
GESat GEN1: In-Orbit Performance Review of a Compact SWIR
Fizeau Interferometer for Facility-scale Methane Detection and
Quantification
Florian Pignol1, Sebastien Dorgan1, Pablo Jais1, Frédéric Romand1, Gregoire Hein1, Vincent Cassé2,
Raymond Armante3, Nicolas Meilhac4, and Cyril Crevoisier3

1Absolut Sensing, Toulouse, France
2Laboratoire de Météorologie Dynamique (LMD/IPSL), École des Ponts, École polytechnique, Institut polytechnique de
Paris, F-91128, Palaiseau, France
3Laboratoire de Météorologie Dynamique (LMD/IPSL), CNRS, École polytechnique, Institut polytechnique de Paris,
F-91128 Palaiseau, France
4Laboratoire de Météorologie Dynamique (LMD/IPSL), Polytechnique Solutions, École Polytechnique, F-91128, Palaiseau,
France

Correspondence: Florian Pignol (florian.pignol2@gmail.com)

Abstract. The GESat GEN1 mission is a 16U microsatellite developed and operated by Absolut Sensing to demonstrate

high-resolution methane monitoring using a compact SWIR Fizeau interferometer. GEN1 provides a 50m ground sampling

distance to monitor facility-scale methane plumes. It is rated for an average detection rate of 500 kg h−1, with the capacity

to resolve leaks as small as 100 kg h−1 in pristine environmental conditions. The system is designed to achieve a column-

retrieval precision of 120 ppbv, defined as the mean standard deviation of the retrieved column-averaged dry-air mole fraction5

of methane over operational conditions. This corresponds to a random error of approximately 6.5% relative to a background

concentration of 1850ppbv.

The paper first presents the GEN1 mission and its interferometric payload, designed to enable selective methane sensing

from a highly compact platform. It then describes the retrieval architecture, based on a physics-guided parametric algorithm

that occupies an intermediate complexity between matched-filter methods, as used for missions such as Tanager-1 and EMIT10

(Carbon Mapper, 2024), and full physics schemes using high accuracy radiative transfer code such as libRadtran or 4A/OP

(Mayer and Kylling, 2005; Scott and Chédin, 1981; Chéruy et al., 1995). The proposed model generates top-of-atmosphere

radiances in the SWIR [1550, 1700nm] region with no systematic bias relative to reference full-physics model and a random

error below 0.2ppbv in methane column retrieval. Moreover, on identical computing hardware, the physics-guided parametric

approach achieves a processing speed approximately 20× 103 times faster than the full-physics model. This strategy therefore15

provides a balanced trade-off between robustness, accuracy, and computational cost, enabling large-scale processing com-

patible with constellation-level operations while preserving radiometric fidelity required for quantitative methane retrievals.

Supported by this instrument and retrieval design, representative in-orbit results are reported, including methane plume de-

tections over industrial facilities, together with an assessment of current limitations and planned evolutions of the processing

chain. Finally, the paper concludes by evaluating the mission’s performance against its design specifications. With more than20
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160 acquisitions processed, the system achieves an average precision of 111ppbv, successfully meeting the mission’s pri-

mary target, with an average detection sensitivity of 450 kg h−1. Notably, several measurements achieved precision better than

80 ppbv, which enables an ultimate methane plume detection limit corresponding to emission rates below 100 kg h−1 under

ideal meteorological conditions. This on-orbit demonstration confirms the viability of the Fizeau interferometric approach for

high-resolution monitoring and paves the way for future constellation deployment.25

1 Introduction

Methane (CH4) is the second most significant anthropogenic greenhouse gas, contributing approximately 20 % of the total

radiative forcing from long-lived greenhouse gases (Kirschke et al., 2013). While its atmospheric abundance is significantly

lower than that of CO2, its Global Warming Potential is 84–86 times greater over a 20-year horizon (Jongaramrungruang et al.,

2021). This high efficiency as an infrared absorber, combined with a relatively short atmospheric lifetime of approximately 930

years (Montzka et al., 2011; Prather et al., 2012; Shindell et al., 2012), makes methane mitigation one of the most effective

levers for slowing near-term global warming.

Over the past decade, a multi-tiered satellite observing system for atmospheric methane has emerged, combining coarse-

resolution global mappers, e.g. GOSAT (Yoshida et al., 2011), Sentinel-5P/TROPOMI (Latsch et al., 2022), and the upcoming

CO2M mission (Sierk et al., 2021). However, within the anthropogenic methane sources, accounting for approximately 60 %35

of the total methane emissions (Saunois et al., 2020), the “super-emitters” have a disproportionate share. These include specific

facility-scale point sources such as oil and gas infrastructure, coal mines, and landfills, and they produce high-rate emission

events that are often stochastic and remain largely undetected by coarse-resolution global monitoring systems. To mitigate

this limitation, higher-resolution imaging spectrometers such as PRISMA (Cogliati et al., 2021), EnMAP (Storch et al., 2023),

EMIT, Gaofen-5B AHSI (He et al., 2024), ZY-1 AHSI (Irakulis-Loitxate et al., 2021), Tanager-1, the upcoming TANGO40

(Charuvil Asokan et al., 2025), and commercial systems, including GHGSat (Jervis et al., 2021), can detect and quantify

plumes at tens-of-meters resolution, but their capacity, tasking flexibility, or operational cost currently restrict their use for

continuous global monitoring.

Hence, despite current efforts, a capability gap remains for compact, dedicated methane imagers that can be deployed as

cost-effective constellations to provide frequent, facility-scale coverage of key emitting regions. This gap is particularly acute45

in Europe, which currently lacks an operational high-resolution commercial constellation for methane sensing. Addressing

this requires innovations in both payload miniaturization and retrieval algorithms to maximize information extraction from

small-satellite platforms. The GESat GEN1 mission, initially introduced at the International Astronautical Federation in 2022

(Laurent et al., 2022), addresses this need by flying a selective SWIR interferometer on a 16U satellite platform. By target-

ing these localized, high-impact sources, the mission supports international mitigation frameworks such as the Copernicus50

Atmosphere Monitoring Service (CAMS) (Inness et al., 2019) and the International Methane Emissions Observatory (IMEO)

(Randles et al., 2024).
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GESat GEN1 mission has two primary objectives. First, to demonstrate the feasibility of methane sensing with a compact

Fizeau interferometer at 50m GSD from low Earth orbit. Second, to validate a physics-guided parametric retrieval framework

that balances accuracy, robustness, and computational efficiency for large-scale processing.55

Specifically, the mission aims to detect methane plumes with emission rates averaging 500 kg h−1, under standard observing

conditions, and an ultimate detection threshold of 100 kg h−1 under ideal observing conditions. Following the Common Prac-

tices for Quantifying Methane Emissions from Plumes Detected by Remote Sensing (Worden et al., 2025), this target emission

rate is directly linked to the column retrieval precision.

To derive the relationship between the minimum mass emission rate detectable, Qmin, and the retrieval precision of the60

column-averaged dry-air atmosphere mole fraction of methane, σXCH4, we employ the mass balance formulation established

by Jacob et al. (2016):

Qmin =
MCH4 ·U ·W · p · q ·σXCH4

g ·Ma
(1)

where W is the pixel size (50m for GEN1), U is the effective wind speed, p is the surface pressure, typically 1013 hPa, g is

the gravitational acceleration, and MCH4 and Ma are the molecular weights of methane and air, respectively.65

In this framework, the detectability constant q is set to 2, following the definition of a detectable mean enhancement relative

to the retrieval precision σ. For the GEN1 mission, an average detection of 500 kg h−1, assuming a wind speed of 2ms−1,

corresponds to a target random error σXCH4 of 120 ppbv. Moreover, an ultimate detection limit of 100 kg h−1, assuming

pristine wind condition, i.e. a speed of 0.5ms−1, corresponds to a target random error σXCH4 of 95ppbv. Achieving this

precision is a key metric for the mission’s technical validation and its utility in supporting industrial leak detection and repair70

programs.

The paper is organized as follows. Section 2 introduces the GEN1 mission and instrument concept. Section 3 describes

the radiative transfer modeling and the physics-guided parametric retrieval framework used to derive column-averaged dry-air

atmosphere mole fraction of methane and emission rates. Section 4 presents first in-orbit performance results and representative

plume examples. Finally, the conclusions are stated in Section 5.75

2 Mission Overview and Instrument Concept

2.1 Satellite platform and orbit

GESat GEN1 is a 16U-class microsatellite with a total mass of approximately 25 kg, of which about 9 kg are allocated to

the payload. The spacecraft operates in a Sun-synchronous low Earth orbit at an altitude of roughly 520 km, providing local

overpass times optimized for solar-illuminated SWIR observations and a repeat cycle adapted to the monitoring of methane80

emission hotspots. Under typical illumination conditions (surface albedo 0.4 and solar zenith angle 22.5◦), the integration time

of the detector can be set to reach 70% of its effective saturation level, corresponding to a full instrument’s signal to noise ratio

of SNR≈ 250. Key mission parameters are summarized in Table 1.
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Table 1. GESat GEN1 mission parameters.

Launch date 14 January 2025

Orbit Sun-synchronous

Local time at descending node 10:50 UTC

Altitude 520 km

Mass 25 kg

Satellite size 45× 28× 23cm3

Payload size 30× 20× 20cm3

Ground sampling distance 50m

Spectral range 1625–1660nm

FWHM linewidth (Ismail et al., 2016) 1nm

Mean free spectral range (Ismail et al., 2016) 2.58nm / 9.6 cm−1

Detector pixel pitch 15 µm

Quantum efficiency (Qe) 0.75 e− photon−1

Dark current (Idc) 91.5 fA pixel−1 s−1

Readout noise 60 e−

Instrument SNR 250

2.2 Optical payload

The GEN1 optical payload is a compact push-frame interferometric imager, optimized for methane sensing in the confined85

SWIR [1625, 1660 nm] window. Its architecture, illustrated in Fig. 1, consists of a three-mirror anastigmat (TMA) telescope,

a fixed-path-difference Fizeau interferometer, a narrow spectral selection filter, a reimaging relay, and an InGaAs sensor focal

plane. The off-axis TMA forms a low-aberration, diffraction-limited image at the interferogram plane, where a wedged Fizeau

plate introduces a spatially varying optical path difference (ODP) in the along-track direction. This modulation encodes the

scene radiance into a two-dimensional interferometric fringes pattern from which spectrally resolved interferograms, also90

known as measurement vectors in the retrieval field, are later reconstructed from the consecutive push-frames.

A compact relay then transfers the modulated field to the second focal plane while preserving spatial resolution and fringe

contrast. Finally, an InGaAs detector array records the image with low noise, enabling the 50m ground sampling distance and

the methane retrieval performance required by the mission.

The telescope and focal plane assembly are designed to achieve a ground sampling distance of 50m at nadir from the 520 km95

orbit while maintaining sufficient signal-to-noise ratio over a broad range of surface albedos.
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Figure 1. Schematic optical layout of the GEN1 payload, showing the TMA telescope, Fizeau interferometer, spectral filter, relay optics, and

InGaAs focal plane.

2.3 Fizeau interferometer and spectral encoding

At the core of the payload is a Fizeau wedge interferometer. Compared with dispersive spectrometers, the Fizeau architecture

offers a compact and mechanically robust solution well suited to small satellite platforms.

Beyond its compactness, the Fizeau configuration provides an additional advantage for methane remote sensing. In the100

1.65 µm window, CH4 absorption lines exhibit an approximately periodic spacing of 10 cm−1. This periodic structure can be

purposefully matched to the spatially varying optical path difference introduced by a tailored wedge design, enhancing the

encoding efficiency of methane’s spectral signature without increasing system complexity.

A third advantage of the Fizeau’s narrow spectral range is its relative insensitivity to interfering gases. To illustrate this,

we compared the GEN1 instrument transmittance with the absorption structures of methane (CH4), water vapour (H2O), and105

carbon dioxide (CO2) using a controlled three-gas simulation with the following conditions:

– Pressure: 1013.25–1050 hPa,

– Temperature: 275.974K,

– Mixing ratios: H2O = 8.2 g kg−1, CO2 = 0.6 g kg−1, CH4 = 1.02mg kg−1.

The comparison, shown in Fig. 2, leads to three conclusions:110

1. The periodic methane absorption features will be aligned with the peaks in the wedge’s spectral transmittance for some

pixels, supporting strong CH4 sensitivity.

2. CO2 absorption is uncorrelated with the transmittance peaks, so it will not generate a significant signal in the interfero-

gram.

3. Water vapour exhibits strong and isolated absorption peaks within the instrument spectral range that will generate an115

interferometric signal, introducing cross-sensitivities that remain modest and are later quantified to be on the order of

5% in the retrieval analysis.
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Figure 2. Comparison of instrument transmittance with the absorption optical depth of CH4, H2O, and CO2 under controlled atmospheric

conditions.

Figure 3. Illustration of the push-frame acquisition principle. Left: 2D spectral response of the instrument showing wedge-driven variations

along detector rows. Center: ground scene sampled sequentially as the satellite moves. Right: interferogram for one ground cell reconstructed

from successive pixel measurements.

2.4 Push-frame acquisition and image formation

GEN1 operates in a push-frame acquisition mode. As illustrated in Fig. 3, during an acquisition sequence, the spacecraft

performs a pitch slew to maintain approximately constant ground-track speed on the focal plane while the detector records a120

series of short-exposure frames. Each ground pixel is thus observed multiple times at different positions relative to the Fizeau

fringe pattern, enabling reconstruction of its interferogram by stitching the consecutive frames together. Accurate image-

to-image co-registration is required to compensate for residual platform jitter and pointing drifts, ensuring that the samples

contributing to a given ground pixel are correctly aligned before interferogram reconstruction. To achieve this, the processing

chain employs a bundle adjustment procedure that refines the satellite’s extrinsic parameters, i.e. its position and attitude, using125

a set of tie-points, extracted prior to optimization based on (Shi and Tomasi, 1994), providing a geometrically consistent set of

poses for subpixel-accurate alignment.
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3 Global Forward model and Retrieval Framework

3.1 Instrument Spectral Response Function

The instrument forward model links the top-of-atmosphere (TOA) radiance, at the instrument entrance, to the detected digital130

units (DU). Given a spectral radiance L(λ) at the instrument entrance, the detector signal in electrons is obtained by integrating

the per-wavelength electron flux over the band and exposure time.

Ne =

λ2∫

λ1

L(λ)Re(λ)dλ (2)

Where Re is the instrument spectral response factor (in DU per unit spectral radiance):

Re(λ) = ge→DU
E

Eγ(λ)
TFiz(λ)TBP(λ)Topt(λ)QE(λ) texp, (3)135

where Eγ(λ) = hc/λ is the photon energy, E the optical étendue, TFiz(λ) the spectral element transmittance of the Fizeau

described below, TBP(λ) the spectral filter transmission, Topt(λ) the TMA and optical relay transmission, QE(λ) the detector

quantum efficiency, texp the effective integration time, and finally, digital units are obtained via the detector’s conversion gain,

ge→DU, that connects electrons to Digital Units.

The spectral response is strongly modulated by the Fizeau wedge that performs the interferometric encoding. Its radiometric140

behaviour is modelled using a scalar, multi-beam interference model. We follow the procedure of Stoykova (2005) but adapted

to circular apertures instead of Gaussian beams. Under the assumptions of perfect telecentricity, an unapodized pupil without

vignetting, and a slow-enough TMA, semi-analytical formulas for each successive internal reflection can be obtained.

Thus, the convergent transmittance is written as the coherent sum of M reflections, each attenuated by the surface reflectance

R= ρ2:145

TFiz(λ) = 4(1−R)2

∥∥∥∥∥
M∑

p=0

Rp Ip(λ)

∥∥∥∥∥

2

, (4)

where M is the truncation order (typically M = 15), and Ip(λ) is the complex integral representing the pth multi-pass ray.

The term Ip(λ) accounts for the wavelength-dependent phase accumulated across the wedge, including the effects of refractive

index, wedge angle, marginal ray geometry, and gap thickness.

3.2 Atmospheric Radiative Transfer Model150

Following the approach of Lommel (1889), Chandrasekhar (1960), and later Stamnes (1986), the monochromatic specific in-

tensity Itotλ (τλ,µ,ϕ) in a plane-parallel, absorbing and scattering atmosphere satisfies the integro-differential radiative transfer
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equation

µ
dI tot

λ (τλ,µ,ϕ)

dτλ
= I tot

λ (τλ,µ,ϕ)−Q(τλ,µ,ϕ)

− ω(τλ)

4π

2π∫

0

1∫

−1

P (τλ,µ,ϕ;µ
′,ϕ′)

× I tot
λ (τλ,µ

′,ϕ′)dµ′ dϕ′

(5)

where µ is the cosine of the zenith angle, τλ the optical depth, I tot
λ the total radiance, ω the single scattering albedo, P the phase155

function, and Q an external source term. The phase function P defines angular redistribution of scattered light.

Full-Physics Radiative Transfer Models are designed to solve the integro-differential radiative transfer equation Eq. 5. The

line-by-line and layer-by-layer code 4A/OP (Dogniaux et al., 2021) models molecular absorption by utilizing spectroscopic

parameters from reference databases such as GEISA (Delahaye et al., 2021) or HITRAN (Gordon et al., 2022). To account for

scattering by clouds and aerosols, solvers based on the Discrete Ordinates Method, such as DISORT (Stamnes et al., 1988),160

are coupled with these absorption models. These tools are foundational components of scientific and operational retrieval al-

gorithms. For instance, 4A/OP serves as the core forward radiative transfer engine for the CNES 4ARTIC processing chain

utilized for the operational inversion of data from the MicroCarb mission (Pascal et al., 2017). Furthermore, 4A/OP has been

selected by CNES as the reference radiative transfer model for the development of several major atmospheric missions, includ-

ing the next-generation interferometer IASI-NG (Crevoisier et al., 2014) and the Franco-German MEthane Remote sensing165

LIdar Mission (MERLIN) (Ehret et al., 2017).

While accurate, these models are computationally intensive, making them less suitable for large-scale and cost efficient

applications. As a result, alternative approaches may be considered.

Matched filtering (MF) provides a fast linear alternative to full-physics retrievals. It projects measured radiance spectra onto a

predefined absorption template, yielding plume enhancement estimates relative to a reference mean spectrum. Its main strength170

is computational efficiency, which makes it attractive for rapid plume detection. MF nonetheless presents several limitations for

quantitative gas retrieval. It relies on a linearized form of Beer-Lambert’s law and therefore assumes an optically thin plume,

which leads to biases when absorption becomes nonlinear. Enhancements are referenced to unit absorption spectra whose shape

depends on viewing geometry, atmospheric state, and surface conditions; using generic templates can introduce CH4 biases of

order ±25% and CO2 errors of several fold (Carbon Mapper, 2024). Structured surface reflectance or hydrocarbon signatures175

may also mimic methane features, producing false detections if not screened. Scene variability in aerosols, surface pressure, or

BRDF further modifies spectral shapes in ways not represented by the MF model. Finally, MF produces relative enhancements

rather than absolute columns, complicating validation and the separation of retrieval and flux-inversion errors.

3.3 Physics-guided parametric Radiative Transfer Model

To address the accuracy limitations of the matched filter method and the computational speed burden of full physics methods,180

Absolut Sensing developed a dedicated fast radiative transfer model. The goal is not to introduce a new radiative transfer theory,
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but rather to define a physics-guided parametric formulation that is fast, practical, and sufficiently representative to suit GESat

GEN1 objectives in methane retrieval.

We are not attempting a direct analytical solution of the integro-differential radiative transfer equation Eq. 5, but propose a

parametric formulation in which the top-of-atmosphere radiance is expressed as a product of multiplicative transmittances. Its185

parameters can be efficiently estimated during the retrieval of concentration profiles, enabling large-scale operational applica-

tions. This strategy is designed to remain consistent with three key foundations:

1. In the limit of a pristine atmosphere without aerosols or Rayleigh scattering, the formulation reduces to the Beer-Lambert

law, which represents the particular solution for pure molecular absorption.

2. Rayleigh in-scattering is modeled following Bodhaine et al. (1999), who combined updated refractive index, depolariza-190

tion, and molecular density data to compute Rayleigh optical depth, and demonstrated that the in-scattering behaves as

an exponential transmittance term.

3. Aerosol extinction is represented by the King-Byrne formulation (King et al., 1978), which demonstrated empirically

that aerosol optical depth follows a power-law spectral dependence (τa ∝ λ−α), and thus can also be expressed as an

exponential transmittance.195

These last two empirical foundations demonstrate that both Rayleigh in-scattering and aerosols can be parameterized as

exponential transmittances. Here, we extend this idea and propose to represent light propagation as a series of multiplica-

tive transmittance factors, each associated with a distinct physical process (absorption, molecular out-scattering, Rayleigh

in-scattering, and aerosol extinction):

I(λ) = I0(λ) cos(SZA)

·R(λ) (reflectance)

·Tabs(λ) (absorption)

·Tin-scat(λ) (in-scattering)

·Tout-scat(λ) (out-scattering)

·Taer(λ) (aerosols)

(6)200

3.3.1 Reflectance

Lorente et al. (2023) showed that low-order polynomials are effective for modeling reflectance variability in methane retrieval.

While polynomial functions have traditionally been used to approximate reflectance variability, we prefer to use a low-order

parametric model based on Principal Component Analysis (PCA) performed on the ASTER/ECOSTRESS (Meerdink et al.,

2019; Baldridge et al., 2009) reflectance database. Unlike polynomials, which are purely mathematical fits, PCA components205

directly reflect the dominant spectral structures observed in real reflectance data. They therefore provide a more physically
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consistent basis for representing surface reflectance in retrieval algorithms. The surface reflectance can be expressed in a

parametric PCA basis as:

R(λ) =

K∑

k=1

rk PCk(λ) (7)

where:210

– PCk(λ) is the k-th principal component spectrum,

– rk is the projection coefficient (or PCA score) for the given surface spectrum,

– K is the number of components retained (typically K ≤ 4, capturing > 99.8% of the reflectance variance in ASTER/E-

COSTRESS).

3.3.2 Molecular absorption215

Considering multiple atmospheric layers and gases, the total molecular absorption optical depth can be expressed as:

τabs(λ) =

G−1∑

j=0

L−1∑

i=0

σ̄i,j(λ) · N̄i,j ·Lpi (8)

where:

– τabs(λ) is the absorption optical depth (dimensionless),

– the inner sum over i represents the summation across all atmospheric layers from 0 to L− 1,220

– the outer sum over j represents the summation across all gases from 0 to G− 1,

– σ̄i,j(λ) is the mean absorption cross-section of species j in layer i (units: m2 mol−1),

– N̄i,j is the number density of species j in layer i (units: molm−3),

– Lpi is the thickness of layer i (units: m).

and the molecular absorption transmittance is:225

Tabs(λ) = exp[−τabs(λ)] (9)

3.3.3 Molecular in-scattering

Although the method by Bodhaine et al. (1999) to represent Rayleigh in-scattering is widely used as a benchmark, its accuracy

depends on knowing the CO2 concentration for the King correction factor, which may vary significantly in our regions of

interest. To overcome this limitation, several empirical formulations have been proposed, e.g. Dutton et al. (1994), Fröhlich230

and Shaw (1980), Nicolet (1984). These express the Rayleigh in-scattering optical depth as a power law, We propose to use the

simplest form introduced by Penndorf (1957):

Tin-scat(λ) = exp
[
−β1 ·λ−β2

]
(10)
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3.3.4 Molecular out-scattering

We define molecular out-scattering as the scattering of photons out of the sensor’s line of sight by atmospheric molecules.235

This paper proposes an empirical parametric form which encodes two observations from the full-physics simulations: (i) its

spectral fingerprint follows the molecular line structure. (ii) the out-scattering contribution in SWIR [1550, 1700nm] is small,

comparable with 0.1% extra atmosphere. The transmittance proposed is:

Tout-scat(λ) = exp[−Pout-scat(λ)τabs(λ)] (11)

where Pout-scat(λ) is a low-degree polynomial in wavelength (usually degree ≤ 3), and τabs(λ) is the molecular absorption240

optical depth, defined in Eq. (8).

We propose to use the polynomial:

Pout-scat(λ) =

M∑

m=0

om (λ−λ0)
m M ≤ 3, (12)

with λ0 a reference wavelength and {om} learned during retrieval.

3.3.5 Aerosol Optical Thickness245

Absorption and scattering effects of aerosols are difficult to compute rigorously since they depend on the composition, size

distribution, and vertical profile of aerosols in the atmospheric column. These properties are highly variable in space and time,

influenced by both natural and anthropogenic processes. Our objective is not to characterize the aerosols themselves, but to

evaluate their radiative effects through the aerosol optical thickness (AOT). The spectral dependence of AOT, τaer(λ), can be

parameterized using the empirical King-Byrne formula (King et al., 1978), which extends the classical Ångström relation by250

introducing a wavelength-dependent coefficient.

τaer(λ) = eα0 λα1 λα2 ln(λ) (13)

where α0, α1, and α2 are empirical coefficients to be determined during the retrieval process. This formulation has been shown

(Bodhaine et al., 1999) to fit well the observed wavelength dependence of aerosol optical thickness. The corresponding aerosol

transmittance is then:255

Taer(λ) = exp [−τaer(λ)] (14)

3.3.6 Validation with full-physics radiative transfer

The physics-guided parametric radiative transfer model was evaluated by comparing its top-of-atmosphere radiance predictions

against full-physics, line-by-line and layer-by-layer, simulations generated with libRadtran. The test configuration reproduces

a realistic satellite viewing geometry, with the instrument located at 550 km altitude observing a surface point at 23◦ N, 45◦ E260

on 5 July 2018 at 11:00 UTC. Atmospheric state vectors were initialized using the Gascon 2020 profile database (NOVELTIS,

11

https://doi.org/10.5194/egusphere-2026-1269
Preprint. Discussion started: 22 May 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure 4. Top-of-atmosphere radiance from full-physics libRadtran simulations and the Absolut Sensing parametric model

Figure 5. Difference in percent of top-of-atmosphere radiance between full-physics libRadtran simulations and the Absolut Sensing para-

metric model

2012), specifically considering H2O, CO2, and CH4 as the primary absorbing species to simulate the atmospheric column.

Molecular absorption cross-sections were computed from HITRAN 2020 parameters at a spectral resolution of 0.1 nm. The

vertical structure of the atmosphere was discretized onto the 137 ERA5 layers (Hersbach et al., 2020), assuming clear sky cloud-

free conditions. Surface boundary conditions were defined by a surface pressure of 1013.25hPa, a temperature of 288.15K,265

and a Lambertian albedo of 0.4. Solar irradiance was modeled using the Kurucz 1992 reference spectrum (Kurucz, 1994)

sampled at 0.1nm.

Figure 4 illustrates the spectral residuals between the parametric model and the libRadtran reference across the Short-Wave

Infrared (SWIR) window (1550–1700 nm). Figure 5 exhibit high fidelity, with relative radiance differences contained within

±0.1%. Statistical analysis reveals zero systematic bias and a residual 1-σ random error of 0.015%. For the GESat GEN1270

mission, this forward modeling uncertainty propagates to a methane column retrieval error of 0.011% (0.2 ppbv). Given the

mission’s precision target of 120 ppbv, this modeling error is negligible. These results validate that the simplified multiplicative

transmittance formulation accurately reproduces the physical processes of SWIR radiative transfer required for facility-scale

methane quantification.
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3.4 Optimal estimation formulation and theoretical performance275

As we have seen, the total forward model follows a flow of transmittance and can be expressed as:

F (λ,x)[DU] = ge→DU ·
∫

LTOA(λ,x)︸ ︷︷ ︸
radiative transfer

Re(λ)︸ ︷︷ ︸
ISRF

dλ (15)

To define GESAT GEN1’s state vector:

3.4.1 Gases selection.

The GEN1 interferometer samples a very narrow spectral region of 25nm. Within this interval, only two atmospheric species280

imprint significant absorption features: methane (CH4) and water vapour (H2O). All other gases have either negligible absorp-

tion or no detectable contribution in this region.

3.4.2 Radiative effects selection.

Over a spectral window as small as 25 nm, most broadband radiative effects vary so slowly with wavelength that they can be

considered spectrally constant. This includes surface albedo, broadband in-scattering, and extinction from aerosols or Rayleigh285

scattering. Rather than retrieving explicit parameters for each of these processes, they are collectively represented by a single

multiplicative scalar factor. This factor is effectively removed by a normalization procedure applied to the measurement vector.

3.4.3 Gases Profiles selection.

Rather than retrieving independent mixing ratios for each atmospheric layer, prior vertical profiles are adopted for both species

(CH4 and H2O). The retrieval then estimates only a multiplicative scaling factor per species, preserving the vertical structure290

of the profile while adjusting the column abundance.

With these simplifications, the state vector reduces to:

x=
[
XCH4,XH2O

]
(16)

where XCH4 is the column-averaged dry-air atmosphere mole fraction of methane, and XH2O that of water vapor, which

minimizes a cost function:295

C(x,p) =(F (x,λp)−M(λp))
⊤S−1

e (F (x,λp)−M(λp))︸ ︷︷ ︸
measurement mismatch

+(x−xa)
⊤S−1

a (x−xa)︸ ︷︷ ︸
a priori regularization

(17)

where p represents the spectral elements of the interferogram, M the measurement, Se the measurement error covariance, and

Sa is the a priori covariance.
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3.4.4 Ideal-Case Theoretical Performance.300

Considering the Maximum A Posteriori method, also known as Optimal Estimation, Rodgers (2000) demonstrates that with the

linearization F (x)≈ F (xa)+K(x−xa) and the assumption of Gaussian priors and noise, the uncertainty (due to measurement

noise and regularization by the prior), known as a posteriori covariance of the retrieved state is

Sx =
(
K⊤S−1

e K +S−1
a

)−1
, (18)

where K = ∂F/∂x is the Jacobian. In terms of the posterior standard deviation of each gas (σXCH4 and σXH2O), and their305

Pearson correlation (ρ), Sx can be expressed as:

Sx =


 σ2

XCH4 ρσXCH4σXH2O

ρσXCH4σXH2O σ2
XH2O


 , (19)

Applying the above formulation of the a posteriori covariance, we evaluate the theoretical performance of the GESat GEN1

retrieval under conditions limited by photon and sensor noise (including read noise and dark current). In this analysis, the

measurement quality is influenced solely by these fundamental noise sources, and σXCH4 is computed for varying illumination310

levels and atmospheric concentrations.

Figure 6 presents σXCH4, expressed in parts per billion by volume (ppbv), as a function of the measurement vector intensity

and the true CH4 concentration. For an optimal exposure configuration, corresponding to a signal intensity of approximately

45000DU and a background CH4 concentration of 1850 ppbv, the combined photon and sensor noise yields a random error of

approximately 60 ppbv (3.2%). Under these conditions, the retrieval exhibits a low ρ of 5%, demonstrating effective spectral315

decoupling. In short,

σXCH4 = 60ppbv, σXH2O = 900ppmv, ρ= 0.05.

This performance significantly exceeds the GESat mission objective of 120 ppbv average precision. However, it is important

to note that this 60 ppbv figure represents a “best-case” scenario. This theoretical precision assumes idealized conditions across

the entire measurement chain, including optimal exposure times, nominal instrument manufacturing tolerances, and perfect320

calibration and characterization. Furthermore, it presupposes a fully corrected processing chain and an exhaustive knowledge

of the physical state of the atmosphere (e.g., precise pressure, temperature, and aerosol profiles). In operational environments,

unaccounted error and instrumental drift are expected to reduce this margin, bringing the total error budget closer to the

120 ppbv requirement.

4 On-Orbit Performance and First Results325

4.1 Instrument Calibration and Corrections

The transition from the idealized theoretical precision of 60 ppbv to operational performance depends heavily on the mitiga-

tion of instrumental non-idealities that, if left uncorrected, would quickly exceed the 120ppbv mission requirement. Therefore,
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Figure 6. Posterior standard deviation of CH4 (in ppbv) as a function of measurement vector amplitude and CH4 concentration.

prior to interferogram reconstruction, raw Level–0 measurements are corrected for instrumental defects. Radiometric correc-

tions include dark frame subtraction, flat field normalization, and correction of hot and dead pixels, ensuring uniform system330

response across the focal plane. Geometric distortions introduced by the TMA and optical relay are corrected using a polyno-

mial distortion model, providing accurate pixel-to-ray mapping required for push-frame acquisition.

A key element of this processing stage is the calibration and correction of the spatially varying spectral response of the

Fizeau interferometer. A spectral response map is derived that associates each detector pixel with its effective optical path

difference and corresponding spectral weighting. This map captures both the nominal wedge-induced fringe geometry and335

localized manufacturing imperfections of the Fizeau interferometer. As illustrated in Fig. 7, these imperfections manifest as

non-linear fringe deformations, such as bubble-like curvatures and linear streaks, which introduce irregular spectral sampling

across the measurement vectors. A dedicated correction step is applied to these regions to restore a continuous and physically

consistent sampling. The resulting calibrated spectral map provides the reference framework required for accurate interfero-

gram reconstruction, ensuring that the residual errors caused by instrument mechanics remain a sub-dominant component of340

the total 120 ppbv error budget.

4.2 Reconstructed Interferograms

To validate the calibration and correction steps described above, reconstructed interferograms are presented using real on-orbit

data acquired in push-frame mode. After radiometric, geometric, and Fizeau spectral corrections, these successive samples are

combined to reconstruct a single interferogram for each ground pixel.345

Figure 8 shows an example of reconstructed interferograms and the corresponding methane concentration map. The left panel

presents the CH4 map, with a background of 1850 ppbv and two localized methane emission plumes propagating westward.

The plumes are centered at pixel positions (280,164) and (154,256), respectively, both are well above the instrument noise
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Figure 7. Examples of Fizeau interferometer imperfections observed in calibrated spectral maps: localized bubble-like curvatures and linear

streaks.

level, enabling reliable detection. Two rectangles, colored red and orange, indicate two pixels either within an emission or

background regions.350

The right panel displays four plots, two for each rectangle. The top plots show the normalized reconstructed interferograms

(red and orange) alongside the theoretical interferograms computed from the forward radiative transfer and instrument model

using the estimated methane concentration. Interferograms are normalized to remove albedo dependence. The bottom plots

show the residuals between reconstructed and theoretical interferograms, along with the corresponding signal-to-noise ratio

(SNR).355

The red pixel, located within a methane emission, exhibits a higher interferogram amplitude compared to the orange pixel in

the background. This amplitude difference is a direct consequence of the higher methane concentration and allows clear detec-

tion in the CH4 map. Both reconstructed interferograms demonstrate high fidelity to their theoretical counterparts, achieving

signal-to-noise ratios (SNRs) of 176 and 172 for the source and background pixels, respectively. This performance represents

only a 10–12% reduction compared to the idealized noise-limited SNRs (199 and 190). This marginal degradation provides360

a snapshot of the efficacy of the Fizeau artifact corrections, radiometric calibration, and sub-pixel image-to-image alignment.

While this single-example analysis confirms the local integrity of the processing chain, the following section evaluates the

statistical robustness of these metrics across a global ensemble of 166 acquisitions.

These results illustrate that the GEN1 calibration and correction procedures successfully produce physically meaningful

interferograms, forming a solid foundation for subsequent methane concentration retrieval and emission rate estimation.365
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Figure 8. Left: CH4 concentration map with two emission plumes (background 1.85ppmv). Red and orange rectangles indicate pixels used

for interferogram analysis. Right: Top: normalized reconstructed interferograms (colored) and theoretical interferograms (black) for red and

orange pixels. Bottom: residuals between reconstructed and theoretical interferograms with associated SNR. The measured interferogram

signal-to-noise ratio reaches about 90% of the ideal theoretical value, confirming the high fidelity of the calibration, correction, and image

registration procedures.

4.3 Column methane retrieval random error

To evaluate the operational performance of the GESat GEN1 methane retrieval, global maps of column-averaged dry-air atmo-

sphere mole fraction of methane (XCH4) were generated from a representative set of acquisitions collected since the start of

the mission. The primary mission performance metric is the retrieval precision, or column methane random error, quantified

as the standard deviation of the XCH4 estimates. This analysis encompasses 163 acquisitions distributed globally to ensure370

statistical significance across diverse geophysical conditions. As illustrated in Fig. 9, the dataset spans a wide range of surface

types and viewing geometries, including arid deserts, urban centers, dense forests, agricultural landscapes, and coastal regions.

The XCH4 precision is quantified by calculating the spatial standard deviation of retrieved methane concentrations over

selected background regions. These regions are identified via a two-stage filtering process designed to isolate high-fidelity375

terrestrial pixels. First, reflectance thresholding is applied to the scene to exclude both sub-optimal low-signal surfaces (such

as water bodies and shadows) and saturated pixels which are susceptible to non-linear radiometric effects and degraded signal-

to-noise ratios (SNR). Second, a rigorous quality control filter is enforced based on the retrieval’s information content. Pixels

are discarded if their posterior standard deviation exceeds a dynamic threshold defined as three times the scene-wide median

posterior uncertainty. This step ensures that the precision estimate is not skewed by ill-conditioned retrievals or unmasked380

clouds. Given that these filtered regions are predominantly free of localized emission plumes, we assume that 99% of the

remaining pixels constitute the atmospheric background. Under this statistical assumption, the spatial standard deviation across

the 163-acquisition ensemble serves as a robust proxy for the total system random error.
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Figure 9. Subset of raw GESat GEN1 acquisitions since mission start.

Figure 10. Measured methane concentration standard deviations in background regions.

As shown in Fig. 10, the operational average XCH4 retrieval precision, derived from the global ensemble of 163 acquisi-

tions, is estimated at 111 ppbv, representing a 6% relative error against the 1850 ppbv reference background concentration.385

Furthermore, 25 % of the acquisitions achieved a precision below 95 ppbv, in good agreement with the GEN1 ultimate design

detection limit.

While this figure exceeds the idealized theoretical precision of 60 ppbv previously discussed, the discrepancy is attributable

to identifiable operational and instrumental factors. A significant portion of this additional error stems from sub-optimal expo-

sure configurations during this first year tasking phase. The average signal intensity across the observed scenes was approxi-390
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Figure 11. Revisit methane concentration maps acquired over the same site at two different times. Despite partial cloud cover in the second

acquisition, pixel masking effectively suppresses false alarms. The same two methane emitters are detected in both observations, while

changes in plume structure reflect differences in emission strength and wind conditions. Basemap source: ESRI.

mately 30000DU, compared to the 45000DU assumed in the “best-case” scenario. Adjusting the theoretical model to reflect

this lower signal level yields a noise-limited precision of 85ppbv. The remaining 30% error margin (increasing the uncertainty

from 85ppbv to 111ppbv) is attributed to structural residuals within the full acquisition to processing chain. These include

manufacturing tolerances in the Fizeau interferometer, residual artifacts from the spectral calibration and correction maps, and

sub-pixel image-to-image registration errors during the push-frame reconstruction process. Despite these operational complex-395

ities, the observed 111 ppbv precision is in excellent agreement with the GESat mission objective of 120 ppbv. As of the

current mission phase, the operational processing chain consistently meets these performance requirements on average. This

level of precision translates to a robust detection capability for localized methane sources with rates averaging 450 kg h−1.

Moreover, around ten acquisitions showed a retrieval precision below 80 ppbv, enabling the detection of methane plumes with

emission rates as low as 300 kg h−1 under favorable meteorological conditions.400

4.4 Column methane retrieval stability and systematic bias

Although the primary objective of the GESat GEN1 mission is the detection and quantification of localized XCH4 enhance-

ments indicative of emission plumes, monitoring retrieval stability and systematic bias is critical for evaluating instrumental

calibration stability, correction fidelity, and forward-model consistency.

4.4.1 Mission stability405

As a first step, the stability, or internal consistency, of the column methane retrieval was assessed using 12 pairs of GESat GEN1

acquisitions over identical sites observed at different times (up to few months apart) and under varying viewing geometries

and instrument configurations (Fig. 12). For each pair, the mean column methane (XCH4) estimated from the two passes was

compared. The analysis reveals a mean relative difference of 0.78% across all sites, demonstrating a high degree of internal

stability.410

Residual inter-pass discrepancies are attributed to the temporal evolution of the instrumental response, uncertainties in the

auxiliary atmospheric state vectors (particularly specific humidity), and natural geophysical variability. To further validate this

stability, we performed a qualitative revisit analysis of specific methane-emitting facilities, as illustrated in Fig. 11. In these
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Figure 12. Internal consistency assessment using 12 acquisition pairs distributed globally. For each pair, the background methane concentra-

tion estimated from two independent passes is compared.

instances, the source locations are consistently identified across separate overpasses, with variations in plume morphology and

intensity reflecting dynamic changes in emission rates and local meteorological transport. Collectively, these findings confirm415

the operational reliability of GESat GEN1 for high-frequency monitoring of methane point sources under diverse observational

conditions.

4.4.2 Mission systematic error against TCCON, COCCON, and TROPOMI

To further characterize the systematic bias of the XCH4 retrieval, the GESat GEN1 estimates were compared against ground-

based measurements from the Total Carbon Column Observing Network (TCCON) (Wunch et al., 2011) and the Collaborative420

Carbon Column Observing Network (COCCON) (Frey et al., 2019), as well as satellite observations from TROPOMI. For this

analysis, direct column-to-column comparisons were performed. It should be noted that these comparisons do not account for

differences in the column averaging kernels, which are inherently dependent on the respective spectral ranges and sensitivities

of the instruments.

A first validation study was performed in April 2025 at the Xianghe (TCCON) (Zhou et al., 2022b) and Beijing (COC-425

CON) stations in China (Zhou et al., 2022a). This comparison utilized a single coincident GESat GEN1 acquisition and one
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Figure 13. Validation of XCH4 retrievals against ground-based TCCON (Xianghe) and COCCON (Beijing) measurements and TROPOMI

satellite data in China (April 2025).

Figure 14. Validation of XCH4 retrievals against ground-based TCCON measurements and TROPOMI satellite data over Pasadena, USA

(May–July 2025).

TROPOMI overpass. As illustrated in Fig. 13, the measured XCH4 values were 1904 ppbv for TCCON, 1907 ppbv for COC-

CON, and 1910 ppbv for TROPOMI. The GESat GEN1 retrieval estimated a mean concentration of 1975 ppbv. For this

location, the systematic bias is +68ppbv, or 3.6% relative to the TCCON station.

A second validation study was conducted at the Caltech TCCON station in Pasadena, USA (Wennberg et al., 2022). Five430

GESat GEN1 acquisitions were collected over the site between May and July 2025, coincident with five TROPOMI overpasses.

As illustrated in Fig. 14, the TCCON reference measured a mean XCH4
of 1917± 11ppbv. During the same period, the

TROPOMI spatial average was 1897± 22ppbv, while the GESat GEN1 ensemble yielded a mean concentration of 2005±
20ppbv. On this site, the GESat GEN1 retrieval exhibits a systematic bias of +88ppbv, or 4.6% relative to the TCCON

reference.435

While these results indicate a consistent positive offset in the current GEN1 retrieval chain, the stability of this bias is

promising for future cross-calibration efforts. Furthermore, this offset does not impede the primary mission goal of plume

detection and quantification, as emission detection relies on the relative enhancement (∆XCH4) above the local background

rather than an absolute estimation.
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5 Conclusions440

The GESat GEN1 mission represents the first european commercial mission aimed at high-resolution methane monitoring.

This paper presented the on-orbit validation of its compact SWIR Fizeau interferometer in a 16U microsatellite platform.

By achieving a ground sampling distance of 50m and a measured signal-to-noise ratio (SNR) near 250, GEN1 confirms the

viability of an interferometric concept specifically optimized for facility-scale methane quantification.

A first objective of the mission is the detection and quantification of methane plumes with emission rates averaging 500 kg h−1.445

To reach this threshold, a column-averaged dry-air mole fraction (XCH4) retrieval average precision of 120ppbv is required.

Analysis of a 163-acquisition global ensemble yields an operational precision of 111 ppbv. This performance validates the mis-

sion’s capability to meet its primary mandate with an average detection sensitivity of 450 kg h−1, providing a stable baseline

for point-source monitoring.

The success of the mission relies on the unique advantages of the interferometric approach. The architecture enables a com-450

pact entrance aperture, facilitating the use of cost-effective satellite platforms, while maintaining high radiometric efficiency.

By distributing spectral information across optical path differences rather than single resolution elements, the instrument in-

tegrates a larger fraction of incoming photons. Furthermore, the targeted sensitivity to methane allows for a physics-guided

parametric retrieval that is 2× 104 times faster than reference line-by-line models.

A second objective of the mission is to reach an ultimate detection limit of 100 kg h−1 in pristine conditions. To reach this455

goal, a column-averaged dry-air mole fraction (XCH4) retrieval average precision of 95 ppbv is required. As of today, 25 % of

the acquisitions reached this objective, while an encouraging result for a first year mission, we identify clear leads for future

optimization:

– Exposure Time Optimization: Increasing average signal levels from 28000DU toward the nominal 45000DU would

lower the noise-limited floor from 85ppbv toward 60 ppbv.460

– Image-to-Image Alignment: Improving sub-pixel registration during the push-frame reconstruction will reduce the

30% error margin attributed to structural residuals.

– Cross-Calibration: Validation against TCCON (Pasadena, Xianghe) and COCCON (Beijing) revealed a stable system-

atic bias of 3.6% to 4.2%. While this does not impede relative plume quantification, future iterations will incorporate

these offsets to improve absolute concentration accuracy.465

By addressing these operational factors, reaching a retrieval precision of 90ppbv is considered a realistic near-term target

for the processing chain. Such an improvement would significantly enhance the mission’s impact, lowering the methane plume

average operational detection threshold to approximately 370 kg h−1 under standard conditions and to 95 kg h−1 in pristine

conditions.

Overall, GEN1 establishes the interferometric push-frame concept as a scalable solution for high-resolution greenhouse gas470

monitoring. These results lay the foundation for a future constellation providing operational, frequent, and cost-effective global

monitoring, aiming to achieve a nominal detection threshold of 100 kg h−1.
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