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ABSTRACT

Space-based imaging spectrometers play a critical role in monitoring greenhouse gas emissions, par-
ticularly methane. This paper provides updates on the development of the Filter Incidence Narrow-
band Infrared Spectrometer (FINIS), a compact imaging spectrometer designed for methane plume
detection. Through an innovative design that uses tilted interference filters in a binocular configu-
ration, FINIS offers competitive methane measurement capabilities in terms of precision and spatial
resolution while maintaining a compact form factor and low power requirements. This work covers
the instrument parameters and its operation concept. A retrieval simulation using synthesized images
in a scenario with the presence of varying sizes of plumes shows that FINIS can potentially detect
point sources with leak rates exceeding 500 kg/h under specified conditions. Additionally, the results
of a calibration test using a methane cell are presented, validating the instrument’s modeled spectral
response and central wavelength mapping. FINIS is slated for space testing as one of the student
payloads aboard the upcoming ACMES mission, a 16U CubeSat selected under NASA’s In-space
Validation of Earth Science Technologies (InVEST) program, expected to launch in 2025.

1 INTRODUCTION

Monitoring methane emissions from space has assumed paramount importance in mitigating the ac-
celeration of global warming. Since 1750, the average surface concentration of CH4 has surged by
over 150%, peaking at 1934 parts per billion (ppb) by November of 2023 [1], primarily propelled by
anthropogenic activities. The impact of methane emissions on global warming surpasses that of car-
bon dioxide, with a Global Temperature change Potential (GTP) 70 times greater in the short term (20
years) and 11 times greater in the long term (100 years), factoring in climate-carbon feedbacks [2].
Anthropogenic methane emissions are predominantly attributed to the Energy, Livestock, and Waste
Management sectors. The detection and measurement of methane emissions from sources such as
landfills, coal mines, and oil and natural gas facilities is achievable through airborne or space-based
imaging spectrometers. These instruments enable the detection of plumes, which are delineated as
regions exhibiting a notably higher estimated vertical column concentration of methane compared to
the surrounding background.

Students of the Utah State University (USU) are leading the development of a new infrared imag-
ing spectrometer designed to capture the enhancement of methane concentrations in plumes relative
to the background. The device is compact and low-power, and it is primarily made up of commercial-
of-the-shelf (COTS) components, which makes it a promising feasible option for a large-scale appli-
cation in nanosatellite constellations. This instrument is called Filter Incidence Narrow-band Infrared
Spectrometer (FINIS), and it is scheduled to be tested in space onboard the Active Cooling for Mul-
tispectral Earth Sensors (ACMES) satellite, expected to be launched in 2025 [3]. ACMES is an
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advanced 16U CubeSat mission selected under the In-space Validation of Earth Science Technologies
(InVEST) Program in support of the NASA Science Mission Directorate.

This paper presents updates on the FINIS development, including an overview of the instrument’s
current design, onboard calibration unit, spectrum response, and operation concept. Additionally, it
explains the proposed fast retrieval method for assessing the possible presence of plumes with less
measurement accuracy, but with lower computational demand compared to optimal methods. This
retrieval uses the log difference of the pair of frames acquired by FINIS to form the ground sam-
ple measurement vector, from which the relative methane concentration is retrieved by least square
fitting. Furthermore, a plume detection simulation is conducted utilizing synthesized images based
on Landsat-9 surface reflectance data and on the radiance computed considering a methane concen-
tration mask containing Gaussian plumes of different leak rate sizes in the scene. Moreover, results
from a methane cell calibration are presented to verify the center wavelength (CWL) distribution
across the focal plane array (FPA). Lastly, more details are provided about the upcoming ACMES
mission, which will host FINIS alongside three other crucial technologies for validation in space.

2 THE INSTRUMENT

To capture the spatial and spectral information of the scene, FINIS innovates by employing a tilted
narrow-band interference filter (IF) at the entrance of its two imagers, as shown in Fig. 1. Since the
filter bandpass CWL shifts as a function of the angle of incidence (AOI) of the incoming light, the
spectral information can be acquired by taking a sequence of frames as the satellite passes over the
target. With this approach, each frame captures the target at a different wavelength as its position
translates across the field of view (FOV), changing the AOI [4]. The full spectrum of the target can
be assembled by registering the stack of frames after image corrections are applied.

FINIS’ scanning method is called windowing [5], and it is the same employed by the GHGSat
satellites. However, unlike FINIS, the GHGSat spectrometer integrates a wide-angle Fabry-Pérot
placed in the Fourier plane of the optical system [6], rather than employing an IF at the entrance.
Both approaches offer significantly higher optical transmittance for instruments when compared to
the more common dispersive push-broom spectrometers that use a diffraction grating, such as the
TROPOMI[7], MethaneSAT[8], and CarbonMapper[9], or a prism as in the case of PRISMA[10].
While the optical transmittance of a typical diffraction grating-based spectrometer is typically less
than 40% ([8],[9]), FINIS can achieve over 85% of optical transmittance in each imager due to its
simple optical design that only uses one high transmission narrowband IF at the entrance, three AR
coated lenses and one blocking filter in each telescope. This gives FINIS a significant light through-
put advantage and allows it to deliver comparable signal-to-noise ratio (SNR) performance while
maintaining a compact footprint, as shown in Table 1.

Table 1: FINIS - Size, Mass and Power

Parameter Value Unit
Instrument dimensions (HxW xL) 7.3x9.7x12.7 cm
Total mass 0.9 kg
Peak Power 11 W

Another innovation brought by FINIS is the use of a binocular system as depicted in Fig. 1. The
two imagers have identical cameras and optical components, and share the same FOV. The sensor
parameters are as listed in Table 2. The only difference between them is the tilt angle -y defined as the
rotation around the y-axis. In the current design, the tilt angle of both filters has the same magnitude,
10°, but they are tilted in opposite directions, making the spectrum collected by CAMI1 to be mirrored
in CAM2, as shown by Fig. 2. No parallax is expected since the separation between the two imagers
is negligible compared to the orbital altitude.
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Figure 1: FINIS - CAD model in isometric view. The x,y, and z axes indicate the along-track, cross-
track, and nadir directions, respectively.

Table 2: Parameters of a single imager

Parameter Value Unit
Spectral range 1659-1668 nm
Spectral resolution (FWHM) 1.5 nm
Pixel Size® 150%x205 m
Swath® 96 km
Focal Plane Array 512x640 -
Detector size 15 pm
Clear aperture diameter 27 mm
F-number 2.04 -
Optical transmittance >85% -
Field of view cross-track 9.97 deg
Field of view in-track 7.98 deg
Instantaneous field of view 27.2 mrad
IF CWL at Normal Incidence 1672 nm
IF tilt angle (vy) 10 deg
a. Considering 550km orbital altitude.
CWL on FPA 1 (7 =10°) CWL on FPA 2 (v =-10°)
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Figure 2: Center wavelength (CWL) across the FPA1 and FPA2 as the consequence of the tilted
interference filter placed at the entrance of each aperture. - is the tilt angle.
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2.1 Onboard Calibration Unit

As illustrated in Fig. 3, FINIS is outfitted with a calibration unit designed for onboard dark frame
and flat fielding calibration. This unit comprises a shutter with a double paddle, that blocks the light
from reaching both detectors simultaneously when the self-restoring solenoid is energized. Once the
shutter is closed, a sequence of dark frames and flat frames can be captured, employing the same
exposure time and camera settings utilized during target frame acquisition. The resultant mean dark
frame and flat frame are subsequently employed to rectify target frames in terms of dark counts and
pixel gain (flat fielding), respectively.

For flat frame acquisition, each lens tube is equipped with an integrated LED ring composed of
eight infrared LEDs. The brightness of these LEDs is regulated by a Pulse Width Modulation (PWM)
signal. The emitted light is partially scattered within the tube and reflected by the shutter surface,
which is coated with a Lambertian diffuser film.

The calibration unit is presently undergoing testing and characterization. The illumination pattern
of the LED ring is being calibrated to determine the corrections required to compensate for any
nonuniformities across the field. During flight operations, vicarious calibration targets will be used to
monitor the flat fielding corrections, allowing adjustments for any changes in LED intensity induced
by temperature fluctuations or radiation degradation.

Figure 3: FINIS - onboard calibration uncovered by the baffle

3 RETRIEVAL METHOD FOR PLUME DETECTION

With the binocular setup, the measurement vector y can be defined as the natural log difference of the
radiance measured by CAM1, L;, and by CAM2, L,, with the addition of the measurement noise, e,
as shown in Eq. (1), where the subscripts j and 7 denote the wavelengths measured by CAM2 and
CAMI, respectively. Since CAM1 and CAM2 acquire measurements synchronously, the viewing
geometry is the same for each pair of L; and L, measurements. This means that the measurement
vector is independent of the surface reflectance function, which would otherwise need to be fitted
using a low-order polynomial. Additionally, using the ratio of radiance measurements eliminates the
need for absolute radiometric calibration since the radiometric conversion factor is also factored out.

Ly ()
i = In
P L)
While optimal estimation is essential for precisely retrieving the full-state vector, which includes

methane and water vapor concentration, while considering factors like measurement noise and prior
information [11], a fast retrieval approach is proposed for plume detection. This initial estimation

+ € (1)
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involves assuming methane concentration as the primary variable across the scene, while water va-
por concentration remains either uniform or changes gradually. Under these conditions, the relative
methane concentration can be calculated by assuming a linear relationship between the measurement
vector y and the slant optical depth difference, X;; = 7; — 7;, as expressed in Equation 2. This
approximation also disregards the natural log difference of the solar spectrum irradiance for the pair
of wavelengths, since the wavelength range covered by the sensor is less than 10 nm wide, and the
solar spectrum (before passing through the atmosphere) is assumed to be approximately flat within
that range.

Yij = QcH,Xji + € (2)

Considering the specific location and elevation of the target, along with the Solar Zenith Angle
(SZA) during acquisition, the optical depth difference X;; can be computed for a reference atmo-
sphere and adjusted for the slant path. This computation can be executed using a Radiative Transfer
Model (RTM), such as SCIATRAN [12]. Subsequently, the relative methane concentration gy, can
be estimated utilizing linear least square fitting, as outlined in Equation 3. Here, Y denotes the column
vector of measurements y;;, and X represents the predictor variable formed by the corresponding col-
umn vector of Xj;. In this case, the estimated methane concentration dcp, is relative to the reference
methane concentration used to compute X ;.

acm, = (XTX) ' XTY 3)

The retrieval using this simplified method may introduce a bias originating from the disparity be-
tween the actual atmospheric state and the reference atmosphere and also from the albedo estimation
error of the ground samples. However, by assuming a uniform distribution of water vapor, this bias
tends to be uniformly spread across the scene, still enabling the detection of plumes by the regions of
enhanced estimated concentration relative to their surroundings. Once a plume is detected within the
scene, an optimal retrieval can be performed to accurately estimate the full-state vector. This second
retrieval not only ensures a more precise estimation of the methane concentration but also verifies that
the detected plume is indeed methane and not solely water vapor.

3.1 Methane Plume Detection Simulation with Synthesized Imagery

A simulation employing synthesized images was conducted to evaluate the instrument’s capability
in pinpointing plumes of varying sizes using the retrieval method discussed earlier. The baseline
scenario image was constructed by combining two Landsat-9 Collection 2 Level 2 images, which
encode surface reflectance (albedo) for each spectral band. Fig. 4-a depicts an RGB composite of the
baseline image utilizing Bands 2, 3, and 4. Surface reflectance data utilized in the simulation was
extracted from Band 6 (SWIR 1: 1.57-1.65um).

A methane concentration mask was superimposed onto the entire scene, assuming a uniform back-
ground concentration of methane and water vapor. Within the scene’s central region, a grid comprising
25 Gaussian-modeled plumes was introduced, as illustrated in Fig. 4-b. The plumes were arranged
such that leak rates varied by row, with the top row exhibiting the highest leak rate of 5 metric tons
per hour, followed by 3, 2, 1, and 0.5 t/h for the subsequent rows. In the Gaussian plume model,
the atmosphere was deemed moderately unstable (stability class B, [13]), with surface reflection and
near-surface wind speed set at 5 km/h from the northeast direction.

The ground scanning pattern depicted over the baseline image in Fig. 4-a was simulated based
on a total acquisition time of 30 seconds, with each camera operating at 5 frames per second (fps),
resulting in a total of 300 images from both imagers. The sensor was positioned in a 550km circular
orbit with an inclination of 98 degrees, with the overpass occurring during the descending phase of the
orbit (north to south). An exposure time of 8ms was utilized, resulting in a pixel size of 150mx205m.
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The scanning simulation also factored in the Earth’s rotation computed for the target latitude, leading
to the noticeable lateral motion towards the west of the footprints.

The image signals were initially generated utilizing the albedo information from the baseline
scene, which was confined by the frame footprint. Subsequently, the cropped frames underwent
downsampling to the instrument’s spatial resolution, transitioning from the original square pixel of
30m to match the instrument’s pixel size of 150mx205m.

The spectral radiance was simulated using SCIATRAN, assuming a Solar Zenith Angle (SZA) of
60 degrees and clear sky conditions. The computed radiance for each ground sample was then ad-
justed based on the deviation of methane concentration from the reference atmosphere, utilizing the
methane weighting function also provided by the RTM. Following this, the output spectrum under-
went convolution with the instrument function modeled as a Gaussian 1.5nm FWHM. It is anticipated
that the instrument bandwidth remains invariant across the FPA since the incoming light can be re-
garded as collimated.

Once the spectral radiance was determined, the radiant flux on each detector was computed, taking
into account the CWL distribution of each camera as presented in Fig. 2. Image noise was added
assuming a Gaussian distribution, with the standard deviation calculated considering the camera noise
parameters provided by the manufacturer (dark current and readout noise) combined with shot noise
(square root of the signal). Finally, the images were blurred by the exposure motion and convolved
with the instrument’s modeled point spread function (PSF). Fig. 4-c displays the simulated image
from CAMI1 at the central frame of the stack, where the plumes were inserted.

Figure 4: a) Baseline image of scenario showing CAMI1 and CAM?2 frames’ footprint for 30s of
acquisition time at 5fps. b) Methane concentration mask showing the Gaussian plumes arranged in a
grid with leak rates across the rows ranging from 5 t/h in the first row to 0.5 t/h in the bottom row. c)
Simulated frame 75 taken by CAM1 showing the location over which the plumes were inserted.

In the processing phase, the first step involved correcting the two stacks of 150 images from CAM 1
and CAM2 by removing the estimated dark counts. Following this correction, the corrected stack of
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frames, along with their corresponding CWL maps, underwent registration relative to the central
frame. The registration was executed using a phase correlation-based method, which considered only
translation and rotation between consecutive frames.

Once the registration process was completed, each ground sample’s measurement vector y could
be computed by calculating the natural log difference of the pair of frames from CAM1 and CAM2
and stacking them with the appropriate registration transformation. Subsequently, the first estimate of
the relative methane concentration was derived through the application of linear least square-fitting,
as defined in Eq. (3). The retrieval result is presented in Fig. 5 considering the nominal SNR (left)
and for a scenario where the SNR ratio performance is a third of the expected from the nominal noise
floor (right).

As observable in Fig. 5, in addition to highlighting the plumes, the retrieval erroneously indicates
a high methane concentration over the lakes located in the upper right quarter of the scene. This issue
arises from the water’s low spectral albedo, but it can be easily addressed by masking out the ground
samples that had low signal measurements from both CAM1 and CAM2 images.

Retrieval from Noisy Frames (SNR=145) 0 Retrieval from Noisy Frames (SNR=48)
100 - 100 -
200 - 200 1
300 - 300 -
400 1 400 1
500 1 : : : 500 A : . :
0 200 400 600 0 200 400 600

098  1.00 1.02 104 106 108  1.10

Relative Methane Concentration

Figure 5: (left) Relative methane concentration map retrieval from frames with nominal noise perfor-
mance. (right) Retrieval from frames with three times the noise expected from the sensor model.

The simulated retrieval shows promising results, considering that the scene’s radiance level was
computed for a solar zenith angle (SZA) of 60 degrees, which is considered the maximum SZA for
FINIS operation. By examining Fig. 6, which presents a closer look at the retrieval along the middle
column of plumes, we can compare the peak plume signals relative to the local background level.
In the nominal retrieval, where the scene average SNR was computed to be 145, the plume signals
from all tested leak rates showed peak levels higher than 30 of the background average level. On the
other hand, with the retrieval from the noisier frames (worst case), only the plumes with leak rates
higher than 2 t/h can be unambiguously detected by the 3o criteria. Moreover, although the retrieval
presented a measurement bias that varies along the cross-track direction, visible by the two vertical
wide stripes in the methane concentration map, all plumes across the same rows exhibited similar
signals relative to the local background.

For the sake of comparison, Table 3 presents the point source detection thresholds of other space-
based infrared spectrometers capable of measuring methane. It is evident that FINIS offers a detection
performance on par with PRISMA and the recently deployed MethaneSAT. Despite its slightly coarser
spatial resolution, FINIS boasts a swath eight times broader than GHGSat and three times wider than
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Figure 6: Plumes signal comparison between the ground truth, the retrieval from the frames with
nominal noise performance (SNR=145), and the retrieval from frames with three times more noise
(SNR=48). The strips shown on the left plot correspond to the middle column of the plume grid. The
green areas indicate the 3¢ interval from the computed background mean.

PRISMA, thereby providing significantly enhanced coverage in a single pass. Moreover, distinguish-
ing itself, FINIS stands as the lightest space-based methane sensor, under 1 kg of mass, signifying its
remarkable compactness and versatility.

Table 3: Point source detection thresholds for different instruments
Mass  Pixel Size  Swath Precision Detection threshold

Instrument (ke) (mxm) (km) (%) (th™1) Ref.
TROPOMI 230 5500x7000 2600 0.8 10 [14] [15]
MethaneSAT 183 100x400 200 0.1-0.2 0.5 [16] [17]
GHGSat 6 25%25 12 1.5 0.2 [6] [18]
PRISMA 80 30x30 30 3-9 05-2 [19] [20]
FINIS 0.9 150205 96 2-5 05-2 (4]

4 METHANE CELL CALIBRATION

The methane cell calibration is an important validation step in the development of this new methane
sensor. This test assesses the instrument’s spectrum response to the methane absorption lines, enabling
the assessment of the instrument’s spectrum resolution and the verification of the CWL mapping
across the FPA.

In this test, after removing the air using a vacuum pump, a 10 cm gas cell was filled with chemi-
cally pure methane at a specific pressure and placed between the sensor and the target. Fig. 7 shows
the laboratory setup utilized during the calibration of CAM1. The target was illuminated by a halogen
lamp powered by an AC voltage source. To mitigate stray light, additional baffles were employed to

The 4S Symposium 2024 — B. Mattos 8



cover both the methane cell and the instrument. To avoid reflection from the methane cell windows,
the cell was placed with approximately 10° of inclination angle relative to the optical axis, which
reduced the effective path length to 9.85 cm.

Figure 7: Methane cell calibration setup showing CAMI1 under test

The transmission was computed by taking the ratio of the mean target frame, captured with the
gas cell filled with a known methane pressure, to the mean control frame, which was taken with the
cell filled only with air at ambient pressure. All frames were first corrected by removing the mean
dark counts. A total of 100 frames were captured and averaged to form the mean frames for each
case. Fig. 8 presents the modeled transmission (left) and the measured transmission (right) for the 10
cm methane cell at 10 psi of absolute pressure. The blue arc indicates the main methane absorption
feature centered around 1666 nm. The weaker absorption features visible as faded arcs on the bottom
of the model transmission are less visible in the measured transmission due to noise and unwanted
effects caused by the AC light source.

Figure 8: Methane cell calibration results for a 10 cm cell at 10 psi of methane, 23°C. (Left) Modeled
transmission based on the modeled spectral response. (Middle) Measured transmission

For better comparison, Fig. 9 displays the middle vertical cross-section of the modeled and mea-
sured transmission across the FPA. This comparison allows us to verify that the filter bandwidth and
the CWL mapping are sufficiently aligned with the predictions, with small deviations explained by
the impressions in the tilt angle of the IF. Some of the low spatial frequency fluctuations observed in
the measured transmission can be attributed to aliasing caused by the 60Hz fluctuation of the AC light
source. Future tests will be conducted using a DC-powered light source to mitigate these unwanted
features.
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Figure 9: Vertical cross-section of the modeled and measured transmission for the 10cm methane cell
test at 10 psi

S UPCOMING FLIGHT IN THE ACMES MISSION

Along with FINIS, the ACMES satellite, shown in Fig. 10, will also host another USU student-led
research project known as the Planer Langmuir/Impedance Diagnostic (PLAID). PLAID is a surface-
mounted impedance probe designed for ionospheric studies. The current iteration of PLAID incor-
porates enhancements over its predecessor, which was deployed aboard the joint Brazil-US SPORT
Mission, a 6U CubeSat launched from the ISS in 2022 [21]. The primary objective of ACMES is to
demonstrate a novel active thermal management system featuring a deployable radiator named Active
Thermal Architecture (ATA, [22]). ATA will support the cryogenic operation of an enhanced version
of the Hyperspectral Thermal Imager (HyTI 2.0, [23]).

As secondary payloads, the FINIS and PLAID projects offered a total of 17 USU students the
chance to actively contribute to NASA’s endeavors in exploration and scientific research while si-
multaneously propelling nanosatellite technologies forward for atmospheric and space weather mea-
surements, respectively. The FINIS project enlisted the involvement of 9 students, each lending their
expertise throughout various developmental stages. Despite being primarily composed of undergrad-
uate students, the FINIS team also had representation from both master’s and PhD candidates. Simi-
larly, in the PLAID project, a group of 8 students enthusiastically embraced this opportunity, with 6
advancing from undergraduate to master’s studies and one embarking on a PhD journey, highlighting
the diverse academic engagement fostered by these initiatives.

ACMES is planned to be launched by the end of 2025 into a 550 km altitude sun-synchronous
circular orbit, with the local time of the ascending node (LTAN) between 10:00 a.m. and 11:30 a.m.,
local solar time. The advanced 16U bus is currently under development by Orion Space Solutions.
It is equipped with 230W high-powered solar arrays and an onboard propulsion system, which can
provide up to four years of mission lifetime over 400km altitude. Additionally, the spacecraft will
transmit over 180 GB per day using KSATIite ground stations located at high latitudes. [3]

During the initial year of the ACMES mission, FINIS measurements will undergo validation by
gathering data over specific target regions. These regions include locations where stations of the Total
Carbon Column Observing Network (TCCON) are situated or where other missions have previously
reported the presence of consistent methane plumes. After measurement corrections and validation,
FINIS will continue collecting data over continental regions with SZA lower than 60 degrees until
decommissioning.
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Destination Orbit: 550km SSO
Launch in 2025

Figure 10: Main payloads and students lead research projects on upcoming ACMES mission

6 CONCLUSION

In this paper, we have presented updates on the development of FINIS, a compact imaging spectrom-
eter designed for methane plume detection. Through innovative design elements such as the use of
tilted interference filters in a binocular configuration, FINIS offers a competitive methane measure-
ment capability in terms of precision, spatial resolution, and ground coverage while maintaining a
much more compact form factor than other similar purposed space-based infrared spectrometers. De-
spite the small size, FINIS also features an integrated onboard calibration unit that enables dark frame
and flat fielding calibration, essential for accurate data collection.

We have also discussed the fast retrieval method for methane plume detection, showcasing promis-
ing simulation results that demonstrate FINIS’s capability to pinpoint plumes of varying sizes. In the
case of the nominal radiometric performance, the simulation shows that even plumes originating from
a leak rate of 500 kg/h can be potentially detected with a higher than 30 confidence level, considering
5 km/h of near-surface wind speed. In the worst-case simulation, where the SNR performance is
three times lower than the nominal performance, plumes over 2 t/h can be detected under the same
atmospheric conditions. Although the simulation considers clear sky conditions and simplifies the
plume concentration distribution using the Gaussian model, it serves as a first estimation of FINIS
performance in detecting localized methane enhancements and provides insights on possible issues
caused by the frames registration and retrieval method.

Additionally, the methane cell calibration results validate the instrument’s spectral response and
CWL mapping, laying the groundwork for further validation and testing. Looking ahead, the upcom-
ing deployment of FINIS aboard the ACMES satellite, set for launch in 2025, represents a significant
milestone for the project as it enters the space validation phase. The inclusion of FINIS and PLAID
in the ACMES mission as student-led research projects underscores the support from NASA’s Earth
Science Technology Office (ESTO) for the active involvement of students in advancing cutting-edge
technologies for climate science and space weather applications. This collaborative effort highlights
the importance of engaging the next generation of scientists and engineers in the development of
innovative solutions to address pressing environmental and scientific challenges.
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