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ARTICLE INFO ABSTRACT

Keywords: New satellite hyper-spectral sensors, such as PRISMA of the Italian Space Agency, observe large portions
Methane of the Earth’s surface at visible and at shortwave infrared wavelengths with high spectral and spatial
Background homogenization resolutions, enabling the investigation of individual molecular species and the localization of emission sources.
PRISMA

The ‘Matched Filter’ (MF) methodology, widely exploited in the methane source identification and in the
estimation of enhanced concentrations, is discussed in its theoretical foundations, revised and extended within
an integrated processing framework. We apply an estimator (termed MF-EVO) operating in the logarithmic
radiance-ratio domain, i.e. optical depth space, which allows to overcome the limitations imposed by the
linearization assumption of the classical MF and improves robustness across a wide range of methane concen-
tration enhancements. Results from MF-EVO are compared to the traditional algorithm for a set of synthetic
PRISMA observations accounting for both homogeneous and heterogeneous background conditions. The MF-
EVO algorithm demonstrates superior performance over the MF-Classic method in identifying methane sources
across all idealized conditions. Specifically, the estimated identification limit for AXCH, is approximately
0.05 ppm for MF-EVO, significantly lower than the 0.09 ppm limit for MF-Classic. Furthermore, the MF-EVO
consistently outperforms the classic MF in the accurate estimation of concentration enhancements across both
small and medium-to-large methane concentration scenarios. Under idealized conditions, MF-EVO achieves an
error margin within 5%, which is a substantial improvement compared to the 10%-50% error range observed
with the MF-Classic method. To address the challenges posed by real-world scenes, the revised MF formulation
is embedded in a processing chain that includes false-positive pixel elimination and scene homogenization
through image partitioning into spectrally homogeneous clusters. These steps significantly reduce background-
induced artifacts and stabilize methane enhancement retrievals, enabling more reliable plume identification
and flux estimation. In the application to the Mumbai metropolitan landfills, the full processing chain reduces
the estimated methane fluxes by approximately 40%-55% with respect to the classical MF applied to the full
scene, highlighting the impact of background homogenization and false-positive suppression on flux estimation
in heterogeneous environments.

Matched filter
Image spectroscopy

1. Introduction Unlike carbon dioxide (CO,), whose atmospheric variability is

strongly affected by seasonal photosynthetic cycles, particularly in the

Methane (CH,) is one of the dominant anthropogenic climate-
forcing agents (GCP, 2023), accounting for about 35% of global an-
thropogenic emissions (Saunois et al., 2025). An increase in methane
concentrations induces radiative forcing both directly and indirectly, by
decreasing OH concentration in the atmosphere (Kurtén et al., 2011).

boreal hemisphere, CH, presents a more intricate balance between
natural and anthropogenic sources. Stable carbon isotope analyses have
highlighted these differences: while CO, increases are primarily driven
by fossil fuel combustion, partially compensated by photosynthetic

Thus, the detection and reduction of unintended methane emissions
from anthropogenic activities has been identified as a key means to
decrease greenhouse gas concentrations in the atmosphere (United
Nations Environment Programme, 2021).

uptake (Vieth and Wilkes, 2010; Graven et al., 2020), CH, trends have
been shaped by shifts in dominant emission sources. In particular,
recent studies suggest that natural sources, especially wetlands, are
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currently major contributors to the observed global increase in atmo-
spheric CH, (Nisbet et al., 2016; Michel et al., 2024). The anomalous
rise in CH, concentrations during 2020 (despite the global reduction in
human activities due to the COVID-19 pandemic) further underscores
the complexity of CH, dynamics and the interplay between natural and
anthropogenic processes (Laughner et al.,, 2021; Peng et al., 2022).
Additionally, CH4 is a potent greenhouse gas with relatively short
atmospheric lifetimes. Its global warming potential over 20 years
(GWP20) is far greater than that of CO2, while its 100-year value
(GWP100) remains approximately 28 times higher (Myhre et al., 2013;
Sand et al., 2023; IPCC, 2023). These characteristics reinforce the need
for comprehensive monitoring approaches capable of capturing both
large-scale variability and localized emission events—including those
beyond the reach of conventional in-situ atmospheric observation sites.

Spectrally resolved satellite radiances in the thermal infrared (with
wavelengths ranging from about 4 to 16 pm) are used to derive methane
column profiles (Smith et al., 2007). This type of inversion process is
routinely applied to infrared sounders such as IASI (Clerbaux et al.,
2009), CrIS (Han et al., 2013), and AIRS (Aumann et al., 2003), which
are generally characterized by ground field-of-views of the order of
10 km. In recent years, spectrally resolved measurements of solar radi-
ation reflected by the Earth’s surface and atmosphere in the shortwave
infrared (SWIR, 0.7-2.5 pm) have become available at very high spatial
resolution (better than 50 m) and are increasingly used to retrieve
methane and other trace gas concentrations from space. For the iden-
tification of methane emission sources and quantification of enhanced
concentrations, the absorption occurring in the 2200-2300 nm band
is generally used. However, retrievals from tropospheric monitoring
instruments operating in the VIS-SWIR spectral range are inherently
subject to well-known limitations: data coverage can be reduced by
atmospheric or geographical conditions (e.g., cloud cover, complex ter-
rain, or large water bodies), water vapor inhomogeneities and aerosol
loading can affect retrieval accuracy, and the detection threshold for
individual emissions remains higher than that of in-situ techniques.
These factors can lead to discrepancies between satellite-based and
surface-based estimates.

The flagship satellite mission for global methane monitoring is the
TROPOspheric Monitoring Instrument (TROPOMI) onboard the Coper-
nicus Sentinel-5 Precursor satellite (Veefkind et al., 2012). It provides
accurate methane column concentration (XCH,) data derived from a
high spectral resolution ShortWave InfraRed (SWIR) channel and global
daily coverage. However, its coarse spatial resolution (approximately
7 x 7 km?, 7.0 x 5.5 km? since August 2019) limits the punctual
identification of methane sources and restricts its use to the detection of
widespread hotspots or locations with very intense emissions (Cusworth
et al., 2018; Zhang et al., 2020; Pandey et al., 2019; Varon et al., 2019).
Another relevant instrument for regional-scale methane monitoring is
the JAXA-operated Global Observing SATellite for Greenhouse gases
and Water cycle (GOSAT-GW) and its successors (Kuze et al., 2009;
Suto et al., 2021). Several other satellite missions capable of mapping
methane sources are currently in operation. A representative example
is the GHGSat private constellation, designed specifically for methane
retrieval and recognized as one of the most important players in
high-resolution spaceborne mapping (Varon et al., 2019, 2020a). The
GHGSat mission relies on a Fourier-transform spectrometer sampling
the 1700 nm methane band at high spectral resolution (Jervis et al.,
2021). However, limited data accessibility and low spatio-temporal
coverage restrict its widespread scientific use. In parallel, imaging
spectrometry (or hyperspectral imaging) has emerged as a promising
technology for methane mapping. These instruments cover the so-
lar spectrum from approximately 400 to 2500 nm, combining high
spectral resolution (5-10 nm) with medium-to-high spatial resolution
(around 30 m for satellite instruments). Although not optimized for
methane detection, they sample the 2300 nm absorption feature with
tens of channels, which can be exploited for identifying localized
emission sources. The potential of spaceborne imaging spectrometers
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for methane mapping was first demonstrated using Hyperion data
from the Aliso Canyon disaster (Thompson et al., 2016). Subsequent
simulation-based studies (Cusworth et al., 2019; Ayasse et al., 2019)
confirmed the feasibility of this approach, though progress was lim-
ited by the scarcity of suitable data. This situation changed with the
launch of PRISMA (PRecursore IperSpettrale della Missione Applicativa
— meaning “Hyperspectral Precursor of the Application Mission”) by
the Italian Space Agency (ASI) in 2019 (Cogliati et al., 2021). PRISMA
provides open-access hyperspectral imagery with a spectral resolution
of 10 nm and a spatial resolution of 30 m in the 400-2500 nm
range. It represents a major step forward in operational hyperspectral
observation from space. It is also worth mentioning that multispectral
imagers such as Sentinel-2 and Landsat have been shown capable
of detecting strong methane emissions in specific scenarios (Varon
et al., 2020b), although their detection limits are higher than those of
hyperspectral instruments due to coarser spectral sampling. In parallel
to these satellite-based developments, continuous and highly precise
measurements of greenhouse gases are performed by ground-based
infrastructures. In Europe, the Integrated Carbon Observation System
(ICOS) provides high-quality, standardized observations of CH, and
other greenhouse gases at multiple sites, forming the fundamental ref-
erence for atmospheric monitoring and model validation. In Italy, the
Mount Cimone Observatory, located in the northern Apennines and part
of the ICOS network, has been conducting long-term CH, monitoring
and regional variability studies (e.g., Fratticioli et al., 2023). More re-
cently, the Italian atmospheric network has expanded to include stable
carbon isotope measurements (5'3>C-CH,), providing valuable informa-
tion on the methane source attribution and emission processes (Buono
et al., 2025; Zazzeri et al., 2017).

At the international level, coordinated efforts are also underway
to harmonize methane monitoring and reporting practices. The UNEP
International Methane Emissions Observatory (IMEO) promotes trans-
parent, science-based reporting of methane emissions and supports
the integration of satellite and ground-based observations into global
emission inventories (IMEO, 2025). Similarly, the CEOS Greenhouse
Gas Task Team is developing Common Practices for Reporting Satellite-
derived Facility-Scale Methane Emissions, establishing methodological
guidelines to ensure consistency and comparability across missions and
instruments (CEOS, 2025).

In this study, revised methodologies for satellite data analysis are
applied to real-world cases, with the Bologna province serving as
a representative example situated within this broader observational
framework. The proposed hyperspectral retrieval approach aims to
complement, rather than replace, existing surface-based infrastructures
by extending their spatial representativeness and improving the detec-
tion of localized emission sources. This set the basis for future work
to explore the validation of the MF-EVO methodology through direct
comparison with ICOS and national observatory datasets, as well as
with isotopic field surveys in urban environments.

The current leading satellite instruments in the monitoring of
methane concentrations are characterized by a very high spectral
resolution and a coarse spatial resolution (e.g. 0.25 nm in the SWIR and
7 km for TROPOMI). This allows a very accurate estimate of the column
average of the mixing ratio of methane (XCH,) in the region covered
by the sensor, calculated as the ratio between the vertical column
density of CH, and the vertical column density of dry air. By using high
spatial resolution sensors, it is possible to aim for a different retrieval
target variable: the per-pixel enhancement of the methane column
concentration with respect to the background value (4XCH,). Two main
approaches have been used for the retrieval of AXCH, with imaging
spectroscopy: physically-based and data-driven methods. Physically
based methods rely on the modeling of the radiative transfer accounting
for the radiation interaction with the surface and the atmospheric
components. An example of this approach is the family of differential
optical absorption spectroscopy (DOAS) methods, which have been
used since AVIRIS and AVIRIS-NG airborne data (Thorpe et al., 2017;
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Borchardt et al., 2020). Data-driven methods constrain the retrieval
with information extracted from the image through statistical methods
and are characterized by a superior computational efficiency with
respect to the physically-based methods. Examples of methods based on
the matched filter or the singular value decomposition concept success-
fully used with imaging spectroscopy data can be found in Thompson
et al. (2016), Foote et al. (2020), Thorpe et al. (2014).

The goal of this article is to present an integrated processing chain
for methane enhancement and flux estimation from hyperspectral im-
agery, centered on an evolved log-domain Matched Filter (here termed
MEF-EVO) (Thompson et al., 2016; Pei et al., 2023) and complemented
by false-positive suppression and scene homogenization strategies. We
argue that improvements in methane flux estimation from hyper-
spectral imagery cannot rely solely on refinements of the matched filter
formulation. Instead, robust performance in heterogeneous real-world
scenes requires an integrated processing chain, combining a physically
consistent retrieval (like a log-domain MF) with explicit strategies for
background homogenization and false-positive suppression. While the
MF-EVO improves concentration enhancement estimates at the pixel
level, the largest practical benefits emerge when it is embedded within
this broader scene-level framework, particularly for extended emission
sources.

Section 2 discusses the theoretical basis of the classical Matched
Filter (MF) algorithm and introduces the improved algorithm, Matched
Filter Evolution (MF-EVO).

The performance of both algorithms is tested in Section 3 under
conditions of weak and strong methane emissions to assess their ac-
curacy in source identification and flux quantification. This section
also evaluates the ability of the filters to detect Gaussian-distributed
enhancements and their sensitivity to baseline methane concentrations.

Section 4 analyzes images acquired by the PRISMA hyperspectral
sensor for the detection of both punctual and spread methane emitters
in urban and heterogeneous environments.

Section 5 examines homogenization strategies aimed at improving
concentration estimates, which include false alarm elimination and
background homogenization via scene partitioning. Issues related to
methane detection in heterogeneous scenes, characterized by multiple
surfaces reflectivity and variation in elevation, are accounted for and
solutions for the scene homogenization are proposed.

The conclusions are drawn in Section 6.

2. Matched filter method for methane sources identification

The Matched Filter method is widely used in literature for its very
promising results in the identification of CH, emissions with hyper-
spectral satellites. MF is applied efficiently in clear sky (with negligible
aerosol load) and for wavelengths of about 2 pm. For these conditions,
the spectral radiance, I, arriving at the satellite is accurately mod-
eled by a simple equation accounting for atmospheric attenuation and
surface reflection only:

1 (=) =) 1
I= ;r(”x’ﬂobs)FeXp s exp  Hobs© = ;r(”s’”obs)F'TsTﬂbx (€8]

Symmetry in the azimuth angles is assumed and the dependency on
the wavelength is omitted for brevity. The bi-directional reflectivity
of the surface of the area investigated by the sensor is indicated by
r, T is the vertical optical depth of the atmosphere, F = F,, - u, is
the solar irradiance accounting for the incident solar zenith angley,,
and u,,, is the observational zenith angle. The transmissivities from
the Sun to the surface and from the surface to the satellite are written
using the symbols T, and T,,, respectively, and their product provides
the 2-way transmittance T. At wavelengths affected by CH, absorption,
both these terms decrease with respect to the background values when a
CH, plume is present. In clear sky conditions (which are in the absence
of clouds and minor aerosol concentration) and for small variations
of water vapor concentration in the image, the radiance associated to
the pixels observed by the hyperspectral imager depends on both the

Atmospheric Environment: X 29 (2026) 100417

amount of methane along the Sun-Earth-satellite path and the surface
properties. Thus, expanding Eq. (1) in terms of methane concentration
and surface reflectivity, the radiance at the satellite is:

1 = I(ry, py) + %Ar + %Ap =roloTy + IyArTy + rol %Ap (2)
where the term r, [T} is used to indicate the mean radiance observed
by the satellite, corresponding to the background (mean conditions
of the observed scene) for the mean surface reflectance r, and the
methane concentration p, which provides a two-way transmittance 7.
The incident radiance I is obtained from F,/x. The last two terms in
the equation refer to radiance variation due to changes in the surface
reflectivity (4r) and CH, concentration (4p) with respect to mean
conditions.

For pixels whose surface reflectivity is larger than the mean condi-
tions, the radiance arriving at the satellite is larger than the background
value (due to a positive 4r) and smaller otherwise. An increase in
methane concentration (4p > 0), as a result of an emission plume,
implies a negative variation in the two-way transmissivity and makes
the last term of Eq. (2) negative. The result is that a variation in the
surface properties (i.e. pixels with reflectivity smaller than the one
representing the mean condition) can produce the same effect on the
observed radiance as an increase in methane concentration. This is
the reason why heterogeneous surfaces are extremely challenging for
the identification of methane plumes and the matched filter method
provides plenty of false alarms.

2.1. Matched filter classical algorithm

The use of the Matched Filter (MF) method for methane source iden-
tification is very popular for many reasons, among which its property
to implicitly account for radiometric and spectral errors and, differently
from physics-based methods, the capability to directly provide AXCH,
with respect to the mean conditions in the image, which facilitates the
identification of possible emission sources. The MF method is based on
the idea that each input spectrum can be expressed as the perturbation
of an average radiance spectrum due to a change in the methane
column concentration. The classical formulation of the MF (MF-Classic
from now on), similarly to what was reported in Guanter et al. (2021),
is:

(T, -I1)" ="t

3
I >-1¢ 3

AXCH,(I ) =

t=1-k [ﬂ] 4)
ppm

where 1, is the radiance spectrum of the pixel under analysis, I, and
Y are the mean radiance and the associated covariance matrix of
the background. An explicit derivation of this filter is provided in
Appendix A. The term t indicates the so-called target spectrum which
is generated by the two terms I, the mean value of the background
radiance, and k, with k = dT/dp being the variation of the two-way
vertical transmissivity due to an increase of 1 ppm of methane in an
air column of 1 km (which is assumed a small increase).

Note that the variables I, and X are calculated on a per-column
basis in order to account for the different radiometric responses of
the detector elements across-track and, eventually, mitigate sensor’s
non-Gaussian artifacts. The target spectrum t is generated once for
the whole image at a high spectral resolution, but the subsequent
spectral convolution with the instrument’s spectral response function is
performed per-column to account for potential across-track variations
of the instrument spectral response. The spectral window selected for
the matched-filter methane retrieval may vary in accordance with
the sensor characteristics and the algorithm used. However, the CHy
absorption peak at 2300 nm is usually targeted.
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2.2. Matched filter EVO algorithm

In this sub-section we describe a different approach to the MF
methodology. First, we can consider a plane parallel atmosphere ap-
proximation and split the atmosphere into n thin layers. The layer
discretization of Eq. (1) is given by:

1= = Gty i) P 770 T Tt ®)
i=1 i=1

where the superscript i indicates the layer and the product is performed
on the entire atmosphere from layer 1 to n. If a plume of absorbing gas
is occupying a specific layer of the atmosphere, the equation describing
the radiance at the observer can be written as:

F(Hys Hops) — T i e
1, = == F [T 7)) [T TGt Ty s (6)
i=1 i=1
Where T, indicates the contribution of the plume to the total
transmissivity of the atmosphere. Specifically, we have:
- a'pppAz)

T(p)=e ~» Q)

With Az the geometrical thickness of the layer containing the plume, o,
is the absorbing cross-section of the plume gas and p,, is the additional
gas concentration in the layer due to the plume. To obtain information
about the latter from a radiometric measurement of I »» We can write:

Hs+Hohs HsHhobs )

n n
1 . i —4z6,p,( ) —Azo,p,(
Ty = —rCugs ) F [T/ [T T g™ ™ = 1750 ™ (8)
i=1 i=1

Defining k as the rate of change of the two-way transmissivity due to
the plume in the layer with geometrical thickness Az brings to:

HstHobs +
wstons |, _o= —Azap(M)
dpp » HsHops

k:ie—Aznpp,,(

)
Eq. (9) defines the meaning of k which is the optical depth for a gas
unit concentration increase from a zero starting point. Its formulation is
derived without relying on any approximation for weak absorption as
in the classical algorithm since no assumptions on layer transmissivity
are considered. The observed radiance in presence of the plume is then
written as:

I,=1e" (10)

From which it is possible to derive the enhanced methane concentration
(4XCH,) as:

1
ppy=tn( L)z an

To derive an optimal filter for this quantity, we can assume a descrip-
tion of the observed radiance as:

I,x1-¢ 12)

With ¢ a multiplicative error. The choice of using a multiplicative
error is justified by the fact that many natural phenomena produce
log-normally distributed errors, where observations result from mul-
tiplicative combinations of independent factors. The derivation of the
filter follows from here the same steps of the classical filter derivation,
as shown in Appendix A, starting from the definition of x as:

1
x=1In —p>:k~p +in(e)=k-p,+¢ 13)
< 1(ry, poy) p r
The final form for the matched filter will be:

In(*2)" x1k

AXCH,(Ip) = p, = a4

kKT z-1k

In our case I, and I are the vectors containing the measured radiances
at different wavelengths (or channels) for the plume observation and
for the average scenario (no plume) respectively. The last term is
obtained by using a geometric mean over the radiance coming from the
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image pixels. ¥ is the covariance matrix of the quantity ln(%) for the
different observational channels, and k is the vector containing the rate
of change of the two-way transmissivity at the different wavelengths.
It is important to note that the discretization allows for a more correct
description of the coefficient k. Specifically, the value of k can be
computed by considering the contribution of each layer to the total
optical depth change, due to methane concentration’s variations.

An equivalent formulation of the MF is obtained in Schaum (2021)
and subsequently in Pei et al. (2023), although derived from con-
siderations on the statistical distribution of the observed background
radiance instead of general physical principles. Together, both the phys-
ical rationale and the statistical arguments provide strong theoretical
foundations for this revised formalization of the matched filter. While
MF-EVO significantly improves the stability and physical consistency
of methane enhancement retrievals, its optimal performance still relies
on the validity of the homogeneous-background assumption. In real
scenes, this assumption is often violated, motivating the scene-level
preprocessing and homogenization strategies introduced in Section 5.

2.3. Methane flux estimation

To compare the results obtained in our analysis with similar cases
in the literature, we use the Integrated Methane Enhancement (IME)
model already tested in Guanter et al. (2021), Frankenberg et al. (2016)
and Varon et al. (2018) for the plume flux estimation. The methodology
requires that a polygon is manually defined for each plume, to isolate
the plume pixels from the background. The emission flux rate (Q), in
kg/h, derives from the estimation of the IME in unit of kg as the total
excess mass of methane contained in the plume:

"p
IME = key, Z AXCH,(i)s; (15)
i=1
where s; is the surface area of the pixel, kcy, is a scaling factor
converting the total pixel-wise methane concentration values to kg by
assuming Avogadro’s Law and taking into account molecular weight of
methane, and the summation is on n,, the total number of pixels in the
plume. In our calculations:

g 1 mol 1 -1 —6 g
k =16043 —] ——[— 1] — =0.716-10 16
CHy [mol] 0.022[ m3] 100 ppm] [ppmm3] 16
as derived in Foote et al. (2021). Q is then computed as:
U, -IME
0= Zefr T 7 a7)

where U, is an effective wind speed and L is the plume length scale
factor (square-root of the plume mask area). The U, , term is obtained
from the 10-m wind speed, U, by using the following relation:

Upyy =034 Uy +0.44 (18)

Eq. (18) is derived using the same methodology described in Varon
et al. (2018) and the U;, data can be derived from ERA5 (ERAS5,
2025). Fluxes of real case scenarios are discussed in Sections 4.1 and
4.2, and presented with error ranges. The range is established by the
propagated error on the main components of the flux calculation just
described: the uncertainty on wind speed and direction (the most influ-
ential factor) and the error associated with the IME estimation itself. A
marginal contribution from possible plume segmentation uncertainty
is also considered. The total estimated error amounts to approximately
70% (Foote et al., 2021; Cusworth et al., 2021).

3. Assessment of CH, concentration enhancement detection and
quantification for idealized conditions

Currently, a clear assessment of the detection threshold of the MF
method is still lacking. Some attempts are described in Guanter et al.
(2021) where simulated plumes of various flux sizes are successively



F. Masin et al.

Atmospheric Environment: X 29 (2026) 100417

Woods
——Fields

City

Reflectance
(=} o
o © N
w N (31

o

o

=3

o
e

500 1000 1500 2000 2500
Wavelength [nm]

Fig. 1. Background Spectral Reflectivities - Left: Google Earth views of the areas used as reference for the spectral reflectivities: fields in Santa Viola (red), the
urban woods “Prati di Caprara” (blue) and the Bolognina neighborhood (gold). Right: Spectral reflectivities assumed for the three considered backgrounds (see
legend). Spectral values over the PRISMA range are obtained from spatial averages. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

superimposed on observed scenes. In this section, elementary syn-
thetic scenarios are generated to evaluate the MF ability to detect CH,
enhancements and estimate their amount with respect to the back-
ground conditions. We consider both MF-Classic and MF-Evo applied
to a satellite hyper-spectral imager such as Italian Space Agency (ASI)
sensor PRISMA (Cogliati et al.,, 2021). This means that the PRISMA
spectral resolution, noise level and instrumental response function are
considered in the simulations.

The analyses presented in this section are intentionally performed
on idealized conditions and thus without applying false-positive elim-
ination or scene partitioning. This choice allows us to isolate the
intrinsic behavior of the MF-EVO formulation relative to the classical
MF under controlled conditions. In real world applications, however,
the performance gains discussed here represent only part of the overall
improvement, as additional benefits arise from the full processing chain
described in Section 5.

The line by line LbIRTM code (IbIRTM, 2023) is run for the calcu-
lation of the high-spectral resolution gas absorption optical depths. In
all the simulations, the absorption features of the atmosphere are cal-
culated considering the climatological concentrations of six molecular
species, the most absorbing ones at SWIR wavelengths: water vapor,
carbon dioxide, ozone, nitrous oxide, carbon monoxide and methane.
An in-house code, derived from the algorithm described in Korkin et al.
(2022), which solves the radiative transfer equation at high-spectral
resolution accounting for a bi-directional reflectivity and, possibly,
Rayleigh scattering, is used.

For simulations of the radiance spectra, we rely on reflectance
values obtained from a real PRISMA image. The reference observation
refers to an image that contains the Metropolitan Area of Bologna,
taken in November 2020 (Agenzia Spaziale Italiana (ASI), 2025). The
spectral reflectivities used in the simulations are obtained by averaging,
on each PRISMA channel, the reflectivity measured by PRISMA on
three different homogeneous areas identified on the image as shown
in Fig. 1. In all the tests performed, three different backgrounds, in
terms of reflectivity, are considered. The selected areas, representative
of commonly found reflective conditions, are:

+ a densely vegetated area (woods): Prati di Caprara urban forest -
44°30'30"” N 11°18'55"E

« a strongly anthropized area (city): the Bolognina neighborhood -
44°30'41” N 11°20'45" E

+ a cultivated area (fields): fields near Santa Viola (province of
Bologna) - 44°36/23"” N 11°15'12"E

The PRISMA image, used to derive the reference surface reflectiv-
ities, is used to define the Instrument Viewing Angle and the Solar

Zenith Angle which are extracted from the associated metadata. Once
the high-spectral resolution simulations are computed, a convolution
with the PRISMA Instrumental Response Function (IRF) is performed.
The IRF is assumed Gaussian, centered in the nominal wavelength
of each sensor channel and with an associated standard deviation
o = FWHM/2.355. The central wavelength and the Full Width at
Half Maximum (FWHM) of each channel are available from PRISMA
metadata. Noise equivalent spectral radiance is added to the synthetic
PRISMA observations as a randomly generated value obtained from a
normal distribution with zero mean and standard deviation such that
30 = 0.01 - I,, where I, is the radiance value of each pixel in the
scene. This choice is made in accordance with the definition of the
PRISMA noise level which, in the spectral region of interest, is derived
from the specification that the signal to noise ratio SNR > 100 at
2300 nm (Agenzia Spaziale Italiana (ASI), 2020).

The simulation tests consist of study cases characterized by sim-
plified background conditions. Typically we assume that the surface
reflectivity of the background is taken by one or two types of reflectivi-
ties proposed above, and the atmospheric conditions are the same as in
the image. In each case study, three ‘patches’ are considered. A patch
is defined as a group of pixels (25 in our simulations) with methane
concentration different from those assumed for all the other pixels. The
patches are placed in the top-left, at the center and in the bottom-right
part of the images.

3.1. Small methane concentration enhancements

The first idealized case study consists of a PRISMA-like observation
of a homogeneous background in terms of surface reflectivity and at-
mospheric gas concentrations. We assume that the homogeneous scene
is distinguished by three patches, each comprising 5 by 5 pixels in the
image, which are characterized by an enhancement in the concentra-
tion of CH, with respect to the background atmospheric conditions. We
assume that, with respect to the background methane concentration,
the AXCH, are:

» Top-left patch: 1 ppm
« Center patch: 0.5 ppm
+ Bottom-right patch: 0.1 ppm

The PRISMA-like observed radiances of the three patches are calculated
in the same way as the radiance computed for the background, but
using optical depths adjusted for the increase in concentration of CH,
in the last kilometer of air column. The concentration profiles of the
other molecules are left unchanged. All the simulations account for the
PRISMA sensor noise.
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Table 1

Estimates of the CH, enhancements illustrated in Fig. 2 for three different
surface background (BG) conditions representatives of woods, rural fields and
city. The reported values are the averages on each single patch obtained using
the classical MF or the EVO algorithm.

Reference enhancements [ppm] 1 0.5 0.1
MF Classic
BG woods 1.11 0.55 0.11
BG field 1.12 0.56 0.11
BG city 1.12 0.57 0.10
MF EVO
BG woods 1.05 0.52 0.11
BG fields 1.05 0.53 0.10
BG city 1.05 0.53 0.10
Table 2

Estimated AXCH, for the scenarios depicted in Fig. 3 accounting
for an image characterized by two surface reflectivities. The
reported values are the average enhancement of each patch.

Reference enhancements [ppm] 1 0.5 0.1

Woods/field - Classic 0.72 0.36 0.15
Woods/field - EVO 1.03 0.51 0.10
Field/woods - Classic 1.53 0.78 0.07
Field/woods - EVO 1.04 0.52 0.11

The application of MF-Classic and MF-EVO to idealized conditions
accounting for a homogeneous background including the three patches
of 1, 0.5 and 0.1 ppm of methane provides the results of the 4AXCH,
summarized in Table 1. The corresponding AXCH, maps and pixel
distributions are depicted in Fig. 2.

Results presented in Table 1 demonstrate that both methodologies
are effective in identifying the area affected by a methane concen-
tration enhancement, even for the weakest case considered (4XCH,
= 0.1 ppm), and independently of the assumed surface background.
Fig. 2 illustrates the effect of the measurements’ noise on estimated
AXCH, values for the two MF methods utilized. Specifically, the AXCH,
values derived from background pixels using MF-EVO exhibit less
spread around the zero mean than those obtained using MF-Classic.
This reduced variability significantly facilitates the identification of
true methane enhancements when employing MF-EVO, despite the
comparable enhancement values estimated by the two methods. This
is visually shown in Fig. 2 for the patch with AXCH,=0.1 ppm and
the observation holds true for all three investigated cases. Assuming a
detection limit corresponding to the 98% percentile of the background
pixel distributions, we compute the identification limit to AXCH, values
of about 0.047 ppm for the MF-EVO and 0.085 ppm for the MF-Classic.

To evaluate the effect of surface reflectance heterogeneity on the
identification of methane sources and on the derivation of the concen-
tration enhancement, two different types of backgrounds for the same
image are assumed. We consider that a first type of surface occupies
the upper part of the image and a second type the lower one. As in
the previous case study, the patches are placed at the top-left, in the
center and at the bottom-right part of the image. For this case study
the patches in the top left and at the center are characterized by pixels
of the first type of background, while the bottom-right patch pertains
to the family of the second type of reflectance.

The simulation results are shown in Fig. 3 for the combination of
reflectivities representative of woods and fields. The Figure illustrates
the radiance map at 2300 nm (left column) and the resulting AXCH,
after applying the MF-Classic (center column) and the MF-EVO (right
column). The two columns of the Figure differ in the collocation of
the type of surface: woods in the top half of the image and cultivated
fields in the bottom half in the right column and vice-versa in the left
one. The Figure shows that the MF-EVO is less sensitive to surface
inhomogeneities than the MF-Classic. It is observed that the AXCH,

Atmospheric Environment: X 29 (2026) 100417

Table 3

Results (in ppm) of the application of the MF-Classic method and
of the MF-EVO for large methane enhancement concentration es-
timation above three different surface backgrounds (BG): woods,
cultivated fields and city.

Reference enhancements [ppm] 5 10 20

BG woods - Classic 5.01 9.29 16.0
BG woods - EVO 4.76 9.56 19.1
BG fields - Classic 4.97 9.16 15.5
BG fields - EVO 4.78 9.57 19.2
BG city - Classic 4.98 9.10 15.4
BG city - EVO 4.78 9.55 19.2

values obtained using MF-EVO, referring to background pixels, are
more homogeneous than those obtained using MF-Classic. We note that,
when using MF-Classic, the AXCH, values of the BG pixels are corre-
lated with the type of surface reflectance considered, as can be seen
in the center column of Fig. 3. This effect also affects the estimation,
by using the MF-Classic, of the methane concentration increase in the
patches as can be seen from the numerical values reported in Table
2. It is observed that, the concentration enhancement value is slightly
underestimated when the patch lies in the area affected by the lower-
radiance surface, and slightly overestimated elsewhere. By contrast,
the MF-EVO method provides better estimates of AXCH, for the two
patches considered, and the concentration enhancement estimates are
less dependent on the assumed background reflectance values. Similar
results (not reported) are found when different combinations of the
three reference surfaces are assumed (woods/city and field/city).

3.2. Large methane concentration enhancements

In this Section we compare the ability of the MF-EVO algorithm
with that of the MF-Classic to estimate the methane concentration
enhancements in the presence of large concentration increases. The
concentration enhancements considered in these idealized cases repre-
sent medium-to-strong signals, placing them well above the detection
threshold for typical high-resolution remote sensing instruments. A
simulation setup is arranged in a similar way to what is presented
in Section 3.1. For this case, the CH, concentration enhancements
associated with the three patches are significantly increased to simulate
stronger emission sources.

The new concentrations enhancements are:

« top-left patch: 5 ppm
« center patch: 10 ppm
* bottom-right patch: 20 ppm

Note that the three values are selected because they are sufficient
to demonstrate the different trends between the two formalizations,
while still be representative of practical cases. In fact, a concentration
enhancement of 10 ppm over an air column of 1 km would result,
using the IME model described in Eq. (15), in a flux of 900 kg/h for
a 10 m wind speed of 3 m/s. The above quantities are of the same
order of magnitude as those discussed in the examples in Section 4.2.
Furthermore, numerous studies in the literature report concentration
enhancements exceeding 20 ppm, resulting from both anthropogenic
and natural sources (Omidi et al., 2025; Etiope et al., 2019; Zazzeri
et al., 2015, 2016).

Table 3 summarizes the numerical results of the simulations. Re-
sults show that the estimation accuracy of MF-Classic decreases with
the increase of the methane concentration enhancements. MF-Classic
performs with great accuracy for the 5 ppm case. For the largest
enhancement considered (20 ppm) the discrepancies with respect to
the true values reach 20%. The accuracy of the MF-EVO algorithm
does not show any dependency on the absolute value of the methane
concentration enhancement and the method performs within a 2% error
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Fig. 2. Simulation test on single background - AXCH, maps and corresponding pixel distributions for three ideal cases. MF-Classic is used for results shown in
the top two rows and MF-EVO for the bottom two rows. Three different background reflectances are assumed representative of woods (left), cultivated field
(center) and city (right). In the plots representing the AXCH, histograms, the position of the average value of the bottom-right patch (enhancement of 0.1 ppm)
is highlighted in red, while the value corresponding to a CDF of 98% is highlighted in orange. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

for all three patches considered. For both methods, we do not find any
strong dependency on the assumed background.

3.3. Gaussian distributed enhancements

In the previous sections, uniform concentration patches were used
to facilitate a quantitative evaluation of concentration enhancement
estimates provided by the algorithms. However, it could be of interest
to evaluate the performance of the two MFs in case of a distributed
enhancement, such as the Gaussian distribution.

To obtain the desired Gaussian behavior on the patches of the
simulated radiance maps, the transmittance associated with each pixel
of the patch is multiplied by the factor e2471-%) where Ar represents the
optical depth difference between the background and the concentration
enhancement in the patch and y is a value of the 2-D Gaussian distribu-
tion applied to the given pixel. The Gaussian distribution is normalized
to its maximum value so that y=1 at the central pixel.

The pixel-wise operation of the two algorithms demonstrates strong
robustness to boundary fuzziness as shown in Fig. 4. The estimate at
the central pixel (the only one actually exhibiting the nominal concen-
tration enhancement) is consistent with the average values obtained
for uniform patches, while the estimates over the surrounding pixels
follow the expected trend of the adopted Gaussian mask. This behavior
is confirmed for both the EVO and the Classic formalizations and for
every BG considered.

3.4. Sensitivity to different baseline CH, concentrations

Given that the background value of the methane concentration
varies with season and location (Agusti-Panareda et al., 2017), and
that a global increasing trend has been observed over recent decades,
it is worth assessing whether the estimation performance of the MF
algorithms depends on the assumed baseline methane concentration.
All the MF implementations presented in this study assume a baseline
value of 1.86 ppmv, representative of background atmospheric methane
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Fig. 3. Simulation test on composite background - Top row: PRISMA simulated radiances at 2300 nm for images considering two background reflectivities. Patches
locations are highlighted as yellow box in the two upper panels. Center row: AXCH, obtained applying the MF-Classic. Bottom row: AXCH, obtained applying
the MF-EVO. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

concentrations prior to the rapid increase observed over the past few
years, and therefore below current global mean levels. The same sim-
ulations were thus repeated using baseline values of 2.2 ppmv and 2.6
ppmv. The corresponding results are reported in Tables 4 and 5.

The Tables show that the estimates remain highly consistent for
both formalizations and for both weak and strong enhancement scenar-
ios. This demonstrates that the method’s performance is independent
of the chosen baseline methane concentration. Consequently, we pre-
sented only the results obtained with a baseline of 1.86 ppmv in the
main paper, acknowledging that conclusions are valid for any baseline
value within the tested range.

4. Application of MF-EVO to PRISMA data

In the following applications, MF-EVO is first applied to PRISMA
observations in its basic form to facilitate comparison with previous
MF-based studies; the impact of false-positive suppression and scene
homogenization on these same cases is analyzed separately in Section 5.
We first apply the method to a literature case study to evaluate the
consistency of the log-domain algorithm with previous results obtained
using the MF-Classic. Successively, the MF-EVO is applied to PRISMA
observations of widespread emission sources to prove the process of
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Fig. 4. Gaussian distributed enhancement analysis - Zooms on the AXCH, values of the patches enhanced with 20 ppm (Left panel) and 1 ppm (Right panel). The
MF-EVO is applied to an idealized uniform background with typical reflectivity of a city. The boundaries of the patches are highlighted in red. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 4
Estimates of the CH, enhancements considering three different
values as methane baseline concentration. MF Classic case.

MF Classic - different baseline values

1.86 ppmv 2.2 ppmv 2.6 ppmv
0.1 ppm 0.10 0.12 0.11
0.5 ppm 0.57 0.55 0.57
1 ppm 1.12 1.12 1.11
5 ppm 4.98 4.95 4.98
10 ppm 9.10 9.11 9.13
20 ppm 15.38 15.41 15.50

Table 5
Estimates of the CH, enhancements considering three different
values as methane baseline concentration. MF EVO case.

MF EVO - different baseline values

1.86 ppmv 2.2 ppmv 2.6 ppmv
0.1 ppm 0.10 0.11 0.11
0.5 ppm 0.53 0.52 0.53
1 ppm 1.05 1.05 1.05
5 ppm 4.80 4.79 4.81
10 ppm 9.55 9.55 9.58
20 ppm 19.16 19.13 19.20

source identification and concentration enhancement estimation also
for these conditions.

4.1. Punctual emission sources

The first implementation of MF-EVO for the derivation of AXCH,
maps aims at the detection of strong punctual sources, such as pipeline
leakages in oil fields or strong emissions from coal mines. To this
purpose, we start our analysis from previously studied data (Guanter
et al., 2021). In particular, in Fig. 5 the results concerning coal mines
and coal power plants in the Shanxi region (Agenzia Spaziale Italiana
(ASI), 2025), China, are shown. The interest in this case study also lies
in the fact that coal mines and associated infrastructure are recognized
as a non-negligible component of the global methane budget. Through-
out the life cycle of coal, emissions are released from both mining
operations (particularly through ventilation and Coal Bed Methane
recovery systems) and, indirectly, from the storage and handling of coal
destined for thermal power plants (Zazzeri et al., 2016).

In the right panel of Fig. 5, the three plumes are perfectly visible
along with other signals corresponding to roads and industrial build-
ings. These high signals arising from surface features, rather than actual
methane enhancements, are discussed in Section 5. As a mean of both
data verification and benchmarking, also the MF Classic algorithm is
applied: the averaged concentration enhancements found for the three
plumes are 0.94 ppm, 1.09 ppm and 0.93 ppm (from left to right). The
flux estimation, following the steps described in Section 2.3, results in
3820 + 1540 kg/h, 4075 + 1640 kg/h and 3090 + 1250 kg/h. These values
are lower than the results found in Guanter et al. (2021) although
they are of the same order of magnitude. Many factors concur to these
discrepancies in a multi-step procedure as the flux estimation. Among
these factors we mention possible different definition of the vector k in
Eq. (4), Uy in Eq. (18) or the definition of the pixel mask. Nevertheless,
since the order of magnitude of the estimated flux in this work and in
literature is the same (thousands of kg/h) we are confident that the
applied procedure is correct. The usage of the MF-EVO algorithm leads
to the following results: the average enhancements found are 0.68 ppm,
0.77 ppm and 0.67 ppm, which lead to fluxes of 2740 + 1140 kg/h (that
is -20% with respect to MF-Classic), 2890 + 1170 kg/h (that is —41%
with respect to MF-Classic) and 2200 + 900 kg/h (that is —40% with
respect to MF-Classic) respectively.

This discrepancy found between the MF-Classic and MF-EVO esti-
mates is not surprising, as it is in line with the possible overestimation
of the MF-Classic method for little concentration enhancements in
heterogeneous backgrounds as noted in Section 3.1.

4.2. Widespread emission sources

The MF method can be successfully applied also for the identi-
fication of non-punctual sources, as long as the emission is signifi-
cant. Among the real-world applications considered in this work, the
Mumbai metropolitan landfills (India) represent an heterogeneous and
challenging scenario. For this reason, they are used to quantitatively
illustrate the impact on methane flux estimation of the log-domain
approach, first on its own and then as part of the full processing chain
(Section 5), which includes clustering homogenization. From informa-
tion retrieved from the online press the Mulund dumping ground in
Mumbai was closed as an active landfill in 2018 (Mulund, 2025). It
is currently undergoing scientific disposal. The Kanjurmarg dumping
ground is still open and handles about 80% of Mumbai’s waste disposal
needs. It remains the city’s main landfill, processing the majority of
its daily solid (Kanjurmarg, 2025). The Deonar Dumping Ground is
still open and receives daily waste in 2025, despite official plans to
close it (Deonar, 2025). In Fig. 6, the results of the application of the
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Fig. 5. Test on real data, China - Top row: RGB composite of a PRISMA image taken over Coal Mines in the Shanxi region, China, on February 6, 2021. The
approximate coordinates of the plumes sources are also indicated. Bottom row: corresponding AXCH, maps obtained applying the MF-Classic (Left) and MF-EVO

(Right).

MF-EVO method to PRISMA observations of the Mumbai Metropolitan
Region (Agenzia Spaziale Italiana (ASI), 2025) are shown. The three
signals highlighted in the AXCH, maps, lie, in fact, in correspondence
of the Mulund Dumping Ground, Kanjurmarg Dumping Ground and
Deonar Dumping Ground (top to bottom), resulting in an average
concentration enhancement of 1.22 ppm, 2.62 ppm and 1.71 ppm
respectively. The three widespread sources do not provide any plume-
like emission. However, the same steps described is Section 2.3 are
used for the estimation of the fluxes. The results are: 1960 + 980
kg/h (Mulund), 3900 + 1955 kg/h (Kanjurmarg), and 5350 + 2675 kg/h
(Deonar).

5. Background homogenization strategy

The analyses presented in the previous sections demonstrate the in-
trinsic advantages of the MF-EVO formulation. However, when dealing
with real hyper-spectral observations, an important source of uncer-
tainty in methane enhancement and flux estimation arises from scene
heterogeneity and not only from the matched filter formulation it-
self. For this reason, MF-EVO is implemented as part of a processing
chain specifically designed to homogenize the background radiance and
suppress methane-like false positives prior to flux estimation. In this
work, we assume that degradation in methane enhancement and flux
estimation can arise from the following factors:

10

1. Methane-like absorbers: pixels characterized by surface fea-
tures that produce a signal in the AXCH, map similar to an ap-
parent methane enhancement relative to the background value;

2. Reflectance heterogeneity: regions with heterogeneous surface
reflectance yield a mean background radiance that is not rep-
resentative of a homogeneous scene, thus violating one of the
fundamental assumptions of the MF algorithm;

3. Elevation variations: pixels located at different elevations in-
troduce heterogeneity in the absorption path length, affecting
MF results. This source of inhomogeneity is largely mitigated
when using MF-EVO (presented in Appendix B);

The aforementioned sources of signal degradation are investigated in
the following sections, where the proposed homogenization and pre-
processing techniques are also discussed. In the following, we refer to
the combination of MF-EVO, false-positive elimination, and scene par-
titioning as to “MF-EVO full chain”. The results presented in the earlier
sections do not include the clustering procedure or the false-alarm elim-
ination step. These preprocessing algorithms are introduced only after
evaluating the performance of MF-EVO on synthetic cases, which are
designed to isolate and assess the algorithm’s intrinsic behavior without
the additional complexity of real-scene variability. When real scenes
are analyzed, both MF-EVO and the classical MF benefit significantly
from the application of clustering and false-alarm reduction procedures,
which enhance detection reliability and reduce spurious responses. The
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Fig. 6. Test on real data, India - Top row: RGB composite of a PRISMA image on the Mumbai Metropolitan Region, India, taken on February 2, 2021. The
approximate coordinates of the landfills are reported. Bottom row: corresponding AXCH, maps obtained applying the MF-Classic (Left) and MF-EVO (Right).

outcome is a more accurately characterized background radiance (with
reduced error) and, consequently, a less noisy AXCH, map. Recently
proposed approaches that modify the matched filter formulation itself,
such as sparse-reconstruction-based methods (Li et al., 2025), address
false alarms at the pixel level, whereas the present framework focuses
on scene-level stabilization through modular preprocessing and back-
ground homogenization. Note that atmospheric conditions are always
assumed to be homogeneous; therefore, PRISMA images affected by
cloud or aerosol contamination or by strong variations in water vapor
concentration are excluded from the analysis.

5.1. A-priori elimination of methane-like absorbers

The application of the MF benefits of a-priori information con-
cerning the observed surface types. Since the performances of the MF
algorithm increase in accordance with the increasing level of homo-
geneity of the scene, it is desirable to set up an algorithm capable
of detecting surfaces which provide false alarms in the 4AXCH, map.
This pre-screening process aims at minimizing the inhomogeneity and
improve the MF results. For typical PRISMA images, covering a squared
area of 900 km?, multiple surface types are usually present. It is then
possible that surface spectral features, similar to those characterizing
methane absorption, are present, providing a signal compatible with
an increase in methane column concentration. As a result, false alarms,
corresponding to positive AXCH,, appear on the map produced by the
MF algorithm.

11

In case of large methane leakages originating from point sources,
the produced emission is expected to have a plume-like behavior. While
spurious signals from surface features may appear in the AXCH, map,
they do not significantly impede the overall detection capability. Our
methodology maintains robust detection by relying on dual criteria: the
magnitude of the AXCH, and the conformity to the expected plume
morphology. In these cases, it is common to adopt a pattern recognition
algorithm for plume identification (Guanter et al., 2021). Nevertheless,
in case of weak emissions or non-punctual sources, we expect that the
increase in the CH, concentration in the air column provides a signal,
in the AXCH, maps, not strictly limited to a plume-like structure. In
these situations, CH, concentration enhancements can be widespread
over large areas or, otherwise, confined to individual pixels. Thus, the
availability of a methodology to detect false alarms related to surface
reflectance is critical to avoid misclassification. In addition, as the
AXCH, maps are derived by from a mean background radiance, which
can be calculated considering the entire image (see Egs. (3) and (14)),
the more homogeneous is the target scene and the more accurate are
the estimates of AXCH, (Guanter et al., 2021).

As an example of a possible approach for scene homogenization,
we consider the metropolitan city of Bologna, for which we opted to
use a machine learning approach in the false alarm identification and
mask. Results are shown in Fig. 7. First, we assess that two particular
classes, constituted by solar panels and greenhouse plastic covers,
produce strong signals in the AXCH, maps (both MF-Classic and MF-
EVO), which are compatible with a methane concentration increase.
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Fig. 7. False Positive Elimination - Left panel: RGB composite of the PRISMA image of Bologna Metropolitan Area, Italy. Center panel: AXCH, map from the MF

method. Right panel: AXCH, with the exclusion of methane-like absorbers.

Both solar panels and greenhouses are very common in the Bologna
province and their elimination from the AXCH, maps facilitates both
the search for methane sources, by making the background radiance
more homogeneous, and the subsequent estimation of the methane
enhancements. Hence, we train a Support Vector Machine (SVM) model
to identify solar panels and greenhouses using the PRISMA reflectance
spectral signature of the pixels as features. We use 47 pixels con-
taining solar panels, 78 pixels containing greenhouses and 60 pixels,
randomly chosen in the image, not belonging to the previous classes.
The labeling was made by manual digitization, using as guidance high
spatial resolution images, such as the ones available on Google Earth.
As features, we adopt the reflectance spectra of the pixels in the
spectral band 950-2100 nm, discarding the channels mainly affected
by water vapor absorption (1360-1448 nm and 1803-1949 nm). We
then compare the two most used decision rules (1vsl and 1lvsRest)
in the extension of the SVM to multiclass classification: for our data,
1vsRest strategy yields the best results, but both decision rules allow a
classification accuracy higher than 90%. In the right panel of Fig. 7 the
impact of the elimination of false positive signals in the AXCH, map of
the Bologna metropolitan area is shown. By eliminating a significant
number of pixels, the new AXCH, map now provides a cleaner base
for the study of the methane distribution in the considered area. Note
that the classification procedure is not applied on the entirety of the
pixels of the image, but only on those pixels with a AXCH, value
greater than 3%, since the aim was not a thorough classification of the
pixels but the identification of false positive cases. The improvements
in background radiance homogenization, resulting from the application
of the strategy, are reported in Table 6 where the first three moments
of the distribution of AXCH, are shown.

The homogenization procedure effectively reduces the standard
deviation of the AXCH, distribution. The initial positive skewness
subsequently shifts toward zero, indicating that a population of strong
positive artifacts has been removed, resulting in a more symmetric final
distribution of estimated methane enhancements.

The SVM is used as a targeted, supervised false-positive suppression
step within the processing chain and is not intended to provide exhaus-
tive detection of all methane-like surface types; residual scene hetero-
geneity is subsequently addressed through clustering-based background
homogenization (see next Section).

5.2. Background homogenization by means of scene partition

The efficiency of the MF is also affected by the level of homogeneity
of the observed scene. Heterogeneity in the surface reflective properties
provides variability in the background pixel radiance values which
results in a ‘noisy’ AXCH, map, thus lowering both the capability to
identify the methane source and to estimate the corresponding con-
centration enhancement. To avoid degradation of the methane sources
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Table 6

Mean, Standard Deviation and Skewness of the AXCH, maps, in
the Bologna scenario, with and without the application of the
a-priori false positive elimination strategy.

Moment MF MF without false positives
Mean ~0 ~0

Standard Deviation 0.99 0.94

Skewness 0.72 0.17

identification and of the quantification of the concentration enhance-
ments we propose to increase the homogeneity of the scene by its
partition. The basic idea is to avoid the application of the MF to
the whole PRISMA image as usual. Instead, the image is partitioned
into a limited number of homogeneous subsets, for which the surface
reflectance is approximately the same. The MF is then applied to each
single homogeneous subset of the image and the methane sources are
searched within the partitioned areas of the image instead of the full
image at once. The implementation of the MF method on homogeneous
subsets of pixels comes at the cost of adopting an algorithm for the
selection of the homogeneous areas in the image. Furthermore, it
requires a number of runs of the MF code for each homogeneous subset
which is identified. Our strategy consists of selecting homogeneous
subsets by running clustering routines applied to the L2C PRISMA
reflectance product (the bottom of atmosphere reflectance Agenzia
Spaziale Italiana (ASI), 2020). The reflectance values considered refer
to channels that are not correlated to the ones used by the MF, namely
the VNIR hypercube (400-950 nm). Several clustering strategies are
tested including Hard Clustering, Fuzzy Clustering and Spectral angle
Mapper. We decided to adopt an unsupervised method, the Mixture of
Gaussians method (Kambhatla and Leen, 1994), for its simple appli-
cability and excellent results. Before the application of the method, a
simple normalization of all the pixel surface spectral reflectance r; is
performed by using the formula:

Fi PRISMA

ri,ca -

__LPRISMA 19
ZZ; n,PRISMA

where r; ., is the reflectance value at the ith channel used in the
clustering algorithm, r; prssp4 is the spectral reflectance as provided
by PRISMA L2C products and nc is the total number of channels used
in the clustering algorithm. The number of classes adopted is scene
dependent and should correspond to the minimum number capable to
describe the main features of the scene. As examples, in Figs. 8 and
9 the clusterization of the PRISMA observations already reported in
Figs. 5 and 6 are shown. For both cases, five classes are considered
to properly describe the scenes.

The result of the clusterization is twofold since it allows to run the
MF algorithm on pixels pertaining to a single cluster or, possibly, to
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Fig. 8. Clusterization of the PRISMA image over Coal Mines in the Shanxi region, China, on February, 6, 2021 (a part of which is shown in Fig. 5). Left panel:
Clustering map of the classes: Dark blue — Bright terrains, Light Blue — Dark terrains, Green — Deep water, Orange — Bright areas (e.g. clouds) and urban
areas, Red - Shallow water and mud. Right panel: AXCH, pixel distribution for each of the 5 classes shown in the left panel. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Image Clusterization, India - Left panel: RGB composite of the Mumbai Metropolitan Region, India, total image. Right panel: Clustering map of the considered
scene. Classes: Dark blue — Bright terrain and residential areas, Light Blue — Water, Green — Shoreline terrain and densely populated urban areas and roads,
Orange — Black spots, Red — Vegetation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

exclude pixels referring to clusters which are considered detrimental for
the methane search. For the China case study, the clustering map shown
in Fig. 8 is complemented by histograms of the associated methane
enhancements for each of the five identified surface classes. Pixels
belonging to clusters 3 and 5, corresponding to water and mud surfaces,
exhibit the largest spread and pronounced asymmetry in the AXCH,
distributions; for this reason, they are excluded from the analysis. The
impact of applying the full processing chain (MF-EVO combined with
background homogenization), compared with the simple application of
MF or MF-EVO alone to the PRISMA image, is assessed in Table 7.
When the full MF-EVO chain is used instead of MF alone, reductions
larger than 50% in the estimated emission fluxes are observed for
all plumes. These reductions are primarily driven by the markedly
different spectral behavior of water and mud surfaces compared to
sand (or other bright surfaces), which constitute the majority of the
image. Similar results are obtained for the case study referred to the
Mumbai area that is reported in Figs. 9 and 10. Also in this case the
water surfaces cover large part of the observations and potentially
affect the methane source identification and flux estimation (due to
the very low reflectivity of water). The exclusion of water pixels from
the AXCH, computation improves the accuracy of the estimate of the
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background radiance and improves the quality of the map as shown
in Fig. 10. Results obtained after scene partition differ from estimates
assuming the background radiance from averaging over the full image.
For the India case, the estimated AXCH,, using MF-EVO, and the
resulting fluxes are: 0.75 ppm and 1210+615 kg/h (Mulund), 1.64 ppm
and 2450 + 1230 kg/h (Kanjurmarg), 0.98 ppm and 3060 + 1530 kg/h
(Deonar). In Table 8 a summary of the estimated fluxes obtained for the
three landfills in the Mumbai area is provided when using MF-Classic,
MF-EVO and MF-EVO with the exclusion of water surfaces (MF-EVO
full chain). This last case, which is our best flux estimate, provides
values significantly lower than the estimates obtained using the MF
Classic algorithm. Additional examples of methane enhancements and
flux emission estimates from real data are provided in Appendix C.
These results suggest that, for heterogeneous environments, advances in
methane retrieval accuracy depend at least as much on scene-level pre-
processing and homogenization as on the choice of the matched filter
formulation. In this context, the reduction of 40%-55% observed with
respect to the classic MF applied to the full scene cannot be attributed
to the MF-EVO formulation alone, but emerges from the full processing
chain. Across the different real-world applications presented in this
study, the proposed processing chain consistently improves the spatial
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ppm

Fig. 10. Elimination of water surfaces - AXCH, map of the Mumbai Metropolitan Area using the MF-EVO. Left panel: no clusterization is applied. Right panel: the
AXCH, map is obtained excluding class number 2 (water) of Fig. 9. With the red arrows, the three landfills are highlighted, as in Fig. 6. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 7

Coal Mines in Shanxi Region, China. Estimated fluxes [kg/h] using MF-
Classic, MF-EVO and MF-EVO excluding water pixels in the computation of
the methane enhancements.

MF-Classic MF-EVO MEF-EVO full chain
Plume A 3820 + 1540 2740 + 1140 1750 + 760
Plume B 4075 + 1640 2890 + 1170 1810 + 880
Plume C 3090 + 1250 2200 + 900 1490 + 620
Table 8

Mumbai Metropolitan Region, India. Estimated fluxes [kg/h] using MF-Classic,
MF-EVO and MF-EVO excluding water pixels in the computation of the
methane enhancements.

MF-Classic MF-EVO MF-EVO full chain
Mulund 2620 + 1310 1960 + 980 1210 + 620
Kanjurmarg 4360 + 2200 3900 + 1960 2450 + 1230
Deonar 5340 + 2670 5350 + 2680 3060 + 1530

coherence of methane enhancement maps and reduces background-
driven artifacts relative to the classical MF. While the magnitude of the
impact varies depending on scene heterogeneity and source geometry,
the results demonstrate that the benefits of background homogenization
and false-positive suppression are not limited to a single case study, but
extend across diverse environmental and observational conditions.

Finally we note that the application of the MF routine on ho-
mogeneous areas improves the identification of methane sources and
eventually the estimate of AXCH,, but the recombination of the results
of the different classes into a single AXCH, map becomes challenging
as different areas show enhancements relative to different background
values.

6. Conclusions

This study discusses the physical foundations of the Matched Filter
methodology which is widely applied to hyper-spectral satellite im-
agers’ observations for the identification of the methane sources and it
is at the base of the computation of the estimation of the concentration
enhancements. The alternative log-domain formalization of the method
(here named MF-EVO), which accounts for a estimator of the methane
concentration enhancement working in the optical depth domain, is
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examined. MF-EVO considers the rate of change of the two-way spectral
transmissivity resulting from a methane concentration increase along
the light path and uses the precomputed optical depth for a unit
concentration increase, which is weighted over the covariance matrix
of optical depth variation with respect to the background value. The
implementation of the algorithm is straightforward and the running
time is equivalent to the classical methodology.

When applied to idealized conditions, created using simulated ob-
servations of the Italian Space Agency sensor PRISMA, the MF-EVO
outperforms the classical Matched Filter (MF-Classic). Specifically, we
demonstrated that MF-EVO is less sensitive to sensor noise by providing
a narrower distribution of the AXCH, for homogeneous background
conditions, thus improving the detectability of methane sources with
respect to the classical Matched Filter. We estimate that, in idealized
conditions (uniform background), the identification limits for MF-EVO
and MF classic are, respectively, AXCH, = 0.05 ppm and 4XCH, =
0.09 ppm.

The estimation of the methane concentration enhancement is also
improved by using the MF-EVO. For a homogeneous background, the
two methods perform equivalently when methane concentration en-
hancements are smaller than 5 ppm, but MF-EVO is more accurate for
larger enhancements with errors lower than 1% for the larger emission
case considered (20 ppm), compared to errors of the order of 20% for
the classical methodology under the same conditions. Simulations in
the presence of a composite background show that the classic Matched
Filter AXCH, retrievals are affected by errors up to approximately 50%
for methane concentration enhancements limited to 1 ppm and 20%
when enhancement are of 20 ppm. For the same conditions, MF-EVO
provides results with errors less than 5% (for any methane increase),
which is promising for its application to real cases that are usually
heterogeneous.

The application of MF-EVO to real PRISMA observations provides
results consistent with previous findings obtained using the classical
methodology. It is also demonstrated that MF-EVO is successfully ap-
plied to the identification of widespread methane emissions such as
extended landfills. The comparison between the two methodologies
aims to quantify the practical benefits of the MF-EVO approach in
real-world applications. Crucially, we observe no significant difference
in plume/emission detection capabilities for the two cases analyzed,
but we highlight notable variations in flux estimations, which stem
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predominantly from the distinct enhancement levels calculated within
the plume pixels by each method.

When dealing with real data, it is well known that the process used
for the identification of methane sources is made difficult by the large
number of features that are usually present in the image and degrade
the AXCH, maps. The causes are varied and include heterogeneity
in the surface reflectance (including surfaces with absorption spectral
features similar to methane) and elevation variations over the observed
image. These two causes are investigated and some strategies are pro-
vided to eliminate methane enhancements false alarms, homogenize the
observed scene by considering a partitioning over which the Matched
Filter is run (which implies excluding surfaces such as water) and,
eventually, correct the differences in pixel altitudes which might affect
the evaluation of the proper background radiance and of the 4AXCH,
estimates. Examples of the application of these strategies to PRISMA
data are presented for two case studies: one involving point methane
sources in China and another involving extended sources in India. For
both cases, the complete processing chain is demonstrated, showing
that methane flux estimates obtained with the full MF-EVO chain (log-
domain matched filtering and scene homogenization) are lower than
those derived using the classical method as well as MF-EVO alone.
The impact of the full processing chain is particularly evident in the
application to the Mumbai metropolitan landfills. When background
homogenization through scene partitioning and false-positive suppres-
sion are applied in combination with MF-EVO, the resulting methane
flux estimates are reduced by approximately 40%-55% compared to
those obtained using the classic MF applied to the full scene. This
difference highlights the dominant role of background characterization
and scene heterogeneity in flux estimation for widespread sources,
and demonstrates that methodological choices beyond the matched
filter formulation itself can strongly influence quantitative emission
estimates.

A systematic comparison of the proposed processing chain with
alternative retrieval approaches, together with validation against inde-
pendent surface-based measurements (e.g. ICOS stations, facility-level
surveys, and field campaign data), constitutes a natural next step of
this work. Such comparisons will be necessary to better quantify the
accuracy of the derived flux estimates under different environmental
conditions and to identify possible directions for further methodolog-
ical improvements. In this context, future studies will focus on the
use of coordinated satellite and ground-based observations to support
validation and refinement of the proposed approach.
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Appendix A. Formal derivation of the matched filter

A matched filter is a linear operator tuned to detect a signal hidden
within noisy data. This is generally performed by maximizing the signal
to noise ratio (SNR) of the data. In our problem, the signal to extract is
the methane signature within the radiance measurement collected by
the PRISMA satellite. Given the expansion for the theoretical observed
radiances (Eq. (1)):

1 al

7}
I~ I(ry, + —Ar+ —A4
(ro» Po) 0rr ()pp

Where r is the surface reflectivity and p is the methane concentration.
We can assume that the satellite will measure a quantity (/,) in the
presence of the methane plume:

(A.1)

I,=I+e¢ (A.2)

Where ¢ is an additive unbiased Gaussian noise, not correlated with the
measurement. Assuming a neglectable effect of the surface reflectivity,
we are interested in extracting the signature of the methane change, p,,
with respect to the background I(r, py). To do so, we can define the
quantity x:

x=1p—1(r0,p0)=%pp+e=tpp+e (A.3)

and create a linear operator M such that the quantity y = xI M has the
maximum signal to noise ratio. Starting from the definition of SNR:

2
lp, - 1T M|
EfleT M|*]

With E[-] the expectation value. Now, noting that E[ee’] = X is the
covariance matrix of the noise, the SNR can be written as:

SNR= (A.4)

2 2112 AT 5—1/242
lp, - 1T M| B PI(ZEM)T (X))
MTXM (Z12M)T (V2 M)
And, exploiting the Cauchy-Schwarz inequality:

SNR= (A.5)

RIS M) (=1 P
(ZI/ZM)T(ZWM)

P M) (VAN PT (271 )
(21/2M)T(ZI/ZM)
= pi D

(A.6)
This represent an upper bound that is reached when:
M=c- -3t (A7)

With ¢ a constant value. The explicit value for this constant can be
found by asking that:

EllyP1= ¢ Ell 7' = (a.8)
Which is found when:
1
= — A.9
¢ T x-1¢ (A4.9)
It follows that our final form for the matched filter will be:
>
M=-=_" A.10
T x-1¢ ( )
From which:
, - I(rg, po))T =71t
pp= B v (A.11)

It is important to note that, in defining the quantity x, we implicitly
assume that the background radiance I(r, p) is known exactly. How-
ever, in practical applications, this value is not known and must be
estimated from the scene. In general, the definition of the background

radiance is subjected to errors ¢, leading to the following form of x:
x=1,—I(rg.pp) +té=1p,+e+¢& (A.12)

A correct derivation of the matched filter requires an effective de-
scription of error terms, which should be Gaussian and unbiased with
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Fig. B.1. Transmissivity correction - Qualitative description of the cascade
transmissivity correction method described by Eq. (B.1).

respect to the quantity x. Although this is assumed to be true for ¢, this
could not be the case for é. To preserve the validity of the mathematical
framework, the following condition must therefore be satisfied:

é<e (A.13)

This can be achieved by removing spurious elements from the back-
ground radiance computation and by applying the homogenization of
the observed scene. Similar considerations apply to other sources of
uncertainties. These could include errors in the definition of 7, due
profile assumptions.

Appendix B. Effect of surface elevation and correction methods

The topography of the terrain can constitute a source of back-
ground inhomogeneity that adds to the natural variations in surface
reflectivity within the observed scene. For example, in the presence
of surface altitude inhomogeneity within the PRISMA image, the path
traveled by the incident and reflected solar light can significantly affect
the radiance attenuation in accordance with the surface altitude. For
low altitude surfaces the sunlight absorption in the methane bands
is increased with respect to what happens to pixels referring to high
altitude regions in the image. In this section we limit our analysis to
the effect of surface altitude changes within the image and do not
include corrections for broader topographic or orographic influences,
such as terrain-induced heterogeneities in viewing geometry. While
topographic and orographic effects can introduce additional uncertain-
ties, their explicit treatment lies outside the scope of this work and is
therefore acknowledged as a limitation.

Our strategy to study the effect of elevation on the MF products
is to assume a scenario in which the background surface is split into
two different areas characterized by the same surface type (assumed
woods for this case) and different altitude levels. In these background
conditions three patches of strong methane enhancement (5 ppm,
10 ppm and 20 ppm) are simulated. The aim of this analysis is to
investigate the impact of surface altitude inhomogeneity on the derived
AXCH, estimates, also through a comparison with the results presented
in Section 3.2 where an homogeneous surface at sea level was assumed.

The layout of the analysis follows the configuration shown in the left
column of Fig. 3. The scene is horizontally divided into two parts: the
first two patches are located in the upper portion of the image, while
the third one is in the lower portion. The background reflectivity is of
the same type in both regions; however, one region is assumed to be
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Table B.9
Derived methane enhancements concentration (in ppm) using MF-Classic and
MF-EVO for three patches when considering the background affected by
altitude heterogeneity, compared to the results for an homogeneous scenario
at 0 m a.s.l. The assumed surface reflectivity is that one of “woods”.

MF EVO trend

300 m 500 m 750 m 1000 m uniform 0 m
5 ppm 5.0 5.07 5.12 5.14 4.76
10 ppm 10.0 10.13 10.24 10.28 9.56
20 ppm 19.6 19.7 19.7 19.8 19.1
MF Classic trend
5 ppm 5.0 4.90 4.85 4.77 5.01
10 ppm 9.18 9.20 9.09 8.91 9.29
20 ppm 15.5 15.2 14.7 14.0 16.0

at an altitude of 0 m above sea level, whereas the other half is set at
different altitude steps of 300 m, 500 m, 750 m, and 1000 m a.s.l.

Simulations at various altitude steps are performed to assess
whether any trend can be observed in the estimated enhancements for
the patches located in the 0 m a.s.l. region. The results in Table B.9
show that MF-EVO is less sensitive to variation of the surface altitude
in the image with respect to MF-Classic: in the EVO case, there is a
slight positive shift as the altitude step increases, although the estimates
remain generally consistent with the reference values. In the Classic
case, a slight negative shift is observed, which increases in situations
involving the large enhancements considered.

Our strategy aims at homogenizing the scene by rescaling all the
radiances to the point of lowest altitude. The detected radiance, for
each pixel, is corrected by using a parametric function of the altitude
difference between the considered pixel and the lowest altitude point
in the image. To achieve this, three different approaches are suggested:

+ A physically based method exploits the knowledge, for each pixel,
of the Sun zenith angle, of the viewing zenith angle (available in
the PRISMA metadata) and of altitude of the pixels (to be derived
after a map geolocation is performed). The information is used to
compute an additional two-way transmissivity of the atmosphere
along the path through a line-by-line radiative transfer code
(such as IbIRTM, 2023) for each specific pixel. The assumed gas
concentration profiles depend on the availability of data or are
assumed to be in their climatological values easily derived from
climatological dataset (Remedios et al., 2007). At the end of the
process all the spectral radiances measured by the sensor are
corrected by a two-way transmissivity which is dependent on the
pixel altitude and on the observational conditions.

A data-driven method associates the observed pixels to various
layers based on their geolocated surface altitude. Assuming that
there are no variations in the surface reflectivity with the surface
altitude level, the method computes the correction parameter
between two contiguous layers as the reciprocal of the ratio
between the average radiance value of the pixels in the layers
(Fig. B.1). In particular:

_L B.1)
Tn,n—l <I n—1 )

where T, ; is the correction parameter used to multiply the
pixels in layer n to homogenize them to the pixels in layer n-1. It
represents a mean 2-way transmissivity between two consecutive
layers. (I,) and (I,_;) are the average radiance values of the
pixels laying at altitudes typical of layers n and n-1, respectively.
The final goal is to apply a correction which normalizes all the
pixel radiances to values as if they were at the same lowest
altitude in the image. The pixels belonging to the layer n are mul-
tiplied by the n-1 parameters T,,_;, T,_; 2, ..., T5, the pixels
belonging to the layer n-1 are multiplied by the n-2 parameters
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Fig. B.2. Curve Fitting - Curve fitting correction method for a scene centered on Mount Amiata, a mountain region in the center of Italy. Left: PRISMA radiances
(at channel centered at 2053 nm) of all the pixels versus their altitude (blue circles). In red it is plotted the line fit obtained by a second order polynomial curve.
Right: Depiction of the correction coefficient described in Eq. (B.1). (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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Plumes Coordinates:
Plume A: 31°46'46" N 5°59'46" E
Plume B: 31°46'09" N 6°00'06" E

Images of Hassi Messaoud Oil Fields, Algeria, referring to a PRISMA observation taken on August 30, 2020. The 4AXCH, of the detected plumes, as

resulting after the application of the MF-EVO full chain, are superimposed to the Google Earth image of the area.

Ty-14-2> Tu—2n—3s -++» Ty, and so forth. The methodology has the
advantage to link the computation of the correctional parameter
to the actual measurements of the observed scene instead of
computing it from synthetic simulations.

A statistically based method derives the polynomial curve fitting
of the altitude vs. radiance graph (Fig. B.2 Left panel), which
allows to find the correctional coefficients used to normalize the
pixel radiance values to those of the lowest altitude level in the
scene (Fig. B.2 Right panel). Specifically:

I,
c, = I_

z

(B.2)

where ¢, is the correctional coefficient for the pixels at altitude
z and I, and I, are the radiance values at the lowest altitude in
the scene and at altitude z.
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Note that the described procedures are applied to each channel
used in the matched filter method. The three methodologies are strictly
valid only for homogeneous surfaces. Their application is suggested
for images affected by significant variations in surface altitude but
characterized by homogeneous reflective properties of the surfaces.

Appendix C. Additional real-word cases

Three additional scenes observed by PRISMA
(Agenzia Spaziale Italiana (ASI), 2025) are analyzed. The selected
scenes are:

+ two plumes in the Hassi Messaoud Oil Field in Ouargla Province,
Algeria. The AXCH, of the two plumes (named A and B) are
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Fig. C.4. Images of Lakhodair Landfill in Lahore, Pakistan, referring to a PRISMA observation taken on April 14, 2022. The analyzed AXCH,, as resulting after
the application of the MF-EVO full chain, is superimposed to the Google Earth image of the area in the right panel.
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Fig. C.5. Images of Amin Bazar Waste Disposal Area and Matuail Waste Treatment Plant in Dhaka, Bangladesh, referring to a PRISMA observation taken on

May 3, 2024. The two analyzed AXCH,, as resulting after the application of the MF-EVO full chain, are superimposed to the Google Earth image of the area in
the right panel.

Table C.10
Summary of the fluxes [kg/h] estimated for the five emission analyzed.
MF-Classic MF-EVO MF-EVO full chain

Algeria, Hassi Massoud Plume A 540 + 300 260 + 150 100 + 60
Algeria, Hassi Massoud Plume B 600 + 360 320 + 200 120 + 70
Pakistan, Lakhodair 2340 + 1310 1940 + 1110 1180 + 680
Bangladesh, Amin Bazar 3180 + 1750 2770 + 1550 1560 + 840
Bangladesh, Matuail 2830 + 1720 2780 + 1670 1850 + 1130
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superimposed to a Google Earth image of the area in the right
panel of Fig. C.3;

+ Lakhodair Landfill in Lahore, Pakistan. As in the previous case the
scene is described in Fig. C.4;

» Amin Bazar Waste Disposal Area and Matuail Waste Treatment
Plant in Dhaka, Bangladesh (Fig. C.5)

To the 3 cases we applied the Classic MF, the MF-EVO and the MF-EVO
full chain and estimated the emitted fluxes. The results are reported in

Table C.10, similarly to what done in Tables 7 and 8 for the China and
India scenes.

Data availability

Data will be made available on request.
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