
Polarimetry and Spectroscopy on Geostationary Satellites with the Nordic Optical Telescope

Semeli Papadogiannakis, Torbjörn Sundberg, Per Hägg
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ABSTRACT

We present new polarimetry and spectroscopy data from the 2.56 meter Nordic Optical Telescope for three geosta-
tionary satellites. The aim was to examine whether polarization and spectra can be used for characterization and
identification of satellites and to study the reddening effect in the spectra possibly linked to space exposure.

We found a strong dependency between the degree of polarization and the phase angle that is individual for each satel-
lite, with polarization variations as large as 25% for certain phase angles. We also found spectroscopic differences but
their origin is unclear. In conclusion we find that a wide range of phase angles need to be probed for characterization
both using polarimetry and spectroscopy.

1. INTRODUCTION AND BACKGROUND

Characterization and classification of resident space objects (RSOs) becomes increasingly important as we have seen
a sharp rise in the number of objects in orbit in the last few years. Characterization measurements can be used for
object identification, operational status and geometry among other things and is of interest for a wide variety of sectors
including military (e.g. threat assessment), political (e.g., treaty compliance) and research (e.g., material science).
Characterization also is part of space situational awareness (SSA) and space domain awareness (SDA) which is a
priority for many space faring nations [1].

Non-resolved object characterization can be done in many different ways. The most common is to study light-curves at
different phase angles (e.g. [2]), often in conjunction with machine learning methods (e.g. [3] [4]). In this paper we are
looking into the possibility of using polarimetry and medium resolution spectroscopy for this purpose on geostationary
(GEO) satellites.

Spectroscopy measurements of RSOs, have been used for characterization purposes (e.g. [5], [6], [7], [9], [10]). In one
case [11], spectroscopic measurements in orbit have been compared to laboratory measurements of the same object.
A “reddening” effect on the spectra has frequently been reported (e.g. [12]), in which the peak of reflectance increases
with wavelength and it is thought this is linked to space weathering.

Polarimetry has not been as widely used for these purposes[13]. Ref. [14] shows that different solar panels can be
characterized by their polarization in the lab. In this paper we aimed to test this on three GEO satellites.

This paper presents how the observations were made and calibrated in Section 2, then the results obtained in Section
3 and later a discussion and conclusions in Section 4.

2. METHODOLOGY

The study is based on satellite data collected at the Nordic Optical Telescope (NOT), is a 2.56 m telescope primarily
used for astronomical research, located in the Roque de los Muchachos Observatory, in La Palma, Spain. Three
geostationary satellites were chosen as targets for our observations; Intelsat 904, Intelsat 37e, and TDRS-13. The
three satellites have been built on the same bus, but have been launched on different years to allow us to look for
differences in their spectra that could be caused by space weathering (Intelsat 37e and TDRS-13 as they were launched
in 2017, while Intelsat 904 was launched in 2002). In order to study how the polarimetry and spectroscopy changed
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Table 1: Satellite observations with the Nordic Optical telescope1.
Date: Satellite: Polarimetry (angles) Spectroscopy (angles) Comments:

2021-04-05 Intelsat 37e 3 - Variable cloud coverageTDRS-13 2 -

2021-05-05 Intelsat 37e 4 3
Problems with pointing the
telescope

2021-06-27 Intelsat 37e 6 6 Good conditionsIntelsat 904 6 6

2022-04-11
Intelsat 37e 1 3 Variable cloud coverage

part of the nightTDRS-13 3 3
Inteslsat 904 1 1

over phase angle with respect to the sun we observed the satellites on a variety of different phase angles and on a
number of different dates to minimize systematic errors in the calibration. Table 2 shows the number of observations
taken of each satellite on the different dates for both polarimetry and spectroscopy. All polarimetry observations were
performed in the V-band.

The observational conditions varied between the campaign dates. Some dates experienced variable cloud coverage
and required additional care in calibration in order to be used. From the observations taken, 20% could not be suf-
ficiently calibrated. Since observing fast moving objects, such as satellites, had not been previously performed with
the telescope the first few nights there were technical difficulties maintaining the object within the slit throughout the
exposure time for spectroscopy. This was later fixed and high signal-to-noise spectra could be obtained. Some data
had to be discarded on nights with variable cloud coverage when not all four polarimetry angles could be observed
with good conditions for a single phase angle. The measurements were repeated on several separate nights in order to
ensure consistency and allowed us to measure any potential systematic error to the calibration between measurements
of different nights.

2.1 Linear polarimetry with FAPOL instrument

Polarimetry was taken using the FAPOL linear polarimeter in the Alhambra Faint Object Spectrograph and Camera
(ALFOSC) at NOT. FAPOL utilizes a half-wave plate and a calcite plate mounted in the aperture wheel for and for our
observations we used four angles, 0°, 22.5°, 45°, and 67.5°. Since the calcite plate allows simultaneous measurement
of the both the ordinary and extraordinary component of the two polarized beams we get two images of the same object
separated by approximately 15” on the image plane on each image taken. This separation is adequate for point-like
sources. The beam-splitting from the calcite plate combined with the four positions of the half-wave plate means that
eight images are obtained in total. The images have a near circular field of view of ≈ 1.1’ which means that the target
is often isolated and easy to identify.

The percentage of polarization for each angle is obtained as follows: Let Oi and Ei be the intensities of the ordinary
and extraordinary images obtained through the calcite plate for each of the i=1,2,3,4 angles of the half-wave plate.

The percentage of linear polarization (P) is found as follows:

Qi = Ei/Oi (1)

QM = Q1 +Q2 +Q3 +Q4 (2)

PX =
Q1 −Q3

QM
(3)

PY =
Q2 −Q4

QM
(4)

P = 100
√
(PX)2 +(PY )2 (5)

1The angles referred to in the table represent clusters of data points at similar phase angles. When possible, both polarimetry and spectroscopy
have been performed for similar angles.
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while the error is given by

∆P =

√√√√∑
Qi

(
∂P
∂Qi

∆Qi

)2

. (6)

The calibration of the polarimetry images and spectra were performed according to standard procedure in astronomy
using a custom made pipeline based on the Astropy [15] [16] python library. The calibration is described in more
detail in Sections 2.2 and 2.3.

2.2 Calibration of polarimetry

All images were first bias and flat subtracted before aperture photometry could be used to extract the intensity of each
image. The target source is identified with the “DAOStarFinder” algorithm in Astropy [17] which is more robust than
the IRAF alternative. The sources are filtered to only keep pairs that are almost the same height and approximately 15”
apart, corresponding to the ordinary and extraordinary beams. To estimate the background noise we draw an annulus
with an inner radius of 1.4 times the full width at half maximum (FWHM) of the source to avoid source contamination,
and the outer radius is adjusted so that the annulus area matches that of the inner ring. The brightness of the object is
the difference between the measured aperture photometry and estimated background. The error is then estimated as
the square root of the sum of the squares of the errors for both values.

Once all sources have been extracted, we employ Equation 5 to calculate the percentage of linear polarization for
each object. Similar observations are also performed on solar analogue high precision polarimetry standard stars [18]
with no polarization in order to have a zero polarimetry comparison to calibrate the data. Polarization calibration is
performed to mitigate the effect of the atmosphere on the measured polarization.

2.3 Calibration of spectra

The spectroscopy images are first bias-corrected. In order to remove teluric emissions, we compute mean and variance
of the image for each wavelength, excluding the object itself. Then, we create a new image the same size as the original
filled with Gaussian noise where each row has the same mean and standard deviation as the original. This image is
used as a dark frame in the reduction pipeline, hence dubbed “synthetic dark”. In order to avoid some hot pixels across
the edges, the synthetic dark ignores a band of 10 pixels from each edge. The flux is computed averaging across the
rows of the image.

In order to obtain the wavelength calibration, we manually annotated 11 peaks from an observation of a Helium-Neon
lamp, see Fig. 1. This gives us an approximate solution, but it doesn’t account for effects like flex of the instrument
with positioning, or thermal expansion. To compensate, each image is then automatically refined using a reference
lamp spectrum taken shortly before or after the science image and it is compared with the NIST Atomic Spectra
Database Lines [19].

The calibration algorithm takes the reference image that was taken closest in time to our exposure and proceeds. In the
first step, we estimate the intensity of the continuum by taking a 21 pixel rolling median, to which we fit a Chebyshev
polynomial of order 5. Then, we divide the spectrum by the fitted continuum, making the lines more prominent. We
use the peak-finding algorithm signal.find_peaks from Scipy [20] to extract a list of possible candidates, sorted
by intensity. We iterate over the peaks, and for each one, we find the strongest peak in the reference spectrum within a
window of 90 Å. Whenever we find a peak, we verify that the match is plausible, ie, it is consistent with a monotonous
wavelength solution. The pair is saved, and the matched peak is removed from the reference spectra to prevent it from
being matched again.

Finally, we fit all pairs to a Gaussian process with a kernel that is the sum of a linear and a radial basis function. The
first component of the kernel is responsible for the overall trend, while the second accounts for any deviation. This
method provides both a robust estimate of the wavelength solution as well as an uncertainty based on the position of
the lines. A summary of the calibration of the spectra is shown in Fig. 1 in schematic format.

3. RESULTS

Fig. 2 shows all the polarimetry measurements with respect to the phase angle. The phase angle is the angle between
the direction of the Sun and the observatory as observed from the satellite; or in other words, the angle between the
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Fig. 1: A schematic showing the calibration steps for the spectra taken with the NOT from the raw spectra to the fully
wavelength calibrated end product.

incident light and that reflected towards the telescope. The signed phase angle has the same magnitude, with the
sign of the angle resulting from projecting the three objects into the Solar System plane in the International Celestial
Reference System (ICRF) reference frame, and going from the Sun to the telescope. Mathematically, the angle is
positive if the cross product of the vectors from the satellite to the Sun and the Earth points upwards in the Solar
System plane.

They are fitted with a polynomial of order 3 to guide the eye and we find that the three satellites have distinct signatures,
especially at large angles. For all satellites we also note that the polarization is not symmetric for the sign of the phase
angle.

The variation between polarimetry measurements across different nights are showcased in Fig. 3 where we find
relatively robust results despite the varying observational conditions.

For the spectra we found that the position of the peak and the shape of the spectrum vary, sometimes rapidly, and
independent of physical characteristics such as phase angle. This variation suggest that a single spectrum may not
be sufficient for characterization of unknown satellites. We also report rapid spectroscopical changes, up to a 20%
decrease in flux in the near-infrared I band in two minutes, under good weather conditions. In Fig. 3 we show the
spectra taken of Intelsat 37e and show the variation in both counts and peak wavelength observed. These variations in
the peak wavelength are not observed for Intelsat 904. For TDRS-13 we have too few spectra to draw any conclusions.
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Fig. 2: The upper panel shows the polarization as a function of the signed phase angle for the three observed satellites.
The shaded lines show a polynomial fit of order 3 and its 90% confidence interval, in order to guide the eye to
differences in the polarization signature between the three satellites. Errorbars of 1 σ are shown however for some
cases these are smaller than the markers used. The lower panel shows the asymmetry value, i.e. the asymmetric
components of the fitted polynomial, for each satellite with respect to the signed phase angle. All three satellites show
different characteristics.

4. DISCUSSION AND CONCLUSION

The observed difference in polarization between the satellites suggests that polarization could potentially be used as a
cost-effective means for non-resolved object characterization. Since the polarization directly depends on the surface
properties of the satellite, variation in polarization could also be used together with modeling to determine information
about the configuration of the solar panels and antennas. Polarimetry only requires relatively short exposure times,
which makes such observations relatively accessible for low-end instrumentation and viable for large-scale studies.
This is especially important for reaching a better understanding of object characterization in an even more crowded
space environment, as large number of objects may need to be characterized. In addition, the method also seems robust
across several nights in varying observing conditions. Further work is needed to corroborate this and to quantify the
variation and phase angle dependence.

Further work could expand the measurements to a larger number of satellites and include modeling of the object
geometry to see how it is linked to the polarization, as well as an investigation of how stable the signature is over
time. It is encouraging that the polarimetry signatures are very distinct, but it it should be noted that we only look
at three objects in this paper, a larger study is required to reach broader conclusions on the potential of polarimetry
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Fig. 3: Polarimetry observations of Intelsat 37e divided by their observation date. Errorbars of 1 σ are shown however
for some cases these are smaller than the markers used.

measurements in non-resolved object characterization.

Combining polarimetry with photometry would possibly allow an inference of the 3D shape of the object with help
of computer modeling. Combining different methods of different observations, such as light curves to get further
characterization information of the RSO has been done before with promising results. Ref. [21] offer a mass estimation
method using astrometric and photometric data fusion of RSOs. Others studies, such as [22] explore methods to
estimate the albedo-area for stable GEO RSOs.

The peak intensity shift found on the spectra from Intelsat 37e require further research in order to ascertain its cause.
Confounding factors may include cloud coverage and differences in the solar panel composition, which makes it
difficult to draw firm conclusions for the origin of the spectral differences and changes. Further studies aimed to study
reddening due to space weathering would thus require observations at several phase angles. In addition, identical
satellites launched at different times should be used to minimize additional confounding factors.
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Fig. 4: All the spectra taken of Intelsat 37e, color-coded by phase angle.
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