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Abstract. Atmospheric gas products obtained from remote sensing observational networks operating groundbased FTIR inter-
ferometers such as COCCON, NDACC and TCCON are known to be sensitive to nonlinear detector response. Existing methods

to correct interferograms for nonlinear detector response showed that the effect of the correction on the retrieved atmospheric
gas concentrations can exceed the reported uncertainties on these data products. Several methods to correct the recorded in-

5 terferograms or spectra exist but turned out to have only a limited applicability mainly due to underlying assumptions. A new
nonlinearity characterization method is presented which builds upon previous methods and overcomes most assumptions on the
underlying measurement setup. The method is demonstrated on five distinct nonlinearity episodes for measurements obtained
from two TCCON instruments, one COCCON low-spectral-resolution instrument and one NDACC instrument and includes

a study on the effect of the nonlinearity correction on the atmospheric trace gas products derived from these measurements.

10 For the TCCON instruments the new method is compared to the standardized TCCON nonlinearity correction method. New
diagnostic metrics that quantify nonlinearity strength are introduced and these are shown to have the potential to characterize

the cause of the underlying detector nonlinearity response, being either saturation or optical misalignment.

1 Introduction

Fourier-transform infrared (FTIR) spectrometers have a long history in measuring atmospheric trace gas concentrations. The
15 Network for the Detection of Atmospheric Composition Change (NDACC, De Maziere et al. (2018); Petropavlovskikh et al.

(2026)) uses FTIR spectrometers with a high spectral resolution of approximately 0.005 cm~*

in order to provide vertically
resolved trace gas abundances. The Total Carbon Column Observing Network (TCCON) operates the same FTIR instruments
recording at a lower spectral resolution of 0.02 cm~? to provide vertically integrated dry-air mole fractions (DMF) of long-
lived greenhouse gases (CO2, CHy4, N3O), H2O, CO, and HF (Wunch et al., 2011, 2015). During recent years it has been

20 demonstrated that FTIR spectrometers with a low spectral resolution ranging from 0.2 cm~* to 0.5 cm~! also have the ability
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to provide DMF data with a quality comparable to TCCON data (Frey et al., 2019; Sha et al., 2020). The COllaborative Carbon
Column Observing Network (COCCON) is dedicated to DMF retrievals of CO5, CH4 and CO from low spectral resolution
measurements (Frey et al., 2019). Within these three networks, the atmospheric trace gas concentrations are retrieved from
the spectra that are obtained through Fourier transformation of the recorded interferograms. It has been demonstrated that
nonlinear detector response leads to distortions in the recorded interferograms and these may cause significant errors in the
atmospheric gas retrievals derived from the resulting spectra (Hase, 2000; Sha et al., 2020; Heikkinen and Kivi, 2023; Laughner
et al., 2024). Detector nonlinearity will have the largest impact in the center burst region of the interferogram, close to the
zero optical path difference (ZOPD) where variations in the recorded signal intensity are high. The spectrum is degraded by
changes in the envelope (zero-level) and by out-of-band spectral artifacts (Chase, 1984; Abrams et al., 1994; Hase, 2000). This
paper describes in detail a nonlinearity correction method applicable to measurements recorded in the framework of NDACC,
TCCON and COCCON and studies the effect of the nonlinearity correction on the retrieved trace gas columns. It is important
to mention that the absolute calibration of the recorded intensities or spectral radiances is not relevant for the retrieval of
atmospheric gases from the spectra recorded in these networks. This simplifies to some extent the underlying complexity of
the nonlinearity correction method presented here.

Most commonly used nonlinearity correction methods rely on the assumption that the distorted recorded AC interferogram
I,,, can be related to the “true” interferogram I; corresponding to a linear detector response (Chase, 1984; Abrams et al., 1994;

Lachance, 2000; Hase, 2000):
Ln=1I+al? +bI3 +---=p(I}). )

The power series p on the right-hand side should be applied pointwise on the values in the interferogram (the time/spatial
domain of the interferogram). The coefficients a,b,... are constant in time, i.e. they do not vary with the position in the
interferogram sequence. p has a special form: there is no scalar term and the coefficient of the first order term is equal to
one: p(x) =x+ax®+bx+--- o €R. A power series of this particular form (no scalar term and a non-zero first order
coefficient) allows an explicit formulation for the coefficients of the inverse infinite power series p~! () = x+a’ 22 +b'2%+- - -,
with @' = —a, b =2a% —b, ... (Morse and Feshbach, 1953; Weisstein, 2026). The relationship in Eq. (1) can therefore be
reformulated in its inverse form I; = p~1(I,,) = I, + a’I2, + VI3, + - - -, expressing the true interferogram in terms of the
measured distorted one. Nonlinearity correction methods typically provide a method to estimate a finite order approximation
of p~!. Such an estimate is known as a nonlinearity characterization (Lachance, 2000). The obvious next step that calculates
a "corrected" interferogram I, ~ [, = p‘l (I,,) is called the nonlinearity correction (Abrams et al., 1994; Lachance, 2000).

In existing nonlinearity characterizations it is standard to translate the polynomial relationship in Eq. (1) from the time
domain to the spectral domain. In FTIR spectrometry one applies the real-to-complex discrete Fourier transform (DFT) to the
measured interferogram I,,, to obtain a complex spectrum .S,,, = DFT(1,,,). The polynomial relationship in Eq. (1) is preserved
under the DFT but, as a consequence of the convolution theorem (McClellan et al., 2016) the powers of the interferogram

become convolution products:

Sm =St +a(S:@nSt) +b(St@ONSt@NSt) + -+, 2
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Figure 1. Spectral autocorrelations for a small idealized bandpass window whose position coincides with typical NDACC MCT measure-
ments. (a) Normalized autocorrelations of the idealized bandpass, the maximal intensities decrease for each order n = 2,3,4 with a factor
of approximately 1/10™*. For visualization the magnitudes are normalized to have their maximum at 1. (b) Phase sequences for the auto-
correlations from (a) when the ideal bandpass is given a linear phase similar to what is encountered in measurements (phase is shown only

where the autocorrelation is not zero).

with DFT(/;) = S; and ® 5 the N-point circular convolution operator, N being the number of points in the interferogram (Mc-
Clellan et al., 2016). This convolution operator is explained in more detail in Sec. 2. The autocorrelation terms appearing in
the right-hand side of Eq. (2) are responsible for the nonlinearity spectral features, called the quadratic, cubic, ... artifacts.

!in a typical spectrum recorded with

Figure 1(a) shows such autocorrelations for an idealized bandpass centered at 1150 cm™
a Mercury Cadmium Telluride (MCT) detector in an FTIR spectrometer configured for NDACC-type operations. Lachance
(2000) mentions that for sufficiently small bandwidths, i.e. the range of frequencies passing the optical filter, the dominating
quadratic spectral artifact does not overlap with the spectral in-band region. Cubic artifacts however always overlap with the
in-band spectral range. They play a role in measurements affected by strong nonlinearity where the cubic term is not negligi-
ble. Spectra recorded with MCT and InSb (Indium Antimonide) detectors in the framework of the NDACC use a small optical
bandwidth filter and the in-band region is therefore only affected by cubic (stronger) nonlinearity artifacts (typical NDACC
bandwidth is of the order of 1000 to 3000 wavenumbers). This is different for measurements from the TCCON or COCCON
with a wide bandpass determined by the InGaAs (Indium Gallium Arsenide) detector spectral response region. They are more
sensitive to nonlinearity errors and examples of nonlinearity correction will therefore mainly focus on measured interferograms
in the TCCON and COCCON recorded with an InGaAs detector. The latest TCCON processor imposes a threshold on non-
linearity strength and this additional quality filter causes gaps in several stations DMF time series (Laughner et al., 2024). An
improved nonlinearity correction method is therefore essential for the TCCON.

The nonlinearity characterization or estimation of coefficients for p~! presented in this paper relies on the same underlying
idea as in Knuteson et al. (2004). We estimate the coefficients of the polynomial p using a fitting algorithm on the out-of-
band spectral artifacts in the measured spectrum. In the right-hand side of Eq. (2), the unknown true spectrum is substituted
with the measured spectrum restricted to the in-band region. Here the key assumption is that the quadratic or cubic spectral
artifacts in the in-band region are much smaller than the actual spectral signal and will not significantly contribute to the

higher order autocorrelations. Several nonlinearity characterization methods have been developed previously relying on this



80

85

90

95

100

105

https://doi.org/10.5194/egusphere-2026-1890
Preprint. Discussion started: 14 April 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

assumption (Knuteson et al., 2004; Qi et al., 2020; Han, 2018; Guo et al., 2024). These methods estimate the quadratic term in
p~! and take into account the DC-level of the recorded interferogram. On the one hand we extend these methods by including
estimation of the cubic coefficient, which increases complexity. On the other hand, since the absolute calibration of the spectra
is not relevant for measurements obtained from the three ground-based networks under consideration, some technical aspects
can be left out which reduces complexity.

Section 2 describes the method to estimate the polynomial coefficients in p starting from a measured interferogram. We
use three examples with increasing complexity to explain the algorithm subtleties. Section 3 contains a discussion on the
robustness and possible systematic errors in the nonlinearity characterization. Section 4 introduces new metrics for the strength
of nonlinearity in an interferogram. Section 5 describes how the individual measurement nonlinearity characterizations can
be used to correct a time series of measurements and how this may affect the atmospheric gas retrievals derived from them.
Examples for all three networks are presented: ozone retrievals for an NDACC site and DMF retrievals with the COCCON and
TCCON retrieval algorithm for several sites. We discuss the similarities and differences between the proposed method and the
standardized TCCON nonlinearity correction approach.

Throughout this paper, an interferogram [ or a spectrum S is a sequence of numbers and standard arithmetics is assumed to
be performed on each element separately (e.g. a power series of an interferogram) unless stated otherwise as for a convolution
product between spectral sequences. I[i] denotes the selection of a specific element at an index i (for example at the ZOPD
position). Coefficients of a polynomial p acting on the true interferogram values are denoted a, b for the quadratic and cubic

terms respectively. Coefficients for a nonlinearity characterization polynomial p~! are denoted with a prime a’,b’, .. ..

2 Nonlinearity characterization for a single interferogram

To explain and demonstrate the proposed nonlinearity characterization algorithm we discuss three different examples to which
the method was applied, with gradually increasing complexity. Before going into the details of the algorithm, it is worthwhile

to review some mathematical properties of the DFT.
2.1 Circular convolution and the phase of the autocorrelations

The complex spectrum S obtained by applying the DFT on a real-valued interferogram with N elements, has a conjugate
symmetry property: complex conjugation combined with reversing the elements in the spectrum sequence (McClellan et al.,
2016). In practice this allows to split the complex spectrum in two, the negative and positive frequencies parts. In figures with
spectra (as in Fig. 1) we will typically only show the positive frequencies part of the full complex spectrum S. In order to
explain and apply well known properties of the Fourier-transform such as the convolution theorem, the /N-point spectrum .S
must be periodically continued to an infinite series of points (also known as aliasing). This periodic extension is the key concept
in the definition of the /NV-point circular convolution appearing in Eq. (2).

The first autocorrelation in Eq. (2) (the quadratic term) is illustrated in Fig. 2 for an ideal bandpass similar to Fig. 1. The

sliding window (the "flipped" spectrum) is shown in front of the periodically extended spectrum .S for two different positions
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Figure 2. Autocorrelation and the circular convolution operation: the ideal bandbass from Fig. 1 is indicated in blue and corresponds to
the positive frequencies part of a spectrum S obtained from the real-to-complex DFT. The negative frequencies part (red) is the complex
conjugated "mirror" of the positive frequencies part and they are aliased to construct the periodically extended spectrum. The sliding window
consists of a flipped copy of the neg. and pos. frequency components in S. The convolution is shown for two positions in the positive
frequency range: (1) is located on the left of the in-band region and will have vanishing complex phase (the sliding window only pairs points
from the pos. and neg. frequency parts) while (2) is located on the right and will have a doubled complex phase (non-zero pairing is done

between pos. frequency parts).

(1) and (2). The circular convolution operation acts similar to the well-known standard numerical convolution operation where
the sliding window is moved from the left to the right, at each position summing the point-wise product of the periodically
extended spectrum with the finite convolution window. In Fig. 2 the positive and negative frequencies part of S are shown
with distinct colors to indicate how complex numbers in .S are paired by multiplication in the convolution operation. The first
position (1) corresponds to a value of the autocorrelation for a position on the left side of the in-band region and has zero phase
since all complex values from the periodically extended complex spectrum S are multiplied with their complex conjugates in
the sliding window (the flipped spectrum). The second position corresponds to an autocorrelation value on the right side of the
in-band region where the phase of the positive frequencies are doubled.

This demonstrates the phase jumps in the quadratic autocorrelation in the idealized example in Fig. 1(b), going from zero on
the left of the in-band region to twice the in-band phase on the right of the in-band region. This phase behavior is inherently
part of the convolution operator in right hand side of Eq. (2) and should therefore also be present in the nonlinearity induced
quadratic artifact in the out-of-band region of the measured spectrum. A similar conclusion holds for the phase of higher order
autocorrelations.

Being a standard operation in FTIR processing, phase correction is normally applied to obtain a real spectrum from the gen-
erally complex S returned by the DFT so that it can be used in the atmospheric gas retrievals (Mertz, 1967; Forman et al., 1966;
Herres and Gronholz, 1984). We found that the out-of-band phase information plays a crucial role to disentangle cubic from
quadratic nonlinearity artifacts and to separate nonlinearity artifacts from other out-of-band spectral features (Messerschmidt
et al., 2010; Dohe et al., 2013). Phase correction is therefore not applied on the complex spectrum obtained from the DFT in the

proposed algorithm. The FTIR standard operations are applied to the nonlinearity corrected interferograms only. Throughout
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Figure 3. An MCT spectrum recorded at the NDACC Maido observatory on Dec 9 2019. (a) The amplitude spectrum |Sy,, | of the envelope
on a logarithmic scale along with the out-of-band window w, used to fit the nonlinearity artifacts and in-band window w; used to estimate

St. (b) The phase values of the complex spectrum Sy, in the regions where the spectrum has a signal. The filter window is chosen such that it

contains the intensities above 1% of the amplitude spectrum maximal intensity (normalized at 1). Spectral artifacts appear around 250 cm ~*

and 2100 cm ™!,

this paper the visualization of the positive frequency component of a spectrum S is done similar to Fig. 1 where the amplitude
spectrum, the real valued spectrum obtained by taking the modulus of the individual complex numbers in S and denoted with

|S| (Herres and Gronholz, 1984), is shown in the left panel and the phase of .S in the right panel.
2.2 Example 1: a narrowband spectrum from an NDACC MCT AC-coupled interferogram

The first example shown in Fig. 3 has a quadratic spectral out-of-band artifact seen in both lower and higher wavenumbers
compared to the in-band region centered at 1150 cm~!. The phase of the in-band spectrum has a similar linear wavenumber
dependence as in the ideal bandpass example in Fig. 1 from the introduction. This particular example was chosen because it
allows to explain the basics of the algorithm and to demonstrate how the phase of the complex measured spectrum is used to
estimate the quadratic coefficient in p in the absence of cubic artifacts.

The complex spectrum in Fig. 3 is obtained from the measured AC interferogram by selecting a symmetric region around the
center burst with a radius (arm length) of 2!! = 2048 points as shown in Fig. 4. This truncated double sided interferogram I¢,
is less affected by measurement noise and determines the envelope of the spectrum obtained from the full interferogram. The
superscript e refers to this envelope property. Note that a similar truncation towards a double sided interferogram is also used
for the estimation of the phase in the Mertz phase correction (Mertz, 1967). To eliminate as much as possible the measurement
noise in the out-of-band region, the interferogram I, is apodized with the three term Blackmann-Harris window (Bs3) (Harris,
1978; Herres and Gronholz, 1984). Eq. (1) remains valid for I, since it acts on the individual elements in the interferogram
and I, is simply a truncated double sided portion of I,,,. Both sides of Eq. (2) should be convoluted with the DFT of the chosen
apodization. The next step is to choose an appropriate filter window wj; in the spectral domain as in Fig. 3(a) that extracts the
in-band spectrum and filters the out-of-band artifacts Sy, ; = w; Sy, . Typically w; is a box window whose cutoff wavenumbers

coincide with the cut on and cut off of the bandpass of the optical filter used in the instrument.
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Figure 4. A truncated double sided interferogram I, is extracted from the full interferogram where each side has 2048 points. The chosen

apodization function Bs is indicated in blue and is multiplied with I, before applying the DFT.

Following Knuteson et al. (2004), the true spectrum in the right-hand side of Eq. (2) is replaced with the in-band filtered
measured spectrum Sy, ; = w;Sy,. The higher order autocorrelations of the true spectrum in Eq. (2) are in turn approximated
by Sf;fz = (S5,:®nSy, ;) and an?’Z = (S;QZQ@ ~S, ;) (and similar for even higher order terms). The relation in Eq. (2) then

simplifies to an equation where only the coefficients a, b, ... of p are unknown:
Se, =85 i +aSuh + bS5 4+ 3)

We discuss the validity of these approximations in Sect. 3. For now we can assume that the coefficients from Eq. (2) are also
valid for the relation in Eq. (3).

Going back to the example in Fig. 3 with a chosen in-band window, the autocorrelations S, ok . of order k= 2,... can be
calculated and verified if they are in the out-of-band region. In this example only the second order autocorrelatlon S *, appears
in the out-of-band region. An out-of-band window w, is selected such that it contains the second order autocorrelat1on term.
This out-of-band window w, should be complementary to the in-band window with w,w; = 0: when multiplying both sides of

Eq. (3) with w, and assuming b = 0, we get a simplified equation
WSS, = awOSfrfi. “)

The real and complex part of the measured spectrum in the left-hand side of Eq. (4) is shown in Fig. 5(a). Using the phase ¢5

of the quadratic complex sequence 542 we rotate both sides of Eq. (4) towards the phase of the quadratic term. A least square

mz’

(LSQ) fit is then applied on the real part of the rotated terms in this equation:

minH?]‘E(woe*i‘z52 (an—an,fi))szminHwo (3?( “”Sf}i —a|S )H ®)

aeR aEeR

fits nicely with the shape of the rotated measured spectrum. The rotated

From Fig. 5(b), the autocorrelation term awo\S e,2
measured out-of-band spectrum has a nearly vamshmg complex part, suggesting the observed spectral artifact is entirely due
to the quadratic nonlinearity. The uncertainty on the fitted coefficient a can be estimated using the noise in the spectrum and

should be used to evaluate the quality of the fit. This is discussed in more detail in Sect. 3.
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Figure 5. (a) The measured complex spectrum array Sy, filtered to the selected out-of-band window w,. (b) The same array but rotated with
the opposite phase —¢2 of the quadratic autocorrelation term anzl The real component of the rotated spectrum allows an LSQ fit (in orange)

on the quadratic coefficient a that scales ani Vertical lines indicate the boundaries of the chosen in-band window.

The nonlinearity correction itself becomes a straightforward step once the quadratic coefficient a is determined. The inverse
series p~1(z) = 14+a’z+b'2%+- - for p(x) = 1+ ax has coefficients a’ = —a, ' = 2a?, ¢ = —5a?,... (Morse and Feshbach,

L at

1953; Weisstein, 2026) and is applied to the original AC interferogram (we truncate the infinite series expression for p~
order 6). The baseline of the resulting corrected spectrum has reduced out-of-band artifacts, see Fig. 6. Note that the in-band

spectrum is unchanged because there is no cubic artifact in this particular example.
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Figure 6. (a) The corrected amplitude spectrum with @ = 0.044. (b) Amplitude spectrum of the difference between the two envelope spectra
(original minus corrected). Because the bandwidth is narrow enough, the in-band region remains unchanged. Vertical lines indicate the

boundaries of the chosen in-band window.

2.3 Example 2: a narrowband spectrum from an InGaAs DC-coupled interferogram

This example is chosen to demonstrate that a nonlinearity characterization requires a careful selection of the out-of-band win-
dow w, to avoid other spectral artifacts. The additional complexity for nonlinearity characterization of DC recorded interfero-
grams is also introduced. A narrowband InGaAs measurement setup is used in the TCCON/COCCON networks to characterize
ghosts in the spectral domain. Similarly to nonlinearity artifacts, ghosts are spectral artifacts that can also be observed in the

out-of-band region but are caused by an instrument laser sampling error (Messerschmidt et al., 2010; Dohe et al., 2013). The
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Figure 7. (a) The amplitude spectrum of the envelope of a low-spectral resolution measurement obtained with a Bruker Invenio-R instrument
in order to determine the ghost-to-parent intensity ratio. The spectral artifact at 12000 cm™? is a combination of an internal reflection and
the quadratic nonlinearity artifact. (b) The amplitude spectrum of the envelope of the nonlinearity corrected measurement, the dip on top of

1

the spectral artifact at 12000 cm™ "~ is removed.

optical filter (Spectrogon NB-1670-048) used in the spectrum in Fig. 7 has a central frequency at 5988 cm™ 1 and the spectrum
has a ghost feature at 9810 cm~!. There is an additional spectral artifact at twice the narrowband wavenumber 12000 cm~!
which is not completely understood and assumed to be caused by an instrument internal reflection. This unknown feature
turns out to overlap with the quadratic nonlinearity artifact. To distinguish DC from AC interferogram characterizations, DC is
indicated in super- or subscript wherever relevant, e.g. I2€.

Similarly to the previous example, the first step is to extract a double sided AC interferogram I¢, out of the DC recorded
interferogram IP€. This can be done by subtracting the scalar DC level d,. at the center burst from the truncated DC interfer-
ogram (again using a radius of 2048 points). The DC level is estimated by fitting a line through the tails of the truncated DC
interferogram and d.. is the interpolated value at the center burst position. The methodology described in the first example can
then be applied on the AC envelope interferogram to estimate the polynomial coefficients for p and consequently for the in-
verted power series p~!. The autocorrelations derived from the AC in-band envelope spectrum are shown in Fig. 8. The in-band
window bounds are defined using a 1% threshold on the envelope amplitude spectrum (see Fig. 7 (a) and Sec. 3 for a more
detailed discussion on the choice of the threshold). Similarly to the previous example, the cubic autocorrelation does not match
a measured artifact and can be ignored (b ~ 0). From Fig. 8(b) we see that the phase of the quadratic autocorrelation coincides
with the measurement out-of-band phase for the wavenumbers close to zero while it does not match the phase at 12000 cm™*.
The quadratic artifact on the right of the filter window should therefore be discarded and left out from the out-of-band window
Wo.

The corresponding polynomial pl;é acting on the original DC interferogram I2C€ is related to p~! by means of a scalar
shift: ppd (IP€) = p~1(IP€ — d,.) (Lachance, 2000). The shifted polynomial has a non zero scalar term and a linear coefficient
different from 1. For our purposes the absolute interferogram values are not required and we can remove the scalar term and

scale the polynomial so that it again takes the form pgcl (r) =2 +a’x? +---. The nonlinearity corrected spectrum in Fig. 7(b)

is obtained from the interferogram pp/ (12°).
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Figure 8. (a) The amplitude spectra in the out-of-band region of the measured spectrum and the higher order autocorrelation terms, all scaled
to have their maximum amplitude equal to 1. The quadratic term coincides with the measurement out-of-band artifact at wavenumbers below
1000 cm ™! but deviates at 12000 cm™*. The cubic term does not overlap with a measured artifact. (b) Phase sequences restricted to the
regions where there is a signal, ¢%, denotes the phase of S&,. At 12000 cm ™" the phase of the quadratic term ¢2[12000 cm™'] a2 —20° does

not match the phase of the measurement ¢;,, &~ —170° (i.e. they are not equal nor opposite).

2.4 Example 3: a TCCON spectrum from an InGaAs DC-coupled interferogram

Compared to the previous narrowband examples, the standard operations spectra recorded in the TCCON or COCCON are
more challenging for nonlinearity characterization because the autocorrelations overlap in the narrow out-of-band region.
We present two examples: one spectrum recorded at the Saint-Denis (Réunion Island, France) TCCON site (De Maziere
et al., 2022) and one at the Sodankyld (Finland) TCCON site (Kivi et al., 2022). Both measurements allow to show how the
algorithm can be applied to estimate higher order coefficients in p (up to the cubic coefficient). Although both quadratic and
cubic autocorrelations overlap with each other in the out-of-band region, it remains possible to disentangle the cubic from the
quadratic term by making use of their complex phase (Sodankyld example) and by making a dedicated choice of out-of-band
windows for each nonlinearity term separately (Saint-Denis). Figure 9 shows the original and nonlinearity corrected spectra at
Saint-Denis while Fig. 10 shows the autocorrelations of the in-band spectrum. The LSQ fit to find coefficients a,b from Eq. (3)

is applied to a concatenation of two real sequences (one for each coefficient) obtained by rotating Eq. (3) with —¢2 and —¢3

10° 4

<, 10714

Intensity [a.u.]

—
—
1
"

Intensity [a.u.]

- ro
0 2000 4000 6000 8000 10000 12000 14000 16000 0 2000 4000 6000 8000 10000 12000 14000 16000
(a) Wavenumber [cm ™} (b) Wavenumber [cm™}]

Figure 9. (a) The amplitude spectrum of the envelope of a standard TCCON measurement obtained with a Bruker IFS 125HR instrument at

Saint-Denis (Réunion Island) (b) The envelope of the nonlinearity corrected measurement.
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Figure 10. (a) The amplitude spectra for the out-of-band measured spectrum and the higher order autocorrelation terms, all normalized to
have maximal amplitude equal to 1. Quadratic and cubic artifacts overlap in the out-of-band region. (b) Phase arrays. Quadratic and cubic
terms have opposite phase in the out-of-band region. ¢;, denotes the phase of Sy,. (c) The real component of the —¢> complex rotated

measurement, quadratic and cubic terms. The shaded area indicates the out-of-band window w, 2. (d) Similar as (c), but rotated with —¢3

and showing w, 3.

respectively. Each sequence is restricted to a dedicated subwindow of the out-of-band window, denoted w, 2 and w, 3, that
captures the relevant autocorrelation:

. 2 . 2
min <H§R (woze™ % (55— aSe2 = b852) )|+ | (wose (85, — asy? —b55) ) | > . ©)

Figures 10(c) and (d) show the two concatenated components used in the LSQ fitting defined in Eq. (6) separately. The quadratic
fit does not match well with the measurement between 2000 and 3000 cm~!: this is caused by the cubic nonlinearity where
it reaches its highest value in the out-of-band window, see Fig. 10(a). For that reason we have defined w, 3 to coincide with
the region where cubic nonlinearity is strongest. The window wy,, » is wider and coincides with the lower wavenumber where
the quadratic feature is more prominent. It only partly overlaps with w, 3 which should guarantee a less correlated fit of the
two coefficients a,b. Some overlap is kept for a better quadratic fit in case the cubic artifact is weak and not present. This
example is special in the sense that the quadratic and cubic phases are close to being opposite (= 0° and 180°) and both rotated
sequences in the quadratic w, 2 and cubic w, 3 windows are in the same complex plane. This is not the case for the Sodankyld
example in Fig. 11. With the same in- and out-of-band windows, the cubic autocorrelation has a phase nearly perpendicular to

the quadratic autocorrelation and the two fit windows provide a different view on the measured out-of-band feature.
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Figure 11. Similar to Fig. 10 but for a measurement obtained with a Bruker IFS 125HR instrument at Sodankyld (Finland). The quadratic

and cubic phase are nearly perpendicular in this case.

The cubic nonlinearity feature is much less prominent in the out-of-band region compared to the quadratic and this is
reflected in the associated LSQ fitting uncertainties where the cubic uncertainty is two to four times higher when compared to

the uncertainty of the quadratic coefficient estimate. A more detailed discussion on the estimate uncertainty is postponed to

Sect. 3.
2.5 Algorithm summary

The algorithm presented above is summarized by the following steps and schematized in Fig. 12.
1. Extract a double sided interferogram I, around the center burst; in the case of a DC recorded interferogram, substract
the DC level d..
2. Apply the DFT on I¢, to go to the spectral domain; select an in-band window and calculate the autocorrelations of w; S,

for orders 2,3, ...

3. Select the out-of-band windows w, j, for each order £ such that the autocorrelation Sf,;ki coincides both in amplitude and

phase with a spectral artifact in the measured spectrum; use a LSQ in these subwindows fit to estimate the coefficients
of p.

4. Use the reverse power series formula from Weisstein (2026) to calculate the coefficients for p~! from the estimated

coefficients a, b, ... of p.
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Figure 12. Diagram representing the steps required to obtain a nonlinearity characterization pgé (up to step 5) for a single interferogram

IELC and a nonlinearity corrected interferogram 1, D C . The final step leading to a nonlinearity corrected spectrum is then obtained using the

network’s (TCCON, COCCON, NDACC) standard processing algorithm which includes a DC-correction (to reduce the impact of source

brightness fluctuations), the application of apodizations, the DFT and a phase correction.

5. In the case of a DC recording, calculate the coefficients of the shifted polynomial pgcl(ac) = p~(z — d.) with the DC

level d, from step 1 .

The choice of the in-band window can be largely automated: a default in-band window can be derived from the amplitude
spectrum |S¢, | as the wavenumber range that contains the higher intensities (a threshold of 1% of the maximum intensity is
used in the examples). The third step, estimating the coefficients of p, involves choosing appropriate out-of-band window(s) and
requires a visual check on the autocorrelations and the measurement out-of-band features. The choice of these subwindows
depends on the instrument setup: filter window, presence of other spectral artifacts such as internal reflections or ghosts, or
interferogram undersampling (see below). The subwindow selection neither depends on the chosen maximum optical path
difference nor on the instrument aperture setting. It should be done only once for each filter window in an instrument setup. In
practice this means that the same subwindow selection can be used for all measurements in the TCCON and COCCON.

For MCT and InSb measurements taken in the framework of the NDACC (narrow-band setup in the lower wavenumber
range), the out-of-band window is typically chosen to coincide with wavenumbers larger than the in-band window upper
bound, while for InGaAs measurements as in COCCON or TCCON the out-of-band window is chosen by default to coincide
with the wavenumbers below the detector response cut-off wavenumber at 4000 cm ™!

The LSQ fit in step 3 uses the Levenberg-Marquardt minimization algorithm as implemented in SciPy (Virtanen et al., 2020;
Moré, 1978) where the cost function is weighted with a vector representing the noise in the out-of-band windows (higher
noise corresponds to lower weights). The algorithm gives an uncertainty estimate on the returned coefficients. Estimates with
high uncertainty should be rejected: for example, if the cubic nonlinearity in a spectrum is very weak and comparable to
the noise in the out-of-band region, its uncertainty will be higher and the estimated cubic coefficient b should be considered
unreliable. Appropriate thresholds for the uncertainties can be derived from a sample of interferograms: in the TCCON and
COCCON examples in Sect. 5 the thresholds used are 1.5% and 6% for the quadratic and cubic coefficients respectively. The

algorithm takes these estimate uncertainties and thresholds into account in an iterative way. Starting with a simultaneous fit
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of the quadratic and cubic coefficients (as in the third example), the fit uncertainties for a and b may not exceed the given
thresholds. If one of uncertainties is considered too high, the LSQ fit is re-run but only fitting the quadratic coefficient. If the
fit uncertainty for a remains above the 1.5% threshold, the algorithm fails and no reliable nonlinearity characterization was
possible. This typically occurs when the detector response was not affected by nonlinearity or when the signal in the spectra is
weak (too high noise levels).

Due to the narrow-band setup in the NDACC, interferograms are often recorded with a high (or low) folding limit (Herres and
Gronholz, 1984). The algorithm can be applied to such undersampled interferograms as long as the out-of-band is sufficiently
large to capture the autocorrelations (undersampling was done in the first MCT example). Different settings for interferogram
undersampling might therefore affect the subwindow selection in step 3.

The extension of the algorithm to estimate the higher order coefficients c,d. .. in p is straightforward: for a given maximal
degree n for the polynomial p and out-of-band subwindows w, ., kK = 2,...,n, the cost function for the LSQ takes the more

general form

" — 2
D[R (woe™ 2 (5, = p(s ) ™
k=2

We have encountered few examples where we could confidently estimate higher order features (above cubic) in the out-of-band

signal (see Sec. 5.1).

3 Algorithm sensitivities and applicability

The LSQ uncertainty estimates for the fitted coefficients a,b should be taken into account to discard unreliable fits from too
noisy spectra. In addition, a discussion of possible systematic errors in the proposed algorithm is necessary. We consider three
different sensitivity tests. The first verifies the key assumption in the algorithm that the true spectrum can be approximated by
the in-band measured spectrum. The second test perturbs the in-band window boundaries. The third test checks the sensitivity

to the chosen apodization.
3.1 Approximation of the true spectrum with the in-band measured spectrum

Recall that the validity of Eq. (3) relies on the assumption that the in-band measured spectrum Sy, ; approximates the true
spectrum. But in the presence of nonlinearity artifacts, the measured spectrum may deviate from the true spectrum also in
the in-band region: Sy, ; = w; (S +aS®n Sy + - -+ ). The autocorrelations Sfrfi, Szfi calculated as part of the algorithm will
therefore in turn deviate from the true autocorrelations and create an error on the fitted coefficients a,b. To study this error
in more detail, we take an ideal shortpass filter with a similar transmission range as the InGaAs detector in example 2.4 and
perturb it in-band by adding a known nonlinearity. The effect on an’i-, anSZ is shown in Fig. 13 where a quadratic nonlinearity
(top row) or a cubic nonlinearity (bottom row) is added to the ideal bandpass. Adding a quadratic nonlinearity term affects the
phase of the cubic autocorrelation Sﬁﬂ (panel (b)). Alternatively, when adding a cubic nonlinearity term the magnitude of the

quadratic autocorrelation Sf,fi is perturbed (panel (c)). Both perturbations will cause an error on the fitted coefficients a and b
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Figure 13. Autocorrelations for a nonlinearity affected idealized wide bandpass calculated from an,i = w;(St + aS:®@n St) (top row) and
S i = wi(S+bSt®@ N S:® N St) (bottom row). (a) Magnitude of autocorrelations for Sy, ; with a € [—-0.01,0.01]. The maximally perturbed
bandpass Sy, ; is indicated in blue (a = £0.01). (b) Phase values of the autocorrelations in (a); dashed lines corresponds to perturbations

with a > 0, dotted lines to a < 0. (c) and (d) Similar as (a), (b) but with imposed cubic nonlinearity b € [—0.01,0.01].

which is found to be proportional but opposite in sign. The bounds on a, b for the in-band perturbations are chosen to be +0.01
which is large enough to contain the typical values seen in the TCCON Saint-Denis timeseries in Sect. 5. Adding a combined
nonlinearity of a = b= 40.01 causes an error of F0.8% on the fitted quadratic coefficient a and of F1.1% on the cubic
coefficient b. A possible improvement of the proposed algorithm lies in a correction to S7, ; by pre-fitting the autocorrelations
and removing them from S7, ;. This however was found to bring only a small improvement on the fitted coefficients and the
additional computational burden was considered unnecessary.

We found examples at Saint-Denis where nonlinearity affects the out-of-band region so strongly that the cubic and quadratic
autocorrelations are no longer distinguishable. Under strong nonlinearity response the algorithm fails: here the fact that the
quadratic and cubic spectral features become undistinguishable takes precedence over the larger systematic errors for the
estimates for a and b. For Saint-Denis such strong detector saturation was found to occur when the DC-level at the center

burst exceeds a specific threshold. A more detailed description of detector behavior in such extreme conditions is not under

305 consideration in this study. These measurements are filtered from the TCCON processing.
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Figure 14. Autocorrelations of an idealized shortpass filter where the in-band window w; bounds do not coincide with the filter edges,
representing errors introduced by choosing too narrow boundaries for the in-band window w;. Dashed lines corresponds to shifting the lower
bound of the in-band window towards the right of the cut-off wavenumber, dotted lines correspond to shifting the upper bound towards lower
wavenumbers. The blue lines show the maximal shift in lower (dashed) and upper (dotted) boundary, being 5% of the width of the ideal

bandpass.

3.2 Sensitivity to the in-band window boundaries

A second sensitivity test was done on the bounds of the in-band window. Here the autocorrelations Sﬁfi, 52;31- are calculated

with a shifted cut-off wavenumber (shifting to the right) or by introducing a bound on the higher wavenumbers. The perturbed
autocorrelations are shown in Fig. 14, varying the lower and upper boundary separately with 5% of the total bandpass width.
The lower boundary perturbs the quadratic autocorrelation in the out-of-band window more strongly compared to changes in the
upper boundary position. A similar effect on the phase of the cubic autocorrelations is seen: the lower boundary perturbations
affects the phase more strongly. When adding a nonlinearity ¢ = b = 0.01 on the ideal bandpass, the error on fitted coefficients
is again proportional to the error made on the lower or upper in-band window boundaries. The quadratic coefficient is 1.5%
for a positional error of 1% of the bandpass length for the lower boundary; the cubic coefficient error is 4%. In real-world
examples, the effect will be smaller because the bandpass intensity is gradually increasing beyond the cut-off wavenumber
due to the filter and solar radiation characteristics. This robustness check justifies the previously proposed automation for the

choice of the in-band window boundaries using a threshold of 1% on the intensities in the amplitude spectrum.
3.3 Sensitivity to the chosen apodization

We have chosen the B3 apodization function in order to reduce the noise in the spectral sequences. Other apodization functions
could be used. In comparison with no apodization (i.e. a boxcar), the advantage of using a B3 apodization lies in the reduction
of the LSQ uncertainties and the reduced variability in the a, b coefficients when considering a sample of measurements. Using
another apodization function does not give systematically different results for the nonlinearity characterization.

From a mathematical point of view the transition from Eq. (2) (unapodized) to (3) (apodized) is not entirely correct: a
chosen apodization should be applied on the right-hand side of Eq. (2) and should therefore appear only once in the convolution

products. The convolution products in Eq. (3) contain the apodization multiple times. A more correct approach would consist of
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doing the DFT on the unapodized interferogram and convolute each autocorrelation separately with the DFT of the apodization
function. We found that the error made is small (of the order of 0.1% on the estimated coefficients) and is ignored in favor of a

less computationally demanding approach.
3.4 Other parameter and algorithm design choices

The number of points in the envelope spectrum is determined by the radius of the truncated interferogram (cf. step 1 of the
algorithm). In the examples, the radius was chosen to be 2!! points (a power of 2 to benefit the Fast-Fourier Transform).
Choosing a different value leads to differences of the order of 1% in the fit coefficients for the Saint-Denis example and the
radius was therefore not considered an important influence parameter. Including more points reduces the LSQ fit errors but
comes with a higher computational cost.

When considering higher order autocorrelations in the LSQ fit, the out-of-band windows will typically partly overlap and
could have an effect in the LSQ fit. Each autocorrelation is fitted against a differently complex rotated out-of-band spectrum
and, although there is an overlap in the wavenumbers, the information in the respective components of LSQ cost function is
therefore not entirely identical. Given this and the limited number of independent parameters in the LSQ, partially overlapping
out-of-band windows are not considered problematic.

The out-of-band windows might also have a different number of spectral points which could cause an imbalance between
their associated components in the cost function of the LSQ. In the examples we considered all windows have comparable

sizes. More extensive sensitivity tests on these parameters were not considered.

4 A measure for nonlinearity strength

The TCCON uses DIP height as a measure for nonlinearity (Keppel-Aleks et al., 2007). It was introduced as part of an al-
gorithm that corrects source brightness variations in DC recorded interferograms. This correction method relies on a lowpass
filter applied on the interferogram. In the presence of non-linear detector response, the lowpass filtered interferogram shows
an artifact (a dip) at ZOPD related to the nonlinearity artifact in the out-of-band region. The TCCON DIP diagnostic is pro-
portional to the height at ZOPD of this dip feature in the lowpass filtered interferogram and is used to indicate how strongly a
measurement is affected by nonlinearity.

We propose an alternative method to measure the nonlinearity strength using the coefficients a,b, ... of p. Such a measure

should be invariant when an interferogram is scaled with a constant. If we multiply Eq. (1) with a constant number u, we obtain
2 3 a 2 b 3
uIm:uIt+uaIt+ub[t+~~:uft+a(uft) Jr?(uft) 4+

The structure of Eq. (1) is preserved for the scaled interferogram and relates w/,, with the truth «I;. The nonlinearity coef-
ficients however scale with an appropriate power of 1/u. This suggests that a scaling-invariant measure for the nonlinearity
strength can be obtained by multiplying a with an interferogram property that is proportional to the scaling factor u. Such an

interferogram property could be the DC-level at ZOPD (which has the disadvantage that it can only be used with DC-recorded
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interferograms), the maximum of the envelope amplitude spectrum in the in-band region max (w;|Sg, |) or the peak-to-peak
(PTP) of the interferogram in the center burst region lprp = PTP(I%). In what follows we have chosen half of the PTP-
property (the peak amplitude of the interferogram) to obtain scaling-invariant coefficients A = a(Iptp/2) and B = b(Iprp/2)%.
The PTP-property has the advantage that it is straightforward to calculate from an interferogram (both AC or DC recorded).
Moreover, as explained below, A and B have an intuitive interpretation as a measure for the interferogram nonlinearity error
(measured minus true) at the center burst.

If we take the peak amplitude Iprp/2 as an approximation for I;[ZOPD], Eq. (1) at the center burst becomes

al bI2
PTP + PTP

I,,[ZOPD] ~ (I, + aI? + bI? + ---)[ZOPD] ~ (1 + +- ) I,[ZOPD]. (8)

Each of the coefficients A, B, ... in the right hand side can be considered a metric for nonlinearity strength: A represents
the quadratic contribution to the relative error of the measured interferogram at the center burst. A similar interpretation can
be given to the B coefficient: it relates to the cubic contribution to the relative error of the measured interferogram at the
center burst. Given a nonlinearity characterization p, the associated values A, B, ... will be used to indicate the strength of the
nonlinearity and we call them nonlinearity error estimates (NLEs). They should be considered separate from each other and not
summed to a total error: we have encountered examples where the quadratic and cubic NLEs are of the same order but opposite
in sign (see the example in Fig. 22). Because the quadratic NLE alprp/2 is typically dominant and can be estimated with
higher confidence, it is used as a diagnostic nonlinearity metric for a measurement. For TCCON measurements the quadratic
NLE estimate has a strong correlation with DIP (in the examples below, we found Pearson correlation coefficients above 0.9,

see also Fig. 18).

5 Nonlinearity models and the impact of nonlinearity correction on atmospheric retrieval products

The impact of a nonlinearity correction on the atmospheric gas retrievals is hard to predict. The retrieval software and retrieval
strategy will play an important role (microwindow selection, co-retrieved parameters such a zero-level offset, ...). In this
section we present four practical examples where a nonlinearity correction is applied on a time series of measurements along
with the impact on the atmospheric gas retrievals. These examples use measurement time series obtained from the three
networks NDACC, TCCON and COCCON.

5.1 Nonlinearity in Bremen NDACC MCT measurements

The Bremen NDACC MCT measurements (Notholt et al., 2006) have a similar instrument setup as the example shown in Fig. 3:
they use the standard optical filter for NDACC ozone measurements and are AC-recorded, similar to the example in Sect. 2.2.
The nonlinearity error estimates were calculated for a sample of measurements obtained during 36 days in 2023-2025. These
measurements have higher order nonlinearity errors: for the higher PTP values up to the quintic NLE could be estimated in
the out-of-band region. In Fig. 15(a) the individual A, B, ... coefficients are shown in relation to the interferogram PTP values.

It reveals a dominantly linear dependence of the NLEs on Ipyp and that strength rapidly decreases with the order: the quartic
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Figure 15. Nonlinearity regime for the AC-recorded NDACC MCT measurements at Bremen during 2023 - 2025 obtained from a sample of
36 days. The scale-invariant coefficients in (a) have a dominantly linear dependence on the interferogram PTP with a zero intercept. (b) The
coefficients of the individual characterizations p~* have a nearly constant dependence. (¢) Quadratic NLE for the corrected and uncorrected
measurements. (d) Difference in retrieved ozone columns (nonlinearity corrected minus uncorrected) in case the zero-level offset parameter

is not co-retrieved with ozone.

and quintic NLEs are much lower compared to the quadratic and cubic NLEs reaching values of A ~ 15% and B =~ 2% for
the interferograms in the sample with maximal peak amplitude. The higher order D, E/ are therefore not taken into account
in what follows and the nonlinearity characterizations p are estimated up to third order. Panel (b) shows the quadratic, cubic,

—1 is infinite even

quartic and quintic coefficients of the individual nonlinearity characterizations p~! (recall that the order of p
if p is third order). Here a nearly constant dependence on the interferogram PTP is observed, only the fifth order has a slope.
Panel (c) shows the timeline of the quadratic NLE values for the measured interferograms I,,, and the nonlinearity corrected
interferograms I, = p~*(I,,) using the polynomial coefficients from panel (b).

The SFIT4 retrieval software is used to analyze these measurements (Hannigan et al., 2024). This algorithm allows to fit
the zero-level of the spectral windows used for the retrieval of the atmospheric ozone profile. This co-retrieved parameter,
called zshift, can capture the spectral nonlinearity error in the baseline of the retrieval windows and acts as a nonlinearity
correction performed directly on the spectrum. The zshift parameter is enabled in the ACTRIS centralized ozone retrieval
strategy (Vigouroux, 2025). Ozone retrievals from the original and nonlinearity corrected spectra are found to be nearly equal

when zshift is fitted, with a mean difference of 0.2% which is much lower than the total uncertainty of 3.5% on the ozone

columns.
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Figure 16. Similar as Fig. 15 but using the DC-recorded COCCON InGaAs measurements at Kolkata during 2023 obtained from a sample

of 17 days. (d) Shows the difference in xCO2 (nonlinearity corrected minus uncorrected DMF).

To demonstrate the importance of this zero-level parameter in the retrieval strategy and to quantify the effect of the non-
linearity correction on the ozone retrievals, the zshift parameter was disabled in the retrieval strategy. The column differences
(nonlinearity corrected minus uncorrected) are shown in panel (d) in Fig. 15. The effect on the ozone columns can reach 10 DU

(= 2.4%) for the measurements with the higher PTP values.
5.2 Nonlinearity in COCCON measurements from the Vertex70 instrument at Kolkata

The InGaAs measurements obtained from the low-spectral-resolution Bruker Vertex70 instrument in Kolkata (India) have a
similar setup as the TCCON InGaAs measurements but measure at a reduced spectral resolution of 0.2 cm~! (maximal OPD
of 4.5 cm) compared to the standard TCCON resolution of 0.02 cm~! (maximal OPD of 45 cm). These DC recorded InGaAs
measurements are accepted to be part of the COCCON and were therefore analyzed with the PROFFAST processor (Sha et al.,
2020; Feld et al., 2024; Sha et al., 2025). During the first months in 2023 after the installation in Kolkata, the measurement
quadratic NLE reached values up to -0.5% and slowly decreased to -0.2% due to a degradation of the solar tracker mirrors,
translating to a shift towards lower PTP values in the time series. The nonlinearity characterizations were derived from a
sample of measurements during 17 days and no cubic nonlinearity feature was found in the out-of-band region. The sample
quadratic NLE is linearly dependent on Ipyp (Fig. 16(a)) which translates into a hyperbolic shape for the coefficients of the
nonlinearity characterizations, see panel (b). There is no cubic nonlinearity feature in the out-of-band region. The individual

nonlinearity characterizations were then used to correct the interferograms (panel (c) shows the reduction in the quadratic

20



420

425

430

435

440

445

450

https://doi.org/10.5194/egusphere-2026-1890
Preprint. Discussion started: 14 April 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

NLE). The difference in DMFs (corrected minus original) produced by the PROFFAST processor are shown in Fig. 16(d)
reaching -0.2 ppm for xCO,. For methane the DMF difference reaches -1.4 ppb for the interferograms with the higher PTP
values. Both are below the reported COCCON systematic uncertainties: 0.63 ppm for xCOs and 6.3 ppb for xCH, (Herkommer
et al., 2025).

5.3 Nonlinearity in TCCON measurements from the IFS 125HR instrument at Saint-Denis

The next two examples show two episodes for the TCCON Saint-Denis instrument when the instrument was affected by a
strong nonlinearity with a nonzero cubic contribution. Similar to the previous examples we start with the individual nonlinearity
characterizations obtained from a sample of measurements for each episode separately. This is illustrated in Figs. 17 and 19:
panels (c) contain the estimates for a,b and panels (d) contain the coefficients of the individual characterizations. From the
algorithm description in Sect. 2.4 we already know that the cubic coefficient estimate for this particular instrument setup relies
on fitting a weak feature in the out-of-band region. This leads to more noise: panel (c) shows that cubic coefficient estimates
have a higher spread compared to the quadratic coefficients and panel (d) shows that the higher noise is propagated to all orders
for polynomial coefficients of the nonlinearity characterizations. When applying the TCCON GGG2020 processor (Laughner
et al., 2024) on the nonlinearity corrected interferograms, the noise in the individual nonlinearity characterizations propagates
to an unacceptable increased noise in the DMF gas retrievals. This is different from the previous COCCON example where, for
the same optical setup, no cubic artifact was present and individual nonlinearity characterizations could be used. This higher
sensitivity of the DMF retrievals to the noise in the cubic coefficients is also related to the cubic autocorrelation having a higher
intensity in the in-band region compared to the quadratic autocorrelation (see Fig. 10).

To lower the noise in the cubic coefficients, we introduce a fitting procedure through the individual nonlinearity character-
izations pl;é. The outcome of this procedure is a nonlinearity model, i.e. a finite number of functions a’(Iprp), b’ (Iptp), - - -
that allow to obtain a nonlinearity characterization for an arbitrary interferogram I,,, with PTP-property Iprp. The nonlinearity
characterization then takes the form = + a’ (Iprp) 2% + b’ (Iprp) 2 + ¢/ (Iprp)x® + - - and can be used to correct the given inter-
ferogram. In the examples below the nonlinearity model functions are obtained from a polynomial fit through the NLEs of a

sample of measurement.
5.3.1 A nonlinearity regime caused by detector saturation from the TCCON Saint-Denis site

The individual polynomial coefficients for p and pgé are calculated for a sample of three days during the April - May 2016
episode. From Fig. 17(a), showing the PTP-dependence of the quadratic coefficients, we can distinguish two nonlinearity
subregimes separating morning and afternoon measurements. These subregimes are related to a change in the performance of
the solar tracking in the morning and afternoon and are treated separately. In what follows, we focus on the afternoon (pm)
measurements. The NLEs A and B in panel (b) are less noisy and reveal a nonlinear dependency on Ipyp. Using a LSQ fitting
algorithm, a polynomial A(Iprp) = c4Iprp + c3lppp is fitted through the sample quadratic NLE and a monomial B(Iprp) =
c3I3p through the cubic NLE. The corresponding polynomial functions for the a,b coefficients are a(Iprp) = 2A(Iprp)/Iptp

and b(Iprp) = 4B (Iprp)/I3p. These functions are also shown in panels (b) and (c) in Fig. 17. The trailing term in the fit
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Figure 17. Nonlinearity regime at Saint-Denis during April 24 - May 23 2016 for a sample of measurements during three days. (a) The
PTP-dependence of the quadratic coefficient a shows a different behavior during the morning (1) and afternoon (2) measurements. (b) A
and B NLE:s for the pm-measurements. The fitted functions A(Iprp) and B(Iptp) are shown in solid lines. (c) Similar as (b) but for the
sample a,b coefficients. The fitted functions a(Iprp) and b(Iprp) are shown in dashed lines. (d) Similar as (b) but for the coefficients of
the individual characterizations pD . Dashed lines represent the nonlinearity model. The sample coefficients for the DC-shifted polynomials

pPTP are indicated with black circles (quartic and quintic coefficients are close to zero and overlap).

polynomials for A and B was chosen to have degree three, sufficiently high to ensure that a(Iprp) does not change sign close
to the origin. Due to the higher noise level in the cubic coefficients B and to avoid any overfitting, the LSQ-fit is limited to a
single coefficient (a monomial) and b(Iprp) becomes a line through the origin.

The next step in the definition of a nonlinearity model is to take the coefficients functions a(Iprp) and b(Iprp) to coefficient
functions for p];é following the algorithm steps 4 and 5 from Fig. 12. We did not attempt to do this analytically; instead we
introduce a second LSQ fitting through a new set of coefficients: for each interferogram in the sample, with PTP-property Iprp,

3. we calculate the coefficients of the inverted and DC-shifted

DC-level d,. and polynomial pprp(x) = z + a(Ipp)x? + b(Iprp)x
polynomial pl?Tlp(x —d.). For each order separately these new coefficients (shown as black circles in panel (d) in Fig. 17)
will be used in the final step of the definition of the nonlinearity model as an "average" for the sample individual nonlinearity
characterizations, they smoothly depend on Iprp and contain nearly no noise. The coefficient functions a’(Iprp), ' (Iprp),. . . for
the nonlinearity model are obtained from a LSQ fit through these new coefficients for each order separately. The fit polynomial
can be given more degrees of freedom and we have used c§ I + -+ - + chIgrp + ¢f Iprp (a constant term is absent to ensure

intersection at the origin). The model coefficient functions are shown in Fig. 17(d) (dashed lines) and take the following form
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Figure 18. Nonlinearity correction for Saint-Denis during April - May 2016 using the model presented in Fig. 17. (a) Quadratic NLE
reduction before and after correction. (b) Similar as (a) but for DIP, horizontal dashed lines show the TCCON reference thresholds on a

running mean. (c) Difference in xCO2 (nonlinearity corrected minus uncorrected DMF). (d) Similar as (c) but for xCHa.

(up to the quintic coefficient, higher order terms are negligible)

a'(Iprp) = 5.77I5p + -+ 1.58 10~ I3p — 7.57 10 Ipyp,

d' (Iptp) = —5.59 10 I5pp 4 -~ +2.82 10 * I31p — 8.31 10~ Ipp.

This model was used on the Saint-Denis TCCON afternoon measurements to correct the nonlinearity. A similar model was
constructed for the morning measurements. The effect on the TCCON retrievals is shown in Fig. 18. DIP and quadratic NLE
estimates are significantly reduced and the effect on the DMF is of the order of 0.3 ppm for xCO2 and 1.5 ppb for xCHy. The
TCCON uncertainty is estimated at 0.5 ppm for xCO5 and 4.5 ppb for xCH,4 (Laughner et al., 2024).

5.3.2 A nonlinearity regime caused by optical misalignment from the TCCON Saint-Denis site

A second nonlinearity regime occurred at Saint-Denis during October 2013 until December 2014 and was caused by an optical
misalignment related to inhomogeneous detector illumination; over-/underfilling of the detector element are known to create
nonlinear response (Corredera et al., 2003; Laughner et al., 2024). The period under consideration is additionally characterized
by a slow degradation in the solar tracker mirrors causing a shift from high to low PTP values. Similar to the previous regime,

a sample of measurements is selected and the estimated coefficients are shown in panel (a) of Fig. 19. Two subregimes or
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Figure 19. Nonlinearity regime at Saint-Denis during Oct. 2013 - Dec. 2014 obtained from a sample of nine days. (a) Sample NLEs values
reveals two subregimes due to a clear step in the quadratic NLE at Jptp = 0.25. This was caused by a change in the instrument aperture: the
first region covers the lower values up to Iprp = 0.25 and coincides with measurements mostly in 2014 with aperture 0.5 mm. The second
period coincides with the higher values and coincides mostly with Oct.-Nov. 2013 with aperture 0.8 mm. (b)-(d) Similar as Fig. 17 showing

the first period with 0.5 mm aperture. The coefficients a(Iptp) and b(Iprp) in (c) have a hyperbolic shape.

nonlinearity models should be considered due to a change in aperture settings for the instrument (from 0.8 mm in 2013 to
0.5 mm in 2014). Panels (b)-(d) in Fig. 19 consider the measurements with 0.5 mm aperture. The scaling-invariant coefficients
A, B in panel (b) show a dominantly linear behavior with a nonzero intercept. A quadratic polynomial c2 Irp +c1 Iptp + co Was
used to obtain a model for A(Iprp) and B(Iprp). In contrast to the saturation nonlinearity regime, the corresponding functions
a(Iprp) and b(Iprp) show a hyperbolic dependency. The nonlinearity model coefficient functions are obtained in an analogous
way as before: from a LSQ fitting through the smoothly varying sample coefficients for p;Tlp (x—d.) obtained from the functions
A(Iprp) and B(Iprp). Here a hyperbolic shaped polynomial of the form ¢4 I3p + - -+ ch Igrp + ¢\ Iptp+ch + ¢ Iprp +¢ o Iprn
was used. A similar model can be used for the measurements with 0.8 mm aperture.

After correction, the DIP satisfies the TCCON quality thresholds and the effect on the TCCON DMF is of the order of
-0.5 ppm for xCO5 and -2.5 ppb for xCHy (Fig. 20).

5.3.3 Comparison with the standardized TCCON nonlinearity correction approach

The concept of a nonlinearity model obtained by "averaging" individual nonlinearity characterizations was presented pre-

viously in Sha et al. (2020) to correct nonlinearity for the Sodankyléd instrument. It is currently part of the TCCON pub-
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Figure 20. Similar as Fig. 18 for the period Oct. 2013 - Sept. 2014 and using the model presented in Fig. 19, leaving out the measurements
with PTP below 0.15 with a high noise level in the retrieved DMF columns. The vertical line separates the two subregimes with different

apertures.

lic software repository with the aim to incorporate it as a standardized part of the interferogram-to-spectrum processing in
GGG2020 (Heikkinen and Kivi, 2023; Buschmann, 2023; Laughner et al., 2024).

The standardized TCCON approach shows some similarities with our nonlinearity model method: it determines individual
nonlinearity characterizations for a sample of measurements from which a nonlinearity characterization is derived that is
representative for a larger group of measurements.

There are two important differences between the standardized TCCON approach and the method presented in this paper.
Firstly, in the TCCON approach the individual nonlinearity characterizations are obtained from a randomized optimization
algorithm which varies the coefficients of a fourth order nonlinearity characterization to find a solution that minimizes the sum
of the spectral amplitudes in the out-of-band region. The minimization algorithm restricts its domain of possible coefficients
to non-negative coefficients a’,b’, ¢’ > 0. This condition excludes the nonlinearity characterizations we derived for the Saint-
Denis examples in panels (d) in Figures 17 and 19 where quadratic, cubic, quartic coefficients switch sign depending on the
order. Secondly, the TCCON approach derives a single set of coefficients a’,b’,¢’ out of the sample of individual nonlinear-
ity characterizations. For the nonlinearity models presented in the previous examples, we found that the coefficients are not
constant, i.e. they depend on the PTP-property of an interferogram.

We briefly discuss three examples where we can compare the outcome of the two nonlinearity correction methods: a day

in 2017 for the Sodankyli instrument, a day for the Xianghe instrument and one week for the TCCON candidate instrument
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Figure 21. Nonlinearity correction methods for the Sodankyla TCCON instrument during 15 May 2017. (a) The DIP-diagnostic reduction
for two nonlinearity models: the proposed method (black) and the standardized TCCON method (blue). Horizontal lines indicate the TCCON

quality thresholds. (b) The difference in xCO2 (corrected minus uncorrected) for the two nonlinearity correction methods.

in Kolkata with positive DIP. A nonlinearity model similar to the Saint-Denis saturation model in Fig. 17 was found for the
Sodankyld measurements: they show a similar nonlinear dependence in the A and B coefficients. Although the coefficients
from the nonlinearity model differ significantly from those obtained with the standardized TCCON approach, the nonlinearity
model corrects the DIP to the same level but the effect on the Sodankyld DMFs is stronger: Fig. 21 shows the effect of
the correction in xCO, reaches 1.2 ppm with the standardized TCCON approach and 1.6 with the proposed approach. This
difference in xCO; between both approaches is comparable to the reported uncertainty. The difference in the corrected DMFs
can bet related to the difference in the nonlinearity characterizations for the two approaches: the TCCON approach returns an
optimal (minimizing out-of-band artifacts) polynomial within a constraint search domain but is arbitrary otherwise, while the
new method imposes no constraint and fits out-of-band features using Eq. (2).

A nonlinearity model for the Xianghe TCCON instrument (Zhou et al., 2022) matches the PTP dependence seen in the
Kolkata example: there is no cubic artifact and a dominantly linear dependence in A with a non-zero intercept. In this case the
standardized TCCON nonlinearity coefficients were found to be in agreement with those produced by our nonlinearity model;
only for interferograms with low PTP (low signal) the coefficients differ. Both approaches agree because the nonlinearity
characterizations for this type of nonlinearity regime only contain positive coefficients (as in Fig. 16(b)) and coincide with the
optimization domain of the TCCON approach. Note that, similar to the Saint-Denis 2013 regime, the Xianghe nonlinearity
could be resolved after an optical re-alignment of the instrument. Nonlinearity models were set up for the candidate TCCON
instruments in Porto Velho (Brazil) and Kolkata (India): they show a linear dependence in the NLEs A and B but with a positive
quadratic NLE or DIP. The standardized TCCON approach was found to be ineffective in this situation (Laughner et al., 2024).
Figure 22 shows the non-linearity model and the DIP diagnostic for the Kolkata spectra. The AxCO, (difference DMF obtained
from nonlinearity corrected interferograms minus uncorrected) is on average 0.9 ppm. This nonlinearity model was set up for
the measurements during the first seven days following the installation of the IFS 125HR in 2026. After an optical re-alignment,
the DIP diagnostic reduced from 8 x 10~ to an average value of 6 x 10~%, which still exceeds the TCCON threshold. A new

model should be defined for the period following this re-alignment to meet the TCCON requirements.
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Figure 22. Nonlinearity regime at Kolkata during seven days in February 2026. (a) The scale-invariant coefficients from which the nonlin-
earity model is obtained. (b) The TCCON DIP diagnostic for the uncorrected and nonlinearity corrected interferograms. Horizontal lines

indicate the TCCON quality thresholds.

6 Conclusions

A new nonlinearity characterization and correction method is presented and applied to groundbased solar absorption FTIR
measurements obtained in the framework of the NDACC, TCCON or COCCON. The method uses the out-of-band spectral
artifacts caused by nonlinear detector response and builds upon the methodology from Knuteson et al. (2004). It allows to
estimate the coefficients of a polynomial that can be applied to the measured interferogram in order to obtain a nonlinearity
corrected interferogram. The main advantages of the method are: it allows to correct for different higher order nonlinearity
artifacts at once; it is applicable for all detectors used in the three networks (InGaAs, InSb and MCT); it is applicable to
both AC and DC recorded interferograms; it allows to correct negative and positive DIP; it requires no external input such as
calibration measurements; it contains an uncertainty estimation on the fitted polynomial coefficients. Although the proposed
algorithm assumes the corrected spectra do not require an absolute calibration, parts of the proposed method are believed to be
relevant in that context.

To apply the algorithm most efficiently, the user should investigate the out-of-band region and select appropriate subwindows
containing the spectral artifacts caused by nonlinear detector response. This manual effort should only be done once per optical
instrument setup and should be applicable to all instruments in a network that share the same optical setup. Three examples
were discussed to demonstrate how this subwindow selection can be done by means of the in-band spectrum autocorrelations
and by taking into account the complex phase of the measured spectrum in the out-of-band region.

Limitations and robustness of the algorithm were discussed in detail. Key limitations are: the out-of-band spectral artifacts
may not overlap with other artifacts such as ghosts; higher order nonlinearity artifacts, if present, should not completely overlap
with each other (the signal of quadratic and cubic features in the out-of-band region should be separable); the interferograms
should be recorded with a sufficiently large out-of-band region (interferogram undersampling should be limited); very strong
nonlinearity episodes are out-of-scope because the out-of-band and in-band regions are distorted too heavily and spectral

signals of the autocorrelations in the polynomial expansion are not distinguishable.
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The method was developed and tested using spectra from several instruments: Sodankyla (NDACC and TCCON), Bremen
(NDACC), Xianghe (NDACC and TCCON), Kolkata (COCCON and TCCON), Porto-Velho (NDACC and TCCON) and Saint-
Denis (TCCON). From these time series four different episodes were selected during which measurements were affected by
detector nonlinearity. Each episode was discussed in detail and for each the effect of the nonlinearity correction on the retrieved
columns (total column or DMF) was compared to the reported column uncertainty. The effect of nonlinearity correction for the
COCCON and TCCON standard network processor (PROFFAST and GGG2020 resp.) can cause corrections that exceed the
reported column uncertainties. For the NDACC retrieval strategies a similar conclusion holds. However, the SFIT4 processor
allows to co-retrieve parameters that can correct the nonlinearity induced spectral baseline offset in the in-band region. This
is the case in e.g. the ACTRIS ozone retrieval strategy where the effect of nonlinearity correction was shown to be negligible.
For the sake of completeness, we should mention that the second NDACC processor PROFFIT was not part of this study (Hase
et al., 2004).

The proposed method was compared to the standardized TCCON nonlinearity correction approach. The method was ap-
plied on TCCON measurements showing a positive DIP, a case where the standardized TCCON approach was known to be
ineffective. Depending on the underlying nonlinearity regime, the two approaches can deviate and produce a different effect
on the TCCON retrieved DMFs after correction. New metrics for nonlinearity error NLE were introduced and they represent
the relative error on the true interferogram at ZOPD caused by the (dominant) quadratic nonlinearity artifact and higher order
artifacts. In the episodes considered we found that these nonlinearity metrics either show a dominantly linear or higher order
dependency on the interferogram peak-to-peak-property PTP near the center burst. A higher order (biquadratic) dependency
could be related to nonlinearity episodes caused by detector saturation while a linear dependency with a nonzero intercept
could be related to an instrument optical misalignment. More episodes should be studied to confirm the link between the shape

of the PTP-NLE relationship and the cause of the detector nonlinearity.

Code availability. The python code used to analyze the interferograms is available at https://doi.org/10.18758/PPEQABKY, Langerock
(2026).
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