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History of Land Surface Models

• Manabe, 1969 – setting up one of the first fully coupled climate models

– Simplistic representation of the land (boundary condition):
• Fixed soil depth and parameters

• Saturation excess runoff, only
• Lack of heat conduction into the soil

• Evaporation limited by water threshold

• Lumped models 

– Often catchment-wide single parameter sets, often HRU

• Calibrated parameter sets, e.g. initial/continuous losses

• Requires in situ information or transfer of parameters through regionalisation (see 

also PUB)
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from Pitman, 2003 

(after Sellers, 1997)

Akstinas et al., 2019
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History of Land Surface Models

• (Semi-)distributed models

– Usually gridded, global models, increasingly including all land surface processes
• Limited spatially varying prameters (often based on physical descriptions)

• Generally tiling of the surface, not the subsurface

• Mostly single column, some with lateral flows and energy exchange
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Additions to Land Surface Model Over Time
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Fisher and Koven, 2018
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Processes Under Investigation
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Image from Chorover et al., 2007

VegetationSnow

Urban

- Snow parameterisation/model

- Glaciers and sea-ice
- Sub-grid scale heterogeneity

- Urban processes (hydro, veg)

- Land cover
- Anthropogenic contributions

- Orography

- Coupling

- Updated climatologies

- Land cover and vegetation cover
- Parameterisations and 

phenology

- Additional soil layers

- Soil maps and physics
- Parameterisations

- Runoff generation

- CaMa-Flood
- Irrigation/inundation
- Plant-water availability (soil 

dynamic range)
- Groundwater table representation

- Dynamic water bodies
- Coupling with ocean (2-ways)

- Lakes
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The Land Surface Model Paradigm
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The Land Surface Model Paradigm
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Machine Learning for and with Land Surface Models
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Spatial Complexity
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1.5 x 1.5 km

Jan – Feb 2024 rainfall 

Diamantina River Catchment 

Credit: Fitsum Woldemeskel, BoM
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Stationarity Assumption

Misquoting Hegel : “History will teach us nothing…”
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Goswami et al., 2022
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Predicting the Future From the Past
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Limited by Observations
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(source: Soil Atlas of Europe)

(source: USDA)
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Are we asking the right questions?

15EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS



October 29, 2014

The Land Surface Model Paradigm
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We have come a long way – But what now?
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Rainfall-Runoff Models vs ML – What’s the Difference?

𝑆𝑀𝑡 = 𝑆𝑀𝑡−1 + 𝑃𝑡 − 𝐸𝑡 − 𝑅1 − 𝑅2

 𝑃𝑡 − 𝑅1 = 1 − 𝑟𝑡  ×  𝑃𝑡

 −𝐸𝑡 − 𝑅2 = −𝑚𝑡  × 𝑆𝑀𝑡−1
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Rainfall-Runoff Models vs ML – What’s the Difference?

𝑆𝑀𝑡 = 𝑆𝑀𝑡−1 + 𝑃𝑡 − 𝐸𝑡 − 𝑅1 − 𝑅2

 𝑃𝑡 − 𝑅1 = 1 − 𝑟𝑡  ×  𝑃𝑡

 −𝐸𝑡 − 𝑅2 = −𝑚𝑡  × 𝑆𝑀𝑡−1

𝑆𝑀𝑡 = 1 − 𝑚𝑡  ×  𝑆𝑀𝑡−1 + 1 − 𝑟𝑡  ×  𝑃𝑡

𝑆𝑀𝑡 = 𝑓𝑡  ×  𝑆𝑀𝑡−1 + 𝑖𝑡  ×  𝑃𝑡
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Rainfall-Runoff Models vs ML – What’s the Difference?

𝑆𝑀𝑡 = 𝑆𝑀𝑡−1 + 𝑃𝑡 − 𝐸𝑡 − 𝑅1 − 𝑅2

 𝑃𝑡 − 𝑅1 = 1 − 𝑟𝑡  ×  𝑃𝑡

 −𝐸𝑡 − 𝑅2 = −𝑚𝑡  × 𝑆𝑀𝑡−1

𝑆𝑀𝑡 = 1 − 𝑚𝑡  ×  𝑆𝑀𝑡−1 + 1 − 𝑟𝑡  ×  𝑃𝑡

𝑆𝑀𝑡 = 𝑓𝑡  ×  𝑆𝑀𝑡−1 + 𝑖𝑡  ×  𝑃𝑡
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P R1ET

R2

Kratzert et al., 2017, 
HESS
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Bringing together physically- and data-driven parameters
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Bringing together physically- and data-driven parameters
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Moving ecLand to aiLand (slides by Nina Raoult)
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Chorover et al., 2007

~4 hours to run 1 year globally (30km) on 16 CPUs

Highly parameterised/missing processes

No communication between grid cells
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Strengths and Weaknesses of Different ML Approaches
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aiLand Implementation with Anemoi
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Learning Root Zone Soil Moisture
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Epoch 0

Epoch 80
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aiLand – Spatial Knowledge Transfer 
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aiLand – Parameter Perturbations
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Bayesian Multi-Parameter Optimisation (slides by Birgit Sützl)

• Gaussian process emulator estimates forecast error as a function of the parameter space.

• Emulator is trained with simulations sampling the parameter space.
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• Multi-parameter optimisation for 5 parameters in the sub-grid 

orographic parameterisations.

• Using verification scores for different variables as forecast error 

metric.

• New parameters improve wind, particularly at lower levels.

Suggested optimal parameter values

Parameter Optimisation for Orography
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Parameters partial dependence

Averaged parameter 

space

New vs. old orography: change in RMSE of 

10m zonal winds, T+72, 28 km resolution
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Adaptive Parameter Tuning (slides by Gabriele Arduini)
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Spatialisation of Parameters 
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Fires with ecLand/IFS (Slides by Joe McNorton)
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Fires with ecLand/IFS

Data-driven forecasts

• The global Probability of Fire (PoF) runs 

operationally in real-time (since 2023).

• PoF combines weather prediction, land 

surface modelling and satellite data.

• PoF based on Extreme Gradient Boosting 

(XGBoost), using a probabilistic classifier.

• PoF trained on MODIS/ VIIRS/ GOES/ 

METEOSAT/ Himawari active fire data.

• The model produces daily 10-day 

forecasts at both 1 and 9 km horizontal 

resolution.
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Fires with ecLand/IFS
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An improved fire prediction compared to current 

Index and climatology
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Fires with ecLand/IFS
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An improved fire prediction compared to current 

Index and climatology

Burned two weeks 

later!

Chhabra et al., 2022
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We have come a long way – Let’s continue!
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Food for Thoughts
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Four questions ML can help us with :

The known Knowns – but how well do we 

actually know those?

The known Unknowns – where do we get this 

information from?

The unknown Knowns – is there something 

obvious missing in our models?

The unknown Unknowns – how do we find out 

what those are, and if they are relevant?

Image from Chorover et al., 2007

Surfaces
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Conclusions

What now ?

There may need to be a change to how we “do” land surface modelling

But how ?

We need to make more and better use of observations for land surface modelling

The value of ML4LM is not in the computational time, we need to exploit the added value there is in 

both providing complementary information

There is a need for physical modelling into the future (climate change, non-stationarity) to provide 

the background states, applications may be ML-driven

What is the risk ?

Thin line to walk between physically meaningful and “just” tuned parameters

A lack of spatial, observed data

Do we have to ?

Short answer – yes
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Thank you !
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