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Abstract. Atmospheric remote spectrometry from space has become in the last 20 years a key component of the Earth moni-
toring system: their large coverage and deci-kelvin stability have demonstrated their usefulness for weather prediction, atmo-
spheric composition monitoring as well as climate monitoring. It is thus critical to investigate the possible sources of errors
associated to this technique. One of them is the so-called "ringing error" that appears in Fourier transform spectrometers when
the instrument transmission varies at the scale of the spectral resolution. This paper exposes the theoretical basis of this par-
ticular type of radiometric uncertainty. Its sensitivity to instrumental parameters as well as the impact on the radiometrically
calibrated measurements is assessed in the context of atmospheric infrared sounding using Fourier transform spectrometers. It
is shown that this error is an intrinsic feature of such instruments that could safely be ignored in early-generation instruments
but will have to be taken into account in the new generation ones as it can yield a significant degradation of the radiometric

error budget.

1 Introduction

Fourier transform spectrometry is a powerful mean to sound the atmosphere by resolving the spectral lines of the infrared
radiation emitted by the Earth and the atmosphere. The light enters the instrument which is mainly composed of a telescope
and a two-arm interferometer. The interference pattern is recorded on the instrument detector in function of the difference of
the two arms’ lengths. The light spectrum is recovered by Fourier transform of the interferogram. Finally, the spectrum exhibits
absorption and emission lines representative of the Earth atmosphere composition and thermodynamic state.

In order to gather as much information as possible, it is desirable that such instruments are covering the thermal infrared
domain in large spectral bands. Unavoidably, measurements are acquired at wavelengths where the properties of the optical
elements are not necessarily optimal: the optical transmission can exhibit local gradients or even oscillations. On the other
hand, the desirable optimization of the spectral resolution of the instrument is capped by several technical reasons, as the
interferometer mechanism capability, the space-to-Earth link finite bandwidth and the overall processing power. Finally, the in-
strument’s spectral band and resolution choices are a result of a complex trade-off between the scientific interests and technical
limitations. Thus, in general, we expect to perform measurements at wavelengths where the instrument’s optical transmission

varies within the domain of the spectral response function.
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Usually, the optical transmission on the band of interest is characterised on-board with specific calibration scheme using
for example, on-board black-bodies and deep space measurements (see, e.g., [Revercomb et al. (1988)] and [Tournier et al.
(2002)]). Then, the optical transmission is removed from the raw Earth view measurements. However, we still expect the
occurrence of high-frequency residual spectral modulations, often confused with a spectral noise. The effect of transmission
induced biases was first reported by Revercomb (2017) and designated as "true ringing". The prefix "true" was used to depict
a hardware issue as opposed to artefacts introduced by the processing. In the following, for simplicity, we will only use the
"ringing" denomination.

The desire to improve the spectrometers’ radiometric accuracy below the deci-kelvin limit has recently brought attention to
this particular effect in the satellite remote sensing community (see [Revercomb (2017)] for the CrIS instrument and [Atkinson
(2018)]). In particular, the authors have been directly exposed to ringing issues for the InfraRed Sounder (IRS) instrument on-
board the future Meteosat Third Generation-Sounding (MTG-S) mission [Coppens et al. (2017)], for which both transmission
gradients and modulations are expected. This specific analysis will be presented in a future paper. For now, we aim at presenting
the theoretical origins of the ringing to constrain its amplitude in the early development stages of the future missions and to
pave the way to the development of correction schemes.

In the second section, the theoretical basis of the phenomenon is discussed and the instrumental parameters leading to ringing
error are outlined. Then, in section 3, simulations illustrating and confirming the theoretical results, in the particular case of

thermal infrared Fourier spectrometers, are presented.

2 Theory
2.1 Fourier transform spectrometers

A Fourier transform spectrometer records interference patterns produced by a target source of spectrum Sp in function of
the two arms optical path length difference z, referred to in the following as OPD. The produced interferogram, omitting
its baseline, is calculated as an integral over the wavenumbers (equal to one over the wavelength) of all spectral component

interferences:
00 1 00 ‘ A

I(x) = /Sp(l/) cos[2mva] dv = B / Sp(v) e*™ dy = FT~[Sp(v)] (1)
0 —o0

where the symmetrical target spectrum is defined as Sp(v > 0) = Sp(v)/2 and Sp(v < 0) = Sp(—v)/2. Thus, the interfero-
gram is directly related to the inverse Fourier transform of the symmetrical input spectrum and therefore the input spectrum
can simply be retrieved by direct Fourier transform of the interferograms.

The interferogram is recorded on a finite OPD range and can also be smoothed by an apodisation function: Apod(x). It in-
cludes self-apodisation effects, which we assume as either negligible or without spectral dependence, such that the apodisation
function is the same for all wavenumbers of the retrieved spectrum. The direct Fourier transform of the apodisation function

defines the spectral response function SRF' so that the retrieved spectrum Sp,,, at wavenumber of interest v is equal to the
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input spectrum convoluted with the SRF:
Spm () = FT[I(z) x Apod(x)|(vo) = |Sp @ SRF| (vo) @)

The transmission of the optical system R(v) is usually not perfectly constant and equal to one over the spectral range of
interest, so the input spectrum should be multiplied by the transmission in the previous equations. The recorded interferogram
becomes: I,.(x) = FT~! [S}Q.R]. Assuming that a set of reference measurements such as on-board black body and deep space
views are available to compute the optical transmission, we can perform a radiometric calibration (see [Revercomb et al.
(1988)] and [Tournier et al. (2002)]) and the calibrated spectrum Sp, writes:

FTI,(z) x Apod()](vo) _ [(Sp.R) © SRF](1)

Spr(vo) = [R® SRF](1) = [R® SRF|(n)

3)

This equation forms the basis of a Fourier transform spectrometer calibration. Details of the processing have been omitted

in order to focus on the specific ringing error in the next sections.
2.2 Ringing definition

In the following, we show that the measurement SRF is distorted by the transmission oscillations and that users who omit these
distortions in their applications will perceive it as a radiometric error, that we call a ringing error.
Defining the centered and swapped transmission at the wavenumber vy of interest: R,o(v) = R(vg — v), the calibrated

spectrum for this wavenumber writes:

(SpR) 0 SRFw) |59 (Rea)SRFO)]00) e < SRE0) |00 @

[R®SRF|(vo) [R® SRF](1) =5P% | (R % SRF|(vg)

This notation brings forward the fact that the SRF is locally distorted due to the transmission fluctuations around vq. The

distorted SRF at v is defined as:

Ruo (V)

SREyisv0(v) = [R® SRF](v)

x SRF(v) )

If the distortion is not corrected, the measurement differs from the expectation and we define the ringing error as the

difference between the measurement with distortions and the one without:

A() = [Sp® SREueu0 — Sp® SRE] (1) = Spo Kmit‘;gw _ 1) y SRF(V)} (vo) ©)

From this equation, it is evident that the ringing error disappears only if the transmission is flat at the scale of the SRF i.e.
R,o(v) = [R® SRF](1g). If not, a residual error that is a function of the input spectrum and of the transmission around vy is

expected. In other words, the instrument cannot disentangle the input spectrum information from the transmission fluctuations.
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2.3 Framework

In order to gain insight on the ringing phenomenon and assess its impact on the calibrated spectra, we have set up a theoretical
framework in which we have assumed that the interferogram edges are smoothed by applying an apodisation function defined
by the convolution of a Gaussian of standard deviation o, with a door whose width is slightly smaller than the maximum OPD

by a margin ¢, with o, = 0,,/2:

Apod(z) = [door[z,2(OPD,, — 6x)] ® gauss|z,o]]
SRF(v) = FT[Apod(z)] = 2(OPD,, — dz) x sinc[2nrv(OPD,, — dz)] x exp[—o21?/2] @)

In practice, no interferogram sample is recorded above the maximum OPD, therefore the apodisation should be perfectly zero
for |x| > OPD,,, which disagrees with this framework (see Eq. 7). Since the author’s objective is to grant physical insight
of the phenomenon, we keep this simplification to preserve analytical results. Moreover, using o, = d,,/2 ensures that the
amplitude of the apodisation function is very small above O P D,,,, which supports the approximation.

It is worth recalling that the spectral Nyquist sampling step, that is to say the minimum spectral sampling step achievable, is

defined as v = 1/(20PD,, ) and the sampling frequency is then: 1/0v = 20PD,,.
2.4 Gradient

We consider in this section that the transmission R(v) varies linearly around 1. Using the first local derivative R'(v), the
transmission writes: R(vy+v) = R(vg)+ R/ (vp) x v and thus :R,o(v) = R(vo) — R' (1) X v. In that case the calibration term
[R® SRF](vp) is simply equal to R(vp).

Plugging eq. 7 into eq. 5 and using the gradient model, we obtain:

~ R(n)
7TR(I/0)

SRFyis.0(v) = SRF(v) x sin[2nv(OPD,, — §x)] x exp[—a2v?/2] (3)

Thus, in the presence of a gradient, the distorted SRF exhibits an oscillating term. The spectral extension of the distortion term
around vy is equal to 1/0,.. Therefore, in case of a very weak apodisation, o,, — 0, the distortion impacts the SRF over a large
spectral range meaning that the ringing error propagates over channels far away from 7. On the contrary, a strong apodisation
will limit the extension of the distortion term and will preserve the locality of the effect on the spectrum.

The ringing error then writes:

Ag(vy) = _713/%((?0)) X [S}?@ (sin[2mv(OPD,, — 6z)] % exp[—af,z/Q/Q])] (vo) )

The ringing amplitude is thus proportional to the relative transmission derivative around 1. The ringing error shape is driven
by the convolution of the input spectrum with a sine function at the frequency: O P D,,, — d= multiplied by a Gaussian function
of width 1/0,.. The error is maximum around vy if the input spectrum locally oscillates approximately as a sine function at the

OPD,, — éx frequency.
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Moreover, the ringing follows approximately the relation : Ay (vo+n/(OPD,,—dz)) = Ay4(vy) forn € Zand |n/(OPD,,,—
0x)| << 1/o0,. Therefore, the noise is locally modulated with a OPD,,, — §x frequency, which is below or equal to half the
sampling frequency. The error shape is characterized by alternating signs for adjacent samples and amplitudes depending on
the spectrum shape in a spectral domain corresponding to a correlation length approximately equal to 1/20,.. In the extreme
case of unapodised spectra, the modulation frequency is equal to half of the sampling frequency, the convolution term in Eq. 9
becomes entirely independent of the local spectrum features around 1/, and the ringing shape is described by a zig-zag pat-
tern of constant amplitude over large parts of the spectral band (in practice limited by the assumption of a constant relative
transmission derivative, not applicable to the entire spectral band). The oscillating behavior of the error is at the origin of the

"ringing" denomination.
2.5 Modulation

As a second step, we consider the case of an optical transmission exhibiting a local modulation of amplitude ~ at frequency
f: R(v) = Ry 4+~ cos[2nv f], thus R,o(v) = Ro +y cos[2m(v — 1) f]. Such a modulation can be produced by an "etalon"
effect i.e. multiple spurious reflections on the instrument optical interfaces (including the detector structure). Since the optical
interfaces of an instrument cannot be perfectly coated, such an effect is expected to occur in most spectrometers.

The calibration term [R ® SRF](1p) is in that case equal to Ry + 7y cos[2mvg f] X Apod(f). It is then possible to compute
the distorted SRF plugging Eq. 7 into Eq. 5 and using the modulation model. We also choose to present its approximation for
v/Ro << 1 to extract the distortion term:

R vV —U
R T R
>~ SRF(v) + Rl (cos2m(v — vp) f] — cos[2muy f] Apod(f)) x SRF (v) (10)
0

The distorted SRF exhibits an additional terms oscillating at the etalon frequency f. The distortion is nevertheless proportional
to the ideal SRF; this preserves the locality of the distortion as opposed to the result obtained in the previous section (Eq. 8).
Equation 10 also shows that the distortion becomes negligible when the etalon frequency f is very small compared to
the sampling frequency 20 P D,,,. However, no damping of the distortion amplitude is expected for etalon frequencies above
OPD,,. One can also conceive the presence of constructive interferences between the transmission terms and the SRF side
lobes in Eq. 10 for etalon frequency close to O P D,,,, this particular resonance is confirmed by simulation in section 3.3.

The ringing error then becomes:

A (vg) & Rlo x | Sp @ [(cos|2m(vy — v) f] — cos[2m f] x Apod(f)) x SRF(V)]] (vo) (11)

The amplitude of the ringing error is proportional to the relative amplitude of the transmission modulation «/ Rg. The complex
beating of the SRF and the etalon components in Eq. 11 and its convolution with the input spectrum will lead to an impression
of chaotic noise. Finally, in opposition to the previous section, the spectral extension of the ringing error is given here by the

SREF spectral range itself and therefore will stay local.
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Figure 1. The light (blue) and strong apodisation (red) are represented in function of the OPD on the left panel, the smoothing parameter o,
is equal to 10™" m and 2.5 10~% m respectively. The input spectrum measured with a 1 cm Fourier transform interferometer and normalized

is computed for both apodisations and represented in function of the wavenumber on the right panel.

3 Simulation

In order to assess the pertinence of the previously obtained theoretical characteristics of the ringing error, we have simulated
the occurrence of the ringing error in different ideal cases exhibiting transmission gradients and modulations.

We have arbitrarily chosen a high resolution (0.1 m~!) spectrum generated by collaborators at ECMWF (European Centre
for Medium-Range Weather Forecasts) using a line-by-line radiative transfer model over a realistic scene including the effect
of all main trace gases in the thermal infrared (Fig. 1). For simplicity, the amplitude of this input spectrum is normalized to
have a mean value equal to one; this implies that the ringing error on the graphs can be directly interpreted as relative spectral
noise.

We have considered an ideal spectrometer with a maximum OPD of 1 cm. We apply an apodisation function as defined
in eq. 7 with either 0, = 6,/2=10"* m or o, = 2.5 1072 m (referred to as "light" or "strong" apodisation). In addition,
the apodisation function is taken exactly null outside &1 cm, since in practice, no samples are recorded over the maximum
OPD. We recall that the theoretical framework used in the previous sections is not perfectly canceling the apodisation above
maximum OPD (see section 2.3).

The interferogram that would be recorded by the instrument, S}).R ® SRF, has been computed as a discrete sum of all
input spectral components and the measured spectrum is recovered by inverse Fourier transform as done in the processing of

actual measurements from Michelson interferometers. The same method has been applied to generate the undistorted spectrum
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Sp® SRF and the radiometric calibration factor R ® SRF"

Sp.R® SRF = FT~!

(Z Sp(v) x R(v) x cos[27rux}> () x Apod(x)]

Sp® SRF = FT~!

(Z Sp(v) x cos[27r1/x]> (x) x Apod(x)]

R®SRF =FT!

(Z R(v) x cos[27w:1:]> () x Apod(w)} (12)

We have over-sampled the retrieved spectrum by applying a zero-padding (until x = £5 m) at interferogram level in order
to generate highly resolved ringing plots (0.1 m~1) which is useful for the comparison with the theory. In practice, in most
processing, the spectra are computed at Nyquist sampling (equal to 50 m~! here) to optimize the data size. The oversampling
has no impact on the performance assessment.

In the following, the computations are performed on the spectral range 5.5 to 14 10* m~! and the results represented between

7 and 12 10* m~1. Moreover, the transmission edges are smoothed to avoid Gibbs effects at the computation window limits.
3.1 Gradients

Figure 2 shows the simulated ringing error induced by transmission relative gradients equal to 2.5 107> m and 5 10~ m. To
preserve a constant relative gradient on the whole band, the transmissions are taken as exponential curves.

The ringing error appears as a modulation at frequency close to half the Nyquist frequency and proportional to the transmis-
sion slopes as expected from Eq. 9. Moreover, we also verify that the correlation length of the ringing error is approximately

proportional to 1/20:

— Light apodisation: the correlation length is 5 10> m~! which corresponds to 100 samples for Nyquist sampling,

— Strong apodisation: the correlation length is 2 102 m~! which corresponds to 4 samples for Nyquist sampling.

These characteristic signatures are useful to recognize the ringing error produced by gradients in the current generation of
instruments from other types of biases.

The amplitude of the ringing is larger in the case of a light apodisation since the ringing error associated to each absorption
line present in the spectrum is not local, as discussed in section 2.4, therefore the error is propagated to the adjacent lines. That

effect generates constructive interferences and amplifies the maximal errors.
3.2 Modulations

In the second simulation we have considered a modulated optical transmission with a etalon frequency equals to 0.5 cm and
two amplitudes 1 and 2 %.

The resulting ringing errors are shown on Fig. 3 for both the light and strong apodisation cases. As expected from Eq. 11, the
ringing error is proportional to the etalon amplitude. Furthermore, as discussed in section 2.5, the ringing is indeed localized

around the absorption lines whatever the apodisation function used.
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Figure 2. The spectrum is computed with both apodisations and represented in the upper panels. The ringing error is computed for the two
apodisations and two relative transmission ratio R’ (v)/R(v) = 2.5 107° m and 5 10™° m (yellow and blue curves respectively) in middle

and bottom panels. The curves are presented for the whole spectral range (left) and zoomed in the range 7.5-8 10* m™~! (right).

The singular behaviour of the ringing error around the absorption lines is related to the complex interactions of the modula-
tion terms in Eq. 11. Thus, we witness modulations at high frequency and an overall chaotic behaviour.

It is worth noting that a moderate amplitude of the transmission modulation of only 2 % produces a relative error that already
exceeds 0.005 for a light apodisation (equivalent signal-to-noise ratio of 200), which is significant compared to nowadays

radiometric accuracy requirements (close to an equivalent signal-to-noise ratio of 100).
3.3 Ringing maximum

Finally, to evaluate the impact of ringing on the radiometric calibration, we have computed the maximum ringing error in
equivalent black body temperature at 280 K between 7 and 12 10* m—! for many relative gradients and modulation frequencies
with 1 % amplitude.

On top of the light and strong apodisation cases, we have added the case "no apodisation" defined with o, = 1075 m.

The ringing error results are converted in equivalent temperature error dividing by the derivative of the Planck black body
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Figure 3. The spectrum is computed with both apodisations and represented in the upper panels. The ringing error is computed for the
two apodisations, a modulation frequency equals to 5 10~®m and two amplitudes v = 1% and 2% (yellow and blue curves respectively) in

middle and bottom panels. The curves are presented for the whole spectral range (left) and zoomed in the range 7.5-8 10* m™" (right).

relation I'(v, Ty ¢ ), at a reference temperature 7).y of 280K. The maximum temperature errors on the band are computed and
represented on Fig. 4.

The left panel of Fig. 4 shows that the maximum ringing is proportional to the relative gradient, as expected from Eq. 9.
Moreover it is highly dependent on the apodisation strength ; in the cases "light" and "no apodisation”, the ringing becomes
highly non-localised and can interfere constructively, thus increasing the maximal error as discussed in section 2.4.

In the case of a modulation of the transmission (right plot of Fig. 4), the maximum amplitude of the ringing depends linearly
on the etalon frequency for low values of f and does not show a dependency on the apodisation. This a consequence of the fact
that the spectral extension of the ringing error is completely driven by the spectral width of the SRF as noted in section 2.5.
At high frequencies, on the other hand, the maximum ringing error reaches a plateau whose level depends on the strength of
the apodisation. Between these two regimes, around the maximum OPD, the ringing error exhibits a large sensitivity to the
etalon frequency, an effect that is damped in the presence of a strong apodisation. Moreover, we also verify that the error is

proportional to the modulation amplitude.
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Figure 4. Simulation of the maximum ringing noise in equivalent temperature at 280 K in the band 7 to 12 10* m™! as a function of the
transmission relative gradient amplitudes (left) and modulation frequencies with a 1% amplitude (right). The errors are computed for three

apodisation strengths: no, light and strong apodisation, with respectively o, = 107%, 10~* and 2.5 10 >m.

In conclusion, Fig. 4 sums up all keys parameters that can lead to ringing error and particularly shows an overall positive
impact of apodisation on the maximum ringing error. These results pertain to the currently flying CrIS instrument and the

future MTG-IRS, whose maximum OPD are 8 and 8.25 mm, respectively.

4 Conclusions

We presented in this paper a theoretical basis for the ringing error that appears in Fourier transform spectrometers. We have
shown that such an error is an intrinsic feature of instruments in which the transmission varies at the scale of the spectral
resolution. It is worth noting at this point that the set of distorted SRFs could be distributed along with the measurements for
all spectral channels in order to be accounted for in the level-2 processing. This is however technically out of reach for most of
the data users as this possibly represents a huge amount of data and is too processing intensive for now.

The ringing error could be ignored in earlier interferometric IR atmospheric sounding missions for various reasons, spanning
from a lower level of radiometric accuracy requirement to the processing strategy. In the case of IASI for instance, the RTF is
rather flat, limiting the ringing by itself. Moreover, several processing characteristics (such as the numerical apodisation and
the band merging) as well as a relatively strong self-apodisation render any residual ringing noise undetectable as such. But
with the emergence of new generation instruments, this effect has started attracting attention. In particular, the ringing error has
been identified as potentially relevant in the early development phases of the Infra-Red Sounder (IRS) onboard the Meteosat
Third Generation (MTG) satellites.

Tobin and Taylor (2017) have stated that no correction of the ringing effect, other than an overly burdensome look-up table
scheme based on atmospheric targets-dependent simulated ringing has been found efficient for CrIS. In the case of MTG-IRS,

different processing aiming at removing the ringing noise are still under evaluation and will be presented in a future paper.

10
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Revercomb (2017) and Atkinson (2018) have also proposed ringing correction schemes indicating that the research is active
225 on this topic. The authors hope that the theoretical work presented in this paper properly describes the ringing origins and will

guide the development of the next innovations in the field.

11
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