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Abstract. We demonstrate the capability of the Sentinel-
2 MultiSpectral Instrument (MSI) to detect and quantify
anomalously large methane point sources with fine pixel res-
olution (20m) and rapid revisit rates (2-5d). We present
three methane column retrieval methods that use shortwave
infrared (SWIR) measurements from MSI spectral bands 11
(~1560-1660nm) and 12 (~2090-2290nm) to detect at-
mospheric methane plumes. The most successful is the multi-
band-multi-pass (MBMP) method, which uses a combina-
tion of the two bands and a non-plume reference observa-
tion to retrieve methane columns. The MBMP method can
quantify point sources down to about 3 th~! with a precision
of ~30%-90% (1o) over favorable (quasi-homogeneous)
surfaces. We applied our methods to perform high-frequency
monitoring of strong methane point source plumes from a
well-pad device in the Hassi Messaoud oil field of Alge-
ria (October 2019 to August 2020, observed every 2.5d)
and from a compressor station in the Korpezhe oil and gas
field of Turkmenistan (August 2015 to November 2020, ob-
served every 5 d). The Algerian source was detected in 93 %
of cloud-free scenes, with source rates ranging from 2.6 to
51.9th~! (averaging 9.3th~!) until it was shut down by a
flare lit in August 2020. The Turkmen source was detected in
40 % of cloud-free scenes, with variable intermittency and a
9-month shutdown period in March—December 2019 before
it resumed; source rates ranged from 3.5 to 92.9th~! (aver-
aging 20.5 th™!). Our source-rate retrievals for the Korpezhe
point source are in close agreement with GHGSat-D satellite
observations for February 2018 to January 2019, but provide
much higher observation density. Our methods can be readily
applied to other satellite instruments with coarse SWIR spec-
tral bands, such as Landsat-7 and Landsat-8. High-frequency

satellite-based detection of anomalous methane point sources
as demonstrated here could enable prompt corrective action
to help reduce global methane emissions.

1 Introduction

Methane is a potent greenhouse gas that is responsible for
roughly one quarter of the climate warming experienced
since preindustrial times (IPCC, 2013). Natural methane
emissions are primarily from wetlands. Anthropogenic emis-
sions originate from a myriad of point sources associated pri-
marily with livestock, coal mining, oil and gas production,
and waste management (Saunois et al., 2020). Measurement
surveys of methane-emitting facilities have shown that a
small number of anomalously strong point sources contribute
a large fraction of total emissions, due to equipment mal-
function and/or abnormal operating conditions (Brandt et al.,
2016; Frankenberg et al., 2016; Zavala-Araiza et al., 2017,
Duren et al., 2019). This presents an opportunity for effec-
tive climate change mitigation if the strongest point sources
can be rapidly identified, repaired, and routinely monitored.

Satellite observations of atmospheric methane by solar
backscatter in the shortwave infrared (SWIR) have unique
potential for global and individual monitoring of point
sources, but a combination of fine spatial resolution and fre-
quent revisit rate is needed. The TROPOspheric Monitor-
ing Instrument (TROPOMI) aboard the Sentinel-5 Precursor
satellite provides daily global methane measurements at up
t0 5.5 x 7 km? pixel resolution (Hu et al., 2018; Schneising
et al., 2019), sufficient to detect major accidental blowouts
at oil and gas facilities (Pandey et al., 2019) but generally
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too coarse to resolve point sources (Varon et al., 2019),
which are often spatially clustered and typically produce
plumes < 1km in scale (Frankenberg et al., 2016; Duren et
al., 2019). GHGSat microsatellite instruments (Jervis et al.,
2021; Ramier et al., 2020) are specifically designed to de-
tect methane point sources using fine pixel resolution (25—
50m) over limited domains (12 x 12km?) and with rela-
tively high precision (~ 1 %—15 %). Hyperspectral imaging
spectrometers designed to observe land surfaces at 1-10 nm
spectral resolution with 30 m pixel resolution can detect large
methane plumes (Thompson et al., 2016; Cusworth et al.,
2019), as was recently demonstrated with the Italian Space
Agency’s PRISMA instrument (Cusworth et al., 2021). Re-
visit times for these targeting instruments are limited by spa-
tial coverage, tasking constraints, and the number of satel-
lites; achieving frequent revisits will require a constellation.

Here we demonstrate the capability of the current Sentinel-
2 twin satellites to detect and quantify strong methane point
sources globally with both fine pixel resolution and fre-
quent revisits. Sentinel-2 was originally designed to provide
operational data products for environmental risk manage-
ment, land cover classification, land change detection, and
terrestrial mapping, as a complement to the Landsat and
SPOT satellite missions. It comprises two satellites posi-
tioned 180° out of phase in the same sun-synchronous or-
bit, with an Equator-crossing time of 10:30 (local solar time)
at the descending node. Sentinel-2A was launched in June
2015 and Sentinel-2B in March 2017. Each satellite carries
a MultiSpectral Instrument (MSI) that continuously sweeps
the Earth’s surface in 13 spectral bands from the visible
to the shortwave infrared (SWIR) at 10-60 m pixel resolu-
tion over a 290 km cross-track swath (Drusch et al., 2012).
The twin satellite configuration enables full global cover-
age every 5d and 2-3d revisit rates at midlatitudes. We
show here that Sentinel-2 SWIR bands 11 (~ 1560-1660 nm)
and 12 (~2090-2290 nm), with 20 m pixel resolution, can
be used to detect plumes from large methane point sources
and quantify source rates. These bands integrate radiances
over methane’s 1650 and 2300 nm SWIR absorption features.
Band 12, overlapping with the stronger and broader 2300 nm
feature, is considerably more sensitive to methane than band
11. This is despite the comparatively lower solar irradiance
in band 12, because the two bands have equivalent signal-
to-noise ratios (SNRs) at their respective reference radiances
(Drusch et al., 2012). Band 11 can therefore be used as a
proxy for the continuum, being spectrally close to band 12
and having generally similar surface reflectances. Although
the MSI spectral resolution of ~ 100-200 nm is far too coarse
to permit standard retrieval of methane column concentra-
tions by hyperspectral fitting in the SWIR, methane columns
can still be derived from reflectance differences between the
spectral bands and between satellite passes.

We present three different retrieval approaches that use
Sentinel-2 data from bands 11 and 12 on one or more satel-
lite passes to derive methane column enhancements across a
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scene. We assess retrieval error in each of these approaches
for a variety of scenes and surface types, and estimate asso-
ciated plume detection limits. Furthermore, we present case
studies illustrating high-frequency monitoring of methane
emissions from venting at two oil and gas facilities in the
Hassi Messaoud oil field of Algeria and the Korpezhe oil and
gas field of Turkmenistan, inferring source rates for more
than 160 methane plumes observed by Sentinel-2 at these
sites between 2015 and 2020. This offers a unique perspec-
tive on the variability and intermittence of methane emissions
from large point sources.

Our techniques are developed with a focus on Sentinel-2
satellite observations, owing to the exceptional spatial and
temporal resolution of MSI data, but can easily be extended
to observations from other multispectral surface imagers with
similar spectral bands, such as the Landsat 7 and Landsat 8
instruments with 30 m pixel resolution and a combined 8d
revisit rate or the Sentinel-3 SLSTR instrument with 500 m
pixel resolution and daily revisits. This work demonstrates
how spaceborne multispectral imaging instruments can facil-
itate global high-frequency mapping of large methane point
sources by combining fine pixel resolution with rapid revisit
rates.

2 Sentinel-2 data

We use Sentinel-2 level 1C (L1C) data for top-of-atmosphere
reflectances in spectral bands 11 and 12 to retrieve methane
column enhancements of individual plumes. The Sentinel-2
data are openly available on the European Space Agency’s
Copernicus Open Access Hub and are provided at 20 m pixel
resolution over 100 x 100km? surface tiles with fixed geo-
graphic coordinates in UTM/WGS84 projection (Drusch et
al., 2012; ESA 2020a). We present retrievals for two loca-
tions observed between June 2015 and October 2020. The
first location is a device at a well pad in the Hassi Messaoud
oil field of Algeria (31.6585° N, 5.9053° E; tile 32SKA). The
second is a device at a compressor station in the Korpezhe
oil and gas field of Turkmenistan (38.4939° N, 54.1977° E;
tile 40SBH), which was previously studied by Varon et
al. (2019) using the GHGSat-D demonstration satellite in-
strument. Sentinel-2 acquired 109 cloud-free observations at
the Algerian facility over a 10-month period and 171 at the
Turkmen facility over a 5-year period (see Sect. 4).

Figure 1 shows the spectral bandwidths of Sentinel-
2 bands 11 and 12 along with methane, CO;, and wa-
ter vapor optical depths in the 1500-2500 nm SWIR spec-
tral range, based on absorption line spectra from the
HIgh-resolution TRANsmission molecular absorption (HI-
TRAN2016) database (Gordon et al., 2017). The MSIs
aboard Sentinel-2A and Sentinel-2B have slightly different
spectral transmission window positions and widths (Fig. 1).
Bands 11 and 12 for Sentinel-2A cover 1568.2-1659.2 and
2114.9-2289.9 nm, respectively; for Sentinel-2B, the ranges
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Figure 1. Methane (CHy4), CO,, and water vapor (H,O) slant column optical depths in the 1500-2500 nm SWIR spectral range, based on
absorption line strengths from the HITRAN2016 database sampled at 20 pm spectral resolution. Values are for the US Standard Atmosphere
(Anderson et al., 1986), with surface concentrations adjusted to 1875 ppb for methane and 410 ppm for CO,. The slant optical depth calcula-
tion is done for a solar zenith angle of 40° and satellite viewing angle of 0°. The optical depths are smoothed with a 20-point moving average
for visual clarity. The gray shaded areas are the spectral ranges of bands 11 and 12 for Sentinel-2A (solid) and Sentinel-2B (hatched).

are 1563.4-1657.4 and 2093.2-2278.2 (ESA, 2020b). Band
11 extends over a set of weak methane absorption lines near
1650 nm. Band 12 includes stronger absorption lines over
the 2200-2300 nm range. The mean methane optical depth in
band 12 is 5 times larger than that in band 11. The mean CO,
optical depth is about 5 times larger in band 11 and 24 times
smaller in band 12 than that of methane. Absorption by water
vapor and CO» in the two bands introduces a risk of methane
retrieval artifacts because the coarse MSI spectral resolution
does not allow separation of species. However, water vapor
and CO; are generally not co-emitted with methane from
large point sources, so their concentrations can be assumed
uniform across a given scene, and we show in Sect. 3.1 that
they have negligible effects on the methane point source re-
trieval. Additional quantification errors may arise from spec-
troscopic database uncertainties.

3 Methane column retrievals

Standard retrieval algorithms estimate vertical column con-
centrations (molm~2) of atmospheric methane by fitting a
radiative transfer model to remotely sensed SWIR spectra.
Typically the spectra are highly resolved, with full width
at half maximum of 0.1 to 10 nm and tens to thousands of
spectral samples (Hamazaki et al., 2005; Jacob et al., 2016;
Cusworth et al., 2019; Hasekamp et al., 2019). This enables
joint optimization of methane, other trace gases, and surface
albedo from a single observation. But one can also, in prin-
ciple, retrieve methane column concentrations together with
surface albedo from just two spectral measurements, one fea-
turing methane absorption and one not. This could be done
for a single spectral band by comparing observations of the
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same scene with and without a methane plume. It could also
be done for a single scene with two adjacent spectral bands
that are sufficiently close to have similar surface and aerosol
reflectance properties but differ in their methane absorption
properties. Similar techniques have previously been used to
retrieve methane column concentrations from ground-based
(Innocenti et al., 2017) and airborne (Leifer et al., 2006;
Roberts et al., 2010) remote sensing instruments. We demon-
strate this here using Sentinel-2 bands 11 and 12.

We use a 100-layer, clear-sky radiative transfer model to
simulate top-of-atmosphere (TOA) radiances in the Sentinel-
2 SWIR bands (Fig. 1) for comparison with Sentinel-2 mea-
surements. The model accounts for molecular absorption but
not thermal emission or scattering (Jervis et al., 2021). We
simulate radiances at 0.02nm spectral resolution and in-
tegrate them over the band-11 and band-12 spectral win-
dows. The model relies on U.S. Standard Atmosphere ver-
tical profiles of pressure, temperature, air density, water va-
por, CO, (scaled to 410 ppm at sea level), and background
methane (scaled to 1875 ppb at sea level or 0.65mol m~2
in the column). Absorption line strengths for the trace gases
are obtained from the HITRAN2016 database and convolved
with a Voigt profile to compute absorption cross sections
(Kochanov et al., 2016). The incident solar irradiance is from
Clough et al. (2005), and we assume the surface reflectance
to be Lambertian. The radiative transfer model accounts for
variable surface height, solar zenith angle (SZA), and instru-
ment viewing zenith angle (VZA). We obtain SZA and VZA
for each scene from metadata provided with the Sentinel-2
image tiles and surface height at the source location from
© Google Earth elevation data. Aerosol effects are ignored
because methane sources generally do not co-emit aerosols
and because background aerosol such as from dust can be
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assumed uniform across a given scene (like water vapor and
CO»). Neglecting aerosol scattering may produce methane
retrieval errors of a few percent (Huang et al., 2020), but as
we show below this is much smaller than typical Sentinel-2
methane retrieval errors.

Our Sentinel-2 retrievals employ a general strategy of de-
riving methane column enhancements A2 (mol m~2) from
fractional changes in TOA reflectances for band 12 relative
to a reference image

without (or with less) SWIR absorption by a methane
plume. Examining fractional changes means that methane
column concentrations can be retrieved from any radiometric
measurement that is proportional to TOA radiance, including
reflectances and even 8-bit image brightness data. Here we
use TOA reflectances from the Sentinel-2 L1C product.

3.1 Single-band-multi-pass (SBMP) retrieval

The first of our three column retrieval methods is a single-
band method that compares band-12 TOA reflectances Rj2
measured over an active methane point source with values
R’17 measured over the same location on a day without emis-
sions. This presumes some intermittence in emissions, which
is characteristic of many methane point sources (Duren et al.,
2019). We derive methane column concentrations from the
fractional change in reflectance:

cRix—R'12

1
R ey

ARspmp =
where ¢ is a scaling factor that adjusts for scene-wide
changes in brightness between satellite passes. Such changes
could be due to variable observation zenith angles, atmo-
spheric conditions, or surface conditions. We calculate ¢ by
least-squares fitting of all values of Rj, in the scene against
all values of R’}7, using a first-order linear regression with an
intercept of zero. To infer the methane column enhancement
A, we compare A Rspmp to a fractional absorption model:

T12(Q+ AQ) — T12(R)

mspMp(AR) = T (D) , (2

where T12(£2) is the simulated TOA spectral radiance for the
nominal methane column concentration 2 (mol m_z), inte-
grated over the band-12 spectral range and including absorp-
tion by CO; and H,O. The methane enhancement is pre-
sumed to be in the lowest 500 m of the atmosphere. We use a
Gauss—Newton method to retrieve the enhancement by min-
imizing F(ASQ) = ARspmp — mspmp(AS2). For a scene at
sea level, with the satellite positioned directly overhead and
the Sun at 40° from nadir (VZA =0°, SZA =40°), a dou-
bling of the methane column yields msgmp = —0.035 for
Sentinel-2A and —0.027 for Sentinel-2B, corresponding to
fractional signal changes of 3.5 % and 2.7 %, respectively.
The difference between these two values is due to the instru-
ments’ slightly different spectral ranges (Fig. 1).
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The SBMP retrieval has the benefit of conceptual sim-
plicity but the disadvantage of requiring measurements from
more than one satellite pass. It may be challenging to iden-
tify a plume-free satellite pass when monitoring persistent
methane sources. Furthermore, the retrieval is vulnerable to
non-uniform changes in surface albedo over time. We veri-
fied that changes in background water vapor concentration
between scenes would have only a small effect. Water va-
por columns over land may vary from 1 to 40kg m~2, as ob-
served by the Orbiting Carbon Observatory (OCO-2; Nelson
et al., 2016), but under nominal observing conditions msgyp
varies by only 6 % over this range (i.e., by roughly +0.002).
Assuming that water vapor is uniform across a scene, the
changes in TOA radiances due to its variability from pass to
pass would be small and accounted for by the scaling factor
c. Variability in background CO; is much less than for wa-
ter vapor and has virtually no effect on mggmp; varying the
CO3 column between 400 and 410 ppm changes msgmp by
<0.01 %.

3.2 Multi-band-single-pass (MBSP) retrieval

Our second method is a multi-band retrieval that estimates
methane enhancements from differences between the band-
11 and band-12 reflectances measured on a single satellite
pass. For this method, the fractional change in reflectance is
given by

cRi2 — Ry

A RMBSp = R—]] s 3

where ¢ is now determined by least-squares fitting of Rj»
against R across the scene. The fractional absorption model
is then
T12(2+ AQ) — T12(£2)
T12(2)
~ T (24 AQ) - T11(2)
T11(2)
This approach relies on surface reflectance similarities be-
tween the two adjacent bands. The empirical scaling fac-
tor ¢ now accounts for uncalibrated differences in signal
throughput between bands 11 and 12, plus spectral depen-
dences of surface albedo assumed to be uniform across the
scene. The fractional absorption model accounts for the non-
zero methane sensitivity of band 11 by subtracting its sim-
ulated fractional absorption from that of band 12. We re-
trieve AQ2 as in the SBMP method, this time by minimiz-
ing F(AQ) = ARmpsp — mmBsp(AS). For a scene at sea
level, with the satellite positioned directly overhead and the
Sun at 40° from nadir (VZA =0°, SZA =40°), a doubling
of the methane column yields mmpsp(S2cH,) = —0.029 for
Sentinel-2A and —0.022 for Sentinel-2B.

The MBSP retrieval has the advantage of requiring just
one satellite pass to retrieve methane concentrations, but the
disadvantage of using signals acquired from different spec-
tral bands with central wavelengths separated by 600 nm.

mMBsp(AR) =

“4)
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3.3 Multi-band-multi-pass (MBMP) retrieval

Our third retrieval approach combines the techniques of the
first two, deriving methane column enhancements from the
difference between MBSP retrievals from different satellite
passes. In this method, we correct for systematic errors in the
MBSP retrieval AQympsp due to wavelength separation be-
tween bands by subtracting another MBSP retrieval AQ};pcp
performed for a satellite pass when no methane plume was
present:

AQvBMP = AQMBSP — AQ{VIBSP‘ (5)

If the systematic errors in the MBSP retrievals are similar on
both passes, then this subtraction removes artifacts present in
the retrieval field, leaving only true methane enhancements.

3.4 Demonstration

Figure 2 shows examples of each of our three retrievals
for a strong methane point source detected by Sentinel-2A
at a well pad in the Algerian Hassi Messaoud oil field on
20 November 2019 (see Sect. 4), along with band-11 and
band-12 reflectance data for that day and a previous refer-
ence day when no plume was present (6 October 2019). We
focus our attention on a 4 x 4km? scene around the point
source. Methane emissions are not detectable in the band-12
reflectances on the reference day (Fig. 2a), but band-12 ex-
tinction is evident on 20 November 2019, emanating north-
ward from a device in the center of the domain (Fig. 2b).
No such extinction is apparent in the band-11 reflectances
on 20 November 2019 (Fig. 2¢), due to the weaker methane
absorption lines in that spectral band (see Fig. 1).

Figure 2d—f shows the results of our three retrievals, with
large methane plumes extending northward from the vent,
but strong retrieval artifacts present in the domain. We es-
timate single-pixel column retrieval precision as the stan-
dard deviation of non-plume methane enhancements across
the scene, assuming uncorrelated and normally distributed
instrument noise. We obtain precisions of 0.32molm™2
(roughly 49 % of background) for the SBMP retrieval and
0.31 molm~2 (roughly 48 % of background) for the MBSP
retrieval. The MBMP retrieval (Fig. 2f) produces by far the
clearest methane plume, with considerably finer precision
(0.13mol m~2, or 21 % of background) and a much longer
detectable plume extent than either of the other retrievals. We
estimate for this plume a source rate of 8.5+5.7th™! (see
Sect. 4). Sentinel-2 single-pixel precision levels of 21 %—
49 % are coarser than observed with GHGSat-D (9 %—-18 %;
Varon et al., 2020) but still permit quantification of strong
methane point sources.

One might expect the MBMP retrieval to be strictly supe-
rior to the SBMP and MBSP retrievals since it exploits both
multi-band and multi-pass information to derive methane
column concentrations. However, this may not be the case
for scenes with large differences in surface reflectance be-
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tween bands 11 and 12 due to strong spectral dependence
of the albedo (in which case SBMP might be superior) or
if no good reference observation with consistent surface re-
flectance is available (in which case MBSP might be supe-
rior). We investigate the dependence of the methane retrieval
precision on surface type and retrieval method in the follow-
ing section.

3.5 Retrieval precision and dependence on surface type

Our Sentinel-2 methane column retrievals require close
agreement between MSI surface reflectances measured on
different satellite passes and/or in different SWIR spectral
bands to isolate methane plumes in a scene. The scaling fac-
tor ¢ of Egs. (1) and (3) is fitted to account for scene-averaged
differences in reflectance between satellite passes or bands,
but inter-pixel variability in surface reflectance remains and
will be a source of error.

We illustrate the error from variable surface conditions
with examples for five different types of scene: Hassi Mes-
saoud, Korpezhe, and representative savanna, farmland, and
urban scenes. For each of these scenes but the last, we re-
trieve methane columns over a 4 x 4km? area. We limit
the urban scene to 2.4 x 2.4km? to exclude non-urban ar-
eas from the retrieval domain. The Hassi Messaoud and Kor-
pezhe scenes are masked to remove the methane plumes. The
other three scenes have no apparent methane sources.

We use one reference observation per Sentinel-2 MSI for
all multi-pass (SBMP and MBMP) column retrievals per-
formed at each site. The reference observations for Hassi
Messaoud (centered on 31.6585°N, 5.9053°E) are from
4 October 2019 (Sentinel-2A) and 6 October 2019 (Sentinel-
2B); for Korpezhe (centered on 38.4939° N, 54.1977° E) they
are from 2 August 2020 (Sentinel-2A) and 28 July 2020
(Sentinel-2B). The savanna scene is in the Mbeya Region
of Tanzania (centered on 7.5778° S, 34.0918° E); we exam-
ine imagery from 20 and 30 July 2020 for this location. The
urban scene is in Brooklyn, New York City (centered on
40.6113° N, 73.9952° W) and is observed on 6 and 19 July
2020. The farmland scene is in Saskatchewan, Canada (cen-
tered on 51.9908° N, 107.3488° W), with imagery from 24
and 31 July 2020. Mean band-11 (band-12) reflectances for
the Hassi Messaoud, Korpezhe, savanna, urban, and farm-
land scenes are 0.61, 0.35, 0.20, 0.26, and 0.15 (0.53, 0.32,
0.12, 0.21, and 0.06), respectively.

Figure 3 shows estimated single-pixel precisions for our
three methane column retrievals over the five scenes, along
with estimated plume detection limits. Precision is calcu-
lated as in Sect. 3.4, as the standard deviation of non-
plume methane enhancements across the scene relative to a
background column of 0.65molm~2 (roughly 1875 ppb of
methane). For the Hassi Messaoud and Korpezhe retrievals,
the reported precisions are averages over all 68—101 satellite
passes. For the savanna, urban, and farmland scenes, the pre-
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Figure 2. Demonstration of Sentinel-2 methane column retrieval for a plume emitted from a point source (31.6585° N, 5.9053° E) in the
Hassi Messaoud oil field of Algeria on 20 November 2019 (see Sect. 4). (a) Sentinel-2 top of atmosphere reflectances for band 12 observed
on 6 October 2019, a reference day when no plume is present. (b) The same as panel (a), but for 20 November 2019 when the plume
is present in the middle of the image. (c¢) Top of atmosphere band-11 reflectances corresponding to panel (b). (d) Single-band-multi-pass
(SBMP) retrieval for 20 November 2019. (e) The same as panel (d) but for the multi-band—single-pass (MBSP) retrieval. (f) The same as

panel (d) but for the multi-band—multi-pass (MBMP) retrieval.

cision estimates reflect a single scene-wide column retrieval
and are intended only to be illustrative.

Precision is best using the MBMP retrieval for all scenes
except Korpezhe, where the MBSP retrieval is slightly bet-
ter. Precision is 27 % for Hassi Messaoud and 33 % for Kor-
pezhe. Both of these scenes feature relatively homogeneous
arid surfaces. The more heterogeneous savanna scene has a
precision of 49 %, and the highly heterogeneous urban and
farmland scenes have precisions in excess of 200 %. These
precisions could be improved by image segmentation to iso-
late different surfaces within the scene. For example, exam-
ining a relatively uniform 800 x 800 m? sub-area of the farm-
land scene (a single farm plot), we find a finer MBMP preci-
sion of 101 %.

The dependence of retrieval precision on surface hetero-
geneity can be expressed explicitly. From Egs. (1) and (3), it
is evident that differences between cR1» and R’» (or R;1) in
image pixels without a true methane plume enhancement will
produce errors in the retrieval field. Specifically, for small de-
viations €2 from the background methane column, the stan-
dard deviation of the methane enhancement field, AQSP, is
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related to the standard deviation A RSP of the fractional re-
flectance field via

8Q
my(8Q)°

where x is either SBMP or MBSP.

The single-pixel column retrieval precisions of Fig. 3 can
be related to empirical plume detection limits — the small-
est source rate Sentinel-2 can detect in a given scene — by
using the long-term observation records for the Hassi Mes-
saoud and Korpezhe scenes shown in Sect. 4. For Hassi Mes-
saoud with 27 % retrieval precision, the minimum detected
source is 2.6th~!. For Korpezhe, with 33 % retrieval pre-
cision but more temporally variable surface conditions, the
minimum detected source is 3.5th~!. The plume detection
limit is expected to be proportional to precision (Jacob et
al., 2016) and is shown in Fig. 3 for the savanna, urban, and
farmland scenes by scaling of the Hassi Messaoud MBMP
value. The largest methane point sources under normal oper-
ating conditions (landfills, wastewater treatment plants, and
the vents of underground coal mines) can emit 1-10th~! as
annual means (Jacob et al., 2016; Varon et al., 2020; Scarpelli

AQSP = ARSP (6)
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for MBMP precision.

et al., 2020a). Our detection-limit estimates for Sentinel-
2 thus restrict application to unusually strong sources, but
such sources are routinely detected in abnormal operations
(Pandey et al., 2019; Varon et al., 2019; Cusworth et al.,
2021). Duren et al. (2019) found that sources stronger than
2.5th™! accounted for <5 % of point source emissions in
California, but Frankenberg et al. (2016) found that they were
responsible for more than 25 % in the Four Corners oil and
gas production region of New Mexico.

4 Application to high-frequency point-source
monitoring

We apply our Sentinel-2 retrievals to high-frequency moni-
toring of two methane point sources in the Hassi Messaoud
oil field of Algeria and the Korpezhe oil and gas field of
Turkmenistan. The Hassi Messaoud point source was dis-
covered here by inspection of Sentinel-2 imagery. GHGSat
discovered the Korpezhe point source in January 2019, and
TROPOMI corroborated its magnitude (Varon et al., 2019).
Locations are shown in Fig. 4. The Algerian point source is a
piece of equipment near an oil well pad. Sentinel-2 imagery
indicates that it started emitting large quantities of methane
on 9 October 2019 and continued until 9 August 2020, when
a flare was lit (visible by Sentinel-2) and the plume became
undetectable. The Turkmen point source is a piece of equip-
ment about 400 m southwest of the Korpezhe compressor sta-
tion. GHGSat-D observed plumes from this source beginning
in June 2018, and TROPOMI detected plumes going back to
November 2017 (Varon et al., 2019). Sentinel-2 first detected
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emissions from this source on 29 August 2015, soon after the
launch of Sentinel-2A, and observed routine but intermittent
emissions up until at least 11 October 2020, the last observa-
tion day considered here.

4.1 Source-rate retrieval

We estimate source rates for each of our retrieved methane
plumes using the integrated methane enhancement (IME)
method (Frankenberg et al., 2016; Varon et al., 2018; Duren
et al., 2019; Jongaramrungruang et al., 2019). As imple-
mented by Varon et al. (2018), the IME method derives the
source rate Q from the total plume IME (kg), an effective
wind speed Uegr (m s, and a plume length scale L (m):

IME X Uegs

0=—7

)
The IME is computed over a binary mask that separates
the plume from the background, L is the square root of the
area of the plume mask, and Uesr is a function of the local
10 m wind speed Uy that is calibrated with large-eddy sim-
ulations (LES) mimicking the satellite instrument specifica-
tions and the plume masking procedure. Here we define the
plume mask by selecting methane columns above the 95th
percentile for the scene and smooth with a 3 x 3 median fil-
ter.

Our LES ensemble used to calibrate the Sentinel-2 re-
trievals simulates plume transport at 25m horizontal and
15 m vertical resolution over a 9 x 9 x 2.4km? domain. The
ensemble comprises five 3 h simulations with a range of sen-
sible heat fluxes (100-300 W m~2) and mixed layer depths

Atmos. Meas. Tech., 14, 2771-2785, 2021
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Figure 4. Surface imagery from © Google Earth showing the two oil and gas methane point sources to which our retrieval methods are
applied for high-frequency Sentinel-2 monitoring. The point sources are pieces of equipment at the centers of the yellow target symbols.
(a) Point source (31.6585° N, 5.9053° E) near an oil well pad in the Hassi Messaoud oil field of Algeria. The image is from 1 December
2018. (b) Point source (38.4939° N, 54.1977° E) near a compressor station in the Korpezhe oil and gas field of Turkmenistan. The image is

from 24 August 2019.

(500-2000m). We treat the first hour of each simulation as
spin-up and use the remaining 2 h for the calibration. After
applying the Sentinel-2 single-pixel retrieval precision and
plume mask, we find the following relationship between Ukt
and Ujp:

Uett = U0+ 8, (®

where o =0.33 and B =0.45ms~!. Since we lack lo-
cal Ujp observations, we use 1h average Ujo data from
the NASA GEOS-FP meteorological reanalysis product at
0.25° x 0.3125° resolution (Molod et al., 2012).

We estimate 1o uncertainties for each of our reported
source rates using the approaches of Varon et al. (2019), in-
cluding contributions from wind speed error, retrieval error,
and error in the IME model. Wind speed error is estimated
by comparing GEOS-FP 10 m wind speed data with United
States mesonet airport measurements from the MesoWest
database (Horel et al., 2002). Retrieval error on the scale of
the plumes is estimated from the variability in IME across
the methane retrieval domain by sampling the retrieved col-
umn enhancements with the plume mask at different back-
ground locations in the scene. Error in the IME model is
evaluated with a test set of LES plumes not included in the
effective wind speed calibration. For source-rate estimates
based on the multi-pass (SBMP and MBMP) methane col-
umn retrievals, we also include an uncertainty term reflect-
ing sensitivity of the retrieved source rate to the reference
observation used in the column retrieval. This error term
is computed as the root mean square (RMS) difference in
source rates obtained using different pairs of reference ob-
servations to retrieve methane columns (one observation for
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each of Sentinel-2A and Sentinel-2B). Standard error in fit-
ting the scaling factor ¢ of Eqs. (1) and (3) is < 1% for
both the Hassi Messaoud and Korpezhe scenes. Total uncer-
tainty is computed by quadrature addition of the individual
error terms. We find total 1o source-rate uncertainties rang-
ing from 33 %—-86 % for the Hassi Messaoud oil field point
source and 21 %—-68 % for the Korpezhe oil and gas field
point source, generally dominated by wind speed error.

4.2 Hassi Messaoud oil field, Algeria

We identify 101 detectable methane plumes from the Hassi
Messaoud point source out of 121 total Sentinel-2 satellite
passes between 9 October 2019 and 9 August 2020, corre-
sponding to a pass on average every 2.5d. Of the 20 non-
detections, 12 were due to cloud cover and 8 showed no de-
tectable plume, indicating a plume persistence rate of 93 %
for cloud-free observations. Non-detections can be due to
source inactivity or to emission rates below the Sentinel-2 de-
tection threshold. Plume detection was determined for each
cloud-free scene by using the SBMP, MBSP, and MBMP
retrievals across a 4 x 4km? domain centered on the point
source. We use reference observations from 4 October 2019
(Sentinel-2A) and 6 October 2019 (Sentinel-2B), before the
emissions began, for the multi-pass (SBMP and MBMP)
retrievals. To assess sensitivity to the reference scene, we
also perform multi-pass retrievals using reference data from
satellite passes that occurred after the emissions ceased:
18 September 2020 (Sentinel-2A) and 20 September 2020
(Sentinel-2B).

Figure 5 shows the single-pixel column retrieval preci-
sion on days when a plume was detected, again estimated
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Figure 5. Single-pixel retrieval precision for the Hassi Messaoud scene over time, evaluated from the standard deviation of non-plume
enhancements retrieved across the scene. The black, red, and blue markers indicate which satellite passes had plume detections, which had
non-detections, and which were obscured by clouds, respectively. The y-axis is logarithmic.

as the standard deviation of non-plume methane enhance-
ments across the scene. The MBMP retrieval shows consis-
tently better precision than the other two retrievals, as previ-
ously shown in Figs. 2 and 3. Precision fluctuates between
about 0.1 and 0.25 mol m~2, with a mean of 0.18 mol m—2
(27 % of background, value reported in Fig. 3), a median
of 0.16 mol m~2, and three outliers higher than 0.3 mol m~2.
These outliers are caused by partial cloud cover or large-scale
gradients across the scene that could be weather-related. The
consistent precision in the time series indicates that the value
of our reference observation for this scene does not de-
grade over time. The SBMP and MBSP retrievals show much
coarser precision, with mean (median) scene-wide standard
deviations of 0.35 (0.28) and 0.38 (0.36) molm~2, respec-
tively (omitting the extreme outlier in October 2019 from the
SBMP calculation). The MBSP method shows the most con-
sistent (but coarse) precision across the time series, presum-
ably because it is not subject to temporal variability in sur-
face conditions. We obtain similar multi-pass retrieval preci-
sions using our second set of reference images, from Septem-
ber 2020; the mean precision is 0.39 mol m~2 for the SBMP
method and 0.18 mol m~2 for the MBMP method.

Given its superior performance for this scene in the Hassi
Messaoud oil field, we use the MBMP retrieval to construct
methane plume masks and estimate source rates as described
in Sect. 4.1. We estimate emission rates for 98 of the 101
plume detections, neglecting 3 detections for which retrieval
artifacts were difficult to separate from the methane plume
(these do not correspond to the 3 low-precision retrievals
from October and November 2019 shown in Fig. 5). Fig-
ure 6 shows the resulting time series of source rates, which
range from 2.6 to 59.1 th~!, with a mean + standard de-
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viation of 9.345.5th™!. Mean values estimated with the
SBMP and MBSP methods are within 22 % of this estimate.
Using our second set of reference observations, we obtain
RMS differences of 20 % between individual source-rate re-
trievals as compared to the first set and a mean source rate
of 10.0+6.0th™!. This 20 % error is included in the un-
certainty estimates quoted here and plotted in Fig. 6 (see
Sect. 4.1). Assuming a 93 % persistence rate and no diur-
nal variability, the average of our two estimates of the mean
source rate implies total methane emissions of 66 Gg over
the course of the 10-month-long emission event. This repre-
sents 6 % of the annual national methane emission of 1.19 Tg
from the oil and gas sector reported by the Algerian govern-
ment to the United Nations Framework Convention on Cli-
mate Change (UNFCCC; Scarpelli et al., 2020b). Given the
facility operators’ ultimate intervention by flaring in August
2020, it would appear that a large proportion of these emis-
sions could have been avoided had the operators been alerted
soon after the emissions began. Sentinel-2 imagery can en-
able such intervention in the future.

4.3 Korpezhe oil and gas field, Turkmenistan

The Korpezhe source was intermittent over the full Sentinel-
2 observational record from 9 August 2015 to 26 October
2020. Of the 291 satellite passes over the scene, 68 had de-
tectable plumes, 120 were cloudy, 101 had no detectable
plume, and two had missing data records. The persistence
rate for the Korpezhe compressor station source is thus 40 %
for non-cloudy observations. During the 5-year measurement
period, Sentinel-2 observed Korpezhe once every 6.5 d on av-
erage. After summer 2017, when both satellites were fully
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Figure 6. Time series of retrieved source rates for the Hassi Messaoud oil field point source using the MBMP retrieval and the IME method.

operational, the revisit rate increased to one observation ev-
ery 5d. For each satellite pass with a detectable plume, we
again perform our three methane column retrievals over a
4 x 4km? domain centered on the point source. The ref-
erence observations for the SBMP and MBMP retrievals
are from 2 August 2020 (Sentinel-2A) and 28 July 2020
(Sentinel-2B), and we repeat those retrievals using refer-
ence observations from 11 December 2018 (Sentinel-2A)
and 16 December 2018 (Sentinel-2B) to test sensitivity to
the reference scene.

Figure 7 shows how single-pixel column retrieval preci-
sion in the Korpezhe scene varies over time. In contrast with
our results for the Hassi Messaoud oil field, here we find
that the MBSP retrieval performs slightly better than MBMP,
with a mean column retrieval precision of 0.21 molm™2
(33% of background) compared to 0.24molm~2 (37 %)
for MBMP. We therefore use the MBSP retrieval to es-
timate source rates for Korpezhe. SBMP performs much
worse (1.63molm~2, 251 %) and is omitted from Fig. 7.
This reflects a larger inter-pass variability in band-12 re-
flectances than for Hassi Messaoud. We obtain worse multi-
pass (SBMP and MBMP) results when performing col-
umn retrievals with our second set of reference observa-
tions, from December 2018 instead of July—August 2020,
with mean scene-wide (non-plume) standard deviations of
0.39 mol m~2 for the MBMP retrieval and 1.78 molm~2 for
the SBMP retrieval. The poor performance of multi-pass re-
trieval methods could be due to variable surface conditions.

Figure 8 shows the time series of source rates based on
the MBSP method. We neglect four plume detections for
which retrieval artifacts were particularly strong and indis-
tinct from the plume, leaving a total of 64 source-rate es-
timates. The Korpezhe compressor station source when de-
tected is more than twice as strong as the Hassi Messaoud

Atmos. Meas. Tech., 14, 2771-2785, 2021

oil field source, with mean emissions + standard deviation
of 20.5414.8th™! (ranging from 3.5 to 92.9th™!) and ex-
tending over the full 5-year observation period. Plumes were
detected in 65 % of cloud-free observations from August
2015 until mid-March 2019, after which emissions appar-
ently stopped for 9 months. Emissions then resumed in mid-
December 2019 but less persistently, with plume detections
in only 20 % of cloud-free observations. Using the full-record
40 % persistence rate and assuming no diurnal variability in
emissions, we estimate total methane emissions of 373 Gg
from the compressor station between 29 August 2015 and
26 October 2020, or about 75 Ggyr~!. This represents 5 %
of the annual national methane emission of 1.4 Tg from the
oil and gas sector reported by the Turkmen government to the
United Nations Framework Convention on Climate Change
(UNFCCC; Scarpelli et al., 2020b).

Varon et al. (2019) previously estimated emissions from
the Korpezhe point source using GHGSat-D observations
from February 2018 to January 2019. They detected plumes
on 7 of 13 clear-sky passes and these are shown in Fig. 8.
They reported mean emissions of 27.4 4 12.2th™! for those
plumes, in agreement with the mean Sentinel-2 estimate
of 2544 16.3th™! for the same observation period and
20.5414.8th™! for the full 5-year time series. Only 1d
(19 June 2018) had joint observation by GHGSat-D and
Sentinel-2 (about 1 h after the GHGSat-D pass). Plumes were
detected on that day by both instruments with a source rate
of 11.2+52th™! for Sentinel-2 and 11.6£8.8th™! for
GHGSat-D. Based on these results, Sentinel-2 and GHGSat-
D quantifications of methane plume columns and source rates
for the Korpezhe compressor station appear to be consistent.

The long hiatus in 2019 and reduced activity in 2020
apparently reflect interventions by the facility operators to
control methane emissions from the compressor station. Af-
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Figure 7. Same as Fig. 5 but for the Korpezhe compressor station point source in Turkmenistan and excluding the SBMP retrieval with very
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Figure 8. Same as Fig. 6 but for the Korpezhe compressor station

point source in Turkmenistan and using the MBSP retrieval. The green

points are source rates previously estimated from GHGSat-D observations (Varon et al., 2019).

ter the GHGSat-D discovery in 2019 of anomalously large
emissions from this facility, GHGSat alerted the operators to
the situation through diplomatic channels (bne Intellinews,
2019). The lower frequency of plume detections from March
2019 onwards illustrates how satellite observations can help
curb methane emissions, and the resumption in December
2019 shows the importance of sustained monitoring.
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5 Conclusions

We have demonstrated the value of Sentinel-2 satellite ob-
servations for detecting and quantifying anomalous methane
point sources at 20 m pixel resolution and with frequent re-
visit rates. Our methane retrievals use reflectance measure-
ments from only two coarse-resolution SWIR bands (band
11, ~1560-1660 nm; and band 12, ~2090-2290 nm), but
contrast between these two bands and/or with a non-plume
reference scene enables plume detection and quantification
for sources greater than ~3th~! in scenes with favorable
surface reflectances.
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We presented three different methods for retrieving
methane column enhancements from the Sentinel-2 SWIR
measurements in bands 11 and 12, and we applied them to
monitor two point sources in the Hassi Messaoud oil field
of Algeria (October 2019 to August 2020, 121 passes) and
in the Korpezhe oil and gas field of Turkmenistan (August
2015 to October 2020, 291 passes). The single-band—multi-
pass (SBMP) retrieval relates methane column enhancements
to changes in band-12 reflectances between satellite passes,
with one of the passes sampling a reference scene with no
plume. The multi-band-single-pass (MBSP) retrieval com-
pares band-11 and band-12 reflectances on a single pass. The
multi-band-multi-pass (MBMP) retrieval combines MBSP
retrievals on different satellite passes to remove artifacts from
the retrieval field. These three methods represent different
approaches for simultaneously retrieving the surface albedo
and methane column. We found that the MBMP retrieval
generally performs best, with finer precision and lower plume
detection limits for most of the scene types we examined. In
the Korpezhe case, where it was difficult to define a good
reference observation because of variable surface conditions,
the single-pass MBSP method performed slightly better.

Sentinel-2 SWIR bands 11 and 12 do not provide enough
spectral information to retrieve albedo simultaneously with
column concentrations of methane, water vapor, and CO3,
but this does not prevent mapping of strong methane plumes.
Water vapor and CO; would be indistinguishable from
methane without prior knowledge of the facility observed,
but they are generally not co-emitted from large methane
point sources and we find only a weak (6 %) sensitivity of
our methane retrievals to a wide range of background water
vapor columns. Sensitivity to background CO; variability is
far weaker (< 0.01 %). Any CO; co-emitted with methane —
for example, from active flare stacks in oil and gas fields —
would produce a low bias in the methane estimate, because
band 11 contains stronger CO, absorption lines than band 12.

The ability of Sentinel-2 to detect methane plumes de-
pends strongly on surface conditions. MBMP retrieval preci-
sions for single-pixel methane column enhancements range
from 27 % for the fairly homogeneous and arid Hassi Mes-
saoud scene to more than 200 % for farmland and urban mo-
saic scenes. For 27 % precision we estimated a plume detec-
tion limit of 2.6 th™'. This is at the high end of methane point
sources in normal operating conditions but can detect anoma-
lously large point sources that contribute disproportionately
to emissions from a given region or sector and have been
routinely observed by satellite (Pandey et al., 2019; Varon
et al., 2019; Cusworth et al., 2021). Sentinel-2 methane col-
umn retrievals for heterogeneous surfaces could be improved
in the future with image segmentation to separately retrieve
methane concentrations over different surface types within a
scene.

Application to the Hassi Messaoud and Korpezhe point
sources demonstrated the value of Sentinel-2 observations
for long-term anomalous emission monitoring. The Hassi
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Messaoud point source was active from 9 October 2019 to
9 August 2020 and was detected in 93 % of cloud-free passes
during this period, with a pass every 2.5 d on average. From
101 plume detections we estimated source rates in the range
2.6-59.1th~!, with a mean rate of 9.3th~! and total emis-
sions over the 10-month period of roughly 66 Gg. The Kor-
pezhe point source was active from at least 29 August 2015
to 26 October 2020, with observations every 5d after both
Sentinel-2 satellites became operational. A plume was de-
tected in 65 % of cloud-free observations leading up to March
2019, with source rates in the range of 3.5-92.9 th™! (aver-
aging 20.5th™!), consistent with previously reported obser-
vations by the GHGSat-D satellite instrument from Febru-
ary 2018 to January 2019 (Varon et al., 2019). We see in the
Sentinel-2 data that emissions shut down in March 2019 fol-
lowing communication by GHGSat with the facility opera-
tors but then resumed in December 2019. The total emission
from the Korpezhe point source over the 5-year period of
Sentinel-2 data is estimated to be 373 Gg.

Our demonstration of the Sentinel-2 capability for high-
frequency monitoring of anomalously large methane point
sources can be readily extended to other multispectral satel-
lite instruments with similar SWIR spectral bands, including
Landsat 7 and Landsat 8. In the future, these satellite ob-
serving systems can function as early alert systems for iden-
tifying anomalously large emissions at industrial facilities,
enabling prompt corrective action and significant abatement
of total methane emissions on regional and national scales.
Multispectral satellite data will be particularly effective when
combined with targeting instruments like the GHGSat instru-
ment suite for more precise detection, and with global map-
ping instruments like TROPOMI that can place point source
emissions in a regional context.

Code availability. The radiative transfer model code used to calcu-
late methane column concentrations will be made available upon
request.
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