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Abstract

Fifty nine high sensitivity spectra of the R(6) manifold of the 2v; band of methane in air, near 1.64
um, have been recorded in support of the MERLIN mission. For this purpose, a cavity ring down
spectrometer (CRDS) with a spectrally narrowed and stable (sub-kHz) laser source was coupled to a
temperature regulated high-finesse optical cavity. The frequency scale of each spectrum was
accurately determined from measurements of the beat note between a part of the laser light and the
closest tooth of a frequency comb referenced to a rubidium clock. Series of spectra were recorded
between 243 and 313 K with a 10 K temperature step. For each series, total pressure values of 50,
100, 250, 500 and 750 Torr were adopted. A multi-spectrum fitting procedure with the Hartmann-
Tran (HT) line profile, including the first-order line-mixing parameter, has been used to derive the
spectroscopic parameters for each of the six R(6) components, along with the temperature
dependence of the line-shape parameters. The results show that the fitted model is able to
reproduce the experimental spectra with a relative precision better than 0.2% for the entire R(6)
manifold spectral region and better than 0.05% at the ON-line position of the MERLIN mission for the
250, 500 and 750 Torr spectra. The relative precision increases to 0.3% and the residuals at the ON-
line position to 0.1% when including the 50 and 100 Torr spectra. Comparisons with ground-based
atmospheric measurements show that these data significantly improve the modeling of methane
absorption in this spectral region. We propose here a new complete line list of the methane
spectrum in the region of the R(6) manifold allowing reducing notably the residuals at the ON-line

position of the MERLIN mission.



48
49
50
51
52
53
54
55
56

57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

73
74
75
76
77

78
79
80

1. Introduction

Atmospheric methane is the second most important anthropogenic greenhouse gas (GHG)
after carbon dioxide, responsible for about 20% of the additional radiative forcing due to human
activities since the industrial revolution [1]. In recent years, variations in its atmospheric
concentration, reflecting the changing balance between surface emissions and atmospheric and
surface sinks, have been the subject of much debate [2,3,4,5,6]. Given its short lifetime (about 9
years) compared to other major GHGs such as carbon dioxide or nitrous oxide [7], methane is a
particularly appropriate target for climate change mitigation policies, which makes measuring its

concentration a priority.

However, the lack of accurate measurements of atmospheric methane on a global scale is a
major problem that limits our understanding of methane source and sink processes. The low spatial
coverage of existing surface methane measurements does not allow for an adequate quantification
of the overall distribution of methane emissions. High-precision remote sensing spatial
measurements are therefore needed as a complement to achieve global coverage. In the past years,
several passive remote sensors, such as SCIAMACHY [8], GOSAT [9], CarbonSat [10] and Sentinel 5
[11] have been launched to measure backscattered solar radiation from the Earth's surface as a
function of wavelength. For instance, the Atmospheric Infrared Sounding Interferometer (I1ASI) [12],
developed by the French space agency (Centre National d'Etudes Spatiales [CNES]) in collaboration
with Eumetsat, and operating in the thermal infrared [13], can provide surface emissions consistent
with other datasets [14], albeit with very low boundary layer sensitivity (more detail on past, current,
and planned methane space mission can be found in [15] and [16]). Recently, the European Space
Agency (ESA) has supported a project called ISOGG for Improved Spectroscopy for Carbon Dioxide,
Oxygen, and Water Vapour Satellite Measurement [17] dedicated in particular to the improvement of
the spectroscopic database of CH, in the 2v; band near 1.64 um region to meet the data product

requirements of CO2M and Sentinel-5/UVNS.

However, passive sensors are subject to bias in regions with aerosol layers or thin ice clouds
and are unable to make measurements at high latitudes during the winter months [18]. Space-based
active remote sensing is therefore a complementary approach, as it can be more sensitive near the
Earth's surface, has virtually no bias from aerosols and clouds, and can measure both day and night

and at all latitudes.

In this context, the MEthane Lldar missioN (MERLIN), a joint French (CNES) and German
(Deutsches Zentrum fir Luft- und Raumfahrt [DLR]) space mission, scheduled for launch in 2027,

proposes an active measurement approach to retrieve methane column-averaged dry air mole
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fraction, Xcp,, based on a differential absorption LIDAR (Light Detecting And Ranging) with a nadir-
integrated sighting path [16,19,20,21]. A full description of the MERLIN mission is available in [16].
The technique relies on measurements using a pulsed laser emitting at two wavelengths around
1.645 um, one wavelength precisely locked in the middle of the methane 2v; R(6) manifold spectral
feature near 6077 cm™, and the other wavelength about 1 cm™ below in a nearly absorption-free
region used as a reference [16]. The main objective of the mission is to obtain spatial and temporal
gradients of atmospheric methane mole fractions with high precision and unprecedented accuracy
on a global scale. Specifically, the mission-breakthrough uncertainties for the measured methane
mole fraction are 0.1% (or 1.9 ppb) for the systematic relative uncertainty (accuracy) and 1% for the
statistical relative uncertainty (precision) at the spatial and temporal resolutions of 50 km and 1
month, respectively [20,22]. Only 30% of the systematic breakthrough error is allowed for
spectroscopy (i.e. 0.033% on XCH4). This error has to be understood as the maximum difference
caused by spectroscopic errors, between Xy, obtained for different atmospheric profiles and
ground altitudes (0-2 km). Dedicated retrieval simulations done at DLR highlighted the incompliance
of previous laboratory measurements with the requirements and quantified the accuracy
requirements on the absorption cross-section (<0.1%), the gas temperature (0.1 K), gas temperature
inhomogeneity (0.5%), gas pressure (0.05%) and frequency (1 MHz) to achieve this breakthrough

error on Xcy, -

Four studies based on Fourier transform spectroscopy (FTS) have investigated the R(6)
manifold [23,24,25,26], all of them used a Voigt profile for the line shape analysis, except the work of
Devi et al. [26] for which speed-dependence and line-mixing were included. More recently, high
sensitivity cavity ring down spectroscopy (CRDS) measurements in support of the MERLIN mission
were performed at NIST on the selected R(6) manifold at room temperature [27] and between 223
and 290 K [28]. Spectroscopic parameters of the six R(6) components were retrieved using the
sophisticated Hartmann-Tran (HT) line profile [29,30] along with line-mixing effect [31] in the first
order approximation [32]. In addition, the temperature dependence of the air-broadening, air-
shifting and line-mixing parameters was derived. It was shown that the model was able to represent
the measured data for large ranges of pressure and temperature conditions with a maximum relative
residual of 0.4% (see Fig. 2 of [28]), the smallest obtained so far for this methane manifold. However,
the setup used to measure the spectra at low temperature did not provide an accurate absolute
frequency scale, but only an accurate relative frequency scale. This was taken into account in the
analysis by introducing a global shift for each of the spectra [28]. However, this led to a potential

source of error that does not meet the MERLIN prerequisites, and motivated the present work.
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A new measurement campaign was thus conducted by CRDS at LIPhy-Grenoble, aiming to
provide independent high quality spectra in order to accurately characterize the temperature
dependence of the spectroscopic parameters for the six components contributing to the R(6)
manifold. Particular attention was paid to the accurate determination of the frequency scale with the
use of a comb-referenced cavity ring down spectrometer. Note that this setup was previously used
for a CRDS study at room temperature of the water vapor lines interfering with the R(6) manifold in
the 6071.4—6080.0 cm™" spectral region [33], as atmospheric water vapor lines may bias the methane

concentration retrieval.

In terms of line positions, the most accurate transition frequencies of the six components of
the R(6) manifold of interest were determined by saturation spectroscopy. The recent Doppler free
Lamb dip centers determined in [34] agree with the previous values of [35] within 5x10”7 cm™ (15
kHz). These position values are valuable to be used as constraints in the line profile analysis of the

pressure broadened and mostly unresolved R(6) manifold (see below).

Let us mention that very weak additional methane lines are present in the region of the strong
R(6) 2v; manifold. These weak lines were measured by differential absorption laser spectroscopy
(DAS) at 296 K and 80 K using pure methane sample at low pressure [36,37,38]. The corresponding
rovibrational assignments can be found in [39,40] for the **CH, and **CH, transitions, respectively.

These parameters have been included in the last version of the GEISA database [41].

The characterization of the temperature dependence of absorption spectra by CRDS requires
the challenging development of high finesse optical cavities regulated in temperature over the
atmospheric temperature range. To our knowledge, up to now only two cavities of this type,
described in [42] and [43], were built at NIST and at University of Science and Technology of China,
Hefei, respectively. The former one was used a few years ago to measure the methane absorption
spectra presented in [28]. At LIPhy, we developed a liquid nitrogen cooled cavity [44] to record
spectra at 77 K but without the possibility of varying the temperature. Nevertheless, thanks to this
know-how, we managed to develop a temperature-regulated high finesse cavity for this project. In
fact, as described in the next paragraph, the development was performed in two steps: a prototype
(hereafter called version V1) and an improved version (V2) fulfilling the requirements in terms of

temperature uniformity were successively developed.

This paper is organized as follows: the used experimental setup and recorded spectra are
described in Section 2 while the acquisition procedure is presented in Section 3. In Section 4, we
detail the analysis using our in-house multi-spectrum fitting procedure, considering the HT profile

along with line-mixing (first order approximation). The derived spectroscopic parameters and their
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temperature dependences are presented together with comparisons between measurements and
calculations. Section 5 is devoted to the validation of the model and associated data with ground-
based TCCON atmospheric measurements. Some conclusions and perspectives close our report

(Section 6).

2. Setup and spectra recordings

The used comb-referenced cavity ring down spectrometer is similar to the one detailed in
[45,46] with two main differences: (i) the standard distributed feedback (DFB) laser diode is replaced
by a stabilized and narrowed laser diode [47] (ii) the room temperature CRDS cell is replaced by a

temperature regulated high finesse cavity (TR-HFC) as described in [48].

2.1. Optical feedback stabilized and narrowed DFB laser diode

The laser source is based on a DFB laser diode whose optical isolator has been removed. Part
of the emitted light is directed into a highly-stable V-shaped cavity [free spectra range (FSR) = 480
MHz; finesse= 500,000] made of ultra-low expansion glass. The optical feedback from this high-
finesse cavity is sent back into the DFB laser diode with the right phase allowing locking this latter to
one of the optical modes of the V-shaped cavity and narrowing its emission. The rest of the DFB laser
light passes through an optical isolator and a Mach-Zehnder modulator (MZM) driven by a
microwave signal generator (Model SMF 100A from Rohde & Schwartz). This modulator allows
generating a side band (the carrier being killed) which can be tuned between 1 GHz and 22 GHz
(corresponding to the frequency range of the signal generator) from the input frequency with an
efficiency of ~5%. As a result, a highly stable and narrow (sub-kHz) laser source is obtained which can
be tuned continuously over the entire DFB range (typically 25 cm™) by locking the laser diode to

different cavity modes and changing the side band frequency [49 and references herein].
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2.2. The comb-referenced cavity-ring down spectrometer

Q OFC ‘—\%FC
()
|

‘ | . grating

Frequency”

Sub-kHz laser
Ol
Wavemeter
Copper coil Pwr splitter

\A = SM link

PM link

. O Rb clock

Photodiode TRHF cavity

Figure 1. Adapted from [50]. Scheme of the comb-referenced cavity ring down spectrometer with the
temperature regulated high-finesse (TRHF) cavity. The different components include an optical isolator (0Ol), a
fiber coupler (FC), two polarization-maintained fiber couplers (PFC1,2), an optical frequency comb (OFC), and
acousto-optic modulator (AOM) referenced to a GPS referenced rubidium (Rb) clock.

To achieve a sufficiently high optical power for CRDS recordings, the output beam is amplified
by a boost optical amplifier (model BOA1082P from Thorlabs). Periodic resonances between the laser
light and a CRDS cavity mode are obtained by applying a voltage triangular ramp on a PZT tube on
which the output cavity mirror is mounted. The amplitude of the ramp corresponds to one FSR of the
cavity. At each resonance, the transmitted light is detected by an InGaAs photodiode (model G8376-
03 from Hamamatsu) and a ring down (RD) event is generated by switching-off the laser light with an
acousto-optic modulator (AOM) (Model MT110-B14-1IR20 from AA Optronics) when the build-up
signal on the detector is higher than a user-defined voltage threshold, V;,. The purely decreasing
exponential signal of the RD is acquired with an ADC (16 bits; 1.25 MSpl/s ) and fitted to derive the
ring down time, T, and the extinction coefficient, a(v), which corresponds to the difference between

the loss rates for the cell filled with the gas mixture, n/crand evacuated, 1/ct,

n 1

a(v) = (1)

ct(v) cto(v)

where c is the speed of light and n is the refractive index of the gas. 1/c7, is related to the

reflectivity of the mirrors, R, and the cavity length, L.,:

1 1-R()

cto(v) Leay
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In our experiment, with a cavity length of L.,= 45 cm and the used high reflective mirrors

(from Layertec, R>99.99%), the RD time, 7, is ~ 117 us at 6077 cm™.

In order to increase the number of RD events per second, a tracking method is implemented
here. This method consists in a RD tracking loop combined with a variable PZT waveform offset which
leads to a reduction of the amplitude of the triangular ramp (see above) by a factor of about 100 and
thus to a slower passage through resonance and a much better transmission of the cavity as
discussed in [51]. This allows adopting a higher user-defined threshold thus reducing the noise level

per ring-down.

For each RD event, the absolute frequency of the laser source is accurately determined thanks
to a frequency comb (FC) (Model FC 1500-250 WG from Menlo Systems). More precisely, a part
(~10%) of the light emitted by the laser source is superimposed to one output beam of the FC with a
polarization maintaining fiber coupler. Thanks to a grating, only the light around the laser frequency
is detected by a fiber-coupled auto-balanced InGaAs avalanche photodiode (model PDB570C from
Thorlabs; DC-400 MHz bandwidth). A fast acquisition card (250 MHz-16 bits, by GAGE) allows
digitizing the signal measured by the detector. After Fourier transform of this signal, the beat note
frequency, fzn, is determined using a peak determination procedure over the 0 to 125 MHz RF range
at a 1 kHz repetition rate with a 7 kHz resolution. The absolute laser frequency, Vg, is deduced from

the following equation:

Viaser = nmodefrep * fceo £ fen + faom (3)

where f,., and feo are the repetition rate (= 250 MHz) and the carrier-envelop offset (here equal to
-20 MHz) of the FC, respectively. These two frequencies are referenced to a GPS-referenced 10 MHz
rubidium clock. The mode number, n.q.., to which the DFB laser diode is beating, is derived from the
approximate laser frequency measured with a commercial Fizeau type wavemeter (HighFinesse
WSU7-IR, 5 MHz resolution, 20 MHz accuracy over 10 h, 100 Hz refresh rate). The frequency of the
sinusoidal wave, fionm, applied to the acousto-optic modulator, is delivered by a direct digital
synthesizer (DDS). Both the fast ADC clock and DDS are referenced to the 10 MHz reference. Note
that for convenience, two AOM are used (one implemented in the source, not used to switch off the
light and the second one, just before the cavity as already mentioned). The total frequency shift due

to these two AOM is exactly faop = 210.1 MHz.

2.3. The temperature regulated high finesse cavities

Two versions (V1 and V2) of a temperature regulated high finesse cavity, working on the same

principle as the one described in [48] were coupled to the above-described spectrometer. In both
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versions, the cavity is placed inside a tube (702 mm long and 58 mm inner diameter). Compared to
[48], new high reflectivity mirrors (from Layertec), suitable for the R(6) manifold near 6077 cm™, had
to be mounted on the cell. They provide a reflection coefficient R larger than 99.99% over the 1500-

1700 nm range. The main characteristics of the two cells are summarized in Table 1.

Ext. tube Thermal isolation (I\I;IS:Z) Finesse’ Sensor AT (K) Temp. range (K)
Ptl
V1 Stainless steel Foam 258 ~187,500 L0 <0.5 253...333
% DIN class B
®
V2 Copper Aerogel spaceloft® Gray 5, ~297,800 Pt100 <0.1 243..333

SL10mm 1/10 DIN class B

Table 1. Main characteristics of the two temperatures regulated high finesse cavities used in this work.

The V1 version of the temperature-regulated high finesse cavity, described in [48], was first
used. Two counter-propagating copper coils, placed around the tube, allow for regulating the cell
temperature thanks to a cooling fluid flowing through them. The fluid is either a low vapor pressure
silicone oil for temperatures higher than room temperature (RT) or absolute ethanol for the lowest
temperatures. The temperature of the fluid is regulated using a deported refrigerated/heating
circulator (model Corio 1000F from Julabo). An inner copper tube is placed between the two mirrors
to limit the convection and reduce exchange of the gas inside the tube with the surrounding gas so
that the sounded gas can be considered as thermalized to the tube temperature (see below). This V1
cell was used for spectra recordings at 313, 303, 294, 283 and 273 K where temperature variations

along the inner tube axis, AT, are kept below 0.3 K.

For the lowest temperatures, the temperature gradients, AT, obtained with the V1 cell were
found too large (up to 0.5 K) and it was decided to develop a new version (V2) with reduced
temperature gradients. The new cell is based on the same scheme but the outer stainless steel tube
is replaced by a copper tube and the thermal isolation is improved thanks to the use of aerogel
(spaceloft® Gray SL10mm). In addition, the four 3-wires 1000 Q platinum temperature sensors
(model P1K0.232.6W.Y.010 from Innovative Sensor Technology; % DIN class B ; accuracy: +0.1 K to
0.2 K) installed on the inner copper tube of V1 are replaced by five 4-wires 100 Q platinum
temperature sensors (model POK1.232.4W.K.010 from Innovative Sensor Technology; class 1/10 DIN)
giving an accuracy equal to 0.03+0.0005t (with t the temperature in °C). The temperature sensors are
measured and recorded with a high accuracy data logger (PT-104 from Pico technology; accuracy:
0.015 °C + 0.01% of reading). With this new cell, AT gradients smaller than 0.1 K are achieved over
the entire temperature range of the measurements (243 to 333 K). We also ensured that the

measured temperature is independent of the gas pressure in the cell. The temperature is also very
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stable with time with observed variations of only 0.04 K over 14h at 253 K. This V2 cell was used for

spectra recordings at 273, 263, 253 and 243 K.

To verify that the sounded gas is thermalized at the temperature of the inner copper tube i.e.
that its temperature is identical to that measured by the sensors placed on the copper tube, we
performed a series of measurements using 400 ppm of CO, in air as test species. Our goal was to
determine the CO, rotational temperature from a series of 2c0, transitions and to compare it to the
tube temperature. Recordings of the R(6) to R(20) lines of the 30013-00001 band at a measured
temperature of 251.5 K were performed for total pressures of 750 and 250 Torr in the 6232-6243
cm™ interval. For each transition, four sub-spectra were acquired following the procedure described
in part 3.1. The Multi-spectrum Analysis Tool for Spectroscopy (MATS) from NIST [52] was used for
the multi-spectra fit procedure with quadratic speed-dependent Nelkin-Ghatak profiles (QSDNGP)
and the line-mixing effect (first-order approximation). For a given series of four sub-spectra, all the
line profile parameters were fitted globally except the line intensity which was freed for each

spectrum.

The temperature dependence of the line intensity, S(T), is ruled by the Boltzmann factor:

S(T) = S(Ty) %((TT")) exp [—czE" (% - Tio)] (4)

where T, is a reference temperature (Ty= 296 K), ¢,=1.4387769 cm K. E” is the lower state energy
value and Q(T) is the internal partition function which were taken from the HITRAN database [53].
(The extremely weak stimulated emission term from the upper level of the transition is negligible).
From accurately known intensity values at 296 K [54], Sy.5, the gas rotational temperature, T, can be

obtained from:

1 1

[ (Sexp (Teer)Q(Teen) )/ (Sp1r (296K)Q(296K))| = |75 = 7] 2" (5)

296 T

The corresponding plot versus E” is presented in Figure 2. The gas temperature retrieved from
the fitted slope (251.96+0.07 K) is in quasi-perfect agreement with the mean value of the four
measured values of the copper tube temperature (251.98+0.04 K). We thus conclude that in our
experimental conditions, the gas is at equilibrium and its temperature coincides with the measured

temperature of the copper tube.

10
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Figure 2. Ratio of intensities retrieved in this work, from spectra recorded at 250 Torr and 252 K, over the ones
measured with a 0.15% accuracy in [54] at 296 K (black squares). Ratios are weighted by the partition functions
and their neperian logarithm is plotted versus E" for the R(6) - R(20) transitions of the 30013—00001 band of
2co,. The gas temperature retrieved from the fitted slope (251.96+0.07 K) shows a quasi-perfect agreement

with the mean value of the temperatures provided by the four sensors placed on the copper tube (251.98+0.04
K).

3. Spectra acquisition and obtained dataset

3.1. Acquisition procedure

About sixty spectra were recorded for temperature values between 243 and 313 K with a 10 K
temperature step and total pressures between 50 and 750 Torr measured by a heated absolute
capacitance manometer (Model AAO2A Baratron from MKS; 1000 mbar full scale; accuracies derived
from the certificate of calibration are respectively 0.04%, 0.05%, 0.05%, 0.07% and 0.10% for 750,
500, 250, 100 and 50 Torr). Each spectrum corresponds to the concatenation of four sub-spectra for
the central part of the absorption line for all the pressures and two additional lower and upper wings
sub-spectra for the recordings at 250, 500 and 750 Torr (Figure 3). A spectral sampling corresponding
to the FSR of the cavity is adopted to increase the efficiency of the RD tracking loop (reducing the
acquisition time) as the resonance always occurs at the same offset value of the ramp (see above). In
order to provide more measurement points in the central part, four sub-spectra are recorded one at
the starting frequency, f;.r, and the others shifted from f.+, by %, % and % of the FSR value. As a

result, after concatenating these sub-spectra, the spectral resolution is improved by a factor of four.
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Figure 3. lllustration of the spectral sampling applied to the spectra recorded at the different pressures (50, 100,
250, 500 and 750 Torr) at a temperature of ~282 K for a mixture with 2 ppm of CH,.

Increased absorption leads to shorter RD time and less photons reaching the detector. As a
consequence, for a given number of RDs averaged per spectral point, the noise level at the top of the
absorption line is greater than in the wings. To compensate this noise increase, an adaptative
averaging procedure was implemented. In this way, the number of RD events averaged is
automatically increased with the absorption until a user defined maximum value (in order to avoid
too long acquisition times). Typically, 50 and 250 RD events were averaged in the wings and at the

top of the absorption line, respectively.

3.2. Dataset

A total of 59 spectra was recorded for the different conditions of temperature and total
pressure. For each temperature value, a series of spectra was recorded for total pressures equal to
750, 500, 250, 100 and 50 Torr (see Figure 3) and a gas mixture of CH, in air (Ar: ~1 Mol-%, O, :
~20.95 Mol-%, N, : ~78.05 Mol-%) with 1.984+0.03(20) Mol-ppm concentration. For the two lowest
pressures (50 and 100 Torr), it was possible to increase the signal by using an additional mixture with
a higher concentration of 8.022+0.08(2c) Mol-ppm. The high signal-to-noise ratio (S/N) of the spectra
is illustrated in Figure 4 where two experimental spectra (one at 750 Torr and the other one at 50
Torr) are fitted independently with a quadratic speed-dependent Nelkin-Ghatak profile [29,30] and
the line-mixing effect [31] for each of the six manifold components. The Multi-spectrum Analysis Tool
for Spectroscopy (MATS) fitting program [52] developed at NIST was used for the fit. Note that the
amplitude of etalon fringes was maintained below the noise level by tilting optical elements and

using wedged windows for the temperature regulated cell and optical isolators. Residuals at the
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noise level are achieved (lower panel of Figure 4), leading to quality factors (QF) of about 11 000 and
8000, respectively. (QF is defined as the ratio of the absorption at the peak to the rms of the

residuals).

Note that each spectrum is accessible on Zenodo (DOI: 10.5281/zenodo.7325837) and
corresponds to one file including the following columns: absolute wavenumber (in cm™), 1/ct (in 10°®

cm™), temperature (in °C) and total pressure (in Torr).
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Figure 4. Upper panel: R(6) manifold CRDS spectra recorded at 243 K and 750 Torr (red) and 253 K and 50 Torr
(black) with mixtures of 2 ppm and 8 ppm of CH, in air, respectively.

Lower panel: After subtraction of the simulated spectra (solid lines, upper panel), the obtained residuals are at
the noise level, demonstrating high QF of about 11 000 and ~8000 for the spectrum at 750 Torr spectrum and
50 Torr, respectively.

3.3. Error budget of the recorded spectra and experimental temperature and pressure

conditions

For each recorded spectrum, the temperature uncertainty is calculated from the square root of
the quadratic sum of (i) the standard deviation of the temperature during the spectrum recording, (ii)
the accuracy of the temperature sensors and (iii) the temperature gradient AT. Uncertainties

between 0.16 and 0.28 °C are obtained for the V1 cell and between 0.05 and 0.07 °C for the V2 cell.
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Pressure uncertainty of each spectrum corresponds to the square root of the quadratic sum of
(i) the standard deviation of the pressure during the spectrum recording, (ii) the accuracy of the
pressure gauge, which dominates. This leads to relative uncertainties of 0.04%, 0.05%, 0.05%, 0.07%
and 0.10% for 750, 500, 250, 100 and 50 Torr, respectively. From the Allan variance of the BN
frequency, the absolute frequency uncertainty of each spectral step (corresponding to the frequency

averaged over 50 to 250 RD events) is estimated to be better than 10 kHz.

To evaluate the repeatability of our measurements, we considered two series of spectra
recorded at 296 K 24 days apart and at 243 K two days apart. Spectra are then calculated for each
series of spectra by fixing the temperatures and pressures to the measured ones and the
spectroscopic parameters to their values reported in Table 2. Only the base line and the methane
concentration were fitted for each spectrum. Comparison of residuals for the two series shows an
almost perfect agreement at 296 K and 243 K and for all the pressures. The only exceptions are for
the 750 and 500 Torr spectra at 296 K for which a maximum difference of 0.5%0. between the

residuals is observed. We thus estimate the repeatability of the spectra to be negligible.

4. Fitting procedure and retrieval of the spectroscopic parameters and their temperature

dependences

4.1. Spectra analysis and models

Following our analysis of the spectra of the R(6) manifold recorded at NIST [27,28], the present
LIPhy spectra were analyzed using the multi-spectrum fitting code developed at LMD. First, we
considered room temperature spectra (294 K): the 50 and 100 Torr spectra (8 Mol-ppm mixture) and
the 250, 500 and 750 Torr spectra (2 Mol-ppm mixture) were fitted by simultaneous adjustment of
the model parameters. Because the methane volume mixing ratio for all measured spectra does not
exceed 8 ppm, we can safely neglect the methane self-broadening effects. The model used to analyze
the room temperature spectra is the same as that of [27]. Specifically, the shape of the six R(6) lines
at room temperature was modeled with the HT profile, with line-mixing effect taken into account

through the first-order Rozenkranz approximation [32]. Within this approach, the absorption

coefficient versus wavenumber o (cm™) is calculated through [29]:

S S
a(0) = T2 [Re{If'" (0)} — ¥y Im{I{"? (0)}] + X =2 01" (o). (6)
The first sum in Eq. (6) is over the six lines of the R(6) manifold, Y; = P{; being the first-order

line-mixing parameter, S; and ncy,the line-integrated intensity per number of density (at natural
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isotopic abundance) and the number density of total methane, respectively. The second term
corresponds to contributions of other weak interfering lines having intensities lower than 1.0x10
cm/molecule at temperature T = 296 K. The latter contributions were calculated using the Voigt
profile (VP) and parameters from the GEISA2020 database [41] and then fixed. Note that we found
that the use of GEISA2020 for these weak lines gave better results (lower residuals) than when using
HITRAN2020 [53]. The main difference between the two databases in this region lies in the fact that
GEISA2020 uses "*CH, line parameters from the WKLMC line list [38] whereas HITRAN2020 is based
on 2CH, lines from GOSAT-2014 line list [55].

Within the HTP model, the I//T? () line-shape quantity is a function of eight parameters [29],

Iyrp(0) = f(o — 00,1, I, I, o, A2, Vie, ), (7)
with oy representing the unperturbed position of the line, I, the Doppler broadening, v,,. the Dicke
narrowing frequency and n the correlation parameter. The speed dependences of the collisional
halfwidth I'(v) and shift A(v) are modeled by the quadratic law I'(v) + iA(v) = I + idy + (I3 +
i) [(v/9)? — 3/2] [56,57]. vye, Iy, I, Ay and A, are proportional with the total pressure P while

Og and 1 are constant.

In our fitting procedure, for each of the six R(6) components, the shared parameters (i.e.

. Y .
common parameters for all considered pressures) are then —,—=,—,— n,;together with the

relative integrated line intensity, i.e. A;/A¢or With A} = Sincy, and Ag,; the spectrum area. For all
the lines, the zero-pressure position g, was fixed to the highly accurate values (kHz uncertainty level)
provided by Votava et al. [34]. For each spectrum, a linear baseline and the total spectrum area were
also retrieved. The Doppler broadening is fixed to its theoretical value calculated at the measured
temperature (using the NIST referenced molar mass of 16.0425 g.mol™). Since the concentrations of
methane in the mixtures were not known with sufficient accuracy (cf. section 3.2), the absolute line
intensities were determined from the relative intensities of the six R(6) lines retrieved in the
multispectrum fits described here, and the sum of the intensities of these six lines given in

HITRAN2020 [58] (i.e. Si= 5.17670x10** cm/molecule).

Then, the temperature dependences of five line-shape parameters (I, 5, 4g, Ve, Y) were
derived using the spectra sets recorded at 312 K and 243 K. Note that in our previous study [28] the
temperature dependences were deduced from the room temperature and the coldest spectra (i.e.

222 K). In this work, thanks to a better quality of the measured spectra, we were able to include both
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the highest and the lowest temperatures spectra in the determination of the temperature

dependences of the parameters.

The temperature dependences of the line-broadening I, and I, Dicke narrowing v,,. and line-

mixing Y; coefficients are modeled by a power law, and that for the air-shifting 4, by a linear

function:
rew,m) =10 (2)" + 5o (2) (w/0)? - 3/2] ®)
iA(v, T) = idy(Ty) + 8'(T — Ty) + idy[(v/%)? — 3/2], (9)
() =T (2) (10)
Voe(T) = v (To) (%) (11)

The other parameters (4, and 1) were considered as temperature independent. In this fitting
procedure, the room temperature parameters of the six R(6) lines were fixed to those obtained at
294 K, and only the temperature dependences described above were adjusted. In total 30
parameters describing the temperature dependence of the model were simultaneously adjusted
along with a linear baseline and the total spectrum area of each spectrum. The relative intensities
were fixed at the value determined at 294 K. The contributions of other weak interfering methane
lines were calculated using the line parameters (and associated temperature dependence) provided
by GEISA2020. Then, in a second step, the values of the obtained temperature dependences were
used together with the room temperature model to perform direct comparisons with the spectra

measured at other pressure and temperature conditions (see next section).

4.2. Fit residuals and obtained parameters

The results of the multi-spectrum fits at 312, 294, and 243 K, extending from 6076.7 to 6077.3
cm™ are shown in Figure 5 along with the residuals obtained from direct comparisons at other
temperatures. Figure 6 shows the maximum deviation at the ON line position between observed and
calculated spectra obtained for all considered pressures and temperatures. The retrieved

spectroscopic parameters are listed in Table 2.
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Table 2. Line parameters retrieved from the fit procedure for the R(6) manifold in the 2v; band oleCH4 (given at
the reference temperature T,=296 K).

Parameter

7E < 6E1

7F1 ¢ 6F21

R(6) transition

7A1 & 6A2 1

7F1 & 6F22

7F2 < 6F11

7A2 & 6A11

oy’ (Cm-l)

Intensity ® (cm/molecule)

6076.927594°
4.904(9)x10%2°

6076.934109°
7.544(15)x10%2°

6076.953099°
1.240(2)x10*°

6077.027988°
7.415(15)x10%*°

6077.046453°
7.339(15)x10%2°

6077.062940°
1.217(2)x10*°

I, (cm™/atm) 0.06378(17) 0.055263(85) 0.063498(46) 0.055591(59) 0.043340(30) 0.059516(41)
ny, 0.6562(47) 0.5929(40) 0.7750(42) 0.7592(46) 0.7768(45) 0.7932(42)

Y, (cm™/atm) 0 -0.3412(48) -0.1611(27) 0.4297(38) 0.0977 (56) 0.0434(25)
ny 0 0.002(03) 2.072(30) 0.0002(02) 3.958(52) 2.640(84)

I, (cm™/atm) 0.01697(28) 0.00011(30) 0.01246(20) 0.00191(34) 0.00619(33) 0.00980(15)
nr, 1.257(18) 9.44(64) 0.762(19) 0.35(21) 0.073(58) 0.690(17)

A, (cm™/atm) -0.02302(14) -0.00524(08) -0.01014(02) -0.00673(03) -0.01729(04) -0.00795(02)

8'(10°cm™/atm/K) 12.4(2) -2.3(1) 1.8(1) 1.7(1) 3.9(1) 3.0(1)

A, (cm™/atm) -0.00494(13) 0.00746(22) -0.00426(13) -0.00432(71) -0.00918(28) 0.001293(06)

Vye (cm™/atm) o 0.0130(39) 0.0259(11) 0.0132(94) 0.0265(08) 0.0027(11)
Tye 0 o 1.433(31) 0.476(85) 0o 0.58(31)

n 0.171(27) 0.080(66) 0.363(17) 0.058(48) 0.775(26) 0°

Notes

The uncertainties in parentheses are 1o-errors in the last quoted digit(s). Note that the parameters presented in this
table are truncated to accommodate the uncertainty values, however we recommend using the exact values reported in
the supplementary material to avoid discrepancies with the fitted model.

® Fixed to values determined in [34].

® Absolute intensities given here are determined from relative intensities of the six R(6) lines retrieved in the
multispectrum fits described in section 4, and the sum of the six line intensities given in HITRAN2020 [58] (Si:=
5.17670x10% cm/molecule).

“lll-defined parameter, set to 0.
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Figure 6. Deviations between observed and calculated spectra obtained for all considered pressure and
temperature conditions at the ON line position of MERLIN.

Considering first the room temperature model (residuals and Aoy deviations at 294 K, Figures 5
and 6, respectively), an excellent agreement is obtained with a maximum residual deviation of 0.2%
for all considered pressures, and an ON-line deviation lower than £0.03%. Compared to our previous
model [27], the agreement at the ON-line position is improved by more than a factor of 3 (+0.03%
compared to +0.1%). Further exploration of the MERLIN error budget, considering the spectroscopic

model reported here, is planned in a future work.

Now considering the residuals for other temperature conditions, it appears that although a
good agreement is found between the measured and fitted/calculated spectra, the deviation
between these two increases as the temperature decreases. Indeed, the maximum deviation is only
0.2% at 312 K and 273 K, but is around 0.3% at 243 K. The same observation can be done for the ON-
line deviation, which is however always lower than 0.1% (except for the lowest pressure spectra at
243 K and 253 K for which the deviation reaches 0.12%). Again, these results must be compared with
our previous model [28], for which maximum deviations reach 0.4% for low temperatures (242 K and
272 K). Apart from the fact that our new model is in better agreement with the measured spectra, it

must be highlighted that the absence of jitter of the laser frequency and the very accurate absolute
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frequency scale in these new measurements is believed to make our new spectroscopic model more

robust.

The obtained room temperature line shape parameters (Table 2) are significantly different
from those determined in Delahaye et al. (cf. Table 2 of [27]). Specifically, differences up to several
percent’s are observed for the line broadening coefficients and even more for refined line shape
parameters. Similar observations are obtained for the temperature dependences (cf. Table 2 of [28]).
In fact, because of the strong overlapping between the R(6) lines within the considered temperature
and pressure conditions and the large number of parameters to be retrieved, significant correlations
between the parameters cannot be avoided and the fitted parameters have to be considered as
mostly effective. Moreover, here we fixed the line positions of the R(6) transitions to those of Votava
[34] while they were adjusted in Ref. [27]. For these reasons, it is not meaningful to directly compare
the sets of parameters from these different studies. However, direct comparisons (not shown here)
between the measured spectra of Refs. [27] and [28] and those simulated using the present set of
parameters led to quantitatively similar residuals as those obtained with the old parameter set,
shown in Refs.[27] and [28]. As a consequence, the parameters listed in Table 2 are self-consistent
and must always be used together. They provide the best available modeling of the absorption in the

R(6) manifold of the 2v; band of *CH, over large pressure and temperature ranges.

A complete line list of the CH, lines considered in the fitting procedure (between 6076 and
6078 cm™) is provided as a supplementary material. The R(6) parameters are those determined in
this work and reported in Table 2. Please note that the parameters presented in this table are
truncated to accommodate the uncertainty values, however we recommend using the exact values
reported in the supplementary material in order to avoid any discrepancies with the fitted model.
The parameters of other weak lines in the region, along with self-broadening and shifting coefficients

of the R(6) lines, not determined here, are taken from GEISA2020.

4.3 Estimated error budget on the spectroscopic parameters

The uncertainties on the spectroscopic parameters retrieved from the multi-spectrum fit
procedure contain two contributions. The first one is the statistical uncertainty (A-type uncertainty)
which depends on the experimental noises. This contribution is computed directly in our fitting code.
The second contribution is due to uncertainties on the measured temperature and pressure (B-type
uncertainty). In order to evaluate this contribution, the following procedure was adopted. For the
room temperature case, we first generated a set of spectra at the five pressures of the recordings
using the spectroscopic parameters reported in Table 2. We then perturbed the total pressure or the

temperature using the maximum uncertainty for each pressure or for the temperature, as detailed in
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Sec. 3.1. Then we fit the simulated spectra with the “true” pressures or temperature. The retrieved
spectroscopic parameters, using the multi-spectrum fit procedure, are then compared to the values
used to generate the spectra. The B-type uncertainty was therefore obtained for room temperature
spectroscopic parameters. The same procedure was then applied to the spectra used in the
determination of the temperature dependences on the line shape parameters. The final uncertainty
was then computed as the square root of the quadratic sum of the A-type and B-type uncertainties

and reported in Table 2.

5. Validation tests with ground-based atmospheric measurements

The spectroscopic model and corresponding line parameters derived from the experimental
spectra were then used to simulate atmospheric measurements. Fifty ground-based solar absorption
spectra, measured at different zenith angles spanning from 23° to 82° and for various water vapor
concentrations were selected for this validation test. These spectra were recorded at the TCCON
facility in Park Falls, Wisconsin, between 2014 and 2017. The 6075-6078 cm™ spectral range was
considered for the comparisons. Calculations were made using the SPARTE calibration/validation
chain developed at LMD, and widely described in [59]. The temperature and pressure profiles, taken
from the NCEP database, were divided in 71 layers. The temperature, pressure and gas volume
mixing ratio were linearly interpolated in each layer. Absorptions by CH,, H,0 and CO, were
considered in the calculation, standard atmospheric profiles being used as a priori profiles.
Contributions of CO, and CH,; weak lines were calculated using spectroscopic data provided by the
last version of the GEISA database [41]. Note that for H,0, the line parameters determined in [33]
using a speed dependent Nelkin-Ghatak profile were used in place of GEISA2020. For the six lines of
the 2v; R(6) manifold, three calculations were performed: in the first one the present spectroscopic
data and model were used (green), whereas in the second and third calculations we used data from
our previous work [28] (blue) and from the GEISA2020 database [41] (red). Note that in the last case,
the Voigt profile was used to model the absorption lines. For each molecular species, a scaling factor
applied to the a priori profiles was retrieved. A linear baseline for the 100% transmission and a
frequency calibration were also adjusted for each considered spectrum. Finally, the simulated
spectrum was convolved with the apparatus line-shape function, provided by the TCCON station.

Figure 7 shows the comparisons between the simulated and measured TCCON spectra. For
visualization purpose, on the upper panel, we present the TCCON spectrum averaged over the 50
spectra (thus corresponding to different recording and atmospheric conditions). The ‘Calc.—Obs.’
residuals obtained for each of the fifty spectra were averaged and are plotted on the middle panel.
Finally, on the lower panel, we present the associated standard deviations of the ‘Calc.—Obs.

deviations. As described in [57], averaging the ‘Calc.—Obs.” differences helps to decrease the
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measurement noise (at least its random part), and to reveal systematic errors that can be mainly
attributed to the spectroscopic model. No obvious feature remains in the residuals obtained with our
present model except for a weak feature around 6077.2 cm™. The analyses of the ‘Calc.—Obs.’
standard deviations of the fifty individual spectra (lower panel) help us determining if the
measurement conditions (solar zenith angle, season, humidity) have an impact on the bias (the lower
the standard deviation is, the less condition-dependent the model is). We note that the above-
mentioned ‘Calc.—Obs.” feature at 6077.2 cm™ is spectrum independent as it is not observed on the
lower panel. This structure might be related to a solar line located near this position. On the
opposite, the plot of the standard deviations shows a clear structure near 6075.5 cm™, which is both
due to a water line and a solar line, but has no impact at the OFF- and ON- line positions of the
MERLIN mission.

As a comparison, Figure 8 shows differences between two simulated and measured TCCON
spectra (no average) for two different solar zenith angle (29° and 65°) the same day (07/05/2017). As
can be observed, the present spectroscopic model leads to the best agreement with the
measurements, residuals being within the TCCON measurement noises, while larger differences are
obtained with the Voigt profile from GEISA2020, and, to a lesser extent, with the model from our
previous studies [27,28]. It is worth pointing out that our new model succeeds in significantly
decreasing the amplitude of the residuals while keeping the standard deviation to a very low level.
Particularly, the ON-line region exhibits flat residuals and standard deviations. These results obtained
over a significant number of atmospheric situations illustrate the improvements achieved with the
developed model in atmospheric spectra calculations. Further analyses of atmospheric observations
are planned, in which the retrieved methane volume-mixing ratio will be validated with reference

measurements.
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Figure 7. (Top) Ground-based transmission spectrum averaged over 50 spectra measured by Fourier transform
spectrometer at Park Falls facility in the MERLIN spectral region. (Middle) Residuals obtained from simulations
of these measurements using methane spectroscopic data and model of the present work, along with those
obtained using data from [28] (i.e. Delahaye2019) and the 2020 version of GEISA. (Bottom) The corresponding
standard deviations. The ON-and OFF-line positions of the MERLIN mission are indicated.

23



554
555
556
557

558

559
560
561
562
563
564

565
566
567

1.0 ; — M - - s

0.9 \ / Morr Mo L
0.8 '-
074 L
0.6 L

0s] |——ParkFalls, 20170507, sza 29° .

04 ] Park Falls, 20170507, sza 65° L
0.2 4 L
0.1 1 N

0.0 ] T T T T T T T T T T
6075.0 6075.5 6076.0 6076.5 6077.0 6077.5 6078.0
1 . 1 . 1 . 1 . 1

0.010 Park Falls, 20170507 sza 29°
0.005 i A [
0.000 Il [ { [

-0.005 -

Transmission

Calc-Obs

-0.010 4 , : . : : : —— Delahaye et al., 2019
6075.0 6075.5 6076.0 6076.5 6077.0 |—— This Work

0.015 . 1 . L . L . | X |
0_010_- Park Falls, 20170507| sza 65°

0.005 ‘

Calc-Obs

0.000 | )l y‘ - i

-0.005

-0.010 T T T T T T T 1 T T T T
6075.0 6075.5 6076.0 6076.5 6077.0 6077.5 6078.0

Wavenumber (cm’™)
Figure 8. (Top) Ground-based transmission spectra measured by Fourier transform spectrometer at Park Falls
for two solar zenith angles (SZAs) in the MERLIN spectral region. Residuals obtained from simulations of these
measurements using methane spectroscopic data from the present work and [28] (i.e. Delahaye2019) are
plotted in the middle and bottom panels. The ON-and OFF-line positions of the MERLIN mission are indicated.

6. Conclusion

Precise modelling of methane absorption cross-section in the 1.64-um region for atmospheric
temperature and pressure conditions is needed to meet the accuracy requirement of the MERLIN. In
previous studies [27,28], using high-quality laboratory measurements from NIST and the most
advanced line shape model, we deduced a set of spectroscopic parameters capable of representing
the measured cross sections over a wide temperature and pressure range with a maximum relative

residual of 0.4%. However, the lack of an accurate absolute frequency scale limited their robustness.

In the present work, absorption of methane in the 1.64 um region was accurately measured
using a comb-referenced cavity ring-down spectrometer with a high finesse cavity temperature

regulated between 243 K and 313 K. A particular attention was paid to the absolute frequency scale
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calibration and temperature stability of the cell. The spectra recorded in different temperature and
pressure conditions were analysed using the latest standard line shape profile which considers line-
mixing, Dicke narrowing and speed dependence effects. The obtained data and model enable
calculation of synthetic spectra to within 0.1% of measurements at the ON-line MERLIN position of
the MERLIN mission. It is nevertheless worth underlying that the differences between the values of
the room temperature line shape parameters derived in this work and those derived from the NIST
spectra [27], largely exceeds their statistical uncertainties provided by the fit. This is also the case for
the temperature dependence parameters obtained in this work and in Ref. [28]. This matter of fact is
only partly due to the different experimental datasets. The set of parameters provided as
Supplementary Material allows for a satisfactory reproduction of the R(6) MERLIN manifold in
atmospheric conditions but the parameter values should be considered as effective values. The
considerable line overlapping of the considered R(6) manifold leads to considerable correlations

between the model parameters and the absolute parameter values should be used with caution.

Comparisons between the present new model and ground-based atmospheric measurement
were made and show significant improvement with respect to existing spectroscopic models of
methane absorption in this spectral region. The present results can be readily applied not only to the
MERLIN spectra but also to the methane Earth atmospheric remote sensing in general (e.g. TCCON,
Greenhouse Gases Observing Satellite, and Network for the Detection of Atmospheric Composition

Change). In the frame of the MERLIN mission remaining open issues are:

- The measurement of spectral shape parameters of methane lines broadened by water
vapour and the determination of their impact on the absorption cross-sections at Aoy,

- The modification of Level 2 by using P,T-interpolated residual absorption cross-sections
(the systematic residuals being mostly due to line model deficiency) to achieve the
requirements,

- If necessary, an improved handling of line-mixing effects by replacing the fit of the first-
order { parameter by that of the real part of the off-diagonal elements of the relaxation

matrix to have a less effective and more physical modelling of the manifold [31].
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