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Type equation here.

FORUM1 (Far-infrared Outgoing Radiation Understanding and 
Monitoring) is a Fourier Transform Spectrometer selected as the 
ninth Earth Explorer mission by the European Space Agency in 
2019. 
It will provide interferometric measurements in the Far-InfraRed 
(FIR) spectrum (100-1600 cm-1 region), constituting 50% of 
Earth’s outgoing longwave flux7.
Accurate Top Of the Atmosphere measurements in the FIR are 
crucial for improving climate models.

FORUM MISSION

INTRODUCTION
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for each atmospheric layer, 
with,
𝜈 wavenumber,
𝑧 altitude,
𝐼 intensity of radiation,
𝐵 Planck function,
𝛼 attenuation coefficient,
𝑝 pressure,
𝑇 temperature,
𝑐 gases concentration.

with 𝜏 optical depth and 𝑇𝐸  Earth 
surface temperature.

RETRIEVAL - inverse problem 
 Find the atmospheric parameters 𝒙 (surface temperature, 
temperature, water vapor, ozone, surface spectral emissivity, liquid 
and ice water content, liquid and ice particle radius) that best 
reconstruct the measured spectrum 𝒚.

        VERY ILL-CONDITIONED PROBLEM

 Formulated as a Bayesian inference problem and solved using      
the OPTIMAL ESTIMATION METHOD2: 
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𝑇𝑳𝑎  are the inverses of the 

Variance-Covariance Matrices (VCM) of the measurements 𝒚 and 
the a priori information 𝒙𝑎, respectively.

 Minimization carried out using Gauss Newton + Levenberg-
Marquardt technique.𝐦𝐢𝐧 ‖𝒚 − 𝑭 𝒙 ‖

Radiative Transfer
(Direct problem)

Retrieval
(Inverse problem)

METHOD 1 – clear sky(2) METHOD 2 – all sky(3)

Target variables: Temperature, ozone and water vapor on atmospheric levels, surface spectral emissivity on 
wavenumbers and surface temperature.

Linear approximation of the inverse RT operator: (DATA-DRIVEN STEP)
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X: atmospheric scenarios(4), Y: simulated FORUM spectra(5), 𝐘+: Moore-Penrose pseudoinverse. 

 Incorporation of a priori information (𝒙𝒂): 
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T𝐋a precision matrices.

 Optimal regularization parameters:
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 Learning 𝝀 with feedforward neural network 𝚽𝜽:  

 train 𝚽𝜽 ෝ𝒙 − 𝒙𝑎 = 𝝀, using  𝜽 = arg min
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Test time: ~0.05 s per case

Additional target variables: cloud liquid and ice water content (𝒄𝑙𝑖𝑞, 𝒄𝑖𝑐𝑒), cloud liquid and ice particle radius on 

atmospheric pressure layers (𝒓𝑙𝑖𝑞, 𝒓𝑖𝑐𝑒).

Joint learning
Batch learning (batch_size = 64) - Epochs (10k)
Training data(6): shuffled randomly
Testing data: original order
Loss function: 
E = wxxE𝐱𝐱 + wyyE𝐲𝐲 + wxyE𝐱𝐲 + wyxE𝐲𝐱, with        

wxx = wyy = wyx = 1 and wxy = 0.5 and E MSE

ADAM (ADAptive Moment Estimation) Optimization

SEPARATE TRAINING PHASE:
4 additional feedforward neural networks to enforce physical coherence between radius and content.

Coherence term in the new loss function:

E = MSE1 + MSE2 + MSE3 + MSE4 + wcohC, with 

C = 
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𝝈 10 𝒄𝒊𝒄𝒆 − 𝝈 10 𝒓𝒊𝒄𝒆 ,    𝑤𝑐𝑜ℎ = 100, 𝝈 sigmoid function.

Test time: ~0.04 s per batch

RESULTS RESULTS

OBJECTIVE 
Innovative data-driven techniques for fast, near real-time analysis, 
overcoming the limitations of full-physics methods and exploiting 
large data.
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CONCLUSIONS
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Fast inversion methods for clear and all-sky retrievals using ML (pseudoinverse, autoencoders, feedforward NN).
Physical constraints introduced via regularization and coherence-forcing terms.
Applied to FORUM simulated data (line-by-line and σ-FORUM).
Real observations, larger all-sky datasets (50k–500k), alternative surface emissivity databases.
Accuracy evaluation using χ² metrics.
Comparisons with line-by-line models and between clear/all-sky methods.
Forward model approximation in collaboration with UNIBO, and CNR-IFAC.
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