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Abstract Rapid identification of anomalous methane sources in oil/gas fields could enable corrective
action to fight climate change. The GHGSat-D satellite instrument measuring atmospheric methane with
50-meter spatial resolution was launched in 2016 to demonstrate space-based monitoring of methane point
sources. Here we report the GHGSat-D discovery of an anomalously large, persistent methane source (10-43
metric tons per hour, detected in over 50% of observations) at a gas compressor station in Central Asia,
together with additional sources (4-32 metric tons per hour) nearby. The TROPOMI satellite instrument
confirms the magnitude of these large emissions going back to at least November 2017. We estimate that
these sources released 142 + 34 metric kilotons of methane to the atmosphere from February 2018 through
January 2019, comparable to the 4-month total emission from the well-documented Aliso Canyon blowout.

Plain Language Summary Methane is a potent greenhouse gas that is emitted from a variety of
natural processes and human activities. Reducing methane emissions from oil/gas production and
transmission facilities is considered to be one of the most immediately actionable ways to abate climate
change, because the captured methane can be sold. Studies of U.S. oil/gas fields have shown that a small
number of high-emitting facilities are responsible for the bulk of the total emission from oil/gas operations.
So far, the only way to identify and quantify these sources has been through field studies involving
aircraft and ground-based observations, but these are expensive, and much of the world cannot be observed
in this way. Here we use satellite instruments to identify and quantify anomalously large point sources
from an oil/gas field in Central Asia. Our work shows how satellite instruments can be used to monitor
methane emissions from individual point sources across the world. It points to an observing strategy where
instruments with global coverage at coarse spatial resolution can first identify methane hot spots and

then instruments with fine spatial resolution but limited coverage can zoom in to identify the facilities
responsible for the hot spots.

1. Introduction

Anthropogenic methane emissions originate from a large number of point sources, including coal mines,
landfills, wastewater plants, livestock operations, and oil/gas facilities (Kirschke et al., 2013; Saunois
et al., 2016). Methane generates 84 times more greenhouse gas warming per unit mass than carbon dioxide
on a 20-year time horizon (International Panel on Climate Change, 2013). Over that time horizon, the radia-
tive forcing of methane emitted from oil/gas operations is comparable to the radiative forcing of carbon diox-
ide emitted from natural gas usage (Alvarez et al., 2018). Much of the methane emitted from the oil/gas
industry can be reduced or eliminated at no net cost, suggesting that reducing methane emissions from
oil/gas operations is one of the most actionable steps to abate climate change (International Energy
Agency, 2017).

There has been considerable interest in using satellite observations of atmospheric methane to detect and
quantify methane sources, but observations available so far have only been able to resolve regional scales
(~50 km), over which hundreds of individual point sources may be aggregated (Buchwitz et al., 2017,
Frankenberg et al., 2005; Kort et al., 2014; Lyon et al., 2015; Turner et al., 2015). Rapid satellite-based iden-
tification of anomalously large methane sources in oil/gas fields could enable corrective action, but
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subkilometer pixel resolution is needed to pinpoint individual methane-emitting facilities (Cusworth et al.,
2018; Jacob et al., 2016).

Here we present single-pass satellite observations of massive methane plumes from oil/gas production and
transmission infrastructure. The observations were made with the GHGSat-D and TROPOMI satellite
instruments over the Korpezhe oil/gas field in western Turkmenistan. Both instruments detected large point
sources in the area on multiple overpasses between November 2017 and January 2019. We use two source
rate retrieval techniques to quantify emissions from the individual plume observations and estimate total
emissions over the observation period from the resulting time series of emissions. Our estimates are compar-
able to the 4-month total emission from the 2015 blowout at the Aliso Canyon natural gas storage facility in
California, which was the largest methane leak in U.S. history (Conley et al., 2016; Thompson et al., 2016).
These results suggest that extreme point source methane emissions from global oil/gas operations may be
much larger than previously inferred for the United States (Lyon et al., 2015; Zavala-Araiza et al., 2015)
and demonstrate the potential for satellite instruments to guide efforts to reduce methane emissions from
the oil/gas sector.

2. GHGSat-D Observations

GHGSat-D is a lightweight satellite instrument (~15-kg spacecraft) that was launched into polar sun-
synchronous orbit in June 2016 by the Indian Space Research Organization. The satellite is operated by
the Canadian company GHGSat Inc., which seeks to demonstrate a global capability for detecting methane
emissions at the facility scale from space. GHGSat-D measures atmospheric methane columns by solar back-
scatter in the shortwave infrared (SWIR) over the spectral range 1,630-1,675 nm, with an effective pixel reso-
lution of 50 X 50 m? over targeted 12 X 12 km? scenes (McKeever et al., 2017; Sloan et al., 2016; see
supporting information Text S1). The measurements are made at about 10:00 local solar time, and the aver-
age return time is 2 weeks.

While targeting a mud volcano in the Balkan province of western Turkmenistan, GHGSat-D discovered on
13 January 2019 an anomalously large methane plume near the edge of its measurement domain, seemingly
from a gas pipeline between the nearby Korpezhe gas production unit and compressor station, about 2 km
from each facility. Another large plume originating from a piece of equipment near the compressor station
was also seen on this day. Reviewing the GHGSat-D record for the scene going back to the first observation in
February 2018, we found evidence of anomalously large methane plumes from three point sources corre-
sponding to the compressor station, the connecting pipeline, and a smaller production facility about 7 km
to the north. The plumes were observed in seven out of 13 clear-sky GHGSat-D observations made through
the end of January 2019. The plume from the compressor station was repeatedly detected, while the plumes
from the pipeline and the northern production facility were detected only once.

Figure 1 shows GHGSat-D detections of the three point sources overlaid on 2017 DigitalGlobe surface ima-
gery of the Korpezhe oil/gas field. The most persistent source (source #1), located about 400 m southwest of
the Korpezhe compressor station, appears in all seven GHGSat-D observations with detected plumes. The
pipeline plume discovered on 13 January 2019 (source #2) extended more than 3 km downwind of the source
location, as did the plume from source #1 on that day. The weakest source (source #3), at the northern pro-
duction facility, was detected on 27 January 2019. The column density precision in these GHGSat-D obser-
vations is estimated from the variability of background columns to be 16% (see Text S1). The plumes have
peak enhancements of 25-175% above background. Plume enhancement magnitudes differ from scene to
scene, which may reflect variations in source magnitude as well as in atmospheric transport (Varon et al.,
2018). Large temporal fluctuations in methane emissions from oil/gas point sources have previously been
observed with in situ measurements in the Barnett Shale region of northeast Texas (Lyon et al., 2015) and
by airborne remote sensing in the Four Corners region of New Mexico (Frankenberg et al., 2016).

It is unclear what specific activities are responsible for these large plumes. Figure 2 shows 2011-2017
DigitalGlobe imagery of the three source locations. Source #1 may be the result of venting from the compres-
sor station. Active fire data from the Visible Infrared Imaging Radiometer Suite (Schroeder et al., 2014) avail-
able since 2012 show no burning at the source location, suggesting that it is not a flare. Source #2 appears
near a pipeline connection between the Korpezhe compressor station and gas production unit.
DigitalGlobe imagery from 2004 (Figure S1) shows the pipeline connection near source #2 under
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Figure 1. GHGSat-D observations of methane plumes in the Korpezhe oil/gas field of western Turkmenistan. (a-h)
Plumes observed near the Korpezhe gas compressor station (38.499°N, 54.199°E, at sea level) between 24 February 2018
and 27 January 2019, with first detection on 19 June 2018. Methane enhancements relative to background for the scene
are plotted as retrieved column enhancements (mol m_z) and converted (for illustrative purposes only) to column-
averaged mixing ratios (ppb) based on sea level pressure. The plumes shown here have been segmented by thresholding at
the 95th percentile, as discussed in Text S3. DigitalGlobe background imagery showing the compressor station and its
surroundings is from 2017. The white disk, star, and cross symbols mark the locations of (a-g) source #1, (g) source #2, and
(h) source #3, respectively (also see Figure 2). The wind vectors show the GEOS-FP 10-m wind speeds for the observations
paired with the wind directions estimated from the plume enhancements and used in the cross-sectional flux method
to retrieve source rates. The large plume shown in panel (e) is truncated by the edge of the GHGSat domain.

construction. A pipeline rupture would produce persistent emissions, but this is not the case here. Instead,
blowdown or malfunction of an isolation valve on the pipeline branch may have produced the large
emissions seen on 13 January 2019. Source #3 is a production facility. Numerous pieces of equipment
could be responsible for the emissions detected from this facility on 27 January 2019.

3. TROPOMI Observations

Previous methane observations made in 2004 by the SCTAMACHY satellite instrument with 60 x 30 km?
nadir pixel resolution showed a general enhancement of methane across Turkmenistan (Buchwitz et al.,
2017). Here we use methane observations from the TROPOMI satellite instrument launched in October
2017 to place the GHGSat-D plume observations in context. TROPOMI is in polar sun-synchronous orbit
and provides global mapping of atmospheric methane columns on daily overpasses at about 13:00 local solar
time with 7 x 7 km? nadir pixel resolution (Hu et al., 2018; Veefkind et al., 2012). Its average X4 bias relative
to reference ground-based column measurements from Total Carbon Column Observing Network (Wunch
et al., 2011) stations is —4.3 ppb, with a station-to-station variability of 7.4 ppb (Hasekamp et al., 2019).
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Figure 2. Methane emissions inventory data and surface imagery for the GHGSat scene. (a) Methane emissions from oil/gas production, refining, processing, trans-
port, and storage across Turkmenistan, as estimated from a global inventory with 0.1° X 0.1° grid resolution by Scarpelli et al. (2019). The thick line shows the
boundaries of Turkmenistan. The panel inset shows a closer view of the area around Korpezhe, with the inventory grid cell containing the compressor station
marked by a black “x.” (b) DigitalGlobe imagery from 2011 to 2013 showing part of the GHGSat-D scene containing sources #1-#3. Also shown are close-up views of
(c) source #1, which may be a vent at the end of an aboveground pipe extending about 400 m southwest of the Korpezhe compressor station (38.499°N, 54.199°E);
(d) source #2, between the Korpezhe compressor station and gas production unit (38.514°N, 54.212°E), with dashed lines indicating the connecting pipeline based
on DigitalGlobe imagery of the pipeline under construction in 2004 (Figure S1); and (e) source #3 at the northern production facility (38.560°N, 54.203°E).
DigitalGlobe surface imagery in panels (c)-(e) is from 2017.

Inspection of TROPOMI data for the GHGSat-D scene over Korpezhe confirms the presence of anomalously
large and persistent methane sources (Figure 3). TROPOMI first detected the sources on 16 November 2017,
a few days after the instrument was switched on. Between 17 December 2017 and 31 January 2019,
TROPOMI retrieved 128 successful cloud-free methane images over the Korpezhe region in which more
than one pixel coincides with the GHGSat-D scene. Of these scenes, 24 were deemed suitable for emission
quantification, based on the regularity of wind fields over the region (see Text S2). Plumes could often be
detected up to 30 km downwind and with peak enhancements of up to 9% above background. The longer
extent of the TROPOMI plumes as compared to GHGSat-D plumes reflects TROPOMI's higher instrument
precision, and the weaker enhancements reflect dilution over its larger pixels. In total, GHGSat-D and
TROPOMI detected anomalously large methane emissions near the Korpezhe gas facilities respectively in
54% and over 90% of observations made between 17 December 2017 and 31 January 2019.

4. Source Rate Quantification Methods

We estimate the source rate for individual plumes using two alternative methods: the integrated mass
enhancement or IME (Frankenberg et al., 2016; Jongaramrungruang et al., 2019; Varon et al., 2018) and
the cross-sectional flux (White et al.,, 1976). These methods combine the observed plume column
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Figure 3. Sample TROPOMI observations of methane plumes in the Korpezhe oil/gas field. (a-c) TROPOMI methane
measurements (level 2 product version 1.3.2) over the Korpezhe region on 18 December 2017, 13 January 2019, and 27
January 2019. The scenes from 13 and 27 January were selected for their concurrence with GHGSat-D observations
(Figure 1). The GHGSat-D 12 x 12 km? domain is marked in each panel by a black square. The data represent the
enhancement of methane column-averaged mixing ratio above background, where the background value is determined
upwind of the GHGSat-D domain, along the dashed white line. Source strength is calculated from column
concentrations along the white downwind transects, resulting in source rates of 33 (range 11-55) thr_l, 33 (6-60)t hr_l,
and 96 (73-124) t hr ! for panels (a)-(c), respectively.

enhancements with wind speed data to infer source rate. Varon et al. (2018) give a detailed analysis of these
methods as applied to satellite observations of atmospheric methane columns.

The IME method relates the source rate Q [mol s '] to the total detected plume mass IME [mol]. It uses the
plume enhancements AQ; [mol m~?] observed over i = 1,...,.N plume pixels with area A; [m?], an effective
wind speed U [m s'], and a plume length scale L [m] to estimate Q:

_ Uett Uest

IME =

Q L L

SN AQA,. (1)

Here N is obtained with a Boolean plume mask (see Text S3) that distinguishes plume pixels from back-
ground pixels and L is defined as the square root of the total plume area Y | A;. Varon et al. (2018) showed
with an ensemble of large eddy simulations (LES) that U can be related to the local 10-m wind speed U, in
a manner that depends on the instrument precision and on the procedure used to construct the plume mask,
and we apply the same methodology here. The LES ensemble comprises 15 dry air plume simulations over
flat terrain, with a range of initial wind speeds and boundary layer depths. We sample the simulations at dif-
ferent points in time to generate a data set of GHGSat pseudo-observations, which can be used to calibrate
source rate retrieval equations customized to specific measurement conditions. Applying the LES ensemble
to our GHGSat-D conditions (column density precision of 16%, plume mask constructed as described in Text
S3), we find Uegr = log(Uyp) + 0.5 m st (Figure S2).

The cross-sectional flux method infers source rate Q from column plume transects computed at different dis-
tances downwind of the source and perpendicular to the wind direction. Rotating the methane enhance-
ments AQ(x,y) [mol m™2] to align the plume with the x axis, we estimate Q from the mean plume transect
C [mol m_l] computed along the y axis at downwind distances x;, j = 1,...,M:

% ZjbilfAQ(xj,y) dy. )

Q= CUexr =
For GHGSat-D plumes, we estimate wind direction from the shape of the plume (Figure 1), using a weighted
mean of pixel coordinates with the column enhancements as weights. For TROPOMI plumes, we use wind
direction information from the NASA Goddard Earth Observing System-Fast Processing (GEOS-FP) meteor-
ological reanalysis product at 0.25° X 0.3125° resolution (Molod et al., 2012). The limits of the cross-plume
integral in equation (2) are defined by transects of fixed length for TROPOMI plumes (Figure 3) and by
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the Boolean plume mask constructed in the IME method for GHGSat-D plumes. The effective wind speed
Ut in equation (2) is different than for the IME method but can again be related to the local 10-m wind
speed Uy, using our LES ensemble. We obtain Uggs = 1.5U73, (Figure S2).

For GHGSat-D plumes, we apply both the cross-sectional flux and IME methods as independent inferences
of source rate, using hourly U;o data from GEOS-FP to estimate Ueg. Source rates obtained with the IME and
cross-sectional flux methods agree to within 50% for single-pass observations (Figure S3), so we report the
average of the two estimates for each plume (Figure 1 and Table S1). Since the cross-sectional flux method
can be unreliable for Uy < 2 m s~ (Varon et al., 2018), we use only the IME method for the plume observed
under low wind conditions on 8 November 2018 (Figure 1e). The source rate on this day may be underesti-
mated due to the plume's truncation at the edge of the measurement domain. Errors on the source rates
(Table S1) are estimated following Varon et al. (2018) and are dominated by uncertainty in U,o. By compar-
ing GEOS-FP U, data with 5-min observations from U.S. airports (Horel et al., 2002), Varon et al. (2018)
estimated an error of (16) 2-2.5 m s ! when using GEOS-FP to estimate U, and we assume that the same
error applies here. GEOS-FP 10-m wind speeds for our GHGSat-D scenes range from 1.9 to 7.3 m s™*
(Figure 1), and the total errors in source rate range from 30% to 90% (larger error for low winds; see
Table S1 and Text S4). Relative source rate errors under low wind speed conditions are smaller than would
be expected from Ujq uncertainty of 2-2.5 m s~%, because relative errors in U.g are generally smaller than
those in Uy,. This is due to the convexity of the effective wind speed function used in the IME method (see
Figure S2), which reduces variance in effective wind speed, and also more generally to wind speed being
strictly positive, which reduces absolute error variance for slow compared to fast winds.

For plumes detected by TROPOMI, we use the cross-sectional flux method with pressure-weighted average
planetary boundary layer winds Ug;, from GEOS-FP instead of Uy, and estimate errors on source rate from
an ensemble of retrievals using different meteorological information, plume sampling, and background esti-
mation schemes (see Text S5). The quantification assumes a source confined to the GHGSat-D spatial
domain and is performed with transects of length 0.5°, separated by 0.02° along the plume axis (Figure 3).
We characterize the relationship between U, and Ugy, using the Weather Research and Forecasting model
coupled with chemistry (WRF-Chem version 3.8.1; Grell & Freitas, 2014; Skamarock et al., 2008). WRF-
Chem simulations of methane concentrations were performed at 1-km horizontal resolution over
Korpezhe for all quantifiable plumes in January 2019 (13, 16, 24, and 27 January 2019), using analysis
meteorological fields from National Centers for Environmental Prediction (2000). We modeled emissions
for sources #1-#3 using mean source rates inferred from the GHGSat-D observations and virtually sampled
the resulting simulated methane fields with TROPOMI at 9:00 UTC (about 13:00 local solar time). Applying
the cross-sectional flux method to these simulated observations, we estimate the relationship between Ueg
and Ugy, by comparing the resulting source rates to the simulation ground truths. We find on average that
Uegr = (1.05 + 0.17)Ug. We then use this relationship to infer source rates from all of our TROPOMI obser-
vations (except those from January 2019, for which we use the specific UegUpy, relationships derived from
the corresponding simulations). Figure 4 shows the results, with vertical bars giving the ranges for the
ensemble of retrievals. We take the half-length of these vertical bars to represent the uncertainty, amounting
on average to 60% of the best estimate of the source rate. Source rates for the 24 quantified scenes are con-
verted to a time-averaged source rate after correcting for representativeness by comparing the mean peak
enhancement for these 24 scenes with the mean peak enhancement for the 128 scenes over the full observa-
tion record (see Text S2).

5. Source Rate Estimates

From retrieval of source rates for the individual GHGSat-D plumes, we infer instantaneous values 0of 9.9 + 6.8
to 43.3 + 12.0 t hr™! for the compressor station source (source #1), 32.0 + 21.0 t hr~* for the pipeline source
(source #2), and 3.6 + 3.2 t hr ! for the northern facility (source #3). These rates are considerably larger than
the 0.3-2.0 t hr™ ! previously reported for anomalous (heavy-tail) point sources from oil/gas production in the
United States (Lyon et al., 2015), including typical compressor station blowdown emissions of ~0.25 t hr™*
(United States Environmental Protection Agency, 2006). They are comparable to emissions from major
oil/gas accidents like the well-publicized 2015 Aliso Canyon (peak rate of 60 t hr Conley et al., 2016;
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Figure 4. Time series of emissions from the Korpezhe 12 x 12 km? scene. Source rates inferred from GHGSat-D
observations (green diamonds) include emissions from all plumes detected across the scene. Source rates inferred from
TROPOMI observations (black squares) may include additional plumes within the scene and downwind. The GHGSat-D
observation record is from 24 February 2018 to 27 January 2019, and the TROPOMI observation record is from 17
December 2017 to 31 January 2019. The green error bars represent error standard deviations (10) on the source rates
inferred from GHGSat-D observations. The black vertical bars represent the range of emissions inferred from the
TROPOMI source rate retrieval ensemble for each quantified plume. Green open markers denote GHGSat-D scenes where
no plumes were detected. TROPOMI source rates are from observations with quantifiable plumes; many TROPOMI
detection events are not shown here due to ambiguity in meteorology for inferring source rates.

Thompson et al., 2016) and 2018 Ohio well pad (peak rate >75 t hr™*

Environmental Protection Agency, 2018) blowouts.

; Pandey et al., 2018; United States

Figure 4 shows the December 2017 to January 2019 time series of source rates estimated by GHGSat-D and
TROPOMI for the 12 x 12 km? GHGSat-D scene. Source rates for GHGSat-D observations with multiple
plumes are given as the total emissions for all plumes in the scene. This results in scene-wide emissions of
9.9 + 6.8 t0 53.2 + 34.3 t hr™! for observations with detected plumes, for a mean of 32.5 + 7.7 t hr~! when
plumes are present and 17.5 + 4.2 t hr™ ' when including plume-free observations in the average. The uncer-
tainties on these mean hourly rates are derived by propagating source rate error standard deviations from
individual days (Figure 1 and Table S1) through the calculation of the mean (see Text S4). The range of
source rates across all quantified TROPOMI observations is 5-169 t hr ', with a mean of 60 t hr™* for quan-
tifiable plumes and 45 t hr™" over the full observation record. TROPOMI source rate estimates tend to be lar-
ger than those from GHGSat-D, possibly due to additional sources downwind of the GHGSat-D scene that
would be incorporated into the broader TROPOMI plumes. In addition, GHGSat-D would miss point sources
emitting below its detection threshold. Discrepancies in the source rate estimated with GHGSat-D and
TROPOMI on days with concurrent measurements (e.g., 13 and 27 January 2019) may be partly attributable
to these signal differences, but also to source rate retrieval error and temporal variability of emissions during
the roughly 3-hr window between instrument overpasses.

If our ensemble of GHGSat-D and TROPOMI observations is representative of emissions from the Korpezhe
12 x 12 km? scene over the instruments’ observation periods, we estimate total methane emissions of 142 +
34 kt from the three sources detected by GHGSat-D between 24 February 2018 and 27 January 2019 (%153 +
37 kt a~ ") and 446 (189-750) kt for the ensemble of sources detected by TROPOMI between 17 December
2017 and 31 January 2019 (396 [168-666] kt a~"). Estimated emissions from the Korpezhe compressor sta-
tion source alone are 120 + 27 kt for the February 2018 to January 2019 period (2129 + 29kt a™") according
to GHGSat-D. For comparison, the 2015 Aliso Canyon blowout emitted 97 kt of methane to the atmosphere
over a 4-month period (Conley et al., 2016), and the largest reported methane point sources in the United
States (coal mines and landfills) emit 10-100 kt a~* (Jacob et al., 2016). Our estimates of total and annual
emissions from the Korpezhe sources are calculated by multiplying average retrieved source rates by
duration (e.g., 1 year), with all observations counted in the average (including nondetections, for which
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we assume zero emissions). The assumption of representative sampling is more reliable for TROPOMI than
for GHGSat-D, both because the TROPOMI data set has larger sample size and because with its coarser pix-
els TROPOMI sees emissions integrated over longer periods of time (several hours).

6. Conclusions

Our discovery of anomalously large methane emissions associated with the Korpezhe gas compressor station
in western Turkmenistan demonstrates the value of satellites for identifying and monitoring methane emis-
sions at the facility scale worldwide. Anomalous point sources are known to make a disproportionately large
contribution to the total methane emission from oil/gas production (Alvarez et al., 2018; Zavala-Araiza et al.,
2015), and our results indicate that this contribution could be even larger than has been previously recog-
nized. Detection of these point sources using satellite observations could enable corrective action to signifi-
cantly reduce methane emissions from the oil/gas sector. GHGSat-D serves as demonstration for a future
constellation of GHGSat satellite instruments to be launched starting in 2020 with improved column density
precision (McKeever et al., 2017). The synergy with TROPOMI observations demonstrated here points to a
promising observation strategy in which coarse identification of methane hot spots by TROPOMI can guide
fine-resolution satellites like GHGSat-D to identify the specific facilities responsible for the hot spots and
direct intervention accordingly.

Data Availability Statements

The meteorological data sets that support the findings of this study are available at their respective online
data portals: (GEOS-FP) gmao.gsfc.nasa.gov/GMAO_products; (ERA) www.ecmwf.int/en/forecasts/data-
sets/browse-reanalysis-datasets; (NCEP) www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html;
and (MesoWest) mesowest.utah.edu/. Visible Infrared Imaging Radiometer Suite data are posted online
(earthdata.nasa.gov). The oil/gas infrastructure emissions data that support the findings of this study are
publicly available (https://doi.org/10.7910/DVN/HH4EUM). The TROPOMI methane data are posted
online (scihub.copernicus.eu). The GHGSat-D methane columns data that support the findings of this study
are publicly available (https://doi.org/10.7910/DVN/MAPGNU).
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