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Abstract

Methane mitigation from anthropogenic sources such as fossil fuels and waste management has been found as one of the most
promising strategies to curb global warming in the near future. Satellite-based imaging spectrometers have demonstrated to be
well-suited to detect and quantify these emissions at high spatial resolution. These instruments produce so-called hyperspectral
data cubes of the solar radiation reflected by the Earth, measuring in the 400-2500 nm spectral range, with a spectral sampling
of 5-15 nm and a spatial sampling of 30-60 m. Methane concentration enhancement maps are generated from those data cubes by
leveraging spectral channels across the 2300 nm methane absorption window. The relatively high spatial resolution of the resulting
methane maps allows for the detection and attribution of plumes to sources. The PRISMA satellite mission (ASI, Italy) has been
extensively used in the last years for this application. The recently-launched EnMAP mission (DLR/GFZ, Germany) presents
similar spatial and spectral characteristics to PRISMA (30 m spatial resolution, 30 km swath, about 8 nm spectral sampling at
2300 nm) and can a priori thus be used for methane mapping as well. In this work, we investigate the potential and limitations of
EnMAP for methane remote sensing, using PRISMA as a benchmark. First, we analyze the spectral and radiometric performance
of EnMAP in the 2300 nm region used for methane retrievals, which includes parameters such as spectral uniformity and resolution
and the signal-to-noise ratio (SNR). Our results show that in desertic areas at 2300 nm, EnMAP spectral resolution is about 2.7
nm smaller than in PRISMA and the SNR values are approximately twice as large, which leads to a higher sensitivity to methane
that improves retrieval performance. This finding is illustrated by several show cases of methane plumes from different sources
around the world with flux rate values ranging approximately from 1 to 20 t/h. We show plumes from sectors such as onshore oil
and gas and coal mining, but also from more challenging sectors to detect such as landfills and offshore oil and gas. From the latter
we detected two plumes with an unprecedented flux rate of about 1 t/h, which suggests that the detection limit in offshore areas
can be significantly low under favorable conditions.
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1. Introduction

Methane (CH4) plays an important role to curb global
warming (Ming et al., 2022). This is due to its relatively
short life in the atmosphere (∼12 years) and because its
global warming potential in 20 years is 84 times higher than
for carbon dioxide (CO2) (Myhre et al., 2013). Methane
anthropogenic emissions are mainly originated from agri-
culture (∼40%), waste management (∼20%), and fossil fu-
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els (∼35%). The latter includes the oil and gas (O&G) in-
dustry and coal mining, which have have been identified as
the most feasible sectors for methane mitigation (UNEP,
2021). A relevant fraction of the emissions from these sec-
tors are originated from point-sources (Omara et al., 2022;
Duren et al., 2019) such as pipeline leaks and venting shafts,
which generates more concentrated methane plumes than
area-sources such as landfills.

The greater concentration of methane in plumes from
point-sources in addition to making them higher pollutants
and high targets for mitigation, make them to be more suit-
able for detection from space-borne instruments. Identify-
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ing and monitoring these sources from satellite is key for the
creation of a methane emission mitigation plan and imag-
ing spectrometers have proven instrumental in this task
(Irakulis-Loitxate et al., 2021). Because of the high spatial
resolution of these instruments, emissions detected in the
retrieved methane concentration maps can be attributed
to their sources (Irakulis-Loitxate et al., 2022b). This can
lead to the characterization of super-emitters and other ac-
tive sources that can guide mitigation (Zavala-Araiza et al.,
2017).

Imaging spectrometers measure radiance at hundreds of
spectral bands in the visible and near infrared (VNIR: 400-
1000 nm) and shortwave infrared (SWIR: 1000-2500 nm),
which allows to recreate the radiance spectra along these
wavelengths. In the SWIR we can find a weaker methane
absorption window around 1700 nm and a stronger one
around 2300 nm. These windows can be used to characterize
methane and therefore to detect emissions.

Currently, there are some operative open-data satellite-
based imaging spectrometers such as the Italian PRISMA
(PRecursore IperSpettrale della Missione Applicativa) mis-
sion (Loizzo et al., 2018), the German EnMAP (German
Environmental Mapping and Analysis Program) mission
(Guanter et al., 2015), and NASA’S EMIT (Earth Sur-
face Mineral Dust Source Investigation) mission (Green,
2021). EMIT operates differently currently focusing in arid
and semi-arid regions with no tasking and a spatial reso-
lution and swath of 60 m and 80 km, respectively. On the
other hand, both EnMAP and PRISMA operate with task-
ing, have a 30 m of spatial resolution, a swath of 30 km
and they present similar spectral resolution and sampling.
While PRISMA has already shown its capability to detect
methane emissions (Guanter et al., 2021; Irakulis-Loitxate
et al., 2021; Joyce et al., 2022), EnMAP has recently be-
come operational (since November 2022) and still was not
studied for its capability for methane mapping.

In this work, we will analyze the spectral and radiomet-
ric performance of EnMAP in the 2300 nm window used
for methane retrievals, using PRISMA as a benchmark to
assess the added-value of EnMAP for methane mapping.
We will show methane plumes around the world detected
with EnMAP datasets in the onshore O&G industry and
coal mining areas, but also in more difficult sites to detect
methane emissions such as offshore O&G platforms and
landfills.

2. Materials and Methods

2.1. Matched-filter based methane retrieval method

Methane concentration maps can be retrieved using the
matched-filter method. This algorithm models background
radiance as a multivariate Gaussian with mean (µ) and co-
variance (Σ), assuming a sufficiently homogeneous dataset
that exhibits methane enhancement sparsity. Then, shifts
from the characterized background radiance are related to
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Fig. 1. Unit methane absorption (k) spectra for an EnMAP dataset in

the 2300 nm methane absorption window. We difference the HITRAN

original k spectrum (blue) and the one that results from a subsequent
convolution to EnMAP features (red). In the 2300 nm window, the

original HITRAN mean nominal value for SSD is 0.3 nm, while the
EnMAP mean nominal values for FWHM and SSD are 7.8 nm and

8.1 nm, respectively.

methane concentration enhancements (Thompson et al.,
2016) according to the following expression

x = µ+ ∆XCH4 · t (1)

where x is the at-sensor radiance spectrum, t is the tar-
get signature that defines the radiance spectrum equivalent
to a unit of methane concentration absorption with respect
to background, and ∆XCH4 is the methane concentra-
tion enhancement in parts-per-billion (ppb). t results from
the product between the background mean and the unit
methane absorption (k) spectrum. The latter is deduced
using a LookUp Table that relates methane transmittance
spectra derived from the HITRAN data base (Gordon et al.,
2017) to methane concentration, and that also accounts
for the specific angular configuration at measurement time.
Maximizing the likelihood of this model (Eismann, 2012),
we can find that ∆XCH4 can be described as follows

∆XCH4 =
(x− t)T Σ−1t

tT Σ−1t
(2)

The matched-filter applied to the 2300 nm window is a
common option in literature (Foote et al., 2020; Thompson
et al., 2015; Dennison et al., 2013). Therefore, we will ap-
ply this methodology to the 2300 nm methane absorption
window in the 2100-2450 nm range. Although the 1700 nm
absorption window typically presents higher radiance lev-
els, the absorption is considerably weaker in comparison,
which results in noisier methane retrievals.

2.2. Methane plume detection and quantification

Similarly to Guanter et al. (2021), once ∆XCH4 maps
are generated we search for plumes by visual inspection
according to two principles: a methane plume must come
from a potential methane emitting source, and must follow
the wind direction. If we detect a potential plume, we decide
whether it is a real plume or a false positive following these
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principles. First, we check the nature of potential sources
by comparison to maps of the spectral radiance from which
methane maps are derived and with high-resolution images
from Google Earth. Once we verify that it is a potential
emitting source, we approximate wind speed to the wind
speed at 10 m above the surface (U10) derived from GEOS-
FP (Molod et al., 2012) and ERA5 (Hersbach et al., 2018),
and we select the one that better matches plume direction.
If the plume aligns to wind direction, then we can confirm
the potential plume.

The flux rate (Q) represents the amount of methane be-
ing emitted by the source per unit time. It is derived from
the plume pixels, which are obtained by the mask that re-
sults from applying an plume detection algorithm and a
subsequent supervised correction. The algorithm typically
takes as an input a mask that results from keeping >2σ
pixel values. Then, a morphology filtering is done in order
to discard those clusters not associated to the previously
identified plume. Finally, of the remainig clusters we only
keep the cluster refering to the already detected plume.

We express Q in tons per hour (t/h) units and it is calcu-
lated as in Varon et al. (2018) with the following expression

Q =
Ueff · IME · 3.6

L
(3)

where L (m) is the plume size, derived from the square
root of the masked area depicting the plume, IME (kg) is
the total excess of methane mass within the plume mask
(Frankenberg et al., 2016), and Ueff (m/s) is the effective
wind speed. Note that the 3.6 factor converts from kg/s to
t/h units. Ueff is calculated from the U10 data using a linear
model based on WRF-LES simulations (Varon et al., 2018;
Cusworth et al., 2019) compatible with EnMAP features
and it is expressed as follows

Ueff = 0.34 · U10 + 0.44 (4)

We assume a 50% of wind speed uncertainty as in Guan-
ter et al. (2021) and calculate the Q uncertainty through
the quadratic propagation of the IME and U10 uncertain-
ties following Eq.3 and Eq.4.

2.3. EnMAP SWIR spectrometer characterization in the
2300 nm window

The radiometric and spectral performance of the EnMAP
SWIR spectrometer will drive the accuracy and precision of
methane retrievals. In this study, we aim to further chacrac-
terizing the radiometric and spectral responses of EnMAP
in the 2300 nm window and study their impact on methane
concentration maps. In the same manner, we will charac-
terize the PRISMA SWIR spectrometer for comparison.

2.3.1. Spectral characterization
At-sensor radiance is transformed into a measurable

magnitude following a specific Spectral Response Function
(SRF) for each of the spectral bands. The SRF describes

the sensitivity of each spectral band to the different wave-
lengths and can be approximated by a Gaussian shape
(Gege et al., 2009), determined by its spectral position
(named central wavelength), and the Full-Width at Half-
Maximum (FWHM). The latter determines the spectral
resolution and is indicative of the width of the spectral
range in which radiation is convoluted to the spectral band.
A low value of FWHM will be more sensitive to sharp
radiance features, but it will receive less radiance because
of the narrower spectral range. Central wavelengths and
FWHM are parameters that are usually attached to En-
MAP datasets. Moreover, the Spectral Sampling Distance
(SSD) is the spectral distance between central wavelengths
of adjacent spectral bands. Low SSD values across the
VNIR and SWIR would lead to a great number of spectral
bands that altogether could better define radiance spectra.

The swath of a dataset is captured by a 2-D detector
array when measuring with a push-broom imaging spec-
trometer such as EnMAP. In this kind of instruments, we
can find optical aberrations that lead to shifts in central
wavelength (also known as spectral smile) and in FWHM
(Guanter et al., 2009). These shifts with respect to the nom-
inal values translate into a defficiency in spectral calibra-
tion that disturbs the real values of the SRF parameters.
The spectral smile derives in a lack of uniformity across the
image, which affects the consistency of data. On the other
hand, the spectral resolution is important for methane re-
trieval methods to properly deal with the sharp methane
absorption features (Green, 1998). We will obtain central
wavelength and FWHM shifts following a similar proce-
dure to Guanter et al. (2021). We first calculate the aver-
age spectrum of each column from a Top-Of-Atmosphere
(TOA) radiance dataset. Then we apply an iterative proce-
dure that minimizes the l2-norm of the difference between a
modeled radiance and the column averaged radiance. This
optimization process is done for each column to fit the cen-
tral wavelength and FWHM values, which are key in the
convolution of variables needed to deduce the modeled ra-
diance. We will focus the calculation in the 2280-2380 nm
spectral range, that is located approximately at the center
of the 2300 nm methane absorption window.

2.3.2. Radiometric characterization
The SNR reflects the relative proportion between sig-

nal and measurement noise. Sufficient high values of SNR
would translate into practically insensitive-to-noise results,
while lower values of SNR would derive in noisier products.
Measurement noise can be expressed by the following ex-
pression:

σMN =
√
σ2

PS + σ2
rest (5)

where σMN is the total measurement noise, σPS repre-
sents the photon shot noise, and the σrest indicates the noise
equivalent to the joint contribution of other noise sources
such as the dark current (Du et al., 2022). Photon shot noise
comes from the random nature of radiation, which gener-
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ates a fluctuation in the count of the number of photoelec-
trons at the detector that can be modeled as a Poisson dis-
tribution (Luo et al., 2010). Moreover, σPS is proportional
to the square root of radiance, while σrest is a magnitude
independent of radiance. Therefore, given a sufficient high
value of radiance, σrest can become relatively negligible to
σPS. In this case we can assume that σMN can be approx-
imated to σPS and consequently SNR would also be pro-
portional to the square root of radiance. Then, we will cal-
culate SNR in datasets with high level of radiance in order
to scale this magnitude to different radiance values, which
would allow us to compare SNR from different datasets.

To calculate the SNR we will use an algorithm based on
a principal component decomposition that allows to isolate
measurement noise from surface variability. Note that the
decomposition is done for each dataset column in order not
to involve disturbing effects such as spectral smile and strip-
ing noise. Homogeneous datasets are selected to estimate
the SNR because it will facilitate the separation between
radiance changes related to surface variability and those
coming from measurement noise. Then, after applying a
per-column principal component decomposition, we manu-
ally select by visual inspection the most common principal
component across the columns that transitions from sur-
face related structures to decorrelated noise. Therefore, if
we subtract the equivalent to all principal components until
the selected one to the original dataset, we will obtain a rep-
resentative measurement noise dataset. Then, we calculate
the covariance matrix (ΣNoise) from the latter and obtain
the σMN values for each spectral band from the square root
of the ΣNoise diagonal elements. Finally, SNR spectrum is
calculated by dividing the radiance spectrum by the result-
ing σMN spectrum. Assuming the SNR proportionality to
the square root of radiance, we can deduce the constant fac-
tor array that will allow us to scale SNR to other radiance
values. At the same radiance levels, those missions whose
datasets present higher SNR values will have lower σMN.
As a result, there will be a lower impact on the propagation
of measurement noise to methane retrievals, which can be
deduced by the following expression (Köhler et al., 2015)

σRMN = (tT Σ−1
Noiset)

−1 (6)

where σRMN is the measurement noise contribution to re-
trieval. Little difference is found between σRMN values from
different columns and therefore an average value is used as
representative of the whole methane retrieval extension.

We also consider the striping noise, which may result as
a consequence of issues such as slight variations in the ra-
diometric response of each across-track detector element
and differences in measuring throughout the whole range
of across-track pointing (Tsai and Chen, 2008). We eval-
uate this effect in order to assess the viability of apply-
ing methane retrieval methodologies to the whole dataset
at once or in a per-column basis. One effective method to
evaluate striping is to calculate the ratio between adjacent
spectral bands from datasets from the same site. Because

Table 1

Mission, location, sector where the methane emission was originated,
date, and central coordinates from the datasets used in this study.

Dates are in YYYY-MM-DD format, and latitude and longitude coor-

dinates (Lat/Lon) are in decimal degrees. Datasets with no methane
emissions are indicated with − in the Sector field.

Mission Location Sector Date Lat/Lon

PRISMA Northern State

(Sudan)

− 2020-04-01 21.900/28.000

PRISMA Ekizak

(Turkmenistan)

Onshore

O&G

2022-09-12 38.631/54.227

EnMAP Agadez

(Niger)

− 2022-07-12 21.328/10.477

EnMAP Khuzestan
(Iran)

Onshore
O&G

2022-10-22 30.924/48.382

EnMAP Khuzestan
(Iran)

Onshore
O&G

2022-09-21 31.074/48.561

EnMAP Hassi Messaoud
(Argelia)

Onshore
O&G

2022-11-17 31.782/5.960

EnMAP Midland Basin

(U.S.)

Onshore

O&G

2022-10-11 32.490/-102.159

EnMAP Shanxi

(China)

Coal

mining

2022-12-05 36.138/113.103

EnMAP Gamyshlja-Gunorta

(Turkmenistan)

Onshore

O&G

2022-10-02 38.415/54.163

EnMAP Gamyshlja-Gunorta

(Turkmenistan)

Onshore

O&G

2022-10-06 38.373/54.150

EnMAP Ekizak

(Turkmenistan)

Onshore

O&G

2022-10-02 38.685/54.243

EnMAP Ekizak

(Turkmenistan)

Onshore

O&G

2022-10-06 38.643/54.233

EnMAP Gogerendag

(Turkmenistan)

Onshore

O&G

2022-10-02 38.955/54.324

EnMAP Gogerendag
(Turkmenistan)

Onshore
O&G

2022-10-06 38.912/54.317

EnMAP Gulf of Mexico
(U.S.)

Offshore
O&G

2022-07-01 29.029/-90.370

EnMAP Delhi
(India)

Landfills 2022-11-29 28.554/77.209

of the low SSD of imaging spectrometers, radiance from ad-
jacent bands would be very similar and therefore the ratios
would be close to one. Moreover, we need to isolate striping
noise as the only source of deviation from this value so we
will compare datasets from the same site in order to avoid
surface variability disturbance. Striping noise is spectrally
decorrelated, i.e. each band will have its own striping pat-
tern. Therefore, the greater the variability between columns
in the adjacent band ratio, the greater the striping noise
effect. As the spectral smile, a pronounced striping would
disturb the consistency between columns.
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2.4. Imaging spectroscopy data

In this work we have used L1B and L1 level datasets
from EnMAP and PRISMA missions, respectively. We will
compare datasets from both missions to assess whether
EnMAP represents an improvement in methane concen-
tration mapping. We choose an EnMAP dataset from an
Agadez Region (Niger) site and a PRISMA dataset in a
Sudan site for most comparisons, both in homogeneous de-
sertic areas with similar radiance levels. However, striping
noise comparison is done with an EnMAP and a PRISMA
datasets from the same site in the Ekizak O&G field (Turk-
menistan) to discard surface variability as a striping caus-
ing factor. In addition, a comprehensive search for methane
plumes was conducted at a wide variety of potential emit-
ting sites. As a result, here we will illustrate plumes orig-
inated in different emission sectors from EnMAP datasets
in order to show the detection potential of this mission. We
will show datasets from the Ekizak, Gamyshlja Gunorta,
and Gogerandag O&G fields in Turkmenistan. Note that
methane emissions in some of these fields were already de-
tected in Irakulis-Loitxate et al. (2022b). We will also show
datasets from a coal mine site in Shanxi (China), the Hassi
Messaoud O&G field in Algeria, a site with a pumping sta-
tion located in Khuzestan (Iran), the Midland basin part
of the Permian Basin (U.S.), an offshore O&G site in the
U.S. Gulf of Mexico (GoM), and a Delhi (India) area where
the Gazhipur and Okhla landfills are located. In Table 1 we
show additional information about every dataset used for
this work.

3. Results

3.1. Performance of the EnMAP SWIR spectrometer in
the 2300 nm spectral window

3.1.1. Spectral performance
Figure 2 shows the across-track variation of channel

spectral position and FWHM from desertic sites in Su-
dan (PRISMA) and Niger (EnMAP) in a spectral band
around 2298.3 nm, which is representative of the whole
2300 nm absorption window. FWHM values accounting
for the across-track variations show that on average En-
MAP FWHM at ∼ 2300 nm is about 2.7 nm smaller than
PRISMA FWHM. Therefore, EnMAP can better sample
changes in methane absorption. A lower FWHM would
also imply a lower at-sensor radiance and would lead to
a greater measurement noise, but this is compensated
because of the greater EnMAP SNR (see section 3.1.2.).
Moreover, the variation from peak-to-peak ∆λ values is
lower for EnMAP (1.3 nm) than for PRISMA (2.8 nm).
Therefore, EnMAP will be less sensitive than PRISMA to
spectral smile, which is translated in a greater uniformity
across the image. In addition, the SSD mean values in the
2300 nm absorption window are 8.1 nm for EnMAP and
7.5 nm for PRISMA, which results in a greater number of

spectral bands for PRISMA (47 bands) within the 2300
nm window than for EnMAP (43 bands). This benefits
PRISMA because it allows a greater number of measure-
ments to characterize radiance spectra.

3.1.2. Radiometric performance
Figure 3 shows radiance spectral bands from similar cen-

tral wavelenghts and equivalent adjacent band ratios from
the same Turkmenistan area for EnMAP and PRISMA.
The former uses a ratio between the 2104.9 nm band and
2096.0 nm band, while the latter uses one between the
2102.5 nm and 2094.4 nm band, which are the closest to
EnMAP’s. We use spectral bands located at the left shoul-
der of the 2300 nm methane band in order to avoid interfer-
ence of the sought striping pattern with potential methane
plumes in the imaged area. Both ratios show close-to-one
values because the radiance spectra levels from adjacent
bands is indeed very similar. In addition, although there
is a temporal difference of 20 days, we can observe that
there is little variation in the spatial patterns from one
acquisition to the other. In order to evaluate the general
variability, we show both ratios in a range of values com-
prising the mean and the standard deviation. We can ob-
serve a more pronounced striping pattern in EnMAP ratio,
which would lead to a worse data uniformity for EnMAP
than in the PRISMA case. This shows that applying the
matched-filter method in a per-column basis is necessary
for EnMAP. However, a more progressive pattern due to
spectral smile can be observed in the PRISMA case, which
confirms the spectral performance results of the previous
section. Therefore, while EnMAP presents a more remark-
able striping noise, PRISMA shows a higher spectral smile.
In the future, further algorithms will be implemented in
the EnMAP ground segment to remove low-frequent strip-
ing artifacts, so these results are only valid for the current
delivered EnMAP data.

In Figure 4 we present the SNR spectra from Niger
(EnMAP) and Sudan (PRISMA) datasets and the Niger
radiance spectrum in the SWIR. Along the SWIR spectral
range, EnMAP shows SNR values approximately twice as
large as those of PRISMA in the 2300 nm absorption win-
dow. This, together with lower EnMAP FWHM values,
will result in a lower retrieval precision error (Cusworth
et al., 2018). In addition, we also scaled the EnMAP Niger
SNR to the PRISMA Sudan radiance (LTOA) following
the proportionality with the square root of radiance and
we found a negligible difference between the scaled and the
not-scaled Niger SNR spectra that facilitates comparison
between datasets.

3.1.3. Methane retrieval performance
We want to characterize and compare methane retrieval

random errors from EnMAP and PRISMA missions. To do
so, we will calculate the errors related to measurement noise
and sensitivity to the background (Jacob et al., 2016) us-
ing relatively similar datasets with no methane emissions
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Fig. 2. Spectral smile (left) and spectral resolution (right) spectra in the #143 spectral band (2298.28 nm) from the PRISMA SWIR dataset
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in order not to disturb the study. Perfectly homogeneous
datasets from the same site with high and equal radiance
values would be ideal conditions to compare methane re-
trievals from both missions. However, it has been compli-
cated to find datasets that meet these conditions because of
the very short operational time of EnMAP (operative since
November 2022). Instead, the Niger (EnMAP) and Sudan
(PRISMA) datasets have been used to do this compari-
son because both present a similar spectrum shape along
the 2300 nm window and homogeneous desert areas with
high and similar radiance levels. This can be seen in Fig-
ure 5 where the spectral slope spectra, the averaged radi-

ance, and methane retrieval histograms from both datasets
are shown. We can observe a similar spectral slope spec-
trum from the Niger and Sudan datasets, which indicates
a similar surface composition from both sites. On the other
hand, the averaged radiance is defined as the mean radi-
ance within the 2300 nm absorption window and is repre-
sentative of the radiance level in the matched-filter spec-
tral range of application. Close standard deviation values
from averaged radiance histograms confirm a similar sur-
face variability, although there is a larger mean value rel-
ative difference (∼ 10%) that questions whether the radi-
ance values are similar enough to be comparable. In or-
der to see the real impact on retrieval noise, the relative
difference between averaged radiance values is propagated
first to measurement noise and then to retrieval noise fol-
lowing Eq.5 and Eq.6. We find a negligible disturbance of
methane retrieval of approximately 1%, which is consistent
with the little difference between the not-scaled and scaled
SNR Niger values from the previous section. Therefore, we
can assume that methane retrievals from both datasets are
comparable. The methane retrieval standard deviation can
be interpreted as the total retrieval noise, which can be re-
formulated as the square root of the quadratic sum of sur-
face variability and measurement noise contributions. Mea-
surement noise contribution to methane retrieval noise is
lower for Niger (10.4 ppb) than for Sudan (21.6 ppb). More-
over, although we have seen a similar surface variability,
this contribution is also lower for the EnMAP Niger acquisi-
tion (13.1 ppb) than for the Sudan acquisition of PRISMA
(19.4 ppb). We deduce that the lower FWHM from EnMAP
can better separate background surface from methane ab-
sorption features, whereas the better SSD from PRISMA is
not as relevant. Therefore, this confirms an EnMAP better
retrieval performance that would lead to a greater capabil-
ity to detect methane emissions.
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mean and standard deviation of their associated histograms, while
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retrieval error.

3.2. Sample EnMAP plume detections from different
source types

Previous studies based on space-borne imaging spec-
trometers have detected methane plumes coming almost
only from coal mining and O&G fields because their point-
source nature results in more concentrated plumes that are
easier to detect. However, the better retrieval performance
of EnMAP has motivated us to search on sites where
methane area-sources such as landfills are located. Addi-
tionally, we have also searched on O&G offshore areas,
where the typical low radiance values in the SWIR dam-
ages plume detection. Offshore methane plumes have been
detected from satellite (Irakulis-Loitxate et al., 2022a)
because of the sunglint effect, which can be better ex-
ploited by EnMAP than by PRISMA thanks to its greater
across-track pointing range.

3.2.1. Coal mining in the Shanxi region (China)

Fig. 6. Methane retrieval (left) and masked plumes overlaid on a

true color image (right) of an EnMAP dataset from an coal mining

area in the city of Shanxi (China).

In Figure 6 we show a methane retrieval from an EnMAP
dataset in a coal mine region in the city of Shanxi (China).
The low radiance levels and heterogeneity of this area gen-
erate less robust statistics and therefore results in a poorer
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performance of the matched-filter. Additionally, there are
surface structures spectrally similar to methane in the 2300
nm absorption window that cannot be separated and there-
fore are mistaken for methane. This leads to the existence
of retrieval artifacts in the methane retrieval that reduces
the potential for plume detection. However, the weak wind
speed (0.7 ± 0.4 m/s) in this area at the acquisition time
could have caused a greater concentration of the emissions,
which allows us to observe three methane plumes coming
from venting shafts that stand out from the background
and the retrieval artifacts. Based on our mapping, we cal-
culated a flux rate of 4.4 ± 0.8 t/h for the plume at the top,
and flux rates of 5 ± 1 t/h and 3.8 ± 0.7 t/h for the two
plumes at the bottom at the left and right side, respectively.

3.2.2. Onshore O&G extraction facilities in Turkmenistan

Fig. 7. Methane retrieval (left) and masked plumes overlaid on a
true color image (right) of an EnMAP dataset from an O&G field
in Turkmenistan on 2022/10/02 (top) and on 2022/10/06 (bottom).

We have also been able to detect plumes from point-
sources from onshore O&G facilities. Some of these emis-
sions were located in an O&G field in Turkmenistan, where
we observed methane plumes from the same two sources in
two different days (see Figure 7). This shows the ability of
satellite-based imaging spectroscopy missions such as En-
MAP to monitor persistent methane sources. On the first
day (2022/10/02) the flux rates values were 21 ± 9 t/h and
18 ± 8 t/h from the upper and lower source, respectively.
On the other hand, on the second day (2022/10/06) the flux
rates values were 13 ± 5 t/h and 14 ± 5 t/h from the upper
and lower source, respectively. In addition, the area from
this EnMAP dataset is bright and homogeneous, which re-
sults in a great performance of methane retrieval methods.

3.2.3. Offshore O&G platforms in the U.S. Gulf of Mexico

Fig. 8. Methane retrieval (left) and masked plumes overlaid on a
true color image (right) of an EnMAP dataset from an offshore O&G

field in the U.S. Gulf of Mexico.

The high absorption of water in the SWIR spectral range
reduces the detection of methane plumes. This will re-
sult in noisy methane retrievals because very low radiance
values will imply measuring out of the sensor dynamic
radiance range. However, there is a situation where the
methane plume detection capability can improve for off-
shore datasets. This situation is the sunglint effect and it is
defined as an increase of water reflectance when the angular
configuration between the Sun and the detector approaches
a mirror-like configuration. In this configuration the radi-
ance reaching the detector will be much higher and there-
fore there would be a better chance of detecting methane
emissions. This is why we look for offshore datasets with
angular conditions as close as possible to the mirror-like
configuration. The dataset angular configuration is deter-
mined by the Solar Azimuth Angle (SAA), the View Az-
imuth Angle (VAA), the Solar Zenith Angle (SZA), and
the View Zenith Angle (VZA). In addition, we define the
Relative Zenith Angle (RZA), which is expressed as RZA
= SZA - VZA, and the Relative Azimuth Angle (RAA),
which is expressed as RAA = SAA - VAA. Then, a per-
fect mirror-like configuration would result in | RZA | = 0◦

and | RAA | = 180◦. Across-track pointing from satellite
contributes to meet these conditions and therefore a wider
pointing range would translate into a higher probability
of finding the sunglint effect. EnMAP has a larger avali-
able across-track pointing range (± 30◦) than PRISMA (±
21◦), which makes EnMAP more suitable to detect offshore
methane plumes.

Figure 8 shows two methane plumes from offshore O&G
platforms in a U.S. Gulf of Mexico site. These platforms are
potential emitters since methane emissions from this site
have been already detected with airborne measurements
(Ayasse, 2022) and also wind speed direction matches the
plumes. We find that | RZA | and | RAA | are 23.88◦ and
19.71◦, respectively. These low values generate a close-to-
sunglint situation that triggers a high level of radiance,
which can be leveraged to detect methane plumes. We ob-
tain a flux rate quantification of 0.93 ± 0.15 t/h and 1.1 ±
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0.4 t/h for the plume on the left and on the right side of the
image, respectively. Therefore, this study has shown emis-
sions from offshore O&G platforms with unprecedented low
flux rates around 1 t/h. This suggests that in EnMAP the
detection limit under favorable conditions can be signifi-
cantly low to monitor a broad number of offshore platforms.

3.2.4. Landfills in Delhi (India)

Fig. 9. Methane retrieval (left) and masked plumes overlaid on a
true color image (right) of an EnMAP dataset from a landfill area

in Delhi (India).
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Fig. 10. 449.4 nm (left) and 2096.0 nm (right) radiance bands of an

EnMAP dataset from a landfill area in Delhi (India).

Point-sources have been exploited to detect emissions
because they can generate more concentrated plumes that
lead to a greater absorption. Meanwhile, methane area-
sources such as landfills release lower concentrated plumes,
which makes these emissions difficult to detect. So far, there
are few works done on the observation of methane emis-
sions from landfills, which are mostly limited to medium-
low resolution TROPOMI observations and detections from
GHGSat - a constellation of private satellites specifically
made to detect methane (Maasakkers et al., 2022; Lauvaux
et al., 2022). Now, the higher SNR and lower FWHM val-
ues from EnMAP can better separate the methane features
from the background, which could allow the detection of
weaker methane plumes from landfills. In Figure 9 we can
see two methane plumes originated from two landfills lo-
cated in Delhi (India). We find that plume tails enhance-
ments are almost at background level and the scene presents
a high number of retrieval artifacts that disturb the detec-
tion of real methane plumes. However, both plumes match

wind direction, come from potential methane emitting ar-
eas, and show plume-like shapes. Additionally, although it
seems that the scene is covered by clouds in the true color
image, they can not be seen in the longer wavelengths.
These clouds gradually disappear as the wavelength in-
creases and therefore the SWIR radiance is insensitive to
this cloud cover. We can observe this in Figure 10, where
we can see that in the 449.4 nm VNIR band there is a re-
markable cloud cover, while in a 2096.0 nm SWIR band
this cover does not exist anymore. A possible explanation
would be the presence of particles with a size comparable
to VNIR and SWIR wavelengths such as in smoke or haze
that interact with radiation following the Mie scattering.
A high concentration of pollutants of this size is registered
in the acquisition date in Delhi (PIB Delhi, 2022), where
the landfills are located, and therefore it would explain the
lack of visibility across the scene. Thus, since the 2300 nm
window is insensitive to these clouds, we have been able to
detect these plumes, which establishes the possibility to de-
tect methane area-source emissions from EnMAP datasets.
Additionally, flux rate values of 1.8 ± 0.5 t/h and 2.8 ±
0.7 t/h are calculated for the plumes located on the up-
per and lower part of the scene, respectively. These calcu-
lations are made following an equation calibrated to point-
source emissions, which could not be valid for area-source
emissions. Nevertheless, because of their large size we can
assume that plume dimensions are much higher than the
emitting area size and therefore we can approximate these
cases to point-source emissions.

3.2.5. Plumes detected around the world
Together to the ones already exposed, in Figure 11 we

illustrate different plumes detected around the world with
their corresponding flux rate values. This shows the En-
MAP capability to detect methane plumes in a wide range
of different scenarios (variable atmospheric conditions, ra-
diance levels, surface composition, and methane emission
flux rates). In addition to the plumes shown in previous
sections, we find a plume from a Permian Basin (U.S.) site,
two other emissions from an O&G field in Algeria, and four
more plumes in an O&G field in Turkmenistan. Moreover,
we find two plumes from the same pumping station (O&G
facility) in Iran, which shows another case of the EnMAP
ability to monitor persistent emissions. Additionally, we
can see that the flux rates of the different plumes range
from approximately 1 to 20 t/h. The bigger emissions were
originated in the Turkemistan O&G fields and China coal
mines. On the other hand, the lowest emission was found
coming from a offshore O&G platform in the U.S. GoM.
However, a detection limit lower than 1 t/h is expected
since plumes with a flux rate of 0.5 t/h were found with
PRISMA (Irakulis-Loitxate et al., 2021).
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Fig. 11. Masked methane plumes around the world linked to their flux rate value and overlaid on Google Earth true-color imagery.

4. Conclusions

In this work we have studied the spectral and radiometric
performance of EnMAP in order to assess their impact
on methane retrievals taking PRISMA as a benchmark. In
addition, EnMAP plumes coming from different emission
sectors are shown to illustrate its ability to map methane
emissions.

The spectral and radiometric performance of EnMAP
is studied in the 2300 nm absorption window, where
the matched-filter method is applied. Results show that
PRISMA presents a better SSD and striping noise, while
EnMAP presents better FWHM, SNR and, spectral smile.
Striping noise and spectral smile are avoided applying the
matched-filter method in a per-column basis. SSD is lower
for PRISMA and therefore it presents a higher number
of bands to characterize the radiance spectra. However,
results show that the lower FWHM and higher SNR from
EnMAP in the 2300 nm absorption window derives in a
lower retrieval noise. Moreover, methane retrievals from
datasets around the world demonstrate the capability of
EnMAP to detect methane plumes in a wide range of sce-
narios. In addition to point-source emissions from onshore

O&G facilities and coal mines, we have also been able to
detect emissions from offshore O&G facilities and land-
fills. The higher across-track pointing range from EnMAP
makes it easier to find close-to-sunglint situations where
there is a better chance to detect emissions in offshore sce-
narios and its higher sensibility to methane makes it more
suitable to detect area-sources.
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