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Methane source identification from hyperspectral infrared satellite observations: a physuully informed neoral netwonk bused inversion approach
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Monitoring greenhouse gas emissions, particularly methane (CH.,) and carbon dioxide (C0,), is essential to counter climate change. Methane, more potent than €0, in ferms of greenhouse effect and with
important anthropogenic sources, is a priority target for rapid mitigation actions.
In the PRIN-MVP project, an innovative methodology based on Physics-Informed Neural Networks (PINNs) [1] was developed and validated to obtain vertical CH., profiles from satellite data, allowing accurate
identification of methane sources at the surface. We have successfully applied to IASI data; this technique leverages approximately 1,700,000 simulated clear-sky specira generated by the o-IASI/F2N radiative

model [2], along with ancillary information. Averaging Kernel are used to optimize spectral intervals [3], while PCA reduces dimensionality and noise to achieve consistent projections at each atmospheric level.
The results demonstrate the effectiveness of the PINN model in reconstructing complete and consistent CH.,. profiles validated against reference measurements and source identification against a test case.

GO Dot )

; ; ; ey )
AS Rudlufnces :Ivere IS;\?IUIF;?\I(I ”i}'"ﬂ the rudlfc!hv§ The AK matrix, was calculated starting from the core of the CH, band in the infrared
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IASI Dato

o ™=

-bg downloaded trom the Copernicus databases. The | ghigined hetween the wavenumbers 1180 e and 1430.25 car! (1001 channels). PCA wos
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/The basic structure of the PINN was derived through the Autokeras framework. Starfing from this structure, u\ S— z ; °
PINN was trained with the following loss function for each input tensor, where we will call s the starting layer Emeeuere : t "
of generic example, yr the predicted output tensor and y,..,,. the reference output tensor. The covariance Longituds 1 t |7 [engre 24
matrices (one was constructed for each starting layer) were inflated by a factor of 10 for the first 10 values of - E D : E Ul [QuputDimension | 24
the first 10 rows. This is intended to provide more freedom to the network to find the minimum error in the first via : . o e
pressure layers (about 1000 hPa), in order to help the network identify surface methane emissions. For this mef e 1 PINN Structure Model
reason, the name of the model is INFLATED PINN. The loss function for a generic example is: Each output fensor (yr ) is subjected to the backprojection process in order o
inv (10 : cov_matrixsl(pi,pj)), ifl1 <i,j <10 obtain the profiles in the pressure domain. Given the matrix Ucyy containing the
Sa,sl(Pi»Pj) = principal components associated with the slth starting layer, and the vector of
Lnv (cov_matrixsl(pi,pj)), otherwise predicted scores yr;;, the normalized reconstructed profile qr; g norm (p) is obtained
by projecting the scores back into the original feature space through matrix
diff = Verge — VT multiplication. Specifically, the reconstructed profile gr; ;;(p) is obtained as follows:
_ _ 4T st,norm (P) — UCH4,sl AR
& loss = dlff * Sa,sl * dlffT / qrj,sl(p) = 4T si,norm (P) * Qstd,st T Qmean,sl
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[ PINN Inflated evaluation } [ Test on source identification for real data: the case of “North Stream pipelines sabotage” ]
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The perforrpcmce ?F the PINN Inflated model can 9°E  12°E  15°E  18°E 21°E  24°E  27°E ; A further analysis (blue box) was conducted
be s.ummarlzed with the values of the .followmg 6N L using real IAS] observations and associated
metrlocs: EMSE: 4.5MZ e-08 ppv; Relative Error: 60°N 2.15 orofiles (temperature, surface pressure,
2,79%; R* score: 99']8.6' : 59:N focusing on the Baltic Sea region in the
It can be seen how, in the. |ower. Ie.ft Flgur:e, the gsm vicinity of Bornholm Island for the period
average of the actual profiles c?lnmdes with the o when submarine explosions involving North
average of the r.eco.nstructed pf'OfI.l?S related to the e e Stream 1 and 2 pipelines were recorded.
test-set, qlso indicating the variability of the .tested 4 ' In detail, 3 fime intervals were analyzed:
tclhcﬂq indicated through the standard deviation of 9°F  12°FE  15°F  18°F T221E 4°E 27°E  30°E ‘ T1: Sept. 22— Sept. 25, phase immediately
e same. : ,
This indicates the correct finding of the vertical 9k 1R E 1§°E e o ) ?;ecgg;antg t2h6e_evseen;,t. 29, period when the
KIZ)I'OFIleS b)’ the PINN inflated model. ) 60°N 2.05 é_ exp|osion5 occurred;
59°N = T3: Sept. 30- Oct. 3, Post-event phase,
Slobal Profile Mean Across All Layere ij % characterized by interventions to stop gas
— Retroprojected (mean) . < Ieaks..
101 ] e Original {mean) Sson 06 § The pixels analyzed refer only to clear sky
B | a0 pixels over the sea.
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100 T3
0°E  12°FE  15°E  18°E 21°E  24°E 27°E  30° - ~
g 61°N . The «North stream test» assesses the
. 60°NN behavior of the inflated PINN under stress
g Z:E conditions to identify CH, surface sources,
- showing encouraging results in that the
L7 56°N highest emissions occur at the time interval T2
55°N 1.90 (period of the explosion), and to a lesser
54°N extent at T3 (pipeline safety work), while at
103 the interval T1 the emissions are minimal and
025 o050 o075 100 125 150 175 2.0 attributable to the usual daily emissions.
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