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Improving parameterizations
Replacing a ‘physical’ sub-model with a machine 
learning model
Analysis of model–observation mismatch
Constraining submodels
Surrogate modelling or emulation

Perspective…

[Reichstein et al., 2019]
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PARAMETERIZATIONS
[Bao et al., JAMES, 2024]
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[Fisher and Koven, 2020]
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[Fisher and Koven, 2020]



GEWEX 2025 ML4LM 
Webinar Series

🧐🤔 [e.g. De Kauwe et al., 2015]

𝜕𝐶
𝜕𝑡

= 𝑓 𝑋, 𝜃
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🧐🤔 [ESA]

𝜕𝐶
𝜕𝑡

= 𝑓 𝑋, 𝜃
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Land carbon cycle

Saatchi et al., 2011; Thurner et al., 2013
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[Chu et al., 2017]
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In situ 
Parameter inversion

)𝜃! = argminΩ" 𝑦! , 𝑋! , 𝜃 ; 𝜃 ∈ 𝒟
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Modelling terrestrial ecosystem fluxes

[De et al., 2025]
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Challenges in generalizing parameterizations

)𝜃12( = 𝜃̅!∈12(
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Testing PFT-based solutions

[Kuppel et al., 2012]

!𝜃!"# = argmin*Ω$ 𝑦% , 𝑋% , 𝜃 ; 	𝜃 ∈ 𝒟; 𝑖 ∈ 𝑃𝐹𝑇
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Testing PFT-based solutions

!𝜃!"# = argmin*Ω$ 𝑦% , 𝑋% , 𝜃 ; 	𝜃 ∈ 𝒟; 𝑖 ∈ 𝑃𝐹𝑇

[Kuppel et al., 2012]
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Towards continuous parameterizations

[Peaucelle et al., 2012]
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Learning inverted parameters

1. !𝜃% = argminΩ$ 𝑦% , 𝑋% , 𝜃 ; 	𝜃 ∈ 𝒟
2. !𝜃 = ℎ ;𝑋% , 𝑃𝐹𝑇,…

[Bao et al., 2024]
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Learning inverted parameters

1. !𝜃% = argminΩ$ 𝑦% , 𝑋% , 𝜃 ; 	𝜃 ∈ 𝒟
2. !𝜃 = ℎ ;𝑋% , 𝑃𝐹𝑇,…

[Bao et al., 2024]
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Learning parameter models end-to-end

• Learn g
!𝜃 = 𝑔 %𝑋7, 𝑃𝐹𝑇,…

• Such that
,𝑦7,8 = 𝑀 𝑋7,8, !𝜃

• Minimizing
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Ecosystem
δs
δt

= f(st, ϵt, p)

Process Parameterization

̂y

∂loss( ̂y, y)
∂pi

Site features

NN
weig

hts

𝑀 𝑋!,' , )𝜃

[Bao et al., JAMES, 2024; Alonso et al., in prep.]
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Learning inverted parameters

1. !𝜃% = argminΩ$ 𝑦% , 𝑋% , 𝜃 ; 	𝜃 ∈ 𝒟
2. !𝜃 = ℎ ;𝑋% , 𝑃𝐹𝑇,…

[Bao et al., 2024]
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Learning inverted parameters

1. !𝜃% = argminΩ$ 𝑦% , 𝑋% , 𝜃 ; 	𝜃 ∈ 𝒟
2. !𝜃 = ℎ ;𝑋% , 𝑃𝐹𝑇,…

[Bao et al., 2024]
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Comparing experiments

1. !𝜃% = argminΩ$ 𝑦% , 𝑋% , 𝜃 ; 	𝜃 ∈ 𝒟
2. !𝜃 = ℎ ;𝑋% , 𝑃𝐹𝑇,…

[Bao et al., 2024]
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• Baseline (site inversion)
• Clustering approaches (PFT, 

climate, …)
• PFT-/global-based optim.
• Learning site optimezed 

parameters
• End-to-end parameter 

learning

Comparing experiments

[Bao et al., 2024]
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Tighter parameter variability across sites. Large number of relevant features
PFTs needed but not dominant

Constraints and relevant features
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From classes to continuous (natural?) patterns

?
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PARAMETERIZATIONS
[Bao et al., JAMES, 2024]
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PARAMETERIZATIONS
[Alonso et al., in prep.]
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Terrestrial ecosystem model
Prognostic C/H2O cycle model: light use 
efficiency model, incl. physiological 
coupling between C/H2O fluxes; root 
water uptake conditioned on below 
ground plant carbon stocks; C allocation 
based on the co-limiting resources 
availability; decomposition dependent 
on temperature and moisture dynamics. 

Constraints: GPP, NEE, Reco, 
evapotranspiration, transpiration, above 
ground biomass, phenology (NDVI)[Koirala et al., in prep.]
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In situ 
Parameter inversion

,𝑦 = 𝑀 𝜃, 𝑢
!𝜃 = argm𝑖𝑛C 𝜒E
𝜒E: multiple constrain
cost/loss

Optimizer: CMAES

Hybrid modelling approach
Learning a model 

!𝑦 = 𝑀 %𝜃, 𝑢
%𝜃 = 𝑁𝑁 𝑋,𝑤, 𝑏
𝑋 : features including

a) bio/climate, soils, PFT
b) PFT

𝜒!: multiple constrain cost/loss

Experiment 
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Results: in-situ & hybrid 
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Results: in-situ & hybrid 
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Results: in-situ & hybrid 
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Results: in-situ & hybrid 
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Early findings

• PFT still a determining factor of parameter variability
– Plant form ⁄ structure

• Global parameter variations do not follow PTF patterns
• Individual feature relevance contingent on approach

– Sensitivity dependent on ensemble member

[Fang and Gentine, 2025][Bao et al., 2024]
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LEARNING MODEL STRUCTURES
[Son et a., JAMES, 2024]
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Fire impacts on Earth system & modelling challenge

[Lasslop et al., 2019]
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ML/DL applications in fire science

Burned area prediction
• Global [Zhang et al., 2022] 
• Canada [Cheng et al., 2008]
• Australia [Bergado et al., 2021]
• Portugal [Li et al., 2021]

Fire occurrence prediction
• Fire incidence [Dutta et al., 2013]
• Lightning ignition [Coughlan et al., 2021]
• Fire susceptibility [Zhang et al., 2021]

Fire spread prediction
• Front spread [Hodges et al., 2019]
• Spread dynamics [Subramanian et al., 2018]

Fire weather prediction
• Extreme condition [Langerquist et al, 2017]
• FWI [Son et al., 2022]

Fuel availability prediction
• Fuel load [D’ESTE et al., 2021]

[Jain et al., 2020]



PFTs

×	 1 − %&'(	)&*+!"#$% 	−	,*-.!"#$%
×	/0()&'"(	×

1
(1 + ()*+∗ -.)+.0 ) 	4/	56 < 0.6	(),(	0	

Observation-
based offline 
learning ML

Ecosystem
δs
δt

= f(st, ϵt, p)

Process Abstraction

𝑑𝑆
𝑑𝑡 = 𝑓 𝑆𝑖,𝑡, 𝜖𝑖,𝑡, 𝜃

[Son et al., JAMES, 2024]



GEWEX 2025 ML4LM 
Webinar Series

[Thonicke et al., 2010]
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ML/DL based 
fire model 
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Data

target       : GFED4 (fraction of BA)
resolution : daily, 0.25x0.25
data split  : 2004-10 (train), 2011-15 (test)
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Modelling 

Land surface scheme of ICON
• JSBACH4

DL-fire model
• Son et al 2024
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DL-fire model evaluation (offline inference) 

r = 0.73 (daily), 0.80 (monthly), 0.35 (interannual)
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DL-fire model evaluation (online inference) 

r = 0.61 (daily), 0.79 (monthly), 0.37 (interannual)
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Peak fire season
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Spatial variability
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UNDER THE HOOD
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Internal bias limitations in JSBACH-DL-Fire

(LAI)

1. LAI LAI

2. PFT_bare Bare land fraction

3. Fuel Fuel

4. SWL4 Volume of water in soil in the 4th layer

5. LAI_anom LAI anomaly

6. SWL3 Volume of water in the soil 3rd layer

7. SWL1_anom Anomaly of volume of water in the soil 1st layer

8. SWL4_anom Anomaly of volume of water in the soil 4th layer

9. PFT_tbe Tree broadleaf evergreen fraction

10. SWL2 Volume of water in the soil 2nd layer

11. SWL2_anom Anomaly of volume of water in the soil 2nd layer

12. SWL1 Volume of water in the soil 1st layer

13. T2m Temperature

14. SWL3_anom Anomaly of volume of water in the soil 3rd layer

15. T2m_anom Anomaly of temperature

16. slope Slope

17. Q Specific humidity

18. Q_anom Anomaly of specific humidity

19. RH Relative humidity

20. PFT_tbd Tree broad deciduous fraction
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Internal bias limitations in JSBACH-DL-Fire

(SWL1)

1. LAI LAI

2. PFT_bare Bare land fraction

3. Fuel Fuel

4. SWL4 Volume of water in soil in the 4th layer

5. LAI_anom LAI anomaly

6. SWL3 Volume of water in the soil 3rd layer

7. SWL1_anom Anomaly of volume of water in the soil 1st layer

8. SWL4_anom Anomaly of volume of water in the soil 4th layer

9. PFT_tbe Tree broadleaf evergreen fraction

10. SWL2 Volume of water in the soil 2nd layer

11. SWL2_anom Anomaly of volume of water in the soil 2nd layer

12. SWL1 Volume of water in the soil 1st layer

13. T2m Temperature

14. SWL3_anom Anomaly of volume of water in the soil 3rd layer

15. T2m_anom Anomaly of temperature

16. slope Slope

17. Q Specific humidity

18. Q_anom Anomaly of specific humidity

19. RH Relative humidity

20. PFT_tbd Tree broad deciduous fraction jump
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PHOTOSYNTHESIS / CONDUCTANCE
[El Ghawi, 2025; in prep.]
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Larning JSBACH parametrizations
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Training hybrid on FLUXNET
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Integrating hybrid in JSBACH

	"!"#$ = 0. 512; "%&!$ = 0.432
"!"#$ = 0.924; "%&!$ = 0.843
"!"#$ = 0.294; "%&!$ = 
0.317

	"!"#$ = -0.105; "%&!$ = 0.243
"!"#$ = 0.850; "%&!$ = 0.744
"!"#$ = 0.154; "%&!$ = 
0.224

	"!"#$ = 0. 689; "%&!$ = 0.695
"!"#$ = 0.839; "%&!$ = 0.792
"!"#$ = 0.396; "%&!$ = 
0.498

	"!"#$ = 0. 753; "%&!$ = 0.649
"!"#$ = 0.866; "%&!$ = 0.862
"!"#$ = 0.707; "%&!$ = 
0.510
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• Process abstraction 
⟹ Leading to uncertainty reduction

• Off-line training + online inference 
⟹ Error inflation
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PHENOLOGY
[Reimers et al., in prep.]



GEWEX 2025 ML4LM 
Webinar Series

Seasonal changes in 
sensitivities to drivers
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OVERALL…
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Overall

• ML support for 
⟹ improved parameterizations (c.f. history matching / SBI)
⟹ process abstraction / representation

• Expands information content from observations to models
⟹ improved fits / reduction of uncertainties
⟹ off-line learning online inference ⟹ differentiability

• Generates “new” features / patterns
⟹ explainability ambiguities
⟹ ? hypothesis ⟹ ? learning (for us…)
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HYPOTHESIS-DRIVEN / DATA-DRIVEN SCIENCE



Theory
Hypothesis

Model Obs. Data

Predicted
Patterns

ML
Model

Obs.-based
Patterns

[adapted from Reichstein  et al., 2019]
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