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Abstract 26 

We present results from a Very Large Methane Release (VLMR) experiment evaluating methane 27 
retrievals from the Geostationary Operational Environmental Satellites (GOES) Advanced 28 
Baseline Imagers (ABIs) and multiple low-Earth-orbit imagers with high point-source detection 29 
limits. The experiment coordinated observations of a U.S. gas pipeline blowdown with nine 30 
satellites, two aircraft, and a truck-based mobile laboratory. We used the GOES-16, -18, and -19 31 
ABIs with revisits every 10 min to 7 s to quantify release magnitude and uncertainty. Best 32 
methane retrieval precision (7–8%) was achieved in the 7-s and 30-s mesoscale scan modes 33 
averaged to 5 min. Source-rate and mass estimates are broadly consistent across measurement 34 
platforms.  Detectable emissions totaled 370±30 t over 44–65 min from two release points, ~25% 35 
lower than bottom-up expectations based on pipeline volume and nominal pressure, likely due to 36 
late-stage emissions below satellite detection limits. Our work provides a framework for 37 
evaluating high-detection-limit methane point-source imagers. 38 

Significance Statement 39 

Methane is a potent greenhouse gas, and emissions from oil and gas infrastructure are a major 40 
mitigation target. Satellites are increasingly used to detect and quantify these emissions, but 41 
evaluating their estimates of releases remains challenging.  In this study, we analyze a U.S. gas 42 
pipeline blowdown in New Mexico using coordinated observations from nine satellites, two 43 
aircraft, and a truck-based mobile laboratory. Our experiment provides a rare opportunity to 44 
evaluate the accuracy of satellite-based observations of large, short-lived methane point sources. 45 
We show that geostationary satellites can continuously track and quantify such releases, with 46 
emission estimates consistent with other platforms and expectations from pipeline pressure and 47 
volume. Our results build confidence in satellite observations to monitor extreme methane 48 
releases worldwide. 49 
 50 
Introduction 51 
 52 
Satellite capabilities for monitoring atmospheric methane point sources are advancing rapidly. A 53 
growing constellation of instruments in low-Earth orbit (LEO) and geostationary orbit (GEO) can 54 
detect and quantify individual point sources worldwide with high resolution and revisit rates 55 
(Jacob et al., 2022; Mohammadimanesh et al., 2025). Dedicated point-source imagers such as 56 
GHGSat and Carbon Mapper offer high pixel resolution (~30 m) and low plume detection limits 57 
(~100 kg h−1) for targeted regions of order 10×10 km2 (Jervis et al., 2021; Duren et al., 2025); 58 
wide-swath pushbroom spectrometers including the TROPOspheric Monitoring Instrument 59 
(TROPOMI; Schuit et al., 2023) and multispectral imagers such as the Visible Infrared Imaging 60 
Radiometer Suite (VIIRS; de Jong et al., 2025) provide routine global coverage for large point 61 
sources; and GEO instruments including the Geostationary Operational Environmental Satellites 62 
(GOES) Advanced Baseline Imager (ABI) offer continuous hemispheric scans every few minutes 63 
with sensitivity to the largest transient methane releases (Watine-Guiu et al., 2023; Zhou et al., 64 
2025).  65 
 66 
Previous studies have evaluated satellite point-source detection limits based on plume population 67 
statistics (e.g., Lauvaux et al., 2022; Schuit et al., 2023; Ayasse et al., 2024) or synthetic plume 68 
data (e.g., Cusworth et al., 2019; Gorrono et al., 2023). More recently, detection limits and 69 
source-rate estimates have been assessed by controlled release (Sherwin et al., 2023; Worden et 70 
al., 2025). Controlled-release experiments are increasingly common but have so far been limited 71 
to source rates <10 t h−1 due to cost and safety constraints, and ongoing experiments simulate 72 
sources <3 t h−1 (Sherwin et al., 2024). These experiments provide valuable benchmarks for 73 
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instruments with detection thresholds of ~1 t h−1 or less, but are not applicable to wide-swath 74 
sensors with higher detection limits (>10 t h−1) such as TROPOMI, VIIRS, and GOES ABI. 75 
 76 
Here we present the results of a Very Large Methane Release (VLMR) experiment evaluating the 77 
ability of such instruments to detect and quantify emissions, with a focus on GOES ABI. The 78 
experiment was conducted on 8 October 2024 in New Mexico, U.S. and involved coordinated 79 
observations of a planned gas pipeline blowdown event by a suite of ground, aerial, and satellite 80 
instruments as depicted in Figure 1. We quantify the resulting emissions using three GOES ABIs 81 
(GOES-16, GOES-18, and GOES-19); six LEO instruments including TROPOMI, the Visible 82 
Infrared Imaging Radiometer Suite (VIIRS) on the Suomi-NPP, NOAA-20, and NOAA-21 83 
satellites; the Sea and Land Surface Temperature Radiometer (SLSTR) on Sentinel-3; and the 84 
Ocean Colour Instrument (OCI) on PACE; two aerial platforms including the NASA Airborne 85 
Visible/Infrared Imaging Spectrometer-3 (AVIRIS-3) and NOAA/ChampionX Mooney aircraft; and 86 
the NOAA Pick-Up Based Mobile Atmospheric Sounder (PUMAS) mobile laboratory. The GOES 87 
ABI observations from three vantage points in GEO provide measurement frequencies of 10 min 88 
down to 7 s, allowing estimation of time-dependent plume mass, emission rate, and associated 89 
uncertainties. The LEO instruments provide additional snapshots of the release plumes, and the 90 
aircraft and ground-based platforms provide detailed information on the release duration, local 91 
meteorology, and in-situ methane concentrations as well as estimates of release rates. Estimates 92 
of total plume mass and source rate are compared between measurement platforms and 93 
evaluated against bottom-up estimates based on pipeline pressure and volume as described by 94 
the pipeline operators. 95 
 96 
Results and Discussion 97 
 98 
Figure 2 shows the AVIRIS-3, Mooney, and PUMAS methane measurements taken over the course 99 
of the experiment. The pipeline blowdown was initially scheduled for 14:00 UTC (9:00 am LT) but 100 
was delayed several hours. It ultimately began at 17:25 UTC at the western site and 17:36 UTC at 101 
the eastern site (±1 min, as observed by the aerial and ground teams). AVIRIS-3 was diverted from 102 
a nearby research flight track and captured methane enhancements from a test release at 16:13 103 
UTC prior to blowdown at the eastern release site. Figure 2B shows the test-release plume with a 104 
total estimated methane mass of 495 kg. 105 
 106 
The Mooney aircraft entered the experimental region at 16:20 UTC and flew to the western release 107 
site, where it remained in a holding pattern until the releases began. From 17:29 to 17:52 UTC, it 108 
performed two 1-km-radius spiral profiles around the western source at altitudes of 100–600 m agl 109 
(Figure 2C). Peak methane concentrations of 226 ppm were observed from the western source at 110 
17:45 UTC. The aircraft then obtained two spiral profiles over the eastern site from 18:06 to 18:28 111 
UTC (Figure 2D; 130–355 m agl). Finally, it returned to the western release point and performed 112 
three in-plume spirals to determine the boundary layer depth, followed by two cross-plume 113 
transects at 375 m and 510 m agl ~25 km downwind. The aircraft measurements concluded around 114 
19:45 UTC.  115 
 116 
The PUMAS truck measured a peak 1-s-average concentration of 289 ppm 1.85 km downwind of 117 
the eastern source at 17:46, about 10 minutes after the blowdown began (Figure 2E). It then drove 118 
north to 8.45 km downwind of the eastern source, waited for the plume to arrive, and carried out a 119 
~4 km west-to-east transect roughly perpendicular to the wind direction from 18:20:29 to 18:33:31, 120 
during which a peak 1-min-average enhancement of 63 ppm was measured. This transect did not 121 
include the entire width of the plume and so was not used for an emission estimate. An east-to-122 
west transect was then carried out from 18:35:30 to 18:45:29 in which a peak 1-min-average 123 
methane enhancement of 10.1 ppm was measured. A final west-to-east transect was carried out 124 
from 19:08:30 to 19:19:31 and showed a peak 1-min-average enhancement of 0.4 ppm. For these 125 
last two transects, the entire width of the plume was measured, and these measurements were 126 
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used to estimate emission rates from the eastern source by mass balance (Eq. 3 in Materials and 127 
Methods).  128 
 129 
Figure 3 shows satellite retrievals of methane enhancements from the three GOES and six LEO 130 
satellites of Figure 1. Plume signals were first detected in the full-disk and CONUS GOES ABI 131 
scans near the western release site in the 17:30 UTC scan, while enhancements over the eastern 132 
site were detected in the 17:40 UTC scan. With the higher temporal resolution of the GOES-18 30-133 
s and GOES-19 7-s mesoscale imagery, the initial detections of methane enhancements from the 134 
western and eastern releases are more precisely resolved to 17:27 UTC and 17:38 UTC, just 1–2 135 
minutes after the releases began (Figure 3A). The delay is likely due to the time required for the 136 
plumes to fill up an ABI image pixel.  137 
 138 
Supplemental movie S1 shows animations of the methane plumes derived from GOES ABI. The 139 
eastern plume was observed to detach from its source at 18:20 UTC and the western plume at 140 
18:30 UTC, implying detectable blowdown durations of 65 min for the western source (which began 141 
17:25 UTC) and 44 min for the eastern source (which began 17:36 UTC). 142 
 143 
We quantify retrieval precision as the standard deviation of background pixels excluding clouds, 144 
water, and plumes. Best retrieval precision is achieved in the 30-s and 7-s scan modes averaged 145 
to 5 min, with respective mean background standard deviations of 0.044 mol m-2 (~7% of 1930-ppb 146 
background) and 0.052 mol m-2 (~8%). Retrieval precision for the other ABI scan modes is 10%–147 
12%. Sensitivity tests using different averaging windows show that 5-min averaging provides the 148 
best balance between noise reduction and plume signal preservation for both 7-s and 30-s scans 149 
(see Figures S10, S11). 150 
 151 
Figure 3B shows additional snapshots of the releases from the VIIRS, SLSTR, and OCI 152 
multispectral LEO instruments with pixel resolutions of 500–1200 m. The first VLMR detection was 153 
made by SLSTR aboard Sentinel-3A at 17:35 UTC near the western site. Further downwind 154 
detections were captured at ~30–60-min intervals. Retrievals from the LEO sensors show 155 
consistent methane enhancements and plume extents. The plumes were also detected by 156 
TROPOMI (Figure 3C), with maximum column enhancements of 0.06 mol m-2 for the western plume 157 
and 0.04 mol m-2 for the eastern plume. 158 
 159 
Figure 4 compares our observational estimates of methane plume mass and source rate with 160 
bottom-up estimates (dashed lines) based on pipeline pressure and volume, and with truck-based 161 
and aircraft-based mass balance estimates. Observed total plume mass (Integrated Methane 162 
Enhancement, IME; Frankenberg et al., 2016) is computed by summing methane enhancements 163 
across plume pixels. Bottom-up estimates based on operator input (dashed lines in Fig. 4) model 164 
the releases as sequential exponential decay processes assuming an initial pipeline pressure of 165 
800–950 psi, constant gas temperature of 21.1°C, methane content of 96%, and a 3-hour total 166 
release duration (=36 min) to reach atmospheric pressure. 167 
 168 
The observed plume mass (Fig. 4A) shows an initial growth phase followed by stabilization as the 169 
plumes detach and are advected downwind. This behavior has also been observed by de Jong et 170 
al. (2025) with VIIRS and by Zhou et al. (2025) with the Flexible Combined Imager on the Meteosat 171 
Third Generation satellite (MTG FCI). Snapshot estimates of plume mass from the GOES ABI and 172 
LEO satellite instruments are consistent within uncertainties. GOES ABI infers a total release mass 173 
of 370±30 t (Figure 4A; values after 18:45 UTC), with 260±40 t from the western source and 100±50 174 
t from the eastern source. Sentinel-3A/SLSTR observed 100±30 t at 17:35 UTC, during the early 175 
growth phase of the western source, compared to 90±20 t for GOES ABI. LEO satellite observations 176 
of the detached plumes yield IME values ranging from 350±110 t (VIIRS) to 420±65 t (OCI). 177 
TROPOMI quantifies an IME of 360±40 t at 19:33 UTC, within <5% of our nearest GOES ABI 178 
estimate. GOES IME uncertainties are estimated from the standard deviation across five data 179 
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streams, while LEO IME uncertainties are based on the conservative, per-pixel radiance-spread 180 
approach of de Jong et al. (2025). 181 
 182 
The cumulative plume mass inferred from GOES ABI is consistent with an initial pipeline pressure 183 
of approximately 800 psi during the growth phase, but the collection of satellite-based estimates 184 
suggests a lower starting pressure during the stabilization phase. Two effects can explain the 185 
departure from the 800-psi curve. First, the satellites miss the mass contribution from emissions 186 
below their detection limit, which occur later in the release; while they effectively track the initial 187 
methane pulse over the first ~45–60 minutes of the blowdown, that mass represents a lower bound 188 
on the total amount released. In this case, it underestimates the total expected from the bottom-up 189 
isothermal exponential decay model (504 t at 800 psi) by ~25%. Second, the decay model may 190 
overestimate release rates later in the blowdown, because it neglects cooling from the Joule-191 
Thompson effect, which can cause icing and hydrate formation at the vent orifice that reduce the 192 
effective mass flow rate (API 2020). 193 
 194 
Figures 4B–C show estimated instantaneous source rates inferred from GOES ABI as the time 195 
derivative of IME for both plumes. The initial growth in source rate (dotted lines in Fig. 4B) likely 196 
reflects saturation of methane SWIR absorption lines at the sub-pixel scale early in the release, an 197 
effect that would weaken as the plumes diffuse across one or more full pixels. Peak source rates 198 
are approximately 500 t h-1 for the western source and 360 t h-1 for the eastern source. Aircraft 199 
spiral measurements for the western source yield source rates 30%–50% lower than concurrent 200 
GOES ABI estimates, with 210 ± 30 t h-1 at 17:33 UTC followed by a gradual decline to ~140 t h-1 201 
and 20 t h-1 over ~1 hour. Aircraft and truck-based mass-balance estimates for the eastern source 202 
agree with GOES ABI within errors. Discrepancies may be due to incomplete sampling of the 203 
turbulent plume, which may not be well-mixed in the near-field of the source, relative to the spatial 204 
and temporal resolution of the aircraft spiral measurements. Our GOES ABI source-rate estimates 205 
for both release points are consistent with bottom-up estimates based on initial pipeline pressure 206 
of 800–950 psi. 207 
 208 
Finally, we use GOES ABI’s fine temporal sampling to assess its plume detection limit (minimum 209 
wind-normalized source rate Qmin) for the observing conditions of the experiment. The plumes are 210 
first detected at the single-pixel level in the finest-precision 30-s mesoscale scan mode with column 211 
enhancements of 0.07–0.08 mol/m2 over 3.35-km pixels in the 2.25-µm band, reflecting a single-212 
pixel methane mass of ~12 t for initial detection. The steady-state emission rate required to sustain 213 
such an enhancement against horizontal transport across the pixel is Qmin = 15 t h-1 per m s-1 of 214 
wind, which we take as a lower bound on GOES ABI’s detection limit for the VLMR scene. We also 215 
estimate Qmin using the equation introduced by Jacob et al. (2016): 216 

 217 
𝑄𝑚𝑖𝑛 = 𝑀𝐶𝐻4

⋅ 𝑈 ⋅ 𝐿 ⋅ 𝑞 ⋅ 𝜎 (Eq. 1) 218 
 219 
where 𝑀𝐶𝐻4 is the molar mass of methane, U is the wind speed, pixel size L=3.35 km, and q is the 220 
number of standard deviations above background noise required for single-pixel detection (q=2 by 221 
convention). Under 4 m s-1 winds (Fig. 3), this yields a minimum detectable source rate of ~110 t 222 
h-1, consistent with the uncertainty ranges in Fig. 4B–C. We therefore estimate a detection limit of 223 
~10–30 t h-1 per m s-1 of wind for GOES ABI for the VLMR experiment scene. This is similar to the 224 
detection limit of 30–50 t h-1 estimated by Zhou et al. (2025) for the MTG-FCI geostationary satellite 225 
instrument with 3–4 m s-1 winds (~10–15 t h-1 per m s-1 of wind). 226 
 227 
Conclusions 228 
 229 
We present results from a Very Large Methane Release (VLMR) experiment evaluating methane 230 
retrievals from high-detection-limit satellite instruments through coordinated, multi-platform 231 
observations of a planned U.S. gas pipeline blowdown event. We used three GOES ABI 232 
instruments in five scan modes to continuously monitor emissions with revisit times from 10 233 
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minutes to 7 seconds and detected total methane emissions of 370±30 t from two release points 234 
over 44–65 min. The blowdown was also observed by six LEO satellite instruments, two aircraft, 235 
and a truck-based mobile laboratory. Estimates of total release mass and source rate are 236 
generally consistent across measurement platforms and with bottom-up expectations based on 237 
operator-reported initial pipeline pressure of 800–950 psi. We find that the satellite detections 238 
effectively track the methane pulses downwind, but may underestimate total release mass by 239 
~25% due to late-stage emissions below instrument detection limits. We estimate a GOES ABI 240 
plume detection limit of 10–30 t h-1 per m s-1 of wind for the scene of the experiment. Our results 241 
confirm the capability of wide-swath, high-detection-limit satellite instruments to quantify large 242 
transient methane releases from low-Earth and geostationary orbit, while highlighting a potential 243 
low bias associated with weaker late-stage emissions. Future and retrospective analysis of such 244 
events will improve the characterization of retrieval accuracy, precision, and plume detection 245 
limits in different observing conditions. 246 
 247 
 248 
Materials and Methods 249 
 250 
Figure 1 depicts the VLMR experimental setup. The blowdown occurred from two release points 251 
along the pipeline, hereafter referred to as the eastern and western sources. The satellite, 252 
aircraft, and ground-based measurement platforms are described below. Their observational 253 
configuration was based on site access constraints, road conditions, and HYSPLIT forecast 254 
simulations predicting plume transport and dispersion (Text S1). 255 
 256 
GOES ABI GEO satellite data. GOES ABI is a multispectral scanning radiometer with 16 257 
channels in the visible (VIS), near-infrared (NIR), and infrared (IR) that support a wide range of 258 
weather, ocean, and environmental monitoring applications. Pixel resolution is 0.5 km (VIS), 1 km 259 
(NIR), or 2 km (IR) at equatorial nadir. ABI has three operational scan modes that provide 260 
coverage of the full hemispheric disk every 10 minutes, the contiguous US (CONUS) every 5 261 
minutes, and targeted mesoscale sectors (~1000×1000-km2 domain) every 30–60 seconds. 262 
GOES-16 operated as GOES-East at 75.2°W from 2016 to 2025, covering the eastern US, 263 
Atlantic Ocean, and part of western Africa. It was superseded by GOES-19 in April 2025 and now 264 
serves as backup satellite at 104.7°W. GOES-18 currently serves as GOES-West and covers the 265 
western US, Pacific Ocean, and Alaska.  266 
 267 
At the time of the VLMR experiment, GOES-16 and -18 were in the East and West positions, 268 
respectively, and GOES-19 was undergoing commissioning at 90°W. In addition to the 269 
operational 5- and 10-min scan modes from GOES-16 and -18, we scheduled 30-s mesoscale 270 
scans with GOES-18, and the commissioning of GOES-19 provided an opportunity to test an 271 
additional experimental 7-s mesoscale scan mode. We use the Level-1b (L1b) radiances and 272 
Level-2 (L2) cloud mask data from a total of five scan modes across all three ABIs to perform 273 
methane retrievals for the VLMR pipeline releases with sampling frequencies from 10 min down 274 
to 7 s. 275 
 276 
GOES ABI can detect large transient methane releases in its shortwave-infrared (SWIR) bands at 277 
1.6 µm and 2.25 µm via multi-band–multi-pass (MBMP) methane retrievals (Watine-Guiu et al., 278 
2023). The retrievals compare images from the methane-sensitive 2.25-µm band with reference 279 
images from the 1.6-µm band and previous scans. To retrieve methane column concentrations, 280 
we define for each image pixel a band ratio  281 

𝑟 =
𝑐∗𝑅2.25

𝑅1.6
 (Eq. 2) 282 

where 𝑅1.6 and 𝑅2.25 represent the measured radiances in the 1.6-μm and 2.25-μm bands and c is 283 
a scaling factor to address differences in scene-wide mean brightness between the two bands. r 284 
is converted to methane column enhancement (mol m-2) using a lookup-table derived from 285 
radiative transfer calculations. For each resulting retrieval image, we construct a plume-free 286 
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reference retrieval image from previous (pre-blowdown) scans and subtract it to better isolate 287 
methane plumes from surface artifacts (see Text S2 for additional details). 288 
 289 
LEO satellite data 290 
TROPOMI. The TROPOspheric Monitoring Instrument (TROPOMI) is a high-spectral-resolution 291 
spectrometer on the Sentinel-5P satellite (Veefkind et al., 2012). Its local overpass time is around 292 
13:30 local time (LT) and its methane retrieval product has nadir pixel resolution of 5.5×7 km2. 293 
TROPOMI’s fine 0.25-nm spectral resolution enables high-quality methane retrievals with <1% 294 
precision (Lorente et al., 2022) and detection of large methane point sources (Schuit et al., 2023). 295 
We use the operational TROPOMI L2 total methane column data product (Copernicus Sentinel‐296 
5P, 2021) to quantify the total methane mass released during the VLMR experiment (Text S3). 297 
TROPOMI’s fine retrieval precision makes it an effective baseline for evaluating methane plume 298 
mass estimates from less sensitive multispectral retrievals.  299 
 300 
VIIRS and SLSTR. De Jong et al. (2025) demonstrated the use of multiple multispectral satellite 301 
radiometers for sub-daily monitoring of methane point sources, including VIIRS on the Suomi-302 
NPP, NOAA-20, and NOAA-21 satellites, and the Sea and Land Surface Temperature 303 
Radiometer (SLSTR) on the Sentinel-3A and -3B satellites (Pandey et al., 2023). The three VIIRS 304 
instruments fly in sun-synchronous afternoon orbits with observations around 13:30 LT, while the 305 
SLSTR instruments observe in the morning around 10:00 LT. The methane retrieval algorithm for 306 
VIIRS and SLSTR uses the difference of the ratios of reflectance between target and reference 307 
images in the 1.6- and 2.25-µm SWIR bands (see Text S4). The nadir spatial resolution of the 308 
methane retrieval is 750 m for VIIRS and 500 m for SLSTR. At these resolutions, facility-level 309 
methane plumes can be detected, and the sub-daily monitoring frequency combining all 310 
instruments makes it possible to capture short-lived emission events such as pipeline blowdowns. 311 
 312 
OCI. The Ocean Color Instrument (OCI) is an imaging radiometer on NASA’s Plankton, Aerosol, 313 
Cloud, ocean Ecosystem (PACE) satellite, launched in February 2024. OCI provides SWIR 314 
measurements at 1.6, 2.1, and 2.3 µm with 1.2-km spatial resolution. The 2.1-µm band exhibits 315 
weak methane absorption and is spectrally closer than the 1.6-µm band to the methane-sensitive 316 
2.3-µm band, making it a more effective methane-free reference channel for MBMP retrievals. 317 
Details about the OCI methane retrieval algorithm are given in Text S5. 318 
 319 
Aircraft data 320 
AVIRIS-3. NASA’s Airborne Visible/Infrared Imaging Spectrometer-3 (AVIRIS-3) measures 321 
contiguous spectra from VIS to SWIR with ~5-nm spectral sampling and supports high-resolution 322 
methane point-source detection (Duren et al., 2019; Cusworth et al., 2022). AVIRIS-3 captured a 323 
safety test release prior to the full VLMR blowdown at a spatial resolution of 4.2 meters. 324 
 325 
Mooney aircraft. NOAA Global Monitoring Laboratory performed ~1 km radius spiral profiles 326 
around the two release sites and flew cross-plume transects ~25 km downwind of the western 327 
site using a ChampionX Mooney aircraft instrumented with a Picarro 2401-m gas concentration 328 
analyzer. Methane mixing ratios were measured every 2.5 seconds and interpolated to 1 Hz, with 329 
estimated uncertainties of ±2 ppb. We use these measurements to estimate emission rates Q [kg 330 
h-1] for both pipeline release points using a mass-balance approach: 331 

𝑄 = ∫ [
𝑀𝐶𝐻4

𝑀𝑎𝑖𝑟
⋅ 𝜌𝑎𝑖𝑟 ⋅ 10

−9] ⋅ [𝐶(𝑡) − 𝐶𝑏] ⋅ 𝑈𝑝(𝑡) ⋅ 𝑑𝐴  (Eq.3) 332 

Here C(t) is the measured methane concentration, Cb is the background concentration, Up(t) is 333 
the wind velocity component perpendicular to the plume cross-section, dA is a differential element 334 
of the plume cross-sectional area with vertical extent defined by the helix pitch for spirals (Conley 335 
et al., 2017) or the boundary layer height for cross-plume transects (Peischl et al., 2015). The 336 

factor 
𝑀𝐶𝐻4

𝑀𝑎𝑖𝑟
⋅ 𝜌𝑎𝑖𝑟 ⋅ 10

−9 converts methane mixing ratios from nmol mol−1 to mass concentration, 337 

where MCH4 and Mair are the molecular weights of methane and dry air, respectively, and ρair  is 338 
the air density (see Text S6). 339 
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 340 
Ground-based measurements. NOAA Chemical Sciences Laboratory performed ground-based 341 
measurements with the Pick-Up Based Mobile Atmospheric Sounder (PUMAS) platform to 342 
estimate emission rates from plume transects downwind of the eastern source. PUMAS is a 343 
motion-stabilized Doppler lidar (Carroll et al., 2025), augmented for this experiment with an Aeris 344 
mid-infrared absorption analyzer measuring methane and ethane at 1 Hz.  345 
 346 
We calculate the mass flux for 10-min transects across the eastern plume ~9 km downwind of the 347 
source location using the mass-balance approach of Eq. 3, assuming the plume is vertically well-348 
mixed in one vertical layer with cross-sectional area dA. The equation variables are derived from 349 
PUMAS measurements of methane mixing ratio, mixed-layer height, and 3D lidar wind fields. The 350 
calculated mass flux is assigned to an earlier pipeline release time based on estimated transport 351 
time between pipeline and transect (see Text S7). 352 
 353 
Data, Materials, and Software Availability 354 
 355 
The NOAA GOES Level-1b radiances and Level-2 cloud mask products are publicly available via 356 
the AWS Open Data Registry (https://registry.opendata.aws/noaa-goes). TROPOMI Level-2 357 
methane retrievals and Sentinel-3 Level-1 radiances are available from the Copernicus data 358 
services (https://www.copernicus.eu). VIIRS and PACE-OCI Level-1 radiances are available from 359 
NASA Earthdata (https://earthdata.nasa.gov). 360 
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Figures and Tables 490 
 491 

 492 
Figure 1. Schematic of the 8 October 2024 VLMR experiment to quantify methane emissions 493 
from a planned U.S. gas pipeline blowdown in New Mexico. Measurements were collected from a 494 
truck-based mobile laboratory, two aircraft, 3 GEO satellites, and 6 LEO satellites. The basemap 495 
shows digital elevation from the Shuttle Radar Topography Mission (SRTM15+ v2.1; Tozer et al., 496 
2019). The red circles indicate the two locations where the pipeline was opened to allow natural 497 
gas to escape. 498 
 499 
  500 
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 501 
Figure 2. Aircraft and ground-based methane measurements during the VLMR experiment. (A) 502 
Methane mixing ratios (ppm) from the NOAA/ChampionX Mooney aircraft and PUMAS mobile 503 
laboratory. (B) AVIRIS-3 detection of the pre-blowdown test release. (C–D) Mooney spirals 504 
around the western (C) and eastern (D) release sites. (E) PUMAS plume transects within the 505 
dashed box in (B) near the eastern site. Blue triangle symbols mark the pipeline blowdown 506 
locations. Black arrows indicate direction of the Mooney aircraft and PUMAS mobile lab. 507 
 508 
  509 
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 510 
Figure 3. Methane column enhancements retrieved from (A) GOES ABI, (B) VIIRS/SLSTR/OCI, 511 
and (C) TROPOMI. The methane plume contour lines in (A-B) are colored by detection time. A 512 
NOAA-21 retrieval at nearly the same overpass time as PACE-OCI is not shown in panel (B). 513 
TROPOMI observed the scene at approximately 19:30 UTC (13:30 LT). The GOES ABI results in 514 
panel (A) are retrieved from GOES-19 measurements and visualized at the 1-km nominal resolution 515 
of the 1.6-μm band. Red x symbols mark the two release sites. White vectors are 10-m wind values 516 
from NOAA’s High-Resolution Rapid Refresh (HRRR; Dowell et al., 2022) data product at the 517 
release locations. 518 
  519 
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 520 
Figure 4. Time series of (A) total methane plume mass (integrated methane enhancement, IME) 521 
and (B-C) instantaneous source rate for the western (blue) and eastern (red) sources, defined as 522 
the time derivative of IME. Black lines in panel (A) reflect the sum of both plumes. Solid lines are 523 
the mean of multiple GOES ABI retrievals interpolated to 1 min and smoothed with a 9-min moving 524 
average. Shaded regions denote ±1σ uncertainty ranges derived from the five GOES scan modes. 525 
Blue and red dotted line segments in (B, C) mark periods of initial mass accumulation when 526 
instantaneous fluxes are not well defined (see text). Black dashed lines reflect bottom-up estimates 527 
based on pipeline pressure and volume as described by the operators (see text). Vertical lines in 528 
panels (B–C) mark the observed plume detachment times. 529 
 530 
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Supporting Information Text 

Introduction.  
This Supporting Information includes eight text sections, eleven figures, one table, and one 
movie.  
 
Text S1 describes the preparation work for the VLMR experiment.  
Text S2 describes the lookup-table method used for the GOES ABI retrievals.  
Texts S3-S5 provide quantification and retrieval methods for TROPOMI, VIIRS/SLSTR, and 
PACE-OCI.  
Text S6 contains detailed information about the mass-balance calculations of source rates using 
NOAA Mooney aircraft measurements.  
Text S7 provides more details about the NOAA PUMAS mobile lab measurements and mass-
balance calculations.  
Text S8 discusses the comparison of GOES ABI data streams and the sensitivity test on the 
moving-average window applied to GOES-18 mesoscale imagery and GOES-19 7-second 
imagery.  
 
Figure S1 shows an example of forecast plume advection from HYSPLIT simulations used in 
planning the VLMR experiment.  
Figure S2 illustrates the instrumental spectral response functions associated with methane bands 
on the LEO satellites.  
Figure S3 compares the PACE-OCI methane retrievals using the 1.6 µm and 2.13 µm reference 
bands.  
Figure S4 shows the angular wind direction geometry in the aircraft spiral mass-balance 
calculation.  
Figure S5 shows the methodology for estimating the vertical layer thickness for a given aircraft 
loop in a given vertical profile.  
Figure S6 shows the NOAA PUMAS mobile measurements of 3D winds and attenuated aerosol 
backscatter during the experiment.  
Figure S7 shows a schematic of the PUMAS mobile lab driving path and time series of CH4 
concentration measurements made from PUMAS.  
Figure S8 shows the PUMAS methane and ethane mixing ratio measurements.  
Figure S9 shows the time series of PUMAS methane measurements.  
Figure S10 shows the performance comparison between the five GOES ABI data streams.  
Figure S11 plots the sensitivity test on moving average window size for the GOES-18 mesoscale 
imagery.  
 
Table S1 summarizes the average error statistics from the sensitivity test on delay time in 
calibrating aircraft measurements.  
 
Movie S1 shows video footage of the methane plumes derived from GOES ABI. 
 
Text S1: Preparation of the VLMR experiment.  

Preparations for the VLMR gas pipeline blowdown experiment involved coordination 
across multiple NOAA laboratories and collaboration with the gas pipeline operator.  Instrument 
deployment options were evaluated, including aircraft, mobile laboratory, and satellite 
observations.  Site access, road conditions, and expected wind conditions were assessed to 
determine whether the mobile sampling platform could reliably intercept the plume. To support 
planning, HYSPLIT forecast simulations were performed in advance to predict plume transport 
and dispersion (e.g., Figure S1).  HYSPLIT simulations were initiated approximately one week 
prior to the experiment using long-range weather forecast model results and were updated 
regularly as new meteorological forecast model results became available. 
 
Text S2: GOES ABI retrieval and multi-band-multi-pass (MBMP) approach.  

We simplify the GOES ABI retrieval algorithm that was originally based on the band-ratio 
approach of Varon et al. (2021). Rather than performing a full forward radiative transfer 
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calculation for each pixel, we pre-compute a look-up table (LUT) that maps the observed band-
averaged radiance ratio between the 1.6 µm and 2.25 µm ABI channels directly to methane 
column concentrations, and then correct for viewing geometry with a two-way air-mass factor 
(AMF). We assume a single US-Standard atmosphere, with background CH4 = 0.66 mol m-2 
(~1900 ppb), H2O = 790 mol m-2, and CO2 = 143.3 mol m-2 (~400 ppm). We ignore vertical 
structure and also neglect CH4 absorption in the 1.6 µm band (1–2 orders of magnitude weaker 
than at 2.25 µm). 

The LUT is constructed by computing the top-of-atmosphere radiance in the 2.25 µm 
methane absorption window for a range of methane slant columns (-1 to +10 mol m-2). For each 
methane slant column, we use molecular absorption cross sections generated from HITRAN line 
parameters (via the HAPI Voigt line-shape model) for CH4, H2O, and CO2 at the plume elevation 
(surface elevation + 0.5 km). We then weight the resulting transmittance by the Kurucz solar 
spectrum (Clough et al., 2005) across the ABI spectral window at 2.25 µm (2220–2270 nm) to 
compute the band-mean radiance ratio relative to the background (no CH4 enhancement) case, 
and store this forward mapping between slant column and band-mean radiance ratio as the LUT. 
We then invert this relationship via interpolation, so that observed ABI radiance ratios can be 
directly mapped to methane slant column enhancement and subsequently converted to vertical 
column enhancement using the AMF. 

For each resulting retrieval image (target), we construct a plume-free reference retrieval 
image from previous (pre-blowdown) scans and subtract it from the target to isolate methane 
plumes from surface artifacts. Using the operational 5- and 10-min scan modes, we construct a 
plume-free reference retrieval image from the average of seven cloud-free scans acquired during 
the same hour on a previous day when no plume was present, and subtract this reference image 
from the target retrieval to isolate methane plumes from surface artifacts. For the 30-s and 7-s 
mesoscale imagery without coverage from previous days, the reference image is instead defined 
as the mean methane image retrieved from 2 to 1 hours prior to the target scenes. We perform 
the retrievals and quantify total mass released and emission rate at the native 2-km resolution of 
the GOES ABI 2.25 µm band. 
 
Text S3: TROPOMI quantification. 

An estimate of the Integrated Mass Enhancement (IME) of both plumes at the time of the 
Sentinel-5P overpass was obtained from the operational TROPOMI CH4 product (Copernicus 
Sentinel-5P, 2021).  

The destriped total column methane data was used. A plume mask was created using a 
threshold  with respect to the median methane concentration of the surrounding pixels 
(corresponding to a roughly 300km x 300km scene with 710 pixels with successful retrievals), 
where the threshold (1930 ppb) was chosen to visually match the plume extent.  

Methane concentrations were converted to enhancements by subtracting a reference 
concentration, computed as the median of the scene without the plumes. 

Subsequently, the enhancements were converted to per-pixel masses, using the surface 
pressure from the CH4 product, the area of the footprint of the pixel, and the column averaging 
kernel of the methane retrieval.  

For the column averaging kernel, the plume was assumed to be fully in the lowest layer of 
the TROPOMI retrieval (corresponding to the layer up to around 750m above the surface). The 
IME was then computed by summing this value for all pixels in the plume. 

Uncertainties were computed by propagating the standard deviation of the concentration of 
the background pixels and the uncertainty of the CH4 retrievals within the plumes as independent 
contributions.  

 
Text S4: VIIRS/SLSTR retrieval and quantification 

For VIIRS and SLSTR, methane enhancements were retrieved with a Multi-Band Multi-Pass 
method, slightly adapted from the one described by de Jong et al., 2025. Two adaptations were 
made, both improving internal consistency.  

First, we used the following formula for the MBMP signal: 

Δ𝑅𝑀𝐵𝑀𝑃 =
𝑐2.2𝑅2.2

𝑅2.2′
−

𝑐1.6𝑅1.6

𝑅1.6′
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where the constants ci are the ratios of the median values of the band radiances on the reference 
day Ri’ and on the measurement day Ri for the band with wavelength i μm. We then performed 
radiative transfer simulation to estimate methane concentration fields using ΔRMBMP. 

Second, an additional median subtraction was performed. The MBMP method yields 
methane enhancements with respect to an arbitrary reference concentration. To more accurately 
compute the enhancement in the plume, after finding the plume masks, the median of the pixels 
in the scene outside the plume masks was subtracted before computing the IME. 

Otherwise, the same methods as in de Jong et al. (2025) were used, including destriping 
and resampling to a 500m-resolution grid of roughly 100 km x 100 km. 

The plume mask was also found using the same methods, by normalizing the 
enhancements with respect to the uncertainty and selecting areas with a deviation of more than 
1.5 standard deviation and selecting only the two largest such areas per overpass. The 
uncertainty was similarly computed by summing the per-pixel uncertainties.  

 
Text S5: PACE-OCI retrieval 

Methane enhancement retrievals were also performed using the Ocean Color Instrument 
(OCI) aboard the Plankton, Aerosol, Cloud, ocean Ecosystem (PACE) satellite, which launched 
on the 8th of February 2024. OCI has a nominal resolution of 1.2 km and has three SWIR bands 
relevant for methane retrievals: bands F, H and I, centered at 1.62, 2.13 and 2.26 μm 
respectively, as shown in Figure S2.  

The same retrieval method described in Text S4 was used, but using bands H and I. Data 
was resampled to the same 500m-resolution grid used for the VIIRS retrievals. 

As the H band is much closer to the I band compared to the usual 1.6 μm reference band 
used for other instruments, this combination is less sensitive to artifacts such as caused by 
differences in relative albedo of the surface, as illustrated in Figure S3. This smaller difference 
results in a cleaner retrieval. The OCI data was subsequently processed using the approach used 
for the VIIRS/SLSTR data as described in Text S5. 
 
Text S6: NOAA/ChampionX Mooney Aircraft Measurements and Mass Balance Calculation 

The NOAA/ChampionX Mooney aircraft flew ~1-km-radius loops around the western and 
eastern sources at different altitudes to create vertical profiles of downwind concentrations from 
each source. Six profiles were conducted around the West source, and two around the East 
source. CH4 emissions rates were calculated for each profile by summing the second-by-second 
mass flow rates in each individual loop within a given profile.  

Four different methods were used in the calculations to estimate the uncertainty in the 
mass-balance methodology for each loop: (1) the base method, using the loop average wind 
speed and wind direction as calculated from the aircraft GPS readings; (2) wind speed as in (1) 
but wind direction calculated as the concentration-weighted aircraft orientation relative to the 
source, i.e., the wind direction that would cause the plume to end up where it was measured; (3) 
wind speed and wind direction from the NOAA National Weather Service (NWS) High Resolution 
Rapid Refresh forecast model (HRRR); and (4) wind speed and wind direction from the NOAA 
NWS forecast North American Model (NAM). 

The mass-balance methodology considers a cylindrical control surface around the 
emissions site. To estimate the mass flow rate through this cylindrical surface for a given loop, we 
sum the mass flow rate through the surface for each second during the loop, factoring in the 
estimated vertical thickness h of the layer that the loop is assumed to represent. 

In the following equation, for a given loop, the summation goes from the start time of the 
loop (0) to the end time of the loop (T). 

∑ [𝐶(𝑡) − 𝐶𝑏(𝑡)] ⋅ Δ𝑤(𝑡) ⋅ Δℎ ⋅ 𝑈𝑝(𝑡)𝑇
0 ⋅ 𝛽(𝑡) (Eq. S1) 

where 
 

C(t) (𝜇mol CH4 / mol air) = the second-by-second concentration of CH4 measured during 
the loop by the Mooney aircraft; 
Cb(t) (𝜇mol CH4 / mol air) = the estimated background concentration of CH4 during the 
loop; 
Δw(t) (m) = the second-by-second distance that the aircraft travelled during the loop;  
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Δh(m) = the estimated vertical thickness of the vertical layer associated with the loop; 
Up(t) (m s-1) = the second-by-second component of the horizontal wind velocity 
perpendicular to the direction of the aircraft at the location of the aircraft concentration 
measurement during that second (see Figure S4 below); 
β(t) [ g m-3 / (𝜇mol CH4 / mol air) ] = the second-by-second factor to convert from the 
volume/volume concentration measurements to mass/volume concentration values. 

 
Since the control surface is a cylinder, we have used the orientation of the sampling site 

relative to the emissions source rather than the aircraft's heading relative to the ground, although 
the difference between the two is generally very small.  It should be noted that the distance from 
the source varied during each loop, i.e., the cylinder's cross-section was not a circle. For each 
one-second measurement, the horizontal distance traveled was calculated as the radial distance 
for that measurement multiplied by the change in angle relative to the source location during that 
measurement. 

Further, it should be noted that the elevation of each loop was not constant. For each 
loop, a concentration-weighted average elevation was used. This methodology ensures that the 
loop elevation used in the overall mass balance calculation reflects the measurements with 
strongly elevated CH4 concentrations. 

The mass flow rate for a given loop is then related to the time-resolved emissions rate 
from the source by subtracting an estimate of the travel-time from the source to the loop.    

In the sections below, more details regarding the methodology are presented. 
 

Text S6.1: Loop by Loop Analysis 
Distinct loops were defined around the eastern and western source locations, in which the 

aircraft distance from the source was less than 2 km throughout the loop.  
The start of each East loop was assumed to be at an aircraft orientation relative to the 

source of ~58 degrees (the aircraft was approximately West-Southwest of the site). At that 
location, the wind direction would have had to be ~58 degrees for the wind to blow directly from 
the source location to the aircraft location. 

The start of each West loop was assumed to occur at a comparably defined orientation of 
~325 degrees when the aircraft was Southeast of the West emissions site. This value ensured 
that the enhanced methane concentrations measured, at roughly 180 degrees, were well 
separated from the start and end of each loop. Also, the first loop around the West emissions site 
started at about 325 degrees. 

 
Text S6.2: Vertical Layer Thickness Associated with Each Loop in a Given Profile 

The vertical layer thickness represented by a given loop in a given profile is assumed to be 
the difference in elevation from the midpoint between the loop and the next lowest-elevation loop 
and the midpoint between the loop and the next highest elevation loop in that profile. For the 
lowest elevation loop in a profile, the layer is assumed to extend to the surface. For the highest 
elevation loop, the layer is assumed to extend the same vertical distance above the loop as the 
difference in the loop elevation between the loop and the midpoint between the loop and the next 
lowest-elevation loop. This aspect of the methodology is shown schematically in Figure S5. 

 
Text S6.3: Time Lag for Aircraft Measurements 

The aircraft GPS-associated measurements (lat, long, u, v, altitude, etc.) were delayed 
approximately 4-7 seconds due to data-processing and transfer constraints. The physical and 
chemical measurements (P, T, RH, CH4-ppbv, etc.) were delayed approximately 11 seconds 
primarily due to the inlet length. In the merged dataset from the aircraft flights, the physical and 
chemical measurements are automatically adjusted for the 11-second inlet-related delay. To 
match the GPS data to the physical-chemical measurement data, a specified number of seconds 
must be subtracted from each GPS timestamp's “UTC-Start” (seconds). 

Numerical sensitivity experiments were conducted for GPS delays of 4, 5, 6, and 7 seconds 
to calibrate aircraft wind direction measurements. A statistical summary for the entire series of 
numerical experiments is shown in Table S1. Based on these results, a GPS time lag of ~6 
seconds was used as the “base” value in this analysis. However, the emissions rates estimated 
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with time lags of 4-7 seconds are relatively consistent, and the sensitivity to this assumption is not 
large. 

Method 1 (base method). Wind speed and direction associated with each one-second 
CH4-ppbv measurement are assumed to be the loop average wind speed and wind direction, 
based on the second-by-second u and v measurements reported by Aspen Avionics. 

Method 2. Wind speed associated with each one-second CH4-ppbv measurement is 
assumed to be the loop average wind speed, based on the second-by-second u and v 
measurements reported by Aspen Avionics. 

Wind direction associated with each one-second CH4-ppbv measurement is assumed to be 
the concentration-weighted average direction associated with each measurement, i.e., the wind 
direction from the source that would cause the plume to end up where it did, relative to the 
source. 

Method 3. Wind speed and wind direction associated with each one-second CH4-ppbv 
measurement are based on archived quasi-analysis HRRR wind speed and wind direction, 
interpolated in space to the relevant source location (East or West) and interpolated in time 
between the 1-hour snapshot outputs from the HRRR model. The HRRR model data is converted 
to HYSPLIT format and archived at the native 3 km horizontal resolution. The HRRR model is run 
every hour, and the 2nd hour of each forecast cycle is saved for the HYSPLIT HRRR archive at 
hybrid sigma/pressure vertical levels 
(https://www.ready.noaa.gov/data/archives/hrrr/README.TXT). 

Method 4. Wind speed and wind direction associated with each one-second CH4-ppbv 
measurement are based on archived quasi-analysis NAMS wind speed and wind direction, 
interpolated in space to the relevant source location (East or West) and interpolated in time 
between the 1-hour snapshot outputs from the NAMS model. The NAMS model data are 
converted to HYSPLIT format and archived at a 12 km horizontal resolution, which is lower than 
the native 3 km resolution. The NAM model is run every 6 hours, and the first 6 hours of each 
forecast cycle are saved for the HYSPLIT NAMS archive, on hybrid sigma/pressure vertical levels 
(https://www.ready.noaa.gov/data/archives/nams/README.TXT). 

 
Text S6.4: CH4 Background 

Each loop took on the order of ~80 seconds to complete, and during each loop, CH4 
enhancements were measured at 15-20 seconds during the loops. The CH4 background for each 
aircraft loop was estimated as the 40th percentile of concentration values in that loop. Using other 
non-enhanced percentile values to characterize the non-enhanced “background concentrations” 
made only a trivial difference in the mass- balance emissions estimates and is not considered an 
important uncertainty in the mass- balance calculations. 
 
Text S6.5: Measurement Time vs. Emissions Time 

The emission time for a given source differs from the aircraft measurement time because it 
takes time for the plume to travel from the source to the concentration measurement location.  

To estimate the uncertainty range in the travel time, we have estimated the minimum 
emissions time for a given profile  by subtracting the maximum loop travel times (distance from 
source divided by the minimum loop wind speed (from methods 1, 2, 3, and 4)) from the time of 
the first loop in a given profile.  

The maximum emissions time for a given profile was estimated by subtracting the minimum 
loop travel times (distance from source divided by the maximum loop wind speed, from methods 
1, 2, 3, and 4) from the time of the last loop in a given profile. The range in possible emissions 
times estimated in this way is used to estimate the uncertainty in the emissions time for any given 
profile. 
 
Text S6.7 Additional Emissions Estimates Based on a Mass-Balance Analysis 
of  Downwind Aircraft Transects  

After flying multiple cylindrical spirals around the two release point locations, the aircraft flew 
25 km downwind of the western point source and performed two crosswind transects at 375 and 
510 m agl.  The planetary boundary layer depth was determined from a vertical spiral in the 

https://www.ready.noaa.gov/data/archives/nams/README.TXT
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middle of the plume after these transects.  A methane mass balance was calculated for each 
downwind transect following the methods of Peischl et al. (2016): 

𝑓𝑙𝑢𝑥 =  𝑣𝑐𝑜𝑠(𝛼) ∫ ∫(𝐶𝐻4 − 𝐶𝐻4,𝑏𝑔)

𝑦

−𝑦

𝑧1

𝑧0

 𝑑𝑦 𝑑𝑧 

where z0 is the ground level, z1 is the adjusted mixing height, CH4,bg is the background CH4 value, 
and vcos(𝛼) is the wind speed velocity perpendicular to the flight path. 

The well-mixed PBL depth was determined to be 1203 m agl from the vertical profile 
data. The entrainment height was determined to be 1632 m agl.  From these, we calculate an 
adjusted mixing height, z1, of 1315 m agl following Peischl et al. (2015) Equation 2, reproduced 
here: 

𝑧1 = 𝑧𝑃𝐵𝐿 × {1 + [
[𝑧𝑒 − 𝑧𝑃𝐵𝐿](𝐶𝐻4 − 𝐶𝐻4,𝑏𝑔)

4
]/[(𝑧𝑃𝐵𝐿 − 𝑧0)(𝐶𝐻4 − 𝐶𝐻4,𝑏𝑔)]} 

where z1 is the adjusted mixing height, zPBL is the location of the top of the PBL, ze is the 
entrainment height, where the enhancement in the PBL reaches the free tropospheric value, and 
z0 is the ground level. 

The NOAA/ChampionX Mooney aircraft reports a wind speed uncertainty of ±0.2 m/s 
(Conley et al., 2014). For the western plume, we take the average wind speed of 3.7 m/s, which 
includes wind measurements from the time spent on the four near-field spirals, the time traveling 
to the downwind transects, and the time in the downwind transects, which encompasses 
approximately 50 minutes of wind measurements. We double the wind speed uncertainty to 
account for the plume transit time when the Mooney aircraft was flying elsewhere.  From the wind 
speed and distance downwind, we estimate the first plume transect to be 6976 +787/-849 
seconds from the time of emission, and the second plume transect to be 6861 +672/-834 
seconds from the time of emission.  

The uncertainty of the CH4 background is estimated to be ±5 ppb, and the accuracy is 
estimated at ±2 ppb relative to the WMO X2004A scale. These uncertainties are considered 
negligible relative to the enhancement of greater than 6 ppm in the plumes. All CH4 data are 
reported as dry air molar ratios. 

 
Text S7: NOAA PUMAS Mobile Lab 

The NOAA Chemical Sciences Laboratory (CSL) Pick-Up Based Mobile Atmospheric 
Sounder (PUMAS) is a fully mobile truck platform that primarily hosts a Doppler lidar, and was 
supplemented with an in situ methane and ethane instrument for this project. The Doppler lidar 
provides profiles of horizontal wind vectors and the vertical wind (w) above the truck while 
stationary and underway, using separate lidar channels dedicated to scanning for horizontal 
winds and staring for vertical. This unique capability provides 3D winds and aerosol backscatter 
at 0.045 Hz above the truck with 60-m vertical resolution at all times. The lidar pointing is 
stabilized against pitch and roll of the truck in real-time by housing the lidar optics in a motion 
stabilization platform in the truck bed. The orientation and velocity of the truck and lidar optics are 
tracked to remove the platform motion projection into the measured line-of-sight lidar velocity. 
More information is available in Carroll et al., 2025. 

The lidar wavelength is 1.54 µm, and thus the signal-to-noise ratio is particularly sensitive 
to aerosols. The combined dynamics and aerosol information enables a robust boundary layer 
height retrieval based on mixing (e.g., w variance), wind shear, and aerosol gradient (Tucker et 
al., 2009). Figure S6 shows the wind and aerosol measurements from this experiment. The range 
resolution of both lidar channels was 62 m and the temporal resolution was 15 seconds for each 
profile of horizontal winds (i.e., one conical scan) and 1 second for the vertical wind channel. The 
wind speed shows a very consistent and well-defined low level jet in the morning before sunrise, 
which decays as the daytime well-mixed boundary layer starts to grow. Boundary layer winds 
strengthened gradually from morning to midday. The boundary layer height grew substantially 
over the study period (17:36 - 19:00 UTC), making this measurement essential for accurate 
retrievals of methane emissions. 

An Aeris instrument was deployed on PUMAS to measure methane and ethane at 1 Hz. 
The analyzer is a high-precision trace gas instrument based on mid-infrared (mid-IR) laser 
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absorption spectroscopy for continuous, real-time measurements of methane and ethane (C2H6). 
By targeting fundamental vibrational absorption features in the mid-IR spectral region, the 
analyzer achieves high selectivity and sensitivity with low cross-interference from other 
atmospheric gases. The instrument offers sub-ppb detection limits, rapid time response (1 s), and 
stable operation suitable for both laboratory and field deployments. Its applications include urban 
air quality monitoring, natural gas leak detection, and characterization of methane sources, with 
ethane serving as a tracer to help distinguish fossil fuel emissions from biogenic methane. The 
analyzer was calibrated before and after the pipeline blowdown experiment.  An online zeroing 
system was incorporated to zero the analyzer using ultra-zero air to track instrument drift during 
operation. 

 
Text S7.1: Summary of the Mass Balance Methodology Used to Estimate Emissions Based 
on the Mobile Lab Measurements 

Similar to Eq.S1, we consider a plane (curtain) downwind of the emissions site and 
calculate the mass flow rate through this plane. We do this by summing the mass flow rate 
through the plane for each second during a given transect.  In the following equation, for a given 
transect, each term is a function of time, and the summation goes from the start time of the 
transect (0) to the end time of the transect (T). 

∑ [𝐶(𝑡) − 𝐶𝑏(𝑡)] ⋅ Δ𝑤(𝑡) ⋅ Δℎ ⋅ 𝑈𝑝(𝑡)𝑇
0 ⋅ 𝛽(𝑡) (Eq. S1) 

where 
C(t) (𝜇mol CH4 / mol air) = the second-by-second concentration of CH4 measured during 
the transect; 
Cb(t) (𝜇mol CH4 / mol air) = the second-by-second background concentration of CH4 
during the transect; 
Δw(t) (m) = the second-by-second distance that the mobile lab travelled during the 
transect;  
Δh(m) = the second-by-second height of the plume at the location of the concentration 
measurement location during that second; 
Up(t) (m s-1) = the second-by-second component of the horizontal wind velocity 
perpendicular to the direction of the mobile lab at the location of the concentration 
measurement during that second; 
β(t) [ g m-3 / (𝜇mol CH4 / mol air) ] = the second-by-second factor to convert from the 
volume/volume-based concentration measurements to mass/volume concentration 
values. 
 
The mass flow rate for a given transect is then related to the emissions rate from the 

source by subtracting an estimate of the travel-time from the source to the transect, i.e., to 
account for the fact that the measurements occurred after the plume had traveled for some time 
downwind of the source. 

We carried out an extensive series of numerical experiments and sensitivity analyses 
with respect to how the terms in Equation S2 were calculated, and on the basis of this analysis, 
we estimate the overall uncertainty in the mass-balance flux estimates for each mobile transect to 
be ± 25%. 
 
Text S7.2: Transect by Transect Analysis. 

The mobile lab primarily drove along a north-south road (the blue road in Figure S7, 
upper left schematic) and an east-west road (the red road in Figure S7, upper left schematic). 
The transects occurred along the east-west road about 9 km downwind of the source. The mobile 
lab driving path can be divided into 7 sections, as shown in Figure S7 (lower panel). 

The methane fluxes were calculated using Eq. S2, with Δh(t) set as the lidar-determined 
mixing height. We fit a seventh-order polynomial to Δh(t) in Figure S6 to time-interpolate a time-
varying h across each transect. To get the boundary-layer averaged wind Up in Eq. S2, we 
vertically-average the wind profiles between ground and mixing height Δh(t), time-average 
nearby profiles (using a low-pass filter) to remove turbulent noise, then curve-fit to match their 
time-evolution with the 1 Hz methane measurements. 
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The PUMAS drive route and the in situ concentrations are shown in Figure S8, with the 
methane time series also shown in Figure S9. The PUMAS truck was near the eastern release 
site at the time of release, then, given the approximately southerly wind direction, PUMAS drove 
north with the goal of executing cross-plume transects far enough downwind that the methane 
would be well-mixed within the boundary layer. The first large plume intercept while driving north 
was incidental and did not transect the entire plume width, so it is not suitable for a representative 
emissions estimate. The later east-west legs are useful for emissions estimates, as the data 
shows that all or at least more than half of the plume was transected each time. The distance 
between the eastern release site and the east-west transects is ~8.5 km, which corresponds to 
~28–35 minutes of transport time, given average winds of 4-5 m/s measured in the PBL. This is 
enough time for two eddy turnovers, and the observed plume widths are ~3x the mixing height. 
Both are good indicators of the vertically well-mixed assumption. These transect estimates are 
also shown in Figure 2 in the main text. 

 
Text S7.3: Estimation of Travel Time of the Plume 

In order to relate the mass flux estimated from the mobile-lab transect to the emissions time 
of the source emissions, the travel time of the plume from the source to the transect must be 
subtracted from the transect time.   

To estimate the travel time, we integrated the PUMAS wind backwards in time from the 
measurement time average, and determined when the integral reached the distance between the 
concentration-weighted transect location and the release point. This methodology may lead to an 
underestimate of the travel time because the plume likely did not follow a perfectly straight line 
from the source to the transect. This analysis gives an estimated travel time of ~30 minutes for 
Transect 01, and ~26.5 minutes for Transect 02. 

 
Text S8: Comparison between GOES ABI data streams and sensitivity test on moving 
averaging 

As shown in Figure S10, we compare the performance of different GOES ABI data 
streams by calculating the signal-to-noise ratio (SNR) and the root mean square error (RMSE) for 
each scan. The SNR is defined as follows: 

𝑆𝑁𝑅 = 10 × log10

𝑃𝑠𝑖𝑔𝑛𝑎𝑙

𝑃𝑛𝑜𝑖𝑠𝑒

  

where Psignal is the average power of the isolated plume signal with non-plume pixels replaced by 
zeros and Pnoise is the average power of background pixels (masking out plumes, water body, and 
clouds). Here we define the powers of imagery as 

𝑃𝑠𝑖𝑔𝑛𝑎𝑙 = ∑ 𝑥𝑖

𝑖,   𝑖𝑛 𝑝𝑙𝑢𝑚𝑒

 

𝑃𝑛𝑜𝑖𝑠𝑒 = ∑ 𝑥𝑖

𝑖,   𝑖𝑛 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

 

A higher SNR indicates a stronger ability to isolate plume signals from the background, 
while a lower RMSE reflects greater precision in methane retrieval. The GOES-18 mesoscale 
imagery shows the best performance in both isolating plume signals and retrieving methane with 
high precision. The GOES-19 7-second imagery performs comparably to the GOES-18 and 
GOES-16 full-disk imagery, whereas the GOES-16 CONUS scans exhibit lower SNR and higher 
RMSE. 

The smoothed GOES-18 mesoscale retrievals outperform all operational data streams, 
increasing the SNR from -13 and -10 to values above -18 and reducing the RMSE by 50%, from 
0.08 mol m-2 to below 0.04 mol m-2. We also performed a sensitivity test on the choice of window 
size for smoothing the GOES-18 mesoscale retrievals. As shown in Figure S11, we find that both 
SNR and RMSE improve as the GOES-18 mesoscale imagery is averaged from 1-min to 2-min, 
and further to 5-min and 10-min windows. The best performance is achieved with 5-min and 10-
min windows, which yield nearly identical results. For consistency, we adopt the 5-min window in 
the main text.  
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Figures 

 

Fig. S1. Example of HYSPLIT-simulated forecast concentrations, based on forecast meteorology, 
used for planning before the event started. This forecast graphic covers a 10-minute period from 
1845-1855 UTC, which would occur during the 2nd hour of the actual event. The actual forecast 
graphic for field use included much more information (lat/longs, roads, etc.). The simplified 
version shown here does not include geolocation information, due to restrictions on the release of 
proprietary business information. 
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Fig. S2. Instrument Spectral Response Functions (SRFs) of bands relevant to methane retrieval 
for (A) VIIRS on Suomi-NPP, (B) SLSTR on S3A and (C) OCI on PACE. SRFs for OCI were 
sourced from Meister et al. (2024). 
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Fig. S3. Ratios of reflectance measured in different SWIR bands of PACE-OCI for the overpass 
of the VLMR event. Comparing the usual 1.6 μm reference band (band F on PACE-OCI) and the 
2.13 μm band (band H on PACE-OCI) to the 2.26 μm band (band I on PACE-OCI), which has the 
strongest methane absorption. Shown are (A) band F over band I and (B) band H over band I. 
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Fig. S4. Angular wind direction factor in mass balance calculation. 
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Fig. S5. Vertical layer thickness estimation for a given loop in a given profile. 
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Fig. S6. PUMAS lidar profile time series of (a) wind speed, (b) wind direction, © vertical wind, and 
(d) attenuated backscatter during the experiment. The pink points are boundary layer heights with 
uncertainty bars. 
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Fig. S7. (Top) Schematic of the PUMAS mobile lab driving path and time series of CH4 
concentration measurements made from the mobile lab. (Bottom) Seven segments of the mobile 
lab driving path and associated CH4 measurements. 
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Fig. S8. Methane and ethane mixing ratios measured along the driving track during the pipeline 
blowdown experiment on Oct 8, 2024. The red cross marks the location of the eastern release 
facility. 
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Fig. S9. Time series of methane measured downwind of the eastern release facility during the 
pipeline blowdown experiment on Oct 8, 2024. The embedded map indicates the observation 
locations where methane enhancements were detected. 
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Fig. S10. Time series of signal-to-noise ratio (SNR) and background pixel root mean square error 
(RMSE) for five GOES ABI data streams during the experiment. 
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Fig. S11. Time series of SNR and background pixel RMSE for GOES-18 mesoscale imagery 
smoothed using different window sizes, compared with operational GOES ABI data streams. 
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Tables 

Delays (s) Ave error 
(deg) 

Ave abs 
error (deg) 

RMSE 
(deg) 

Ave error 
(deg) 

Ave abs 
error (deg) 

RMSE 
(deg) 

0 -23.9 23.9 90.8 -23.0 23.7 167.5 

4 -10.3 10.4 45.3 -7.7 12.1 102.1 

5 -7.0 8.0 35.7 -3.9 11.1 94.0 

6 -3.6 6.8 28.2 -0.1 11.6 91.6 

7 -0.2 6.0 24.7 3.6 12.1 94.7 

Table S1. Average error, absolute error, and RMSE of wind direction as a function of delay time. 
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Movie S1 (separate file). Video footage of the methane plumes observed by GOES ABI.   
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