Machine Learning Models for Multi-sensor Detection of Methane Leaks in Hyperspectral Data
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Introduction
o meeom The (MARS) is a global satellite based initiative to detect and notify oil and gas methane
% o ' emissions to governments and companies to swift mitigation action. Among the different satellites that MARS utilises, hyperspectral
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& s 20 Scanning large archives of satellite imagery to find methane plumes is a challenging task because matched filter retrievals still

y | . produce a . Since April 2025 MARS is aided by Al models to detect potential plumes in hyperspectral
e ethane : : : e : : :
’ Observations images of EMIT, PRISMA and EnMAP. These detections are displayed within a QA/QC tool where analysts log in and verify or reject
wore TN from Space : . : . . : .
*’“ %’\g“\;ﬂ [ p : the detections. If the detection is recent and can be attributed to a facility in the ground a formal notification is issued to government
S wm T AN and operators and MARS case-managers engage with the parties to trigger mitigation action.
Datasets

The MARS team curates a large database of observed methane plumes across different satellites in the oil and gas, waste and coal sectors. (methanedata.unep.org ). For

this work we compiled the following datasets to train Al models:

MARS- Extracted 256x256px labeled tiles and MARS- Between Oct. 2020 to May 2025
extended full granule test dataset. |
RGB WMF Mask Train 904 467 342
(381 :523)
,J - - Test 226 192 115
(115:111)
o Train . Py w— Full tile 115 - 115
ol : + Auxiliary information: wind, location embeddings. ® Test test (63 :52)
MARS- Between Oct. 2023 to May 2025
Train 5746 1590 2250
(2796 : 2950)
Val 2316 1244 954 Train 391 PASK! 156
CEYARERY) (172 :219)
Test 1709 1103 /13 Test 168 151 33
e (824 : 885) (81:87)
Temporal split leaving 2024 data for validation and testing Full tile 200 : 200 il ' Full tile 538.330 ) 83
_ _ . test (100 : 100) ® Test - test CERMELD)
(y-axis shows the plume quantifications).
& Results Test Predictions
We train U-Net models on the EMIT dataset and on PRISMA and EnMAP.
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PRISMA Tiled dataset, segmentation: Fulltile sources, individual events:
Model variant AUPRC F1 4709, Precision Recall Detected  Missed  False Alarms
Baseline (WMF 500 thr, “ones” kernel) N/A 23.14 29.8 120 21 57278
mena\"o“ \
sermente se20C Train from scratch, 50 ep. 23.78 £3.16 |30.85 £1.53\ 30.955.06 32.13 +4.16 8016 61 £16 4178 +2657
_ Zero-shot (EMIT U-NET RGB+WMF model) 31.59 £1.99 40.63 £2.95 | 31.08 £2.82 5893 £3.88 111 £12 30 12 5234 +2595
Enc: MobileNetV3
Fine-tune (PRISMA), 9 ep. 34.19 £3.79  43.50 £2.18 | 39.69 £5.30 49.08 +2.83 97 +4 44 +4 2830 +893
Fine-tune (EMIT+PRISMA), 1 ep. 32.65 £2.04 41.76 £1.98 | 32.53 £3.07 59.16 +440 110 +8 31 8 4286 £1510
Ensembled Zero-shot 35.6 44.04 37.02 54.36 113 28 2881
Ensembled Fine-tune (PRISMA), 9 ep. 35.18 44.29 37.53 54.02 100 41 2088
: ) . . Ensembled Fine-tune (EMIT+PRISMA), 1 ep.  35.74 44.38 36.17 57.41 105 36 2690
EMIT Tiled dataset, segmentation: Fulltile sources, individual events:
Model variant AUPRC Precision Recall Detected  Missed False Alarms
baseline Maglc (thr. 500, cross) 26.83 45 36.22 16.27 157 103 41991 97,
baseline MF (thr. 500, ones) 31 - 39.61 21.29 176 84 110618 ° EnMAP Tiled dataset, segmentation: Fulltile sources, individual events:
baseline WMF (thr. 500, cross) 28.35 3.4 +459,8.8 16.75 187 73 79460 Model variant AUPRC Fl Precision Recall Detected ~Missed  False Alarms
U-NET RGB+Maglc 40.87 £2.75 || 43.59 £3.17% 53.49 £1.90  37.00 436 123 £17 137 £17 5801 +2159 Bt PVYAE SN0, G ) il 3782 532 L
U-NET RGB+MF 56.06 +2.49 | 53.92 +2.14 ) 63.04 +£3.97 4751 +431 174 +16 86 +16 6703 +2145 Train from scratch, 50 ep. 43.96 £536 |44.27 +4.38\ 63.79 £9.12 3422 +3.69 58 +4 76 4 1349 +584
U-NET RGB+WMF 68.26 £3.06 || 63.07 £2.46¢ 7299 x£1.17 55.64 £3.81 182 £18 78 =18 3597 £1833 Zero-shot (EMIT U-NET RGB+WMF model)  63.45 £1.73  57.45 +2.08 | 50.91 £3.27 66.24 £3.19 100 £7 34 7 2105 1379
U-NET RGB+WMF, and : 68.97 £3.16 63.68 £2.77 69.28 £2.75 ?9.01 +3.69 190 £17 70 £17 5636 £2610 | Fine-tune (EnMAP), 8 ep. 63.61 +4.15 58.60 +3.63 | 69.44 +2.62 5123 £5.08 88 +6 16 +6 955 +249
U-NET RGB+WMF, Wind, Location 6943 £2.61 6440 £2.08 71.88 £2.35 58.65 £4.66 161 £20 99 £20 2425 +890 Fine-tune (EMIT+EnMAP), 2 ep. 64.65 £1.62  59.50 £2.04 | 54.46 £3.71 6585 241 101 £5 33 %5 1855 +876 e
Ensemble, 5x U-NET RGB+WMF 73.58 65.13 79.87 54.98 179 81 1527 E“femg:eg %_ero““h(" Iy 22';; 6165 2?.28 gg;; :g: :: :8(5);
Ensemble, 5x U-NET RGB+WMF, Wind ~ 72.64 65.49 73.81 58.85 192 68 2120 i st i B 0/ ' ' "
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