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Going beyond hardware limitations
with advanced stray light
calibration for the Metop-3Mi
space instrument

L. Clermont™, C.Michel, Q. Chouffart &Y. Zhao

Space optical instruments play a pivotal role in enhancing our understanding of the universe and our
planet, and are crucial in addressing the urgent challenges posed by climate change. In this context,
stray light has emerged as a primary performance limitation. Originating from ghost reflections

or scattering, it obscures essential details and introduces false information into images. With the
demand for increasingly high-performing instruments, mitigation through hardware optimization

is becoming insufficient. We are entering an era where future instruments require a stray light
correction algorithm to meet user specifications, necessitating extensive on-ground calibration. This
paper examines the Metop-3MI Earth observation instrument, which, with wide field of view, broad
spectral range, and multi-polarization capabilities, epitomizes the challenges of stray light calibration
and correction. A custom calibration apparatus was constructed to evaluate the complex stray light
dependence on field-of-view, wavelength, and polarization. Data were processed, and stray light
kernels database was derived, which then fed into a specially developed correction algorithm. Applied
to the image of an extended scene, it effectively reduces stray light by a remarkable factor of 91. This
achievement sets a new standard for low-stray-light instruments and provides a comprehensive case
study for future missions.

Space optical instruments are remarkable tools for unlocking the secrets of the universe and deepening our
understanding of the Earth. Over the years, innovations in design, manufacturing, and detector technologies
have significantly enhanced their capabilities'*. However, in the most demanding applications, stray light (SL)
has emerged as a primary performance limitation. Originating from ghost reflections or scattering, SL degrades
image quality by introducing artifacts>®. It obscures essential details and introduces false information, thereby
limiting the valuable insights that can be gained from satellite imaging.

Earth observation is an application where SL is particularly critical’. In that case, instruments require
strict radiometric accuracy, which can be compromised by SL coming from a broad range of angles, as the
Earth acts as an extended source®. SL is also critical in any instrument observing high-contrast scenes or faint
objects’. For example, coronagraphs need to maintain low SL from bright stars to detect nearby faint objects like
exoplanets!®*%. Similarly, in heliospheric imagers, minimizing SL from the sun is crucial for observing the solar
wind'*"". The primary method for reducing SL involves optimizing the opto-mechanical design'®-%?, including
the use of baffling, black treatment**?* and anti-reflection coatings>®. However, as we reach the limits of what
can be achieved through hardware alone, SL correction algorithms are becoming necessary®>?°. In this regard,
Metop-3MI is among the most pivotal missions.

Metop-3MI aims to study the chemical composition of the atmosphere, analyze clouds and aerosol properties
and measure the Earth’s albedo?-?. These tasks are essential for understanding climate evolution and monitor-
ing air quality, areas of increasing concern amidst climate change. Metop-3MI is equipped with two wide-field
imagers (+ 57°) operating in the Visible and Near infrared (VNIR: 410-910 nm) and short-wavelength infrared
(SWIR: 910-2130 nm). It features multi-spectral and multi-polarization capabilities, utilizing an on-axis refrac-
tive configuration and a rotating filter wheel. Orbiting in low-Earth orbit, it will conduct observations across
various wavelengths and polarizations, with a total of 21 channels in VNIR and 9 in SWIR. A few channels are
non-polarized (NP). For all the others, there are three channels per wavelength, each with a different polarization
orientation (P): 0° and 60° and — 60°.
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Despite an optimized design, significant SL is caused by hundreds of ghost reflections*>?*3*%. Additionally,
roughness and contamination on optical surfaces cause further SL through scattering®®—2 Therefore, in observa-
tions of high contrast extended scenes, light from bright areas generates SL, adversely impacting darker regions®.
Crucial details are obscured, and, for example, the SL signal could mistakenly be interpreted as originating from
aerosols in the atmosphere®. According to user requirements, for a reference extended scene with a field of
view half-illuminated by a bright radiance (L,,,,) and half by a dark radiance (L.~ 0.1-L,,,,), SL across the dark
region—excluding the area within 5 pixels from the transition—must not exceed 0.17% of L,... However, ray
tracing simulations predict a SL level two orders of magnitude above that, underscoring the need for a SL cor-
rection algorithm. We previously developed an algorithm concept?®, predicting using simulations a SL reduction
factor of 119. Its fundamental principle involves estimating the SL for any given input scene and subtracting it
from the measurement. This is achieved using a linear combination of SL kernels across the field of view, where
each kernel is modulated by the measured signal at that specific field.

Building a correction algorithm for Metop-3MI requires to perform an extensive on-ground calibration
of the SL properties. The calibration is among the most challenging ever conducted, evaluating SL properties
across thousands of illumination conditions. Furthermore, measurements are performed under thermal-vacuum
conditions to accurately simulate the space environment**. This mission is among the first to prioritize such
an extensive and complex calibration campaign in advance, a strategy informed by lessons learned from the
POLDER mission®® in the early 2000s, which had a similar but simpler design configuration. In POLDER, SL
was initially not anticipated to be a critical issue. On-ground testing was performed only at a late stage, shortly
before launch, where SL issues were unexpectedly discovered. This yielded valuable insights, particularly the
complex dependence of SL with respect to the field of view, wavelength, and polarization®. Metop-3MI has even
more demanding SL performance requirements, in fact POLDER didn't had a specific target. In other situations,
SL properties is simpler. For example, in the three-mirror anastigmat instrument ProbaV, SL primarily arises
from mirror scattering®?. This results in a straightforward SL profile that diminishes continuously away from the
nominal signal, necessitating only a few calibration measurements to develop a deconvolution algorithm?¢-*%,

Metop-3MI marks a paradigm shift in SL calibration and correction practices, pushing further than even
the complexity of testing methods and subsequent processing. With the demand for ever-greater precision
in space telescopes, future instruments are expected to systematically undergo such extensive and precise SL
calibration, together with the use of an advanced SL correction algorithm. This necessity is further highlighted
by instances where SL was only discovered in space, such as with TIRS on board Landsat®*-*!, GAIA*? and very
recently EUCLID*. For example, FLEX* and ALTIUS* are Earth observation missions, currently in develop-
ment, where a priority is put on SL calibration. In this paper, we delve into the intricacies of the Metop-3MI SL
calibration, focusing specifically on the Proto-Flight model—the first of three models planned for space launch.
We detail the SL measurement and data processing techniques, focusing on the SL coming from sources located
inside the instrument field-of-view. Calibration data are then introduced into a correction algorithm, which is
subsequently tested with on-ground extended scene measurements to effectively demonstrate SL removal. We
evaluate the correction performance and demonstrate an SL reduction factor of up to 91. Finally, we extract
valuable lessons for future missions.

Methods and results

SPST measurements

The SL calibration involves measuring the Spatial Point Source Transmittance (SPST), corresponding to the SL
pattern observed on the detector when the instrument is illuminated by a point-like source at infinity* (equiva-
lent to a collimated beam). The instrument is vertically positioned to minimize gravity-induced deformation
and ensure optimal functioning of the heat pipes. Above the instrument, an illumination device produces a col-
limated beam using an off-axis parabola with fiber injection (Fig. 1a). It is fed with a white light source for the
VNIR and a laser for the SWIR. The beam nominally illuminates one pixel, while the signal on the other pixels
originates from SL (Fig. 1b). Signals on the detector are expressed in units of digital number; the SPST is unitless
as it is the SL signal normalized to the nominal signal. The nominal signal represents the instrument’s nominal
performance, including the effects of lens transmission.

A mechanical device adjusts the illumination angle for SPST measurements across a pre-defined calibration
grid, which was optimized using ray tracing data®. Figure 1c depicts the grid in the angular domain, where 6
and ¢ represent the elevation and azimuth angles. Figure 1d shows the corresponding nominally illuminated
pixels on the detector, denoted as (xf, yf). In addition, the mechanical device enables a scan of the collimator
over the instrument’s aperture, compensating for its limited size. Indeed, while the collimator is sufficiently large
to cover the entrance pupil of the instrument, effectively acquiring the nominal signal, SL can originate from
rays illuminating the instrument outside of that pupil. Hence, for each field angle, the total SL is obtained by
summing the acquisition for the different scan positions. Instead of scanning the entire aperture, requiring up
to 25 positions, we perform a selective scan over the SL Entrance Pupil (SLEP)***!. This pupil represents the area
where incoming rays contribute to SL reaching the detector (Fig. le). Outside of the SLEP, SL rays are blocked
before reaching the detector. Computed by ray tracing with ghosts up to the second level, the SLEP is covered with
only 2 to 4 scan positions, except for 8 < 3°, where up to 15 positions are needed. With a positioning accuracy of
approximately 10 microns, overlaps or gaps between scans are negligible. Additionally, the laser power remains
stable during acquisitions at various scan positions.

SL is measured over a high dynamic range by combining measurements at different integration times (VNIR:
20ms to 20s, SWIR: 0.1 ms to 100 ms) and various input beam powers. Input power is varied using a 4F setup*®*’
with adjustable slits before the collimator’s fiber injection. As shown on Fig. 1f, the 4F setup employs an off-axis

Scientific Reports |

(2024) 14:19490 | https://doi.org/10.1038/s41598-024-68802-z nature portfolio



www.nature.com/scientificreports/

. Stray light Entrance Pupil (SLEP)
. Collimator — -

(a)

L1 footpring\\

Spatial scan

\
\Spatial scan

Lens L1
Zl_’
X
& 5" T
— % S m
S ENEY)
@ ° o
(b) ._
Stray light at detector —— s
¥ B 6 - sin(¢) (°) x5 (pix)
Pupil stop slit

(f)

Filters

IZ\I: Detector

Figure 1. (a) Sketch of the experimental setup for characterizing SPST maps. (b) Stray light at the detector. (c)
Calibration grid in the angular domain. (d) Calibration grid at detector level. (e) Stray light Entrance Pupil. (f)
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parabola to collimate the beam of light, while a second off-axis parabola focuses the light into the fiber. Two pairs
of slits can be gradually closed to decrease the amount of light injected into the fiber.

SPST reconstruction

The dynamic range decomposition employs three levels, as depicted in the example of Fig. 2a. Level L1, character-
ized by the shortest integration time and lowest beam power, captures the nominal signal, while leaving the SL
within the noise. Level L2, utilizing a higher beam power, saturates the nominal signal but succeeds in capturing
the SL directly surrounding it. Finally, Level L3 combines high beam power with an increased integration time
to capture the remaining SL. This enables the characterization of SL features down to a dynamic range of 1078,
which is far better than the capabilities of the detector with a single acquisition.

For each level, measurements from different spatial scans are summed. Each acquisition undergoes dark
current correction by subtracting a reference dark map, previously acquired with the same integration time. In
VNIR, measurements are corrected for smearing, estimating its amplitude on each line using a smearing accu-
mulation column at the detector’s edge. High beam power generates a non-uniform smearing profile, previously
characterized and removed from each acquisition. The SWIR detector, unaffected by smearing, employs an anti-
blooming apparatus. However, in SWIR, pixels directly adjacent to saturated ones are impacted by artifacts and
are therefore excluded from measurements, across about 5 pixels.

Maps at L1, L2, and L3 are recombined using a stitching approach, calculating the median of the ratio
between pixels around the saturated area. This is necessary to compensate for the use of different input power
and integration times across levels. The process begins with the L3 map, retaining only signals from unsaturated
pixels. Subsequently, a scale factor is applied to the L2 map to align its signal level with that of L3. This factor
is derived from the ratio of signals, for the L2 and L3 maps, in the pixels surrounding L3’s saturated area. The
signal for the missing pixels of the L3 map is then taken from the L2 map. The same process is applied to the
L1 map to address signals from pixels saturated at L2. Finaly, recombined maps are normalized to the nominal
signal. However, due to the collimator’s orientation (elevation and azimuth angles) not being precisely centered
on a pixel, the nominal signal may span up to a 2 x 2 pixel area. Thus, the nominal is defined as the sum of the
signal across these four pixels. After normalization, the SPST is obtained by setting the signal in these pixels to
zero, thereby keeping only the SL on the map.

Figure 2b presents SPST maps measured at various field angles (410 nm, P=- 60°). In comparison, Fig. 2c
shows the maps predicted by ray tracing, and Fig. 2d depicts the radial profiles passing through the center of the
detector and the nominal position. The maps reveal a complex superposition of hundreds of ghosts, varying in
shape and amplitude and aligned along the radial direction. SL is especially pronounced around the nominal
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Figure 2. (a) Acquisitions of the SL is done with three levels of dynamic range decomposition. Measured
(b) and ray traced (c) SPST maps for various fields (410 nm, P=-60°), and associated radial profiles (d). (e)
Evolution of the SPST maps integral as a function of 0, for all values of ¢.
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pixel, due to ghost reflections occurring near the detector and scattering at lens interfaces. Experimental results
align with ray tracing predictions in terms of geometry but not in ghost’s amplitude. Additionally, two unexpected
effects are observed. First, for some fields we observe a thin line at a 14° angle from the vertical axis, centered on
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the nominal pixel and likely due to a lens scratch or contamination. This is visible on Fig. 2b at 6=0°. Second, we
observe a shade in the SUs diffuse part, present only in polarized channels at smaller wavelengths, due to a polari-
zation effect on the light scattering. The shade is systematically aligned with the channel’s polarization orientation.

Figure 2e depicts the evolution of the integral of the measured SPSTs with 0 for all values of ¢ on the cali-
bration grid. A dispersion of the data points is observed, due not to noise in the acquisitions, but rather to an
asymmetry of the instrument along ¢. For a specific value of ¢, here 225°, the evolution is smooth.

SLEP validation
Measuring SL with a SLEP-limited scan reduces the duration of measurements compared to a full scan across
the instrument’s aperture. To verify the SLEP’s efficiency in capturing all SL features, several verification meas-
urements are conducted using a full spatial scan. Figure 3a, b illustrate an SPST map measured with the SLEP
method and with a full scan, respectively, at the 910nm non-polarized channel. Their radial profiles are presented
in Fig. 3d. This comparison confirms that all ghosts detected with the full scan are also captured by the SLEP,
underscoring its effectiveness. Note that in this channel, a very slight residual horizontal smearing line is visible.
Another observation is that the full scan measurement reveals a more pronounced background scattering
signal. Although this effect is less pronounced at shorter wavelengths, at 910 nm, SLEP measurements show
scattering vignetted outside a rectangular area near the nominal. This occurs as some scattering happens when
rays illuminate the instrument outside the SLEP. This smooth scattering pattern can be represented using a
simple Harvey model’. Therefore, for each SPST measured with the SLEP, this scattering component is numeri-
cally incorporated. Figure 3c illustrates the SPST resulting from adding this model to the SLEP measurement,
effectively replicating the SL achieved with the full spatial scan.

SPST polarization dependence
L1 and L2 maps are calibrated for each channel while the filter wheel rotates continuously. L3 maps are charac-
terized with stationary filter wheel, allowing for extended integration times. To shorten the campaign duration,
only non-polarized channels and those with a polarization orientation P=— 60° undergo full calibration at L3.
Nevertheless, the polarization dependence is evaluated by taking extra measurements for P=0°, 60° and - 60°,
at a few elevation angles and in 30° steps for the azimuth.

Figure 4a displays L3 maps for P=— 60° (410nm), at 6 = 14° across various azimuth angles ¢. The maps reveal
a shade in the SUs diffuse part, aligned with the polarization axis regardless of ¢. A ghost is observed, its ampli-
tude varying with ¢, peaking when the azimuth aligns with the polarization orientation (¢ =60°), and reaching a
minimum in the perpendicular direction (¢ = 150°). Decomposing the map by spatial scans, as shown in Fig. 4b,
reveals that this specific ghost is present only in the third scan position, while the shade is in scan one. When
the signal of the ghost is integrated, Fig. 4c emphasizes a variation with ¢ following Malus’s law*?, valid for the
channels at any polarization orientations. This behavior persists for 6 between 11° and 17°. Outside this range,
the ghost is vignetted before reaching the detector.
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Figure 3. SPST (910 nm) measured with a scan restricted to the SLEP (a) or a full scan (b). (c) Map with SLEP-
limited scan with scattering model added to replicated the full scan measurement. (d) Radial profiles for SLEP
and full scan measurements.
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Figure 4. (a). SPST maps for various azimuth angles ¢ (410 nm, P=-60°, 6=10°). (b) Decomposition by spatial
scan of the SPST at ¢ =270°. (c) Evolution of the integral of scan 3’s ghost, as a function of ¢, for channels at
different polarizations P. (d) SPST at P=0°, measured directly or reconstructed from measurements at P=-60°.

SPST maps at polarizations 60° and 0° are constructed by recombining L3 maps calibrated at — 60°. Subse-
quent transformations are applied to accurately replicate polarization effects. The ghost previously discussed is
modulated to align with Malus’s law for the channel’s polarization orientation. Additionally, the shade is modeled,
removed from the image, and then reintroduced at the desired orientation. Figure 4d showcases an example of
an SPST map reconstructed at P=0°, effectively replicating the verification map measured at the same polariza-
tion. Ultimately, the relative residual polarization error on a single SPST map for P=0° and 60° is between 1.1%
and 3.6% for the VNIR channels (details in appendix 4.9). When considering an extended scene, the error will
be smaller because the positive and negative errors in SPST associated with different field angles will partially
compensate for each other. This error comes mainly from residual polarization effects on scan position number
one, with many ghosts superposed that can’t be individually adapted for polarization. In SWIR, polarization
effects are negligible.

SPST field-of-view interpolation

Interpolation is performed to create an SPST database over a field-of-view grid denser than the calibration grid,
serving as input kernels for the SL correction algorithm. The interpolation process, based on a local symmetry
assumption, applies rotation and scaling transformations to SPST from nearest calibrated fields?. The rotation
adjusts the azimuth angle, while the scaling adjusts the elevation angle associated to the map. This effectively
relocates various SL patterns to their approximate intended positions. To prevent unwanted rotations of the
scattering tilted line and polarization shade, these elements are removed before any transformation is applied.
Afterward, the line is reinstated at its original orientation, and the shade is positioned according to the channel’s
polarization orientation. This is achieved by modeling the shade and line patterns, then performing a simple
subtraction from the original map followed by an addition to the interpolated map.
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Figure 5a depicts an example of an interpolated SPST map, closely matching the verification map measured
at the same field Fig. 5b. Radial profiles are shown in Fig. 5c. While excellent correspondence is found, inter-
polation introduces some errors in positioning and size of SL features. This can be visualized by computing the
ratio of the interpolated map to the verification map, as illustrated in Fig. 5d. A ghost on the interpolated map
that is precisely positioned as on the verification map gives a ratio of 1. Any slight displacement results in a
ratio below 1 on one side of the ghost and above 1 on the other side. Such displacement error is evident when
zooming in on localized ghosts in Fig. 5d. Here, the error extends over approximately 3 pixels, similarly to the
one depicted in Fig. 5e, obtained with ray-traced maps in the same conditions. With ray-traced maps, it was
previously demonstrated® that interpolation errors limit the correction factor to x 119 on the reference extended
scene used for validating users requirements. As the interpolation error on measured maps is similar to that in
ray-traced maps, the impact on the correction algorithm performance is comparable as well.

Once the maps are interpolated, the near-nominal area is smoothed by averaging the signal within a 5-pixel
radius from nominal position. This compensates for the fact that illumination is not perfectly centered on the
nominal pixel, affecting SL distribution around that area. The choice of a 5-pixel radius is directly linked to user
specifications, which assess SL correction at 5 pixels from a transition.

Reference extended scene estimated SL

Figure 6a presents the theoretical signal for the reference extended scene used for validating users requirements.
Half of the field-of-view is illuminated with bright radiance while the other half has a dark radiance. Out-of-
field is not illuminated. Figure 6b depicts the corresponding SL pattern, estimated using the interpolated SPST
database. The estimation involves summing SPSTs across the field of view, each modulated by the nominal
signal at their corresponding field angles. Figure 6¢ displays horizontal profiles of the nominal and SL patterns.
The initial SL level for the reference extended scene is obtained by calculating the statistical value at the 1 sigma
percentile across the darker area, excluding within 5 pixels of the transition. In VNIR, this results in SL level
between 11.4% and 21.7% of L,.¢ in the darker area, depending on the wavelength. In SWIR, SL ranges between

22.4 and 27.6% of L .
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Figure 5. Interpolated map at an intermediary field (a) and verification map measured at the same field (b). (c)
Radial profiles of the maps. Ratio of the interpolated and verification maps for the experimental measurements
(d) and the case of ray traced maps (e).
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Extended scene measurement

A measurement of the reference extended scene is not feasible in a laboratory setting, as it would require a giant
integrating sphere at a large distance from the instrument. Instead, a scaled-down version is obtained by posi-
tioning a smaller integrating sphere with square aperture in front of the instrument (Fig. 7a). By rotating the
sphere, the instrument captures a finite sized scene from various positions within its field of view. Figure 7b.1
displays a measurement outcome, with a bright square representing the nominal image of the scene, surrounded
by SL features. Given the limited dynamic range of a scene (SL/nominal), a single level measurement suffices. By
combining measurements from the sphere at various positions, an extended scene covering half the field of view
while the other half is dark is reproduced (Fig. 7c.1). A perfectly uniform scene is not possible due to inevitable
overlaps in sphere positioning.

The limitation of this setup is the imperfect coverage of the SLEP by the sphere’s aperture. This leads to some
missing SL because the SLEP of the nominally illuminated field angles is not fully covered. Conversely, it results
in additional SL as the sphere overlaps the SLEP of field angles that are not nominally illuminated. Additionally,
the sphere illuminates the instrument’s environment, resulting in some signal originating from the instrument
observing its surroundings, even if black-coated.
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Figure 7. (a) Experimental setup for the extended scene measurement. (b.1) shows the measured image when
the instrument is illuminated by an integrating sphere at a single position, (b.2) shows the estimated SL pattern
associated to that measurement, calculated with the correction algorithm. (b.3) shows the corrected image with
the correction algorithm. (c) Shows similar results as (b) but with a large extended scene obtained by combining
measurements of the integrating sphere at different positions. (d) Profiles of the maps.
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Extended scene correction
SL correction involves estimating the SL pattern associated with a given input scene. A first estimation is obtained
by summing SPSTs across the field of view, each modulated by the measured signal at their corresponding field
angles. However, a residual error remains, because the SPSTs are modulated by a map including SL. Subtracting
this initial result from the measured signal provides a first estimate of the corrected map. More refined estima-
tion is achieved through a second iteration, modulating SPST maps by the first estimation of the corrected map.
Figure 7b.2 displays the estimated SL for the extended scene measurement taken with the sphere in a single
position. Remarkably, the estimation closely matches the actual measurement, capturing details such as ghosts
and polarization shade. The shape of the nominal square is still visible, because of bright SL present directly in
the nominal region. Figure 7b.3 presents the corrected map, where most of the SL has been eliminated. However,
some residual SL persists, a consequence of the measurement’s limitations due to imperfect SLEP coverage and
environment illumination. Figure 7c.2,c.3 show similar results for the large extended scene with only half the
field-of-view illuminated. Here also, SL is similar to that of the measurement and the corrected image has most
of it eliminated. Profiles of the maps are show on Fig. 7d.

SL correction performance

The correction of the experimental extended scene offers a valuable qualitative demonstration. However, due to
the setup’s limitations, it is not suitable for quantitative performance assessments. Instead, compliance with user
specifications for the reference extended scene is assessed through error budget modeling (details in appendix
4.9). This approach identifies and individually assesses various factors contributing to residual SL error. Key
contributors include detector noise, dark correction, and stitching imprecision during the recombination of
different levels. Furthermore, for channels with P=60° and 0°, an additional source of error is the imperfect
transformation of L3 maps from measured at P=— 60°. Total residual SL error is determined by statistically
combining these individual contributors, considering 1 sigma percentile.

Figure 8a presents the error budget for the 410 nm channels, showing the estimated initial SL level and
residual SL after correction. Figure 8b displays the initial and residual SL across all channels. The correction
factor, depicted in Fig. 8c, is the ratio of the residual and initial SL levels. In VNIR, non-polarized channels and
those at P=— 60° achieve correction factors between 63 and 91. The exception is the 763 nm channel, with a cor-
rection factor of 26, as it uses kernels calibrated for the 765 nm channel, despite some differences. The difference
between these channels arises from the slight variations in the reflectivity of their spectral filters. For channels at
P=60° or 0°, the correction factor ranges from 26 to 61, with minimal impact from polarization.

Discussion and conclusions

In this study, we conducted an extensive SL calibration of Metop-3MI and built a correction algorithm for
removing SL from in-flight measurements, pushing the performance beyond the hardware capabilities. This is
particularly challenging due to a wide field-of-view, broad spectral range and multi-polarization channels, causing
the presence of hundreds of ghosts with complex properties. SPST maps for various channels are acquired across
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Figure 8. (a) Residual SL in the reference extended scene’s dark area, evaluated at 1 sigma percentile, for
410 nm channels. Details are given in appendix 4.9. (b) Initial and residual SL for all channels. (c) SL correction
factor.
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hundreds of fields, accurately measuring features down to 1078 with three level of dynamic range decomposition.
A database of SPST maps over a dense field-of-view grid is obtained by interpolation, serving as an input for the
SL correction algorithm. When applied to the image of an extended source, the algorithm successfully removes
the SL while preserving the nominal image, with a remarkable correction factor up to 91.

The necessity for an instrument to remain vertical is challenging, as constructing an illumination device
capable of fully illuminating its large aperture in a single acquisition is impractical. The solution implemented
here uses a smaller device that is spatially scanned over the aperture. The SLEP approach effectively captures
all ghost features while avoiding the need for a full spatial scan, which would have significantly prolonged the
thermal vacuum testing campaign and led to unreasonable increases in cost. This requires for the SLEP to be
determined in advance using ray tracing simulations, which was done here considering only ghosts up to the
second order. In practice, SPSTs also include contributions from scattering at the lenses’ interfaces. Most of this
scattering is captured in the measurements since it occurs predominantly in the specular direction, involving rays
that enter through the nominal entrance pupil which is included in the SLEP. Nevertheless, a smaller scattering
contribution arises from rays hitting the instrument outside the defined SLEP, resulting in a smooth background
signal on the detector. This effect was effectively replicated using a simple Harvey model.

SPSTs exhibit significant dependence on polarization orientation. However, measurements for all polariza-
tions are conducted only at levels L1 and L2. Level L3, characterized by the longest integration times, contributes
most significantly to the calibration duration. Therefore, measuring at L3 for a single polarization orientation
effectively minimizes this duration. This approach necessitates transforming L3 maps from one polarization to
another to construct SPSTs for all channels. For example, we found a polarized shade, and a large ghost evolving
as per the Malus law with the azimuth angle. The SLEP scan decomposition facilitates its adaptation to another
polarization as this ghost is isolated on scan three. Nevertheless, scan number one overlaps the nominal entrance
pupil and generates hundreds of superposed ghosts. Their polarization dependance cannot be adapted, thus
they contribute to a significant residual error. For future instruments, especially the next models of Metop-3MI
to be sent into space after, the test campaign should encompass additional measurements at L3 of the scan one
across all polarizations. This approach would lead to a reasonable increase in the campaign’s duration, while
completely eliminating the polarization error at scan one. Combined with the ghost modulation at scan three,
this is expected to yield a consistent SL correction factor across all polarization orientations. In the SWIR, where
cooled detectors are used, controlling contamination is crucial because it can alter the optical properties of the
detector’s surface and, consequently, the SL properties.

Defining, interpreting, and experimentally verifying SL requirements presents significant challenges. The
Metop-3MI'’s reference extended scene, typical for Earth observation instruments, effectively replicates transitions
between lands, oceans, and clouds. Although useful for ray tracing performance prediction during the design
phase, it becomes impractical experimentally. In practice, SL requirements should be defined outside nominally
illuminated areas. Indeed, within illuminated areas, it is impossible to distinguish SL from the nominal signal.
Conversely, in completely dark areas, any signal exceeding the noise level is necessarily SL. Therefore, a reference
extended scene where the entire field of view is illuminated, as in Metop-3MI, should be avoided, even if one
side exhibits lower radiance than the other. Instead, the reference scene should include a completely dark area,
and performance should only be assessed in this area.

Another aspect to consider is how the reference extended scene test can be implemented in a laboratory set-
ting. To create a large, uniform extended scene, it requires placing a giant extended source far from the instru-
ment. Alternatively, we achieved a scaled-down extended scene using a reasonably sized integrating sphere
close from the instrument. However, this method is suitable only for qualitative performance assessments due
to errors from imperfect SLEP coverage. Additionally, the integrating sphere illuminates the laboratory environ-
ment, which the instrument subsequently detects, introducing further inaccuracies. For Metop-3MI, quantita-
tive assessment was derived from error budget modeling, which helps pinpoint the main error contributors,
notably the polarization effect, followed by the interpolation process. An optimal scaled-down extended scene
measurement could be performed by illuminating the instrument with a collimator whose field-of-view covers
several pixels. For example, using a 10°x 10° collimator would yield results similar to those from a scaled-down
integrating sphere measurement but without its limitations. Optimal SLEP coverage can be achieved by spatially
scanning the collimator above the instrument, while its restricted field-of-view prevents the illumination of the
laboratory environment. Additionally, this measurement could be conducted from several angles, effectively
verifying the SL requirements across different areas of the instrument’s field-of-view. Combining several of
these measurements, similarly as in Fig. 7c, would provide a broader extended scene. However, we must always
preserve a non-illuminated area where the SL level can be assessed.

In addition to SL originating from sources within the field-of-view, instruments can also present out-of-field
(OOF) SL. Ray tracing has shown previously*® that OOF SL in Metop-3MI is, on average, 20 times smaller than
in-field SL. Here, OOF SL can occur up to an elevation angle of 63°. The OOF SL level could be even lower with
a longer fore-baffle’, but this is not always possible due to volume constraints. Measuring and correcting OOF
SL is significantly more complex than dealing with in-field SL because of the faint levels of SL and the absence of
nominal signals on the detector. Therefore, the SPST can’t be defined as the SL on the detector normalized to a
nominal signal as with the in-field SL. Instead, the SL kernels must be normalized to the input irradiance, neces-
sitating excellent collimator monitoring and gain characterization. We recently proposed a theoretical concept
for an OOF SL correction algorithm?®, in which the SL kernels are modulated by the scene radiance. Although
there is no nominal signal on the detector from OOF illumination, the OOF scene radiance in the along-track
direction of the satellite can be deduced from successive images of the Earth. For the across-track direction,
mirroring can be used to estimate the OOF radiance, although this method cannot predict localized objects
such as clouds. Due to the complexity of OOF SL compared to in-field SL, the experimental results related to it
will be presented in a future paper.
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SL calibration is essential for developing SL correction algorithms, enabling space instruments to operate
beyond the limits of their hardware. As users continuously demand instruments with improved performance, the
need for such algorithms will become more frequent, making extensive SL calibration campaigns increasingly
critical for a broader range of space instruments. In Metop-3MI, we encountered multiple challenges simultane-
ously, including the presence of hundreds of ghosts and scattering patterns, variations in SL across a wide field
of view, a spectral range that spans from the VNIR to the SWIR, and polarization dependencies. Despite these
challenges, we achieved a new state of the art with the correction algorithm implemented in Metop-3MI. This
situation, where testing methods were pushed to their utmost limits, will serve as an ideal case study for the
development of future high performance instruments.

Appendices

SPST measurement setup

The collimated beam is formed by an off-axis parabola (200mm focal length, 40 x 40mm? aperture). Light is
injected at the focal plane with an optical fiber (600pm core) at the tip of a black specular pyramid. The assembly
is placed in a MAP-PUI coated box and the beam exits through a baffle. An Acktar-coated mask (38 x 38mm?)
above the parabola limits the beam aperture. A white light source (EQ77) is used for VNIR channels. For SWIR
channels we use: 1370 nm Akela laser diode, 1655 nm fiber-coupled civil laser, 2128 nm CNI laser. The collimator
is placed on a translation stage and a goniometer, at about 300 mm from the instrument.

SLEP prediction

The SLEP is computed by ray tracing, considering ghosts reflections up to second order, at all wavelengths of
the instrument. The instrument is illuminated by a collimated beam: a dummy surface is placed in front of the
instrument and the coordinates of the rays actually generating SL reaching the detector are recorded. These
coordinates constitute the SLEP footprint, which is computed for various field angles. For the experimental
campaign, the spatial scan is set so that it overlaps the SLEP footprint.

Scattering model
SPST measurements performed with the SLEP encompass all ghosts, but miss a scattering contribution. The
missing part is delimited outside of a rectangular zone. Using a select number of SPST measurements performed
with a full spatial scan, the scattering contribution is fitted using a Harvey model h(i, j) expressed by Eq. (1). The
fit parameters are b, s and L. The parameters u = i/N and v = j/N are the pixel coordinates (i,j) normalized to
the number of pixels per line or column, N. Parameters uy = ip/N and vy = jo/N are the normalized coordinates
of the nominal pixel. The parameters b, s, and L are initially adjusted based on a comparison between the SLEP
and full scan measurements to effectively complement the missing data in the SLEP measurement. The model is
then added to the SPST maps measured with the SLEP, outside from the rectangular area.

Ju = ol + v — 2]

= (1)

Ghost polarization modeling

Polarization adaptation is performed by image processing on individual scan positions. First, the isolated ghost
from scan position number three is integrated, and the result is plotted as a function of the azimuth angle,
effectively reproducing the Malus law which is then fitted by a cosine square: a - cos?(¢ + d¢). This provides the
amplitude a and offset of the ghost’s dependance with the azimuth b, and d¢ is the phase which depends on the
polarization orientation. When reconstructing SPST maps, we recombine the various spatial scans, modulating
the ghost by the Malus fit with the phase d¢ adapted to the desired polarization orientation.

SPST field-of-view interpolation

The SPST maps are measured over a calibration grid, and needs to be interpolated to a denser grid used for the
correction algorithm. The interpolation goes as follows. We write SPST;(x, y) the SPST map associated to field
(i,j), such that the nominal pixel is (x,y) = (i,f). To deduce the SPST at any field (i*, j*), we apply a transformation®
on the SPST map from the closest calibrated field (i, jc ): a scaling by a factor s = r../r. and a rotation by an angle
a, where r, and r, are the radial distance of the nominal pixels compared to the center of the maps, and « is the
azimuth difference. This displaces the various SL features and bring the nominal pixel from position (ic,jc ) to
(ix»jx)- This can create missing signals on the edges, which are filled by applying a similar transformation to the
next neighboring calibrated fields. Up to 4 neighbors are used to completely fill the missing pixels. Near nominal
smoothing is performed, where we average the signal within 5 pixels from the nominal. The interpolation method
was previously developed and validated using ray-traced SPST maps. The required calibration grid was also
adapted to ensure that the residual error on the interpolated maps was sufficiently small to fulfill the SL correc-
tion users’ requirements. Full development details on the interpolation are described in Clermont et al.* (2022).

Extended scene measurement

The integrating sphere (diameter 203.2 mm, 52 x 52mm exit aperture) is fed with a white light source (EQ400).
Positioned approximately 300 mm above the instrument, its rotation enables the capture of extended scenes at
various positions within the field of view. With an extended scene, the nominal signal is spread over m pixels
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without saturation, and the SL is increased by a factor m compared to an SPST. Hence, the necessary dynamic to
measure simultaneously the nominal and SL is decreased, allowing for a single shot acquisition.

Extended scene SL

When illuminated by an extended scene, the instrument measures an image Iyes (X, ¥) = Inom (%, ¥) + Isr.(x, ¥),
where I, and Iy are the nominal and SL contributions, respectively, and x and y are the coordinates on the
detector. The SL is obtained with Eq. (2), where SPST is the SPST map associated to field (i,j). This equation
enables to estimate the SL associated to any input scene, for example here the reference extended scene.

Isp(xy) = Z SPST (%, 9) - Luom (i1 ) @)
ij

Extended scene SL correction

For an image Iy, a first estimate of the SL is obtained with Egs. (3). The correction algorithm then finds a first
estimation of the SL-free image, I.orr, with Eq. (4). A second estimate is obtained by performing a second itera-
tion, replacing Iyes by Ieorr in (3).

IsLest (x>}/) = Z SPSTi,j (xJ/) * Imes (i, ) (3)
i

Leorr = Imes — IsLest (4)

SL correction error budget

The SL correction error budget starts with the initial SL level associated with the reference extended scene, as
estimated in section "Reference extended scene estimated SL". After applying the SL correction algorithm, the
image exhibits residual SL originating from various error contributors. The SL error from each contributor is
evaluated individually, allowing us to identify the most significant ones. As shown on Fig. 8a, contributors include
for example errors from dark correction, noise on SPST maps (SNR), interpolation errors, and others. At the 1
sigma percentile, we denote the error for contributor m as é,,. The total residual SL, labelled A, is the statistical
combination of the errors from the different contributors. This is obtained by performing a root-squared sum*
of each 8,,, as shown in Eq. (5). The SL correction factor is the ratio of the initial SL to the residual SL error A.

A=Y "8 (5)

Figure 8a details the value of §,, for the different contributors in the 410 nm channels. The values are derived
by first assessing the error on individual SPST maps caused by a specific contributor. Since the extended scene SL
is obtained by a linear combination of the SPST maps, the error on the extended scene results from combining
the errors from the different SPST maps as well. For example, detector noise (SNR) introduces a random error
on each SPST map. Its contribution to an individual map, €, is evaluated by estimating the statistical deviation
of the signal in areas of uniform signal. When computing the extended scene, the impact of the noise is a sum
of random variables, thus it is obtained as a root squared sum of the error from the different maps. Since half of
the scene is modulated by the bright radiance Lynay, and half is modulated by the dark radiance L.y, the error is
expressed by Eq. (6), where each sum runs over half of the field of view.

5=\/2Lmax'62+eref'62 (6)

In addition to SNR, this principle is used to estimate the contribution from levels recombination, near-
nominal smoothing, and normalization errors. However, the error from dark correction is identical for each
SPST map, as the same dark map is removed for all SPST. Therefore, it contributes to an error on the extended
scene obtained through a simple algebraic sum rather than a root-squared sum, as expressed in Eq. (7).

(S:ZLmux'e"r‘ZLref'e )

For channels at polarization orientations of 60° or 0°, level L3 is obtained by applying a transformation to
the measurements from the channel at — 60°. Therefore, they present an additional error contribution due to the
polarization transformation. In this case, we can’t evaluate the error on a single map and use Eq. (6) to assess
the impact on the extended scene, as the error is not purely random. Similarly, Eq. (7) cannot be used because
the error has a complex dependence on the field angle. Therefore, an alternative approach is used; For validating
the polarization transformation, SPST were measured for 108 field angles for all polarization orientations (&
in steps of 30° and 6 in steps of about 5°). A simplified extended scene is obtained by summing all these maps.
Comparing this scene when considering the measured maps at 0° or 60° with the maps transformed based on the
— 60° measurement gives an estimate of the extended scene polarization error. Depending on the channel, the
relative polarization error is between 1.1% and 3.6% (as mentioned in Section "SPST polarization dependence").
Multiplying this relative error by the initial SL on the extended scene gives the absolute error listed in Fig. 8a,
giving between 0.22% and 0.79% depending on the channel. In addition, we have a negligible error coming from
a residual polarization of the input beam.
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Regarding SPST maps interpolation, we found that it introduces ghost displacement errors up to approxi-
mately 3 pixels (see section "SPST field-of-view interpolation"). This result aligns with previous analyses con-
ducted using ray tracing simulations®. Consequently, the error contribution from interpolation restricts the
correction factor to the predicted x 119, as previously demonstrated by ray tracing simulations®. Finally, the algo-
rithm employs 2 iterations and a 128 pixels binning, a choice which was made during the theoretical algorithm
development?. The impact of algorithm convergence and binning is evaluated by comparing the extended scene
estimated with 2 iterations and considering binning, with the result obtained at convergence and with no binning.

Data availability
The datasets generated during and/or analyzed during the current study are not publicly available because they
are proprietary to the mission but are available from the corresponding author on reasonable request.
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