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Hybrid Downscaling



Hybrid models

➢ Modeling surf-zone hydrodynamics 1D HySwash
Ricondo et al., 2024 Oeng
Ricondo et al., 2024 Ceng

➢ Automatic Calibration of Hydrodynamic models CHySwash Pérez-Díaz et al., (in prep)

➢ Assessment of nature-based solutions HyVeggy Valvanuz et al., (in prep)

➢ Modeling surf-zone hydrodynamics 2D HyWaTHy Zornoza et al., 2025 CEng 

➢ Modeling of wind and wind waves HyWindSea Bellido et al., (in prep)

➢ Salt-Wedge Intrusion HySalt Jimenez et al., (in prep)

➢ Compound Coastal Flooding HyFlood Ortiz-Angulo et al., (in prep)

➢ Tropical Cyclone Inundation ShyTCWaves van Vloten et al., 2024



Forma

Descripción generada automáticamente

Hydrodynamic variables:
ҧ𝜂𝑤, 𝑅2, 𝐻𝑟𝑚𝑠, 𝐻𝑠, 𝐻𝑖𝑔, 𝐻𝑣𝑙𝑓

HySwash

Sampling and Selection Modeling Reconstruction

Downscaling hydrodynamic variables along cross-shore profiles

𝐻𝑠

𝑇𝑝

𝑊𝐿



HySwash. Sampling and selection

f

S(f)

TMA spectrum
JONSWAP * f(wave frequency, water depth)

LHS + MDA

Candidate sampling size M = 1000

Hydraulic 
boundary 

conditions for 
SWASH

𝐻𝑠

𝐻𝑠

𝐿0

𝑊𝐿 Nº Muestras



Hrms Set-up Run-up

• Computational grid
60 nodes per wavelength

• Boundary conditions
TMA spectra as Surface elevation
Weakly reflective W
Radiation E
Manning coefficient of 0.002

• Numerical parameters
Non-hydrostatic 1D mode
2 vertical layers
4 hours of simulation
Automatic time integration (courant 0.1-0.5)

• Post-processed output quantities
2% Run-up 
Msetup
Hrms
Hss (1-25s), Hig (25-250s), Hvlf (250-1000s)

SWASH model (version 8.01) (Zijlema et al., 2011)

HySwash. Numerical modelling

1000 numerical simulation with Swash model (version 8.01) (Zijlema et al., 2011)



𝐻𝑟𝑚𝑠 𝑥; 𝐻𝑠, Τ𝐻𝑠 𝐿𝑜 , η  
𝐻𝑖𝑔 𝑥; 𝐻𝑠, Τ𝐻𝑠 𝐿𝑜 , η  

ҧ𝜂 𝑥; 𝐻𝑠, Τ𝐻𝑠 𝐿𝑜 , η

Camus et al., 2011

𝑦 𝑥; 𝐻𝑠, Τ𝐻𝑠 𝐿𝑜 , η ≈ ത𝑦 𝑥 + 𝐸𝑂𝐹1 𝑥 𝑃𝐶1 𝐻𝑠, Τ𝐻𝑠 𝐿𝑜 , η +
… + 𝐸𝑂𝐹𝐶 𝑥 𝑃𝐶𝐶 𝐻𝑠, Τ𝐻𝑠 𝐿𝑜 , η

99.8% explained
variance 

HySwash. Reconstruction

Swash Output
Synthetic library of M cases



HySwash: Reconstruction

PC

𝐻𝑟𝑚𝑠



HySwash. Numerical validation



CHySwash

𝐻𝑠

𝑇𝑝

𝑊𝐿

𝐶𝑟 𝐶𝑓

𝑅𝑢2
𝐻𝑟𝑚𝑠 𝐻𝑠𝑖𝑔

Sampling         Latin Hypercube Sampling (LHS)

Selection Maximum Dissimilarity Algorithm (MDA)

Numerical Model SWASH-1D

Dimensionality Reduction Principal Component Analsys (PCA)

Interpolation Radial Basis Function (RBF)

Optimization algorithm Shuffled Complex Evolution (SCE) 𝐽 𝐶 =
1

𝑚
෍

𝑖=1

𝑚

ℎ𝑐 𝑥 𝑖 − 𝑦 𝑖 2

Wave breaking
Manning Friction  

Moloka’i Island 
(Hawaii) 

Automatic calibration method to find the optimal combination of model calibration parameters



CHySwash

LHS + MDA

Candidate sampling size M = 700

Hrms

Hig

ഥ𝜼𝑾𝒔𝒆𝒕𝒖𝒑

Numerical Validation

K-fold cross-validation (k=5)



CHySwash. Results

Optimal combination of the calibration coefficients
• 𝐶𝑓=0.145 y 𝐶𝑟=0.708
• RMSE 0.066m



Hrms

CHySwash. Results

Hig



HyVeggy

𝐻𝑠

𝑇𝑝

𝑊𝑣

𝑅𝑢2𝐻𝑟𝑚𝑠 𝐻𝑠𝑖𝑔

Sampling         Latin Hypercube Sampling (LHS)

Selection Maximum Dissimilarity Algorithm (MDA)

Numerical Model SWASH-1D

Dimensionality Reduction Principal Component Analsys (PCA)

Interpolation Radial Basis Function (RBF)

Vegetation widht
Vegetation height

Plant density

Assessment of nature-based solutions effectiveness for coastal protection 
➢ e.g. how vegetation affects wave run-up

ℎ𝑣

𝑁𝑣



HyVeggy

LHS + MDA

Candidate sampling size M = 1000

Results

Wave run-up scatter plot
(e.g. Hs=1,5m: Hs/Lo=0,005)

Variable Boundary values

𝐻𝑆 [0,5, 3] m

𝐻𝑆/𝐿𝑜 [0,003, 0,01] m/m

ℎ𝑉 [0,1.5] m

𝑊𝑉 [0, 200] m

𝑁𝑉 [0, 1000]



HySwash. Cloud



HyWaTHy

HYbrid modeling of nearshore WAves with varying  baTHYs

Laredo. Cantabria
Source. Ignacio García Utrilla

✓ Propagation and dissipation of wave energy 
✓ Bathymetric states



• Thursday, 25th September 2025, 15:05-15:10→
Poster Flash Presentation: BlueMath: A Collaborative 
Open-Source Repository for Statistical Analysis and 
Fast, Efficient Hydrodynamic Emulators of Coastal 
Climate Hazards. Laura Cagigal

Hybrid models
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Hrms Set-up Run-up

200 m

23

Numerical modelling
Computational grid
60 nodes per wavelength

Boundary conditions
TMA spectra as Surface elevation
Weakly reflective W
Radiation E
Manning coefficient of 0.002

Numerical parameters
Non-hydrostatic 1D mode
2 vertical layers
4 hours of simulation
Automatic time integration (courant 0.1-0.5)

Post-processed output quantities
2% Run-up 
Msetup
Hrms
Hss (1-25s), Hig (25-250s), Hvlf (250-1000s)

SWASH model (version 8.01) (Zijlema et al., 2011)

HyWavesIntroduction HySwash HySwash Bimodal Applications



Latin Hypercube Sampling (LHS)
(Helton et al., 2005)

y

x

2 dimensional LHS

Var Range
𝐻𝑠 0.5 3

𝑊𝐿 -1 1
𝐻𝑠

𝐿0
0.005 0.5

𝐻𝑠

𝐻𝑠

𝐿0

𝑊𝐿 Nº Muestras

Synthetic Boundary Conditions
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Considering unseen 
extreme scenarios

Hydrodynamic forcing

N = 10.000 combinations

HyWavesIntroduction HySwash HySwash Bimodal Applications



HySwash. Bimodal



LIBRARY OF CASES 
700 numerical simulation with Swash model 
(version 8.01) (Zijlema et al., 2011)

• Horizontal discretization →60 nodes per wavelength
• Vertical discretization → 5 layers
• Hydraulic Boundary conditions → TMA spectra as surface elevation
• Bottom Friction →Manning of 0.002 in non-coral region 
• Simulation Time →2 hours
• Output variables → 𝐻𝑟𝑚𝑠,𝐻𝑖𝑔, ҧ𝜂

f

S(f)

CHySwash Methodology





Análisis bidimensional

Zona problemática. Cresta del arrecife 
Sensores C04, C05 y C06

• Efectos transversales. Modelo 
unidimensional que no toma en cuenta 
los efectos transversales y la 
concentración de energía de las olas.

• Oblicuidad de las olas. Falta de 
información sobre la dirección de las 
olas, lo que puede ocasionar variaciones 
significativas en las alturas de las olas 
medidas in situ.

CHySwash Results



Análisis bidimensional
Modelo Xbeach nonh 

Coeficiente de propagación del oleaje (Kp = Hrms/Hrms0) para diferentes direcciones (variando de 
160º a 190º). 

En la cresta el factor 𝐾𝑝 se amplifica para direcciones de las olas inferiores a 180°

• Falta de información sobre la dirección de las olas en las condiciones de contorno.
• Errores de medición y precisión de los sensores.
• Limitaciones metodológicas del modelo de perfil que no considera los efectos transversales.

Evolución del coeficiente de 
propagación de las olas Kp a lo 

largo del transecto. 

CHySwash Results



HyWatHy

Representative bathymetry states through PCA

DATA: 10 nearshore topobathymetries (∆𝑥 =10m, z=25m) from CEDEX

80% explained
variance 



HyWatHy

LHS + MDA

Candidate sampling size M = 850



HyWatHy

Roelvink et al., 2018
de Ridder et al., 2021

Cagigal et al., 2024

From ERA5 
hindcast 

BinWaves

Numerical Modelling (M = 850 cases)



HyWatHy. Results



Nearshore numerical modeling: XBeach NH

Introduction HyBeat HyWaThy Applications Summary 

• Non hydrostatic mode, 2DH
(phase resolving)

• Structured rectangular grid
(∆𝑥= 5m)

• 𝑓𝑤 = 0.03 (sand bottoms)

• No sediment transport

• 30 minutes (10min warmup)

Cluster GeoOcean
5 x 48 cores (512GB RAM)

Numerical simulations (850 cases)

Roelvink et al., 2018
de Ridder et al., 2021

850 cases

250 cases in parallel, 2 days 18h

Mount 
Buciero

W E

S

N

BinWaves
mesh

850 spatial fields

From ERA5 hindcast 

BinWaves

Synthetic bathy

{𝐻𝑆 , 𝑇𝑃, 𝜃𝑚, 𝜎, 𝛾, SWL, bPC1, bPC2, bPC3, 
bPC4}

{𝐻𝑆 , 𝜃𝑚}



Offshore metamodel: BinWaves

Introduction HyBeat HyWaThy Applications Summary and future works

1. Wave spectrum disaggregation (696 bins).
2. Propagation of monochromatic wave systems (𝐻𝑠 = 1𝑚)
3. Obtention of propagation coefficients for each case (Kp).
4. Reconstruction of the sea state (linear sum)

Hybrid additive method to propagate full directional 
wave spectra to nearshore locations 

(Deep waters → non-linear interactions neglected)

Offshore

Nearshore 
( 4 points )

…

Case 001 Case 002 Case 003

Case 848

Each case

Case 849 Case 850

(Cagigal et al., 2024)



HyWatHy. Numerical validation



Ubuntu (x86-64), using

up to eight 3 GHz Intel i7-9700 
processors and 32 GB of RAM

CHySwash vs Classical calibration method

Forget expensive long dynamic simulations
Unlimited exploration of calibration coefficients
CHySwash library → 10 days
Optimal combinations (SCE) → seconds

Testing different Climate Change scenarios
Testing adaptation and mitigation strategies (nature-based solution, shore protection structures)

Efficiency

Efficiency
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Reconstruction

Ubuntu (x86-64), using

up to eight 3 GHz Intel i7-9700 
processors and 32 GB of RAM

Metamodel construction (M=1000 cases)
9 minutes / simulation = 5 days

Metamodel interpolation (40-year historical hindcast)
5 minutes

HyWavesIntroduction HySwash HySwash Bimodal Applications

Testing adaptation and mitigation strategies (nature-based solution, shore protection structures)
Efficiency



HyBeat methodology

Only once
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