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ABSTRACT. In high performance optical instruments, post-processing methods are employed to
reduce the stray light (SL) level below what can be achieved by design. Often, algo-
rithms are limited to SL coming from sources located inside the field of view (FOV) of
the instrument; however, SL could also come from sources located outside the FOV.
We describe a method for correcting out-of-field SL, in particular for the case of the
Earth observation instrument Metop-3MI. The proposed approach is a variant of the
in-field (IF) method developed previously. We estimate the out-of-field SL by a linear
combination of the SL kernels modulated by the input scene radiance. The correc-
tion is computed for fields on a regularly spaced polar grid, providing reasonable
variations of the solid angle sustained around individual fields. Compared with the
case of IF SL correction, a difficulty is that the out-of-field input radiance is unknown.
We implement a mirroring technique, which is shown to be effective in most situa-
tions. This method will be used to correct the in-flight data of Metop-3MlI, hence pro-
viding an SL level sufficiently low to fulfill the mission requirement.
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1 Introduction

Stray light (SL) is a critical aspect for the development of space optical instruments. The first
approach for SL control consists of optimizing the opto-mechanical design, e.g., with the use of
baffles or anti-reflection coatings.'”> However, it is not always possible to reach satisfactory per-
formance by design only, in which case a post processing correction is necessary. Methods have
been developed to remove SL from an image based on prior calibration of the SL pattern as a
function of the source position in the field of view (FOV).>™ For a given scene observed by the
instrument, the SL is estimated and subtracted from the measured image to get the SL free image.
For example, this principle is used for SL correction of Earth observation instruments such as
POLDER,’ Metop-3MI°~ or Flex.® A similar approach can also be applied to spectrographs or
hyperspectral instruments for the correction of spectral SL.”'! In the most demanding situations,
SL must be calibrated for many positions of the source in the field. As this is not always possible
in practice, calibration on a restricted grid and interpolation of the maps at intermediate fields are
necessary. For that purpose, an interpolation method was proposed for 3MI based on a local
symmetry assumption.” Spatial and field binning can be applied to reduce the quantity of data,
with consequences on the performance.’

In most situations, correction algorithms only consider SL caused by sources located inside
the FOV of the instrument, called in-field (IF) SL. However, SL can also come from sources
located outside the FOV, called out-of-field (OOF) SL. A front baffle is an effective way to
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control OOF SL by design as it blocks out-of-field illumination outside the instrument. However,
its effectiveness is directly related to its length, which is constrained by the total volume and
weight available for the payload. A field stop is another method for OOF SL control, but it
requires an intermediary focal plane, which is not present in all instruments. If the OOF SL
level is beyond the user requirements, a correction algorithm must be implemented, too.
Compared with the case of IF SL, a difficulty of OOF correction is that we do not know the
input scene illuminating the instrument for sources located outside the FOV.

The thermal infrared sensor (TIRS) onboard Landsat 8 is an example of an instrument in
which unexpectedly high OOF SL was discovered after the launch of the payload.'> Montanaro
etal.!>* developed a correction method based on simulations of OOF SL, with a model that was
fine-tuned based on in-flight OOF SL measurements with the moon as a calibration source. The
problem of OOF SL is conceptually similar to out-of-range (OoR) spectral SL in spectrographs.
In that case, only the signal for wavelengths inside the instrument spectral range is measured,
making it difficult to deduce the OoR SL. In the case of one-dimensional spectrographs, Nevas
et al.'> proposed deducing the OoR SL by simple extrapolation of the spectra.

In this paper, we describe an OOF SL correction method developed specifically for the Earth
observation instrument 3ML'*'® The 3MI instrument has an on-axis refractive configuration
with an optical FOV of 57 deg [Fig. 1(a)]. It will observe the Earth from a polar orbit, enabling
a daily revisit time. The objective of the mission is to study the composition of the atmosphere,
including the presence of aerosols. Operating in the visible and near infrared, spectral selection is
done with a filter wheel. 3MI features a square detector array with N X N pixels (N = 512). The
detector encircled diameter is slightly larger than the optical FOV; only the region where the
optical FOV overlaps the detector is defined as IF. The corners of the detector are therefore con-
sidered to be OOF. The portion of the field that is inside the optical FOV but outside the detector
array is considered to be OOF, too, as it is not part of the image recorded. Here, we consider the
OOF for fields up to an elevation of 63 deg as this is the maximum angle at which the Earth is
visible. The different frontiers described here are shown in Figs. 1(b) and 1(c), on a polar graph,
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Fig. 1 (a) Sketch of the 3MI optical system. (b) IF and OOF frontiers on a polar grid, with 6 and ¢,
the elevation and azimuth angles, respectively. (c) IF and OOF frontiers at the detector level. The
IF is the gray area.
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Fig. 2 (a) Radiance of the B&W extended scene. (a) Nominal image at the detector for the B&W
extended scene illumination.

where 6 and ¢ are the elevation and azimuth angles of the input field (b) or at the detector level
(c), respectively, and the gray area is the IF.

SL performance for Earth observation instruments is often evaluated based on a reference
black and white (B&W) extended scene.>®!? This consists of illuminating one side of the FOV
with a bright uniform radiance L,,,, (W/m?/sr) and the other side with a dark radiance L.
Figure 2(a) shows the B&W scene radiance with L. = 0.1 - L,,,,. Figure 2(b) shows the cor-
responding nominal image (i.e., SL free) at the detector, including the effect of a flat field. The
measured signal at the detector in unit of counts, or the digital number, and is directly propor-
tional to the irradiance on the detector (W/m?). All parameters representing a signal at the detec-
tor are labeled with I and can include a subscript, e.g., max or ref. The maps at the detected are
presented normalized to I ,,,,, Which is the signal at the center of the detector when illuminated at
L .x- In the corners, the signal drops very fast to zero as light is vignetted above the optical FOV.
No vignetting is present in IF. In the case of IF SL, the performance requirement was a residual
SL below 0.017% - I, evaluated at 2c percentile over the IF area except for the region within 5
pixels from the transition® (the requirement area). The 26 percentile corresponds to a statistical
evaluation of the performance on 95% of the pixels, removing potential outliers. Although there
was initially no requirement regarding OOF SL correction, we target the same requirement for
OOF as for IF, the ideal being if OOF SL could be made much smaller. In the next sections, we
present the OOF SL correction approach and performance estimation for 3MI. This work is
demonstrated based on SL ray tracing simulations performed at 410 nm considering SL formed
by ghosts up to the second order, by far the most dominant kind of SL in the system. This choice
of the wavelength was made because it is the smallest wavelength of 3MI, where the SL is
expected to be the largest. The SLEP method®®?! is used for efficient ray tracing.

2 Stray Light Simulation

2.1 Method

When the instrument is illuminated by a scene with radiance L (8, ¢), the image at the detector
(I nes) 18 the sum of the nominal image (/,,o,,), IF SL ({51 1r) and OOF SL (/51 oor) [Eq. (1)]. Here,
all parameters are in units of digital numbers as they represent a signal at the detector. The spatial
point source transmittance map, labeled SPST;;, is defined as the SL pattern at the detector for a
point-like source illumination at field (i, j), such that I, (i, j) = 1. A non-polarized input
source is used to avoid unwanted polarization effects in the SPST. The product of SPST;;
by I,om (i, j) then gives the SL contribution from field (i, j), and a linear combination over i, j =
[1:N] gives the total IF SL [Eq. (2)].” Here, x, y = [1: N] are the spatial coordinates on the detec-
tor array, in units of pixels

Imes(x7 y) = Inom(x7 y) + ISLIF(X7 y) + ISLOOF(x’y)’ (1)
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IsLip(x,y) = Z SPST; ;(x,y) * Inom(i, J)- @)
ij=TN

Equation (2) cannot be used to compute Ig; oor as no nominal signal is obtained for OOF
sources. However, an analogous equation can be written. We define SPSTj , as the SL map for a
point-like source illumination at field (6, ¢), when the input beam has an input irradiance
Einput col = 1 W/mm? in the plane normal to its direction. The OOF SL can be computed with
Eq. (3), where the SPST}, , maps are modulated by the irradiance Einpui (6. ¢) and summed over a
field grid ¢. The expression is rewritten as Eq. (4), where the scene radiance L, (6, ¢) is multi-
plied by Q. the projected solid angle sustained around (6, ¢). Although Egs. (3) and (4) are
valid for both IF and OOF SL, Eq. (2) is more practical for IF as it does not require transforming
I,,m into a radiance map or computing the solid angle

Ispoor(x.y) = Z SPST; (%, ) * Einpu (6, #). 3
0.9€ ¢
= Z SPSTZ,(/)(X’ y) : Lnom(e’ ¢) ! 90.45' 4
0.9l

Equation (4) can be evaluated over any grid ¢, that is sufficiently dense and for which € 4 is
adapted accordingly. We select a regularly spaced grid on [6 - cos(¢), 8 - sin(¢)] (polar graph),
as shown in Fig. 3(a)]. In that case, the projected solid angle Qy 4 is independent of the azimuth ¢
and presents a relatively small variation with the elevation 8. Figure 3(b) shows its evolution with
the elevation, normalized to its maximum value € defined by Eq. (5), where di is the grid sam-
pling in the polar graph expressed in degrees. Another possible grid would be one defined as
being regularly spaced at the detector level, in which the distortion curve is extrapolated for
elevations larger than the optical FOV. This is the grid implicitly considered in Eq. (2). For
OOF SL computation, this grid is not practical as the solid angle varies both in azimuth and
elevation. Moreover, over a polar graph, this grid has a significantly larger density for large
elevations, where the OOF SL is the smaller, as we will show. To the best of our knowledge,
it is not possible to build a regularly spaced grid with a constant solid angle

.o \?
Q) = <dz-180) : )

In the case of TIRS, the SL kernel with an illumination of the instrument over a finite solid
angle instead of a point-like source illumination'*'* (equivalent to SPST} , - ©44) is considered.
Therefore, the OOF SL is computed based on a simple modulation of the SL kernel by the scene
radiance. This is possible because the SL kernel is obtained by reverse ray tracing simula-

tions,'>!* in which the solid angle is automatically taken into consideration. With experimentally
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Fig. 3 (a) Regularly spaced grid on a polar graph and (b) corresponding solid angle as a function of
the elevation.
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calibrated maps, point-like source illumination is preferred as it would be extremely complicated
to adapt the source solid angle for each field of the grid.

2.2 Stray Light in 3MI

Figure 4(a) shows the average value of the SPST* in 3MI (<SPST*>) as a function of the azi-
muth and elevation angles. The dotted line represents the frontier of the detector array. The aver-
age is computed over all pixels of the detector array within the IF area (i.e., without the corners).
Figure 4(b) shows the average SPST* as a function of the elevation, for azimuth angles between
0 deg and 360 deg. As the graphs in Figs. 4(a) and 4(b) show, the OOF SL is significantly smaller
than the IF SL. In the case of IF illumination, it was shown that up to 90% of the SL comes from
ghosts generated after the aperture stop and are mostly localized around the nominal pixel.”’ For
OOF illumination, light is vignetted by the front baffles or the aperture stop; therefore, signifi-
cantly fewer ghosts are formed.

Figure 4(c) shows SPST* maps for different elevations in 3MI, with an azimuth angle ¢ =
0 deg in each case. Many ghosts are present over the detector for IF illumination at 8 = 0 deg
and 50 deg. As ¢ =0 deg, the map at & = 54 deg corresponds to OOF illumination even if
contained inside the optical FOV. In that case, the aperture stop does not introduce vignetting,
and many ghosts are present. Nevertheless, the most intense ghosts fall outside the detector array;
therefore, the average value over the detector is decreased. At an elevation of 56 deg, which is still
within the optical FOV, the light is vignetted by the front baffle due to its asymmetric shape, and
the number of ghosts is reduced. At 60 deg, the source is outside the optical FOV and is thus
vignetted by the aperture stop, producing even fewer ghosts on the detector.

Figure 5 shows the IF (a) and OOF (b) SL at the detector when the instrument is illuminated
with the B&W extended scene from Fig. 2(a). Table 1 gives the SL level inside the requirement
area. Although ultimately the performance will be evaluated at 2c percentile, other statistics are
presented as well. It should be noted that the IF values here are slightly different than those
presented in the paper related to IF correction,’ this difference comes from the flat field effect
being previously neglected. As the table shows, the OOF SL from the extended scene is about 1
order of magnitude below the contribution from IF SL. Therefore, the OOF SL correction factor
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Fig. 4 (a) <SPST*> as a function of the elevation and azimuth. (b) <SPST*> as a function of the
elevation for all azimuth angles. (c) SPST* for different fields, with constant azimuth angle of 0 deg
and elevation angle from 0 deg to 60 deg.
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Table 1 SL properties for the B&W extended scenes, estimated on the requirement area.

[} [} [} !
f %) e () (%) s

16 0.7148 0.7003 0.0262 26.7
20 1.0054 0.9577 0.0702 13.6
3o 1.3935 1.3474 0.1373 9.8
Mean value 0.5876 0.5598 0.0278 20.1

does not need to be as large as for IF SL. A factor of 4.1 is sufficient for reaching a residual OOF
SL of 0.017% I, at 2o.

3 Stray Light Correction

3.1 Principles

The proposed approach for SL correction is to start by estimating the OOF SL contribution and to
remove it from the measured signal /,,,.,. Then, the IF correction’ can be applied on the resulting
image. Ultimately, the residual SL is the sum of the OOF residual error and the IF residual error.
To be precise, the presence of residual OOF SL affects the estimation of IF SL. However, this is
negligible if residual OOF SL is small compared to the nominal signal.

A large number of SPST* maps needs to be characterized to estimate the SL over a dense
grid. However, SPST* calibration is time consuming; thus, only a limited number of maps can
practically be measured. Therefore, maps are calibrated for fields regularly spaced on the polar
grid with a realistic sampling di, = 1.94 deg. Moreover, the calibration is restricted to azimuth
angles between 0 deg and 45 deg (total of 117 maps) as the maps for azimuth angles between
45 deg and 360 deg can be derived by symmetry. Calibration only along the radial direction
would have not been sufficient as the detector is square. For the SL correction, Eq. (4) is then
used to estimate the OOF SL based on these calibrated maps.

The SL correction performance can be improved by interpolating the calibrated SPST* maps
to a denser grid. The correction grid sampling is therefore reduced from di, to di. Previously, a
scaling interpolation method was developed for IF SL in 3MI, where the SPST map at a given
field is obtained by applying a rotation and scaling operation to the map calibrated at the closest
field.” The rotation is the difference in azimuth angle between the field to interpolate and its
closest neighbor. The scaling is the ratio between the radial distance of the nominal pixel of
both fields. Up to four neighbors are considered to avoid missing signal in the corners. A similar
method can be applied for OOF maps by considering a scaling by the ratio of their elevation. This
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interpolation method, based on a local symmetry assumption, exhibits some deviation from
the theoretical map. The denser the calibration grid is, the more accurate the interpolation
becomes.

Spatial and field binning can be used to decrease the amount of data. Spatial binning consists
of reducing the spatial dimension of individual SPST* maps from N X N to n X n. Spatial bin-
ning affects the SL correction accuracy; however, it was shown that it can be used to attenuate
high spatial frequencies that appear in the SL estimation when using a low density correction
grid.” The spatial binning that minimizes the SL error for a given grid sampling is called the
“optimal” spatial binning (see Appendix 1). Field binning consists of averaging the maps asso-
ciated with adjacent fields. It reduces the number of maps used for the correction in Eq. (4) and,
therefore, increases its sampling from di to a larger value df. Field binning has the same con-
sequence as if the SL was computed with sampling di but with a scene radiance known with a
sampling df.

An important unknown for the SL correction is the scene radiance L. Indeed, with a
single shot measurement, the OOF nominal image is not measured. We describe in Sec. 3.3 how
it can be estimated. For now, we assume that we know the scene radiance, and we evaluate the SL
performance on the B&W extended scene to tune the parameters.

3.2 B&W Scene Performance

Figure 6(a) shows the OOF SL for the B&W extended scene, estimated with
di = di, = 1.94 deg. The estimation is computed with the calibrated maps without an interme-
diary interpolation step. Because of the low density grid, localized ghosts from individual SPST*
maps can be distinguished on the image. This effect can be attenuated with an optimal spatial
binning (N /n = 8), as shown in Fig. 6(b). A better estimation of the SL. would be obtained if the
maps were calibrated over a denser grid. This is shown in Fig. 6(c), where the estimation is
performed with maps calibrated on a grid with smaller sampling, di = di. = 0.65 deg. In that
case, the optimal binning is smaller (N/n = 2); the resulting map is shown in Fig. 6(d).

The continuous curve in Fig. 7 shows the SL estimation error dSL (evaluated at 2¢ in the
requirement area) as a function of di, assuming a calibration of the maps for all fields of the
correction grid (i.e., di. = di). For each value of di, we apply the optimal binning that minimizes
dSL (see Fig. 11 in Appendix 1). The graph shows that the error decrease when di is reduced but
that we do not reach the performance requirement with the realistic calibration sampling
(di. = 1.94 deg). Consequently, interpolation of the SPST* maps is required to reach a satis-
factory performance.

The dotted curve in Fig. 7 shows the error dSL when maps are calibrated on a grid with
sampling di, = 1.94 deg and that interpolation is performed to a correction grid with sampling
di. Also, the optimal binning is applied for each value of di. As can be seen, the interpolation of
the maps reduces the error below the performance requirement. However, the interpolation
process introduces an error on each SPST* map; therefore, the value dSL is not as good as
if theoretical maps were considered. With an interpolation to di = 0.65 deg, the residual SL
error is nearly half of the requirement. Figure 6(e) shows the estimated OOF SL in that case,
and Fig. 6(f) shows the application of the optimal spatial binning. Visually, it looks very similar
to the theoretical situations shown in Figs. 6(c) and 6(d). For more details, Fig. 12
and Table 3 in Appendix 2 show the residual error map and statistics for di = di. and
di = 0.65 deg.

The impact of field binning depends on the scene but is usually limited, as discussed in a
previous paper.’ Figure 13 in Appendix 3 shows that the OOF SL correction error with the B&W
extended scene remains significantly lower than the IF requirement even for large field binning
(i.e., df small). Indeed, the impact of field binning is that SPST* maps are modulated by a
smoothed input scene. For the B&W scene, this leads to errors only for SL coming from the
transition area.” A best practice is to consider a field binning with df as close as possible to
di within available computation capabilities. Ultimately, maps will be calibrated on a grid with
di. = 1.94 deg, interpolation will increase the density with di = 0.65 deg, and field binning
will bring back the sampling to df = di,.
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Fig. 6 OOF SL estimated with SPST* maps known on a calibration grid di, and interpolated to di.
Maps (a), (c), and (e) are computed in high spatial resolution, and an optimal spatial binning is
applied to maps (b), (d), and (f).

3.3 Input Scene Radiance Estimation

With a single shot image acquisition, the OOF scene radiance (L) is unknown. However, an
estimation of the scene radiance (L.q) is necessary to compute the OOF SL. Montanaro et al.'?
proposed deducting the OOF radiance with an external sensor acquiring coincident data.
However, this is challenging operationally,'* and data are not necessarily available at the desired
spectral range. Another approach is to take advantage of the instrument push broom configu-
ration for reconstructing the OOF scene in the along-track (ALT) direction. Indeed, the
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instrument continuously acquires images of the Earth along one direction as it rotates around it.
An example is shown in Figs. 8(a)-8(c), with three images of the Earth taken at successive times
when the instrument moves along the y direction (ALT). The limitation of push-broom recon-
struction is that it does not provide information on the OOF radiance in the across-track (ACT)
direction.

(a) Scene #1 (b) Scene #2 (c) Scene #3

50

Nominal image

Inom / Imax
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Fig. 8 (a)-(c) Images of the Earth acquired at successive times by an instrument rotating around
the Earth in the direction of y. (d)—(f) Application of the mirroring at the detector level to estimate the
OOF signal. (g)-(i) Conversion of the signal into a radiance and conversion to a polar grid. The
input radiance of the OOF scene is obtained in polar coordinates.
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The proposed approach for estimating the OOF scene in any direction is to use mirroring.
This is shown in Figs. 8(d)-8(f), in which images Figs. 8(a)-8(c), respectively, are corrected from
the flat field and then mirrored on each side. Next, the signal is converted into a radiance with the
absolute calibration, and the detector grid is converted into angles (6) due to the distortion curve
extrapolated to the OOF region. In the case in which the instrument would present significant
gain variations across the detector array, the mirroring should be done preferably after the con-
version to radiance. Mirroring results are shown in Figs. 8(g)-8(1).

In the case of 3MI, the corners of the detector are not part of the IF region, and the input light
is vignetted. Before applying the mirroring, an average value is thus attributed to the corners. One
solution is to attribute the average signal over the IF region of the detector for each corner.
However, this is not ideal for high contrast scenes. A better solution is to apply the average
value of the pixels in their direct vicinity for each corner.

Mirroring estimates the OOF radiance by assuming a local symmetry in the scene.
Therefore, the accuracy of the OOF scene estimation depends on the type of scene. In the simple
case of a scene with low contrast or low spatial frequencies, the radiance is quasi uniform, and
mirroring gives a quite good estimation of the OOF radiance. This is the case, for example, with
the ocean or with extended vegetation areas.

Another situation is when the scene is quite uniform at the exception of a localized feature
with high contrast, which is equivalent to the presence of a high frequency. For example, this
could be a small cloud or a small island in the middle of the ocean. Under that circumstance, the
mirroring of the localized feature is a guess, and its accuracy is a matter of luck. A localized high
contrast feature could be missed, or conversely, we could falsely presume the presence of one.
This can lead to either the underestimation or overestimation of SL originating from a localized
region in the field. As it is only a localized region, it should lead to a small relative error com-
pared with the case in which OOF SL was not corrected.

A third situation is typically the B&W extended scene, which could represent the transition
between two high contrast zones such as land and ocean. In that case, the reliability of the mir-
roring depends on the position and orientation of the transition. For example, a centered tran-
sition along the y axis (e.g., Fig. 2) is perfectly mirrored. However, a scene with a curved or tilted
transition is subject to mirroring errors. For example, Fig. 9(a) shows the nominal image when
the instrument is illuminated by a B&W scene with a transition centered but tilted with respect to
the y axis. As shown in Fig. 9(b), the OOF scene estimated by mirroring is perfect everywhere
except for the transition, the orientation of which is inaccurate. The error on the OOF radiance is
localized and represents a small portion of the OOF. Therefore, OOF SL will be accurately esti-
mated for all angles inside the OOF region except around the transition. Of course, a transition
occurring outside the IF region is not possible to predict by mirroring.

(@) Nominal image /.o / /rax (%) (b) Mirrored scene L,/ Lax (%)
100 100
90 90
80 80
70 70
= 60 § 60
a 50 £ 50
> .
20 B 40
30 30
20 20
10 10
=] B .
0 200 400 600 -50 0 50
X (pix) 6 - cos(¢)

Fig. 9 (a) Nominal image at the detector for a B&W scene with transition tilted with respect to the y
direction. (b) The mirroring method estimates perfectly the OOF radiance in the uniform zones, but
the transition orientation is not accurate.

Journal of Applied Remote Sensing 016508-10 Jan-Mar 2024 e Vol. 18(1)



ypix)
y(pix)

@
—x=—Scene #1
18 ——Scene #2 0.07
16,+Scene#3
0.06
X 14r
‘-; 0.05
£ 12
~ 0.04
@ r
© 003
08
06 0.02
04l 001

df (deg) 0 - cos(¢)

Fig. 10 (a)-(c) OOF SL computed with mirrored OOF radiance of the Earth from Fig. 8. (d) 2¢ error
introduced on the OOF SL estimation when applying binning compared with the case without bin-
ning. (e) OOF SL estimated by averaging the OOF radiance of scene #1.

In particular with a mirrored scene, field binning can be applied with little impact on the SL
correction performance. Indeed, field binning smooths the high spatial frequencies of the input
scene, where mirroring tends to be least accurate. In regions with low spatial frequencies or low
contrast, field binning has little consequence on the radiance; thus, the impact on SL estimation
from these regions is limited. In regions with high spatial frequencies or a high contrast tran-
sition, field binning can significantly affect the scene. However, mirroring does not accurately
predict these features; therefore, field binning does not decrease the accuracy of the radiance
from these regions. For example, field binning of the B&W scene of Fig. 9 only impacts the
transition zone, which is not accurately predicted by mirroring anyway.

In the case of the three images from the Earth in Fig. 8, the OOF SL computed with the
mirror OOF radiance is shown in Figs. 10(a)-10(c), respectively. Despite the presence of a cloud,
the scene has few transitions and a limited contrast. Consequently, little deviations are introduced
by field binning. Figure 10(d) shows the error dSL on the scene as a function of the binning df.
The error dSL is estimated at 20, comparing the SL with binning and the SL without binning.
Although dSL increases with df, the error remains small compared with the initial SL, even with
strong field binning, as shown in Table 2. Moreover, scene contrast is sufficiently low, so a rea-
sonably accurate estimation of the SL is obtained by averaging the full OOF scene radiance
(equivalent to df = o0). This is shown for scene #1 in Fig. 10(e), and the error dSL is given
in Table 2. This corresponds to an OOF SL correction by a factor of 5 at 2¢. Nevertheless, in

Table 2 SL properties for the realistic scenes # 1 to 3. The error dSL is the difference between the
OOF SL when estimated with field binning compared with the case without field binning.

Scene #1 Scene #2 Scene #3
IsLoor /Imax(%) (at 20) 0.0330 0.0308 0.0330
dSL/Iax(%) (at 26) with mean OOF radiance 0.0062 0.0064 0.0072
Ratio 5.3 4.8 4.6
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situations in which the scene has higher spatial frequencies and larger contrast, e.g., the B&W
scene, averaging the OOF radiance is not acceptable. Hence the choice of dfis made based on the
B&W scene situation as described previously (df = 1.94 deg).

Finally, mirroring is an effective approach for estimating the OOF scene in most situations.
Ideally, ALT recombination should be performed in one direction, and the scene in the ACT
direction is estimated by mirroring. A limitation of both mirroring and ALT recombination arises
when SL originates from the Earth at razing incidence because the Earth’s bidirectional scattering
distribution function (BSDF) may vary from that at normal incidence.

4 Conclusions

The next generation of space optical instruments is required to have extremely low levels of SL.
In Metop-3MI, the presence of many ghosts creates an SL level that necessitates correction
through post-processing. Until now, correction algorithms have often focused on SL originating
from sources inside the FOV of the instrument. However, significant SL can also emanate from
sources located outside the FOV. We developed a method for correcting the OOF SL in 3MIL
Similar to the IF correction, the SL map was calibrated using a point-like source at various
angles. The SPST* for a given field was obtained by normalizing the SL map to the input radi-
ance. The correction method consisted of estimating the SL, resulting in an illumination of the
instrument by a given scene. It was then subtracted from the measured image to get the corrected
signal. SL estimation was obtained by a linear combination of the SPST* multiplied by the radi-
ance as well as by the solid angle sustained around the field. The correction can be performed on
any grid, so we proposed a arranging the fields on a regularly spaced polar grid. In that case, the
associated projected solid angle does not depend on the azimuth angle, and its variation with the
elevation is limited. Algorithm parameters were set based on the correction performance for the
B&W scene illumination. By calibrating the maps over a grid with sampling di = 1.94 deg and
interpolating them to a denser grid with di = 0.65 deg, the correction on the B&W scene
brought the SL level within the scientific requirement limits.

One of the difficulties of OOF SL correction is that the OOF input radiance is unknown. We
showed that an effective approach for estimating the OOF radiance was to use mirroring of the IF
image. In situations in which the scene has low spatial frequencies and low contrast, mirroring
estimated well the OOF scene, on average. In a scene such as the B&W extended scene, mirroring
perfectly estimated the radiance in uniform regions, but it was less accurate in predicting the
position of transitions. Similarly, mirroring inaccurately estimated the presence of localized high
contrast features. Nevertheless, this led to errors on a small portion of the field; therefore, its
impact on the OOF SL correction performance was limited. Finally, in the case of Earth obser-
vation instruments in a push-broom configuration, the OOF input radiance in one direction was
deduced from the recombination of successive images in the along-track direction, whereas mir-
roring was used in the across-track direction.

This paper utilized ray-traced SPST maps for developing the method’s principles, tuning
parameters, and predicting correction performance. An experimental calibration of the SPST
maps will be conducted prior to launch to provide realistic kernels. This test will take place
in a thermal-vacuum chamber, simulating operational space conditions. The correction perfor-
mance will be verified by illuminating the instrument with an integrating sphere, effectively rep-
licating an extended scene. Post-launch, on-orbit verifications will involve observing well-known
terrestrial scenes, such as deserts. Alternatively, observing the moon could provide a well-known
reference object.

The approach presented here was developed specifically for the 3MI instrument. However, it
has the potential to be applied to a broad range of instruments and various applications. For those
instruments sharing a similar architecture and operating principle, such as the OSIRIS airborne
instrument, the method could be applied with little or no adaptation. In the case of push-broom
telescopes with a single line detector, the method can be adapted by recombining images acquired
in the along-track direction and correcting the OOF SL by mirroring in the across-track direction.
For instance, we are currently adapting this method for the CLIM mission, which has such a line-
detector architecture. In the context of whiskbroom instruments, the OOF SL correction could be
similarly applied on images obtained from the combination of consecutive acquisitions in the
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along-track direction. For telescopes observing objects other than the Earth, mirroring will not be
effective in predicting highly localized objects in space, such as the sun or other celestial bodies.
Alternative methods for estimating the nominal OOF radiance could include the use of a scan
mirror or acquiring a rough wide-field image with a companion instrument.

5 Appendix A

For any given value of the sampling di, there is an optimal value of the spatial binning that
minimizes the SL correction error. Figure 11(a) below shows the SL error when considering
a sampling di = 0.65 deg, for different values of the spatial binning. As can be seen, the error
is minimized for an optimal spatial binning of N/n = 2. The optimal binning value depends on
the sampling di, as shown in Fig. 11(b). The smaller sampling and less binning is necessary to
minimize the SL error.
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Fig. 11 (a) SL error, dSL, as a function of the spatial binning (N/n). The dark curve is the error for a
scene estimated with theoretical maps on a grid with sampling di = 0.65 deg. The light curve is
obtained when maps are calibrated with a sampling di = 1.94 deg and then interpolated to di =
0.65 deg. In both cases, there is an optimal binning that minimizes the error. (b) The optimal bin-
ning (\V/n) evolves as a function of di. Typically, the larger di is, the larger the optimal binning is.

6 Appendix B
Figure 12 shows the residual OOF SL when correcting the SL with SPST* maps calibrated on a

grid with sampling di = 1.94 deg (a) or with maps interpolated to a denser grid with sampling
di = 0.65 deg.
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Fig. 12 Residual OOF SL when correcting the SL with maps calibrated on a grid with sampling
di =1.94 deg (a) or with maps interpolated to a denser grid with sampling di = 0.65 deg. The
case in which interpolated maps are used significantly reduces the error, as shown in Table 3.
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Table 3 Residual SL after SL correction for two different situations (statistics in the requirement
area).

Residual OOF SL after correction (%)

di =1.94 deg di, = di di =0.65 deg di = 1.94 deg
16 0.002% 0.001%
26 0.018% 0.009%
36 0.064% 0.039%
Mean value 0.004% 0.002%

Table 3 shows the statistics of the residual SL in both cases. The case with no interpolation
gives an error at 26 close to the IF requirement (dSL < 0.017% - I,,,x). With interpolation to a
denser grid, the error is reduced by half.

7 Appendix C

Field binning only impacts the SL coming from non-uniform zones in the extended scene. For
example, if we consider the B&W scene, it only impacts the transition zone. Figure 13(a) shows
the field binning applied to that scene, where the left and right sides are unaffected but the tran-
sition is smoothed. Figure 13(b) shows the error on the SL estimation due to field binning: we see
that the error is only present directly along the transition zone, too. As the transition zone is
highly localized, the statistical error over the full detector is small as well, and even with a strong
field binning, we conserve a residual SL after correction, which is far below the performance
requirement [as shown in Fig. 13(c)].
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Fig. 13 (a) Field binning of the B&W scene, with an error induced only at the transition zone.
(b) Error on the estimated SL when considering the field binning. The error is localized around
the transition as the field binning introduces only an error for SL coming from that area. (c) SL
error, dSL, as a function of the field binning df.
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