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Abstract

We use the Shortwave Infrared bands of the Visible Infrared Imaging Radiometer Suite (VIIRS)
satellite instruments to retrieve atmospheric methane enhancements with 750 m resolution. We
show that the three VIIRS instruments in orbit uniquely enhance the currently-employed capa-
bilities of tracking methane super-emission events. The VIIRS instrument on Suomi-NPP and
the TROPOMI instrument on Sentinel-5 Precursor have overpasses that are only a few minutes
apart, which allows for direct identification of methane super-emitter sources by VIIRS as first
detected by TROPOMI. The co-location also allows us to cross-validate our VIIRS methane
enhancements with TROPOMI. Furthermore, we show how the global multiple overpasses per
day by VIIRS and Sentinel-3 give a unique insight in the timeline of emissions and can be vital
in understanding and attributing transient emissions.

Key Points

e Methane super-emitter localization at 0.75km resolution using VIIRS including concur-
rently with TROPOMI super-emitter detection.

e Cross-validation of multi-band multi-pass method by comparison of co-located TROPOMI
and Suomi-NPP VIIRS measurements.

e At least 4 times per day global coverage by combining three VIIRS instruments with
Sentinel-3 SLSTR data.

1 Introduction

Methane is a potent greenhouse gas, and curbing the emission of methane is vital to limit-
ing global warming in the near future [1, 2]. A relatively large part of the global anthropogenic
methane emission comes from a small number of so-called super-emitters, emitting large amounts
of methane from point sources. A key target for mitigation are super-emitters from oil and gas
infrastructure, which might emit as part of routine operation procedure, due to aging, faulty
and leaky equipment, or as needed for safety procedures [3]. The TROPOMI satellite instru-
ment aboard Sentinel-5P provides daily, high-precision coverage of atmospheric methane, at a
resolution of 5:5 7 kilometers [4, 5]. To pinpoint sources to individual facilities and enable
mitigation, higher resolution is needed. Furthermore, a single daily overpass is insufficient to
detect and locate all transient events. To both these ends, it has been shown that in addition
to methane-specific instruments such as GHGSat and targeted hyperspectral imagers [6], several
band imagers (including Sentinel 2 and 3), while not designed for it, can be used to visualize large
methane enhancements under favorable conditions [7-9]. Although retrieved methane quantities
are less accurate due to the lack of spectral resolution, the 20m-500m spatial resolution of these
satellite instruments enables the identification of sources. Here, we report on methane retrieval
using the Visible Infrared Imaging Radiometer Suite (VIIRS).

The VIIRS instruments are on board the satellites of the Joint Polar Satellite System (JPSS),
consisting of Suomi-NPP, JPSS-1 (after launch also known as NOAA-20) and, since 27 Febru-
ary 2023, JPSS-2 (NOAA-21), orbiting in sun-synchronous polar orbits with equatorial crossing
times within about an hour of 1:30 PM. The VIIRS instruments have 5 imaging spectral bands
with a nominal resolution of 375 m and 16 moderate resolution bands with a nominal resolution
of 750m, which include the the Shortwave Infrared (SWIR) bands (M10 and M11) used for
methane retrieval in this work. This spatial resolution is coarser than the other aforementioned
band imagers, but still much higher than TROPOMTI’s spatial resolution. VIIRS’ swath width of
3000km (somewhat wider than TROPOMI’s) enables global coverage by each instrument within
a day, resulting in three or more separate overpasses every day for any location on Earth while
all three satellites are active.
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Figure 1: (a) VIIRS Band ratio using bands M10 and M11 for the Suomi-NPP overpass of the
compressor station (38.569 N, 62.788 E, at the Malay oil field, Turkmenistan) showing methane
emissions on October 2" 2023 (08:55 UTC). (b) Uncorrected VIIRS MBMP signal. (c) Same as
(b), but corrected for stripes due to detector differences. (d) CHs enhancements retrieved from
(¢). (e) TROPOMI methane total columns from the overpass on the same day (08:59 UTC). (f)
TROPOMI water total column of the same overpass.

A unique feature of Suomi-NPP VIIRS is the co-location within 5 minutes with TROPOMI
observations. We will show that this allows direct identification for the largest methane super-

emitters detected with TROPOMI [10], and cross-validation of methane enhancements between
VIIRS and TROPOMIL.

2 Methods

We retrieve total column methane enhancements from SWIR reflectance in the 1.6 pm and 2.2 pm
bands by adapting the methods introduced in Varon et al. [7]. The MBMP method uses the
reflectances in a reference band (1.6 pm) and on a reference day to remove any non-methane
signals from the 2.2 um band on the observation day. The signal ARpmgmp is calculated by
subtracting the reference scene composed of the median of similar scenes and taking the difference
between the two bands. Assuming the reference day is enhancement-free, this corresponds to the
following:
C2:2R2:2  Ci:6Ru6

Fz%:Z FQ%:B
where the constants Cj are the ratios of the median values of the band radiances on the reference
day RY and on the measurements day R;j for the band with wavelength i pm. To obtain methane
concentrations, ARmemp is compared to a radiative transfer simulation.

ARmBMP =

2.1 Data processing

Both the VIIRS (aboard JPSS) and the Sea and Land Surface Temperature Radiometer (SLSTR,
aboard Sentinel-3) instruments consist of a row of detectors (16 for VIIRS, 2 4 for SLSTR. For
SLSTR, only data of the 4 detectors of the so-called a-grid are used in this work), swiped across
the swath by a rotating mirror. Although the detectors are regularly calibrated in-orbit and the
stripes are not dominant in a direct band ratio (Figure 1(a) shows an example), the ARmmp
shows stripes corresponding to the different detectors (Figure 1(b)). These stripes are most likely



caused by the slight differences in the detectors’ spectral response (See Supplemental Figure S2).
To correct the stripes, we fit an effective, per-detector, offset and gain for each 100 100km?
VIIRS scene (for each overpass separately). We do this by minimizing the difference in radiance
between geospatially neighboring pixels for each band, while keeping the overall gain and offset
constant. For SLSTR, we additionally include the typically redundant ‘orphan pixels’ (which
are excluded from the square grid of the level-1b product) to optimize coverage of small scale
features [11].

After stripe correction, we resample all clear-sky overpasses within a window of typically
16 days to a common 500m grid by cubic interpolation. We then normalize the pixels of each
individual band and overpass by dividing by the median radiance value, and then compute
ARmpmp (Figure 1(c)). To minimize the error introduced in the MBMP, we compose the
reference measurement out of up to ten different (VIIRS or Sentinel-3) overpasses that best match
the viewing angles and solar angles of the observation measurement. We find this significantly
improves the signal, as these angles have a significant influence on the radiation absorbed in terms
of the effective optical depth of the atmosphere via the air mass factor (AMF), but also in terms
of the reflectance of the surface, often described with a Bidirectional Reflectance Distribution
function (BRDF) [12, 13].

2.2 Radiative transfer simulation

Similar to earlier work [7], we compare the measured radiance difference to a 25-layer clear-sky
radiative transfer simulation:
To2(2+ AQ T1:6(Q2+ AQ
m(AQ) = 2:2(2 + AQ) 16(Q+AQ)
T2:2(22) T1:6(92)

Where T1.6(2) and T2:2(Q2) are the calculated transmittances for a methane column concen-
tration € in the 1.6 ym and 2.2 ym band respectively. The methane enhancement A is added
in the lowest 1km-thick layer of the model atmosphere. The methane enhancement is retrieved
by interpolating a lookup table of signal levels for given concentrations and AMF values pre-
computed using this simulation. The result is shown in Figure 1(d). The sensitivity of each
instrument to radiation varies as a function of wavelength, even within a band. This variation
is described by the instrument-specific Spectral Response Functions (SRF, See Supplemental
Figure S1). We account for these sensitivities in the simulations by integrating the product of
the sun emission spectrum, the absorption lines, and the SRF over the bandwidth of both bands.
To be able to put the methane sensitivity of VIIRS in context, we also do this for other band
imagers [7, 14, 15]. We use the US standard atmosphere [16], but scale the CHs, CO2 and N,O
concentrations to 2023 values of 1894 ppb, 416.7 ppm, and 334 ppb respectively [17, 18]. This
shifts the retrieved methane enhancements up by around 5% because of the non-linear methane
sensitivity (Supplement Figure Slc).

2.3 Plume masking and uncertainty estimates

To create a plume mask, we use the fact that the methane plume is an outlier compared to the
normal spread in values. We therefore compute an outlier-robust statistical metric of the spread,
the median absolute deviation (MAD), for each geolocated pixel in the resampled dataset of
multiple overpasses. Assuming normally distributed values, the MAD is approximately 1.5 times
the standard deviation. We divide the signal in each pixel by the MAD, smoothing the resulting
values with a 2D Gaussian filter with a width of = 2 pixels, and selecting only pixels that lie
more than 1.2-3.0 standard deviations above the median value. The threshold is optimized for
each specific case based on visual inspection. Additionally, this gives a per-pixel uncertainty of
the retrieved methane signal, by comparing with retrieved values of a signal shifted by plus and
minus one standard deviation.



3 Results
3.1 VIIRS sensitivity analysis

The retrieved VIIRS methane enhancement for the Malay compressor station plume (Figure
1(d)), shows a clear correlation with TROPOMI methane (Figure 1(e)), giving con dence in
the VIIRS-retrieved methane. We do nd a signi cant sensitivity to water vapor, as visible
from the correlation of the TROPOMI H ,0 total column in Figure 1(f) and the VIIRS signal

in Figure 1(c) (See also Supplementary Figure S3). The water vapor patterns are at a coarser
spatial scale than the retrieved methane plumes. Therefore, although they in uence the retrieved
methane enhancements, they do not a ect our ability to detect methane plumes using VIIRS.
The sensitivity to water is to be expected, as water has absorption lines in the used SWIR
bands. Fully accounting for the water sensitivity would require accounting for the continuum
background of the water spectrum [19].

To compare the methane sensitivity of all methane-sensitive band imagers, we use radiative
transfer simulations to calculate the signal due to methane enhancements (Supplementary Figure
S1). The VIIRS and SLSTR [9] instruments are more sensitive to CH than the Landsat and
Sentinel-2 band imagers. This results in plumes being visible over much larger spatial scales
for VIIRS/SLSTR compared to Landsat/Sentinel-2. However, for detection of emission plumes,
this is partially compensated by the much higher spatial resolutions of the land imagers, which
gives them much larger (more concentrated) methane concentration enhancements per pixel near
source locations.

3.2 Plume visualization

To illustrate the ability of VIIRS to measure methane enhancements, we look at the full time
series of a 3-day emission event at a compressor station in Malay, Eastern Turkmenistan in a
desert region with favorable observation conditions, which started on October 1st 2023.During
this event, there were only 3 clear-sky overpasses of TROPOMI and 1 overpass of Sentinel-2.
In contrast, there were 3 overpasses of Sentinel-3 satellites and 9 overpasses of JPSS satellites.
The Sentinel-3 and JPSS overpasses are visualized in Figure 2, together with the corresponding
TROPOMI overpasses in insets. Comparing VIIRS and SLSTR, we nd from the MAD a distri-
bution of per-pixel errors with a mean of 118ppb and a standard deviation of 52 ppb for VIIRS.
For the SLSTR data, we nd a mean error of 204 ppb and a standard deviation of the error of
104ppb. Here, it is clear that combining multiple overpasses a day yields additional insight. In
particular, the turning of the wind and subsequent backfolding of the plume over the source is
clear on October 1. This e ect would skew any quanti cation of the emission rate if not properly
accounted for. For October 2, dispersion of the plume is visible as the atmosphere gets more
turbulent during the morning.

3.3 Cross-validation with TROPOMI

Suomi-NPP is in the same orbit as Sentinel-5P, with a di erence in overpass time of only 4
minutes. This provides not only a unique opportunity for concurrent identi cation of facilities
responsible for TROPOMI-detected methane plumes, but also for cross-validation. While the
MAD gives an estimate of the random error for MBMP methods, we should also assess any
systematic errors which are much harder to extract from statistics alone. We therefore cross-
validate our methane enhancements retrieved using MBMP methods against well-established
methane enhancements measured by TROPOMI, which itself are validated against TCCON [21].

To directly compare co-located VIIRS and TROPOMI methane measurements, we resample
the VIIRS radiances of all overpasses in a dataset to the exact TROPOMI pixels of the co-located
overpasses. We then compute the MBMP methane enhancement and the MAD across the foot-
print of each TROPOMI pixel. We compare these methane enhancements with TROPOMI
data, as shown in Figure 2(m-o0). Linear ts of the plume data show good agreement between



Figure 2: Retrieved VIIRS and Sentinel-3 SLTR methane enhancements for a 2023 compressor
station emission event in the Malay oil eld, Eastern Turkmenistan. Enhancements on October

3 are shown on a di erent color scale, as they are much smaller. In all subplots, ERA5 100m
winds are shown as arrows corresponding to 1 hour travel distance. Insets in (c,e) show the base
of the plume overlayed over ESRI world imagery of the compressor station [20]. Blue 's mark
the Sentinel-2 derived most likely origin of the emission. Insets in (d,i) show the TROPOMI data
from corresponding overpasses at 9:18 UTC and 9:00 UTC respectively, where (i) corresponds to
the same overpass as Figure 1. (All TROPOMI insets in this work show the same eld of view as
the main panel.) (m-o) Pixel-by-pixel comparison of the VIIRS and TROPOMI enhancements.

A best linear t is shown in orange, with the one-to-one line in black. ((n,0) corresponds to (d,

i), see also Supplementary Figure S4)

TROPOMI and MBMP data (slopes of 1.02-1.56), although the VIIRS data seems to slightly
overestimate the enhancements relative to TROPOMI. More generally, we nd that the agree-
ment between VIIRS and TROPOMI seems to vary from case to case, con rming the accuracy
of the VIIRS retrieval is worse than TROPOMI, even under these near-optimal observing condi-
tions. Nevertheless, this serves as the rst direct validation of enhancements obtained with the
MBMP methane retrieval method.

As part of TROPOMI's methane retrieval, the total water column, aerosol optical depth
(AOD) and CO concentration are retrieved simultaneously. Comparing these with resampled
VIIRS MBMP data, the only signi cant correlation we nd is with the background water col-
umn ( 4 10 ° per mol H,O / m?), as expected based on Figure 1 (See Supplementary Figure
S3). We nd the same dependency to within uncertainty by comparing the Sentinel-3 SLSTR
MBMP signal with the Sentinel-3 OLCI-derived Integrated Water Vapour column product [22].



Figure 3: Gas release at two gas pipeline block valve stations in Kazakhstan on May 14, 2021,
the same event as studied in Schuit et al. with TROPOMI and Sentinel-2 [10]. (a) Sentinel-3A
overpass before emissions started. (b) Sentinel-3B overpass after the start of emissions (back-
ground (a) and (b) Google Maps imagery [23]). (c-e) JPSS overpasses. For the Suomi-NPP
overpasses, the corresponding TROPOMI pixels of the plume, from overpasses at 7:53 and 9:33
respectively, are also shown. Background images are VIIRS level-1-derived RGB images of the
respective overpasses. (inset d) Zoom of the northern source of the northern plume overlayed
over a Google maps background [23]. The gas pipeline can be distinguished running from North
to South. (f) Timeline of the total plume mass estimates. Arrows in (a-e) correspond to the
100m ERAS5 wind, interpolated to the time of overpass, with arrow length corresponding to the
displacement during 1 hour.

In addition, we can directly compare the TROPOMI pixels to the native-resolution VIIRS
data in terms of total mass enhancement in a plume. This comparison is particularly useful for
transient emissions, which result in a well-de ned plume drifting away from the source with a
constant total methane mass imaged in multiple overpasses. In Figure 3, we show such a com-
parison for a gas release event at two block valve stations in Kazakhstan. The emissions started
sometime after the overpass of Sentinel-3A at 6AM UTC, but before the overpass of Sentinel-3B
at 7AM (Figure 3(a,b)). There are two separate TROPOMI overpasses from consecutive orbits
covering this event (Figure 3(c,e)), where the emission had ceased for the latter overpass, as
the VIIRS data shows that the plumes have detached from the source by a few kilometers. An
additional VIIRS overpass was made by JPSS-1 in between the TROPOMI observations (Fig-
ure 3(d)). The estimates for the total methane mass in the plume match between VIIRS and
TROPOMI to within the uncertainty for the later overpass, but VIIRS plume mass estimates are
signi cantly higher than TROPOMI in the rst co-located overpass (Figure 3(f)). We attribute
this to the just-emitted plume being very concentrated within a small part of the TROPOMI
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