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Objective: Predict the total sea level and human 
vulnerability—anywhere in the world, at any
time.*
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Probabilistic ML Tidal Currents

Storm Surge

Tides from satellites

Seiches from space! Tidal energy prediction
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(And More!!)



Objective: Predict the total sea level and human 
vulnerability—anywhere in the world, at any
time.*
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Sea-Level = MSL + Fluvial + Tide + Surge

Basic Model:

Wind ~linear/quadratic

Pressure ~ linear

Tidal processes are compound events.
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Sea-Level = g(MSL, Fluvial, Tide, Surge)

Correct Model:

Tidal processes are compound events.



Tidal processes are shallow water waves



Observational 
Data??

Numerical modeling



Problems to overcome
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Global Tide Gauges

Poor Bathymetry
No real-time (or 

any) in-situ 
observations



Rethinking sea-level prediction

V(t-𝜏)

Time invariant & weakly nonlinear



Impulse-response theory

Poor Bathymetry
No real-time (or 

any) in-situ 
observations

Problems to overcome:



Impulse-response theory

Poor Bathymetry
No real-time (or 

any) in-situ 
observations

Problems overcame*:



Nonlinear responses

Volterra Series!

Higher order interactions = exponentially more 
terms



[1] Monahan et al. RTide: Automating the tidal response method (JGR: Machine learning and computation)

RTide



Volterra Network ≅ Volterra Series!



f(gravitational + other forcing)
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Sea-Level = g(MSL, Fluvial, Tide, Surge)

Step one towards global forecasting
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Sea-Level = f(tide, fluvial)

Step one towards global forecasting



f(gravitational + fluvial)
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Sea-Level = g(MSL, Fluvial, Tide, Surge)

Step two towards global forecasting



Mean Sea Level

Tide

2. Surge

Flood 
Threshold

1. Fluvial

Sea-Level = f(tide, surge)

Step two towards global forecasting



f(gravitational + meteorological)





-0.83 cm/mbar
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Sea-Level = g(MSL, Fluvial, Tide, Surge)

Step three towards global forecasting



Numerical model

Flood 
Threshold

Sea-Level = f(numerical model??)

Step three towards global forecasting



2.1 Operational UsageAugmenting traditional forecasts



2.2 Operational Usage

Volterra Network

2021-
2022

Augmenting traditional forecasts



Model MAE Brier Score 

(99th 
percentile)

AMM15 .155m .0009

AMM15 + 

RTide

.063m .0002

47% average error 
reduction!

DCSM7 + RTide: 36% lower error

Augmenting traditional forecasts



Step 4: 

Going Global



Srinivasan, Margaret, and Vardis Tsontos. "Satellite 
altimetry for ocean and coastal applications: A 
review." Remote Sensing 15.16 (2023): 3939.



Single Location:

Multiple Locations:



RTide

Branch Net

⛌

Lu, Lu, et al. "Learning nonlinear operators via 
DeepONet based on the universal approximation 
theorem of operators." Nature machine intelligence 3.3 
(2021): 218-229.



Unseen Data

2021-2023
Using an order of 

magnitude less data, 

and an order of 

magnitude fewer

parameters. 

S.O.T.A Tide + Surge Model Response Operator



Objective: Predict the total sea level and human 
vulnerability—anywhere in the world, at any
time.*

Assumptions



Questions?

thomas.monahan@eng.ox.ac.uk

Special thanks to supervisors and collaborators:
Thomas Adcock, Tianning Tang, Stephen Roberts, and Jeff Polton



Do we need the numerical model at all? >4 million times more 

efficient!
Do we need the numerical model at all? >4 million times more 

efficient!

RTide

RTide





3.7 Going Global
global.mp4

http://drive.google.com/file/d/19Wht8F7BBCy_NeRFeN7v8LfRallfJZjr/view


Sea-level rise is dramatically reducing the return 
period of flooding events.





Tidal currents theory



CoupledUncoupled (standard)





Predicted tidal turbine power percentage error 
over 180 day forecast on test-data.

Using an order of 
magnitude less 
data!













SWOT Vs Simulation
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