0 1

1+mm, m+tm, m, 0 (44)

=lg 1+tmim, mitmg m, 0

2% 0 0 0 0

0 0 0 O

So that the S- and P- beam signals are given by
1

C, = Egsl ((1 + mtmq) + (mt + mq)q + muu) (45)
(40)

1
G, = Egpl ((1 - mtmq) + (mt - mq)q - muu)
which is of the same form at Eqs.(17)-(18). In this case however, the Mueller matrix elements M, ;are not constant. This
means that the recorded signals Cs and C,, will display (small) residual spectral modulations even for unpolarized light
(q = u = 0) due to the presence of m, in My;. This is however of no concern. When performing radiometric calibration
measurements as in Section 3.1, the factors gs(l + mtmq) and gs(l - mtmq) are determined. As before, the radiometric
correction of C, and C, involves a division by these quantities:
_ Cs B Cp 47)
f=———; p=—F—""—
gs(l + mtmq) gp(l - mtmq)
so that for the radiometrically corrected signals we have

1:11{1+(mt+mq)q+ M u} (48)
§2 (1+mm,) (1+mmy) )’

(m; —my) m, (49)

I,h==111 -
L) {+(1—mtmq)q (1—mtmq)u}'
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Comparing with Eq.(21) and (22), we see that there is essentially no difference with the situation whithout telescope
polarization. From polarimetric calibration as in Section 3.2 we obtain the elements (as a function of wavelength):

PO (me +mg) s M (50)
sa (1 + mtmq) LS (1 + mtmq)
— — 51
gy = e M) T (51
(1 - mtmq) (1 - mtmq)

This clearly shows that telescope polarization breaks the S-P anti-symmetry. From Egs.(50) and (51) it is easy to

derive mg, m, and m, :
_ Mo+ Mo (52)
(mtmq) - T/ﬁS,u — fr\lp,u'
m, = (1 + (mtmq)) g 00 53)
my = E(ms,q +Mp,) + 3 (memy,) (s, — Mp ), (54)
(55)

1 1
mg = E(ms'q - mP,q) + E (mtmq)(m‘s'q + mP,q)'

It is noted that these relations may not work in practice because in the denominator Eq.(52) has many zeropoints. For
small m;, a robust estimate is )

m, = E(ﬁ\l&q + T’flp‘q) (56)
However, there is no strict need to perform the extraction of m,, m, and m,. Knowledge of elements s , My ,,, Mp , and
Mp,,, is sufficient to perform the demodulation on the measured S- and P-beams to derive the DoLP. From the measured
spectra Is(4) and I, (1) we can construct the (modulation-free) radiance by (c.f. Eq.(35) ):

[ Is+1p
2+ (Mgq + Mpg)q + (Msy + Mpy )’

(57)

The “proof™ that indeed the Mueller approach works as it should with telescope polarization is shown in Figure 7 of a
simulated SPEX measurement. The instrument model is the same as in the previous section, with the same ISRF and model
parameters, but now telescope polarization is included in the Mueller matrix description of the instrument, and
subsequently in the simulation of polarimetric and radiometric calibration measurements. A white radiance spectrum was
used as input spectrum, with the DoLP varied from unpolarized to fully polarized. Figure 7 shows the measured DoLP
error after demodulation with the blue curve labeled as “Default”. The error is non-zero, but insignificant. Also in this
figure is shown the case where S-P anti-symmetry is adopted in the polarimetric calibration and demodulation (orange
curve). The behaviour of the DoLP error in this case is somewhat remarkable in the sense that the error is largest for
unpolarized light DoLP=0, and decreases with increasing DoLP with no error induced when the incident light is 100%
polarized.
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Figure 7. DoLP determined from input signal with range in DoLP (x-axis) and fixed AoLP=67°,
telescope polarization m, = —0.005

7. CONCLUSIONS AND OUTLOOK

The present-day standard for remote sensing multi-angle polarimetric instrumentation for atmospheric aerosol
characterization is to deliver polarimetric measurements with an error on the DoLP not larger than a few times 0.001. For
SPEXone the requirement on the DoLP error is <0.003. Accurate polarimetric calibration is key to providing high-accurate
polarimetric multi-angular measurements to derive atmospheric aerosol parameters. Here we have presented a procedure
of polarimetric calibration and operational use for dual-beam SPEX airborne instrument following a Mueller matrix
formulism of the instrument behaviour. It was shown how the approach allows to make few assumptions about the
instrumental parameters, and is by construction tolerant for instrumental imperfections due to, e.g., optical distortions in
the focal plane, mismatches in the two beams, and also possible instrumental polarization preceding the polarization
encoding optics. A procedure for dealing with sharp features in the solar spectrum is presented which is shown to work
well provided sufficient knowledge can be obtained of the instrument spectral response function. The lessons learned from
SPEX airborne have been fed into the development of SPEXone and will also be employed in its calibration and data
processing algorithms. A paper discussing polarimetric calibration of SPEXone and verified performance using a variable
polarimetric stimulus is forthcoming. At the time of writing this contribution to the ICSO conference, SPEXone is being
shipped for transport to NASA, where it will be integrated on the PACE spacecraft and launched in 2023.
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