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Abstract: EUMETSAT is currently developing the on-ground processing chain of the infrared
sounders (IRS) on-board the Meteosat third-generation sounding satellites (MTG-S). In this context,
the authors investigated the impact of a particular type of radiometric error, called hereafter cali-
bration ringing. It arises in Fourier transform spectrometers when the instrument’s radiometric
transfer function (RTF) varies within the domain of the instrument’s spectral response function
(SRF). The expected radiometric errors were simulated in the context of the MTG-S IRS instrument
in the long-wave infrared (LWIR) band. Making use of a principal components (PCs) decomposition,
a software correction, called RTF uniformisation, was designed and its performance was assessed
in the context of MTG-S IRS.

Keywords: Meteosat third generation; IRS; Fourier transform spectrometry; radiometric
calibration; ringing; principal components

1. Introduction

Fourier transform infrared spectrometry from space allows for decomposing the
light exiting the atmosphere from its top: the reconstructed spectra exhibit absorption and
emission lines representative of the Earth’s atmospheric composition and thermodynamic
state. Instruments, such as the infrared atmospheric sounding interferometer (IASI) on
Metop [1] and the cross-track infrared sounder (CrIS) on Suomi-NPP [2], have proven to
be very effective for both weather forecasting and climate monitoring. EUMETSAT is now
preparing for the next generation of instruments and, in particular, for the first European
Fourier transform spectrometer in a geostationary orbit, the infrared sounder (IRS) on-
board the Meteosat third-generation sounding satellites (MTG-S) [3]. The ambition to gen-
erate spectra with a radiometric accuracy below the deci-Kelvin limit has brought atten-
tion to a subtle radiometric bias in Fourier transform spectrometry that we refer to here-
after as calibration ringing [4,5]. Such an effect arises when an instrument’s radiometric
transfer function (RTF), sometimes also referred to as the spectral instrument responsiv-
ity, varies significantly within the domain of the instrument’s spectral response function
(SRF). These variations generate distortions in the SRF [4], which, if unaccounted for,
propagate as radiometric errors into the calibrated Earth-view spectra exploited by the
users.

RTF spectral variations are actually expected for most instruments. As a first exam-
ple, transmission cut-offs of optical elements could lead to strong transmission gradients
at the band edges and would produce calibration ringing. Thus, Borg et al. [6] recently
reported on the presence of such ringing in spectra measured with the CrIS instrument
that are induced by a steep instrument RTF at the beginning of the LWIR band. As a sec-
ond example, RTF modulations can arise from unexpected light loops between optical
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surfaces. Optical elements in transmission, such as lenses, windows or protective layers
with non-perfect coating, can create low-finesse etalons [7]; as a result, the transmission
appears to be modulated as function of the incident light wavenumber. The latter effect is
expected in the MTG-S IRS instrument with a spectral modulation with a periodicity of
approximately 250 m (modulation frequency of 4 mm) and up to a few percent relative
amplitude. The optimization of the optical design of the instrument (e.g., redesigning the
optical coating such that the RTF is flat) has proven to be technically out of reach. There-
fore, assuming a frozen design of the IRS instrument, the authors initiated a study aiming
at developing a methodology to mitigate the impact of calibration ringing and to intro-
duce the correction into the operational on-ground processing.

The fundamentals of calibration ringing are recalled in Section 2. The discussion and
definition of the mitigation strategy, called RTF uniformisation, follows in Section 3. Fi-
nally, the last section presents simulations testing the RTF uniformisation in the context
of the MTG-S IRS long-wave infrared band (LWIR).

2. Calibration Ringing

Calibration ringing errors occur when radiometric calibration fails to perfectly com-
pensate for RTF spectral variations. Usually, an instrument’s optical transmission is char-
acterized in flight with specific calibration schemes using, for example, on-board black-
body and deep-space measurements [8]. The optical transmission is then removed from
the raw Earth-view measurements by division by the radiometric calibration slope. How-
ever, we still expect the occurrence of calibration ringing as high-frequency residual spec-
tral modulations. In the following, we propose a simplified description of the radiometric
calibration step of FTS products to highlight the genesis of calibration ringing.

The instrument SRF, noted as SRF(v) as function of the wavenumber, v, is given in
the context of Fourier transform spectrometry by the Fourier transform of the numerical
apodisation, Apod(x), applied to the recorded interferograms as function of the optical
path distance, x (OPD), multiplied by the potential wavenumber-dependent self-apodi-
sations induced by instrumental defects. We assume hereafter, for simplicity, that the self-
apodisation defects are negligible or perfectly compensated by dedicated software correc-
tions such that the SRF is the same for all spectral channels [9,10].

The radiometric calibration slope coefficient is usually computed from the ratio be-
tween a spectrum measured from a black-body view and the associated theoretical Planck
radiance at the blackbody temperature, I7g5(v). As the blackbody radiation is flat at the
scale of the SRF, the radiometric calibration slope coefficient R(v) can be written as the
RTF convoluted with the SRF only:

Re) = s L O S - i1 @ sr1) 0
r83(V)
where T(v) is the RTF of the instrument. If Sp(v) is the radiance spectrum exiting the
atmosphere as a function of the wavenumber then the raw spectra are given by
[Sp.T ® SRF](v), and the radiometrically calibrated radiances Sp,(v) are written as:

[Sp.T @ SRF](v)
[T ® SRF](v)

Spr(v) = # [Sp ® SRF](v) @)

Thus, if the optical transmission varies significantly at the scale of the SRF then the
calibrated spectrum does not equal the input spectrum convoluted with a unique, pixel-
independent SRF, as desired by the users of FTS-based multi-detector data products such
as those of IASI, CrIS, and IRS. The difference between the two terms defines the so-called
calibration ringing error [4]. As illustrated in this paper, calibration ringing radiometric
errors usually appear as both a modulation and spikes that are functions of the input
scene. Therefore, it cannot be canceled completely by a simple bias correction of the cali-
brated spectra and may affect the retrieval of the atmospheric composition.



Remote Sens. 2023, 15, 2873

3 of 10

As discussed in [6], the effect of calibration ringing in data applications does not nec-
essarily constitute an error if the equivalent SRF distortions are explicitly accounted for in
radiative transfer models (RTM), cf. Equation (2). This is even without an alternative for
grating spectrometers (such as AIRS), for which the generation of data to a common spec-
tral response across detectors is unfeasible. However, if the transmission were to vary be-
tween detectors, the SRF would become detector-dependent. In the case of the CrIS in-
strument, Borg et al. [6] demonstrated that, fortunately, introducing a single transmission
into the RTM would be sufficient to take into account the calibration ringing of the instru-
ment to the nine instrument pixels. Nonetheless, in spectro-imagers such as MTG-S IRS in
which a single acquisition consists of 25,600 pixels, the etalon properties could strongly
depend on the field of view. Therefore, either the calibration ringing should be removed
by a computationally heavy processing using distinct SRFs for every channel and for
every pixel or a specific RTM should be used for every pixel, which proves to be imprac-
tical for data users.

Consequently, in preparation for the on-ground processing of the MTG-S IRS data
and expecting a possible strong impact of calibration ringing specifically on the LWIR
products, EUMETSAT developed a mitigation algorithm for the IRS LWIR band. None-
theless, the methodology can be extended to its MWIR band and to other hyperspectral
instruments.

3. RTF Uniformisation

As discussed in the introduction, the main contributor to calibration ringing for the
CrIS instrument is the band cut-off close to the lower user band limit [6]. For MTG-S IRS,
the main contributor is expected to be the etalon, the band cut-off effect being present but
not dominating [4]. Therefore, this paper focuses primarily on RTF modulation induced
by the etalon effect. We first show with a basic example that additional spectral infor-
mation is required to be able to correct the calibration ringing in the presence of RTF mod-
ulation. Then, we discuss a statistical method to estimate the (non-measured) high fre-
quencies of a spectrum. Finally, we devise a correction factor to be applied to the cali-
brated measurement to mitigate the calibration ringing.

The presented methodology is referred to as RTF uniformisation as it mitigates the
impact of the RTF for all spectral channels as if the RTF was spectrally flat.

3.1. First Insight

To gain insight on the impact of calibration ringing and its possible mitigation, we
first consider a simple case for which the instrument transmission is modulated at a fre-
quency f and relative amplitude a:

T(v) =1+ acos[2nvf] (3)

The interferogram associated with the raw measurement in the presence of RTF mod-
ulation I(x) and that associated with the measurement without RTF modulation I,(x)
are given by the Fourier transform of the spectra Sp(v). They are representatives of the
frequency decomposition of the spectra:

I(x) = FT[Sp.T](x) 4
Iy(x) = FT[Sp](x)

Inserting the modulated transmission (Equation (3)), we get:
a
1) = Io() + 5 x [l + f) + Lo (x = f)] )

Thus, the interferogram recorded in presence of an RTF modulation is given by the
superimposition of the one without modulation with two additional low-amplitude inter-
ferograms shifted by the modulation frequency, which are called ghosts (Figure 1).
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Figure 1. Example of simulated interferogram in normalized units of a blackbody in presence of
RTF modulation with a periodicity of approximately 250 m™ (modulation frequency of 4 mm) and
5% relative amplitude. The bottom panel is identical to the upper one with the y-axis scaled to en-
hance the ghosts induced by the RTF modulation (underlined by the red ellipses).

Equation (5) can theoretically be reversed to retrieve Ij(x) and thus the spectrum
without ringing. At first order in «, the approximate correction would be written as:

[Sp ® SRF)w) = FT* [{1(x) - % x (I + ) + 1 - N} x Apod ()] (6)

Nonetheless, the samples above the maximum OPD (OPD,,) are, in practice, not rec-
orded. As a result, information required to compute the shifted interferograms and to re-
trieve the corrected spectra from Equation (6) is missing. To achieve this, we would re-
quire accessing the interferograms at least until the maximal OPD plus the modulation
frequency (OPD,, + f).

This simple example shows that any correction should rely on retrieved signal fre-
quencies above the instrument cut-off one, up to OPD,, + f frequencies in this case. In
other words, disentangling the RTF variations from the measured spectrum requires
bringing higher-frequency information about the input scene. A methodology to achieve
this is proposed in the next section. Hereafter, we consider the general problem of any
kind of RTF, i.e., not restricted to RTF modulations.

3.2. High-Resolution Estimate

The first step of the calibration ringing correction consists thus in estimating, for any
calibrated measurement, Sp,(v), a high-resolution spectrum that is statistically repre-
sentative of the input scene, Sp(v). This is achieved using the principal components (PCs)
decomposition of a dataset of high-resolution spectra Sp,.(v) spanning the range of the
viewing angles and of the scene diversity representative of the instrument to correct. This
dataset can be generated using an RTM or can consist of measurements from other instru-
ments with higher spectral resolutions.

The principal components are defined as the eigenvectors associated with the great-
est eigenvalues of the spectra covariance matrix [11]. The first PC represents the main di-
rections of the signals, called the observation subspace, while the last ones only carry the
noise [12]. Ten to a few hundreds of PCs, noted as Np(, are generally sufficient to form an
orthonormal basis of the high-resolution observation subspace. Noting PCp;g»(v) as the
nth PG, it is then possible to compute the associated principal components at the instru-
ment resolution and sampling PC,,,,(v) by convoluting PCpizn,(v) with the instru-
ment SRF and applying a spline interpolation onto the initial measurement sampling grid:
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PCioyn(v) = SPLINE{[PCpignn ® SRF|(v)} @)

Since the PC,,, setis generally notan orthonormal basis, we re-normalize the PCp;g4p,
using the inverse of the PCj,, normalization matrix, noted N:

N(n’ Tl’) = Z PClOW,n(V) X PClow,n’(V): {n, n’} € [1 NPC]Z
— ' Npc 8)
PChigh,n(V) = Z N_l(n; n,) X PChigh,n’(V)

n'=1
Every measurement is projected onto the basis PCj,,, by computing the associated

PC scores (PCS). The high-resolution statistical estimate Spgyess(v) can then be con-
structed using the same PCS but associated to the high-resolution basis PCy; gh:

PCS() = ) 5pr(¥) X PCigyn(¥)
" Npc )
Spguess(v) = Z PCS(n) X P\Chigh,n(v)

n=1
As a result, it is possible to estimate high-resolution spectra from lower-resolution
measurements bringing statistically relevant high-frequency information. Nonetheless,
the method is intrinsically limited; it is of course impossible to perfectly guess information
that is not recorded by the instrument.

3.3. Correction Factor

Assuming that the estimate Spgy.ss(v) is an adequate estimation of the input scene
Sp(v) and introducing a high-resolution reference of the instrument RTF T,.(v) repre-
sentative of the actual RTF T(v), we form the correction factor noted as y(v) derived
from Equation (2). It aims at cancelling the calibration and at retrieving a corrected spec-
trum Sp.(v) close to the input spectrum convoluted with the SRF.

[Trer ® SRF]|(v) X SPLINE{[SPguess ® SRF|(v)}
SPLINE{[SPguess- Trer @ SRF|(v)}

Spe(v) = Spr(v) Xy (v) = [S[Z)T';%;fﬂ()v)

The reference RTF T, is not expected to vary rapidly and significantly in time.
Moreover, it can be seen from Equation (10) that the correction factor is insensitive to low-
frequency RTF spectral variations in time, such as those which the presence of ice on the
detectors would produce, for example, since these variations would cancel out. Thus, the
reference transmission can be considered as quasi-static and would require only occa-
sional updates. It can either be computed by oversampling an average of many calibration
slopes if the frequency of its spectral variations is lower than the maximum OPD of the
instrument (which is the case for MTG-IRS, for example), or it can otherwise come from
instrument modelling or dedicated additional on-ground measurements.

In order to lighten the operational processing, the convolutions of the PCp;,;, and
f’f‘highyn. Tref with the SRF can be pre-computed so that only the PCS for each measure-
ment needs to be calculated. The correction can then be written as:

y(v) =
(10)

xy(v) = [Sp ® SRF](v)

YnEE PCS(n) X V,(v)

Z”f_c PCS(n) x W,(v)

n=1

V,(v) = [Tyey ® SRF|(v) x SPLINE{[PCp;gnn ® SRF|(v)}
Wy, (v) = SPLINE{[PCignn-Trer ® SRF|(v)}

y(v) =
(11)

With this approach, high-resolution guesses of the measurements can be estimated
and used to construct a correction factor to mitigate the impact of the calibration ringing.



Remote Sens. 2023, 15, 2873 6 of 10

It is fast enough to be used operationally, as the computational burden imposed by the
convolutions can be lightened using pre-computed coefficients.

4, Simulations in the Context of MTG-S IRS

In the following, we apply the RTF uniformisation to the case of the MTG-S IRS LWIR
band in order to demonstrate the ability and the efficiency of the method in mitigating the
calibration ringing.

4.1. Simulation Setup

The parameters of the simulation were set such that the simulated instrument resem-
bled the MTG-S IRS LWIR band [3]. Nonetheless, the RTF used for the simulation was
made-up specifically for this study and was not expected to be representative of the actual
instrument. As shown in Figure 2, it consisted of a smooth door multiplied by a modula-
tion with a periodicity of 250 m™! (modulation frequency of 4 mm) and a relative ampli-
tude of 5% that was applied to all pixels. As shown in Figure 2, the instrument SRF was
plotted along with the RTF, clearly showing that the latter varied at the scale of the SRF,
meaning that calibration ringing was expected.

1 T T

! WM&WMWWWI‘ %WMWMWWW ‘ ! S\VAVaVaVaVaV VaVaVaVaVaV
o8 | »N}NW WM 1 ¥ 0.8
1 ’w Jm‘ 1 - T(v)
¥ | W‘ Wﬂ% I ‘e 0.6 —— SRF(»)
2061 », M“l i S
=t I N“{ %,n | 2 04
E 0.4 E | M‘f “‘4\% E E@: o2
02} J/V,v ’M«M | ﬁ [} V\ANVVWVV‘V\ U '\/\/\/\/\/vvwv
/f ‘ l ‘ | | ‘u,“«\ -0.2
° 7 8 9 10 11 12 2.4 9.5 2.6
v [m']'] x10% v [m'l] x10%

Figure 2. (Left panel) Radiometric transfer function (RTF) in normalized units as function of the
wavenumber of the simulated instrument consisting of a smooth door multiplied by a modulation
with a periodicity of 250 m™ (modulation frequency of 4 mm) and 5% relative amplitude. The dashed
lines represent the MTG-S IRS wavenumber range accessible to the users. (Right panel) Spectral
response function (SRF), including the IRS “light” apodisation centered at 950 cm™ compared to the
RTEF.

The dataset to be corrected consisted of a full Earth disc representative of what would
be measured from the geostationary orbit at zero degrees longitude by IRS. The Earth disc
was covered with 280 step and stare dwells of 40 x 40 pixels, each pixel generating a spec-
trum. The number of pixels per dwell was downscaled by a factor of 16 compared to IRS
to ease the simulations. The input spectra were computed using a radiative transfer model
(RTTOV [13]) set up to generate IASI-like spectra between 650 and 1250 cm™ with a sam-
pling of 0.25 cm™ for 14 July 2022 at 12:00 UTC using ECMWF forecasts as inputs. First,
the IASI numerical apodisation was removed at the interferogram level. Then, the simu-
lated IASI spectra were multiplied by the RTF, and applying a Fourier transform allowed
for computing the associated raw interferograms. Computing the MTG-S IRS-like spectra
was then a matter of applying the IRS numerical “light” apodisation and performing an
inverse Fourier transform. Calibration views were generated along with the Earth views
and were used for the radiometric calibration of the simulated products in a processing
chain similar to the one that will be routinely operated [3]. Figure 3 shows the LWIR av-
erage spectral radiance distribution over the full disc and a selection of the sampled cali-
brated spectra, as in reality, at 0.61 cm™. It is worth noting that the simulation was run
without radiometric noise to emphasize the impact of the sole calibration ringing.
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Figure 3. (Left panel) LWIR broad-band radiance distribution of a full scan of MTG-S IRS consisting
of 280 step and stare dwells. (Right panel) Selection of calibrated spectra over MTG-S IRS LWIR
band representative of the simulation diversity.

4.2. RTF Uniformisation Dataset

The RTF uniformisation dataset was composed of actual IASI measurements ac-
quired from the Metop-C platform [1]. One full day of measurements on 1 January 2023
was used, yielding approximately 1,200,000 spectra. The IASI measurements were super-
sampled enough with respect to IRS, as the IASI maximum OPD equals 20 mm, which is
significantly larger than the sum of the IRS maximum OPD (8.2 mm) and the transmission
modulation frequency (4 mm), which is the criteria for an efficient correction, as discussed
in Section 3.1. The IASI spectra were then cropped to match the IRS LWIR band, and the
IASI numerical apodisation was removed.

As described in Section 3.2, we computed the spectra covariance matrix and derived
the values of PCp;g4, and associated PCj,, . The high-resolution spectra covariance and
the first three PCy;4, and PC,, values are represented in Figure 4.

: 2 41,2
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=
% = AW TR dnaR |
£ of i \f T
0.8 =l
= H
Y i
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Figure 4. (Left panel) High-resolution covariance matrix over MTG-S IRS LWIR band. (Right panel)
First three high- and low-resolution principal components (PCs).

4.3. RTF Uniformisation Efficiency

Choosing to construct the high-resolution dataset from actual IASI measurements
and not from the same reference spectra used in the IRS simulation of Section 4.1 avoided
having perfect estimates by design and aimed at proving that the efficiency of the RTF
uniformisation was not overly sensitive to the choice of high-resolution dataset. Two sim-
ulations with and without the RTF uniformisation were run over the full IRS scan. The
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resulting calibrated spectra were then compared by subtracting them to a common refer-
ence free of calibration ringing. The derived radiometric errors were converted into equiv-
alent temperature errors dividing by the derivative of the Planck function at the tempera-
ture of reference of 280 K.

The minimum, maximum, and average calibration ringing error as a function of the
wavenumber are presented on Figure 5. This highlighted the strong scene dependency of
the calibration ringing. The calibration ringing was characterized by error spikes up to +1
K. After the RTF uniformisation using 10 PC, a perfect cancellation of the average radio-
metric error and a strong reduction in the variability was observed.
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Figure 5. (Upper panel) Minimum, maximum, and average radiometric error in equivalent temper-
ature error in Kelvin due to the calibration ringing. (Bottom panel) Same metrics after application
of the RTF uniformisation using 10 principal components (PCs).

Figure 6 shows the error standard deviation over the band computed from all the
spectra and expressed as equivalent temperature error as a function of the number of PCs.
The calibration ringing produced errors of 100 mK standard deviation. As soon as the RTF
uniformisation was activated, this value rapidly decreased, even if only a couple of PCs
were used, and it then reached a plateau for which the error standard deviation was di-
vided by a factor 10. It is worth noting that the error increased again when the number of
PCs reached 50.

0.1
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°© © °©
=) =) o
B - o

o
o
N
T
I

0 10 20 30 40 50100 200 300 400 500
Number of PC [#]

Figure 6. Residual ringing error standard deviation in Kelvin as function of the number of principal
components (PCs) used by the RTF uniformisation.



Remote Sens. 2023, 15, 2873

9 of 10

As discussed in Section 3.2, the efficiency of the correction was naturally hampered
by the intrinsic limitation in estimating the high-resolution spectrum. Nonetheless, the
RTF uniformisation appeared to be particularly efficient and well suited for an operational
mitigation of the calibration ringing that could be observed in the MTG-S IRS LWIR band.

5. Discussion

There are still several points of limitations of this study and remarks for the future of
calibration ringing mitigation in Fourier transform spectrometers:

e Asexpected for MTG-S IRS, the RTF may vary between the pixels; therefore, the cor-
rection and the required pre-computations of Section 3.3 would become pixel-based.

e Inview of the operational implementation of the RTF uniformisation by EUMETSAT
for MTG-S IRS, the choice of the high-resolution dataset to use is open. The best can-
didates are Metop IASI [1], as presented in this study, which is considered as an in-
ternational reference, or its successor Metop-SG IASI-NG [14] (foreseen in 2025). The
main limitation of these instruments is that their maximum sounding angles (up to
50°) are smaller than IRS (up to 90° close to Earth’s rim); therefore, the dataset could
be complemented with RTM simulations at high-sounding angles.

¢ The RTF uniformisation is based on the current knowledge of instrument transmis-
sion. Thus, a careful monitoring of the calibration slopes evolution in time is needed
as well as updating the parameters of the algorithm if required. This technique would
fail if, for example, the etalon characteristics were to rapidly fluctuate in time; none-
theless, this is not expected for MTG-S IRS.

. In real conditions, measurements are noisy; therefore, the high-resolution estimate
can be adapted by introducing a radiometric noise normalization into the PC projec-
tion of Section 3.2. This point was not discussed in this study. Nonetheless, the num-
ber of PCs to use and the RTF uniformisation efficiency are not expected to be
strongly impacted.

e  The RTF uniformisation methodology is not specific to IRS LWIR band; it can be ex-
tended to its MWIR band and other hyperspectral instruments. It is also expected to
be efficient in mitigating the calibration ringing induced by band cut-off, as for the
CrlS instrument [6].

e  The high-resolution statistical estimate approach introduced in Section 3.2 is actually
applicable to other hyperspectral instruments. It would help in creating statistically
relevant high-resolution datasets to test algorithms of a new generation of satellites
before launch.

6. Conclusions

In this paper, the fundamentals of calibration ringing error were recalled: a radio-
metric error propagated to the calibrated radiances acquired by FTS caused by significant
spectral variations in the instrument’s RTF at the scale of the instrument SRF. A mitigation
strategy, called RTF uniformisation, relying on a high-spectral-resolution estimate of the
measurements using principal components decomposition, was introduced. Finally, the
RTF uniformisation efficiency was assessed in the context of the MTG-S IRS LWIR band.

The RTF uniformisation appeared to be sufficiently efficient and computationally in-
expensive to be implemented into operational processing. It will be activated on day one
for MTG-S IRS as an additional processing applied to the LWIR-calibrated radiances. In
doing so, a reduction by a factor 10 in the radiometric errors induced by calibration ring-
ing is expected.
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