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Motivation

Lacking consistent,
high-resolution datasets for
historical periods (pre-EO) and
future projections.

We aim at improving the
representation of land surface
parameters to ensure more
realistic fluxes of water,
energy, and carbon towards
the atmosphere.




To produce:

Goals _, High-resolution global map of land use change (LU)
covering the historical and the future scenario

period (1850-2100)

> High-resolution dataset of annually-varying land
cover (LC)

> High-resolution dataset of weekly-varying leaf area
index (LAI)

> And couple the produced models into
weather-climate frameworks to serve as real-time
land surface emulators for Digital Twins of the
Earth



‘| Land Use i

(@ oo -sorm i) |
e Dynamic Predictors: coarse-resolution e |
~30km LU data (LUH2h), and (e i
high-resolution 1km data for population | ooty 51 i) | m
o . Sand
(ISIMIP2b) and climatic zones ,
(Koppen-Geiger) |
E] ISIMIP2b | § | ———sspzas—
e Static Predictors: high-resolution 1km S 18 ssar0
data for topography and soil (GEBCO, 5 Lut2 )8 | —
| w
PNNL) |

® Training Target: high-resolution 1km LU
data (HILDA+)

e Final Output: 1km resolution LU pr—
dataset spanning 1850-2100

Training & Validation

HILDA+

l

LU SSP3-7.0

LU SSP2-4.5
=1  LUsSsP4-60

Future
Scenarios

“High-Resolution historical reconstruction and future projection of Land Use Changes," Mozaffari et al., in prep for IOP ML Earth



In collaboration with Al Factory, we already have a working prototype pipeline
to generate a unified ARCO* Zarr store for LU reconstruction task.

Time Spatial

selection selection ’ %

Time
Map ¢ series

. 2D variables Image: Lobelia.earth

. Regridded data from several sources (7.6 TB)
. NetCDF files
. Fixed variables and yearly variables (23 variables)

,,,,,

g g —
* Analysis-Ready, Cloud-Optimized @I AlFactory @72 @l
*


https://www.lobelia.earth

Training

UNet: convolutional neural network suited for spatial
downscaling
> Inputs: 256x256-pixel images
> Optional embeddings: For an optimal
representation of categorical data (climatic
zones, HILDA prior)
> Accelerate: Distributed training using
single-node multi-GPU or multi-node

parallelization



‘| Model R-Unet i

® R-UNet with 256 x 256 pixel images
® Inputs
o Coarse-resolution Land Use
Elevation
Climatic zones
Population
Soil texture
Masked prior
e Embeddings
o Categorical variables: climatic zones,
prior
e Target
o High-resolution Land Use

O O O O O

Dynamic features

Coarse resolution LU
(Forest, pasture ,..) in
total 14 channels

KG Climatic Zones

Human population

g

Encoder Decoder

Static features

™
—
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Elevation, Slope,
spect, Soil Texture,

Prior target

Prior LU

s,

Masked Prior LU




‘| Scalability on MN5 i

e DDP training on MN5, scaled 1—8 nodes (4—32 H100 GPUs)
® Near-linear weak scaling
® Negligible inter-node communication overhead

Epochs

Convergence across Node Configurations Training Throughput Weak Scaling
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‘| Sample Output i

Prediction for Bologna (Year 2014) | Model Epoch: 8

Inputs
s
primf imn ect seccn
10
08
]
3
08
urban c3ann. ann c3per E
0sg
g
02
e o pastr Tonge .
-se(m secma

LUH2 variable:
pri E
E

| Quantitative Results

Standardized Value

S First Year 15-Year Average
Metric Overall LU Change | Overall LU Change
Accuracy 0.8826 0.4796 0.8270 0.4513
Macro F1 0.8072 0.3182 0.7110 0.2661
Weighted F1 | 0.8802 0.4818 0.8156 0.4175
Mean IoU 0.6983 0.2089 0.5894 0.1748

SN Ocean NN Urban Cropland W Pasture WEM Forest WS Grass/shrubland Otherland W Water

“Machine Learning-Based Reconstruction and Projection of Global Land Use at High Resolution" Castario et al., ECMWF-ESA ML workshop



Inference

A distributed inference pipeline that processes the
globe in overlapping 256x256 images
> Patch Predictions: The world is divided in "tiles"
to cover it using 256x256 images
> Overlapping Patches: To avoid edge artifacts
> Gaussian Window: Prioritizes center pixels over
edges during aggregation
> Distributed Reduction: Class probabilities are
computed across multiple GPUs and then
aggregated before taking the maximum

probability

11



Ocean

Urban

Cropland
Pasture

Forest
Grass/shrubland
Other land
Water
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‘| TerraNostra - Bench i

Overall

Land-use change

Model Acc. mloU

Acc. mloU

Rolling persistence  0.9947 0.9890
Frozen persistence 0.9704 0.9419

0.0000 0.0000
0.1630 0.0883

Linear 0.8115 0.3994 0.4388 0.1904
Simple CNN 0.8302 0.4938 0.4594 0.2006
AR U-Net 0.8083 0.4216 0.5046 0.2385
non-AR U-Net 0.8464 0.5333 0.4815 0.2264
AR Swin-ViT 0.7968 0.4532 0.5030 0.2380

non-AR Swin-ViT  0.8607 0.5480

0.4143 0.1893

Backward (1955-1959)

Forward (2015-2019)

Model Overall Acc. Change Acc. Overall Ace. Change Acc.
AR U-Net 0.8246 0.3207 0.8140 0.4212
non-AR U-Net 0.8425 0.35569 0.8259 0.3923
AR Swin-ViT 0.8130 0.3010 0.8032 0.4452
non-AR Swin-ViT 0.8583 0.3312 0.8303 0.4131
Simple CNN 0.8280 0.2987 0.8082 0.4188
Linear 0.8072 0.3361 0.7993 0.3663

Overall accuracy

0.88
Backward Training window In-window test. Forward SSP2-4.5
(1955-1959) (1960-2000) (2001-2014) (2015-2019)
0861 o o o0
0.84
0.82
0.80
078
1955 193860 1980 20@m01 202015 2019
Year

8~ ARU-Net —@— NonARU-Net ~—&— ARVIT —8— Non-ARVIT —@— Simple CNN —@— Linear Baseline

TerraNostra-Bench: Deep-Learning Models and a Benchmark Dataset for

High-Resolution Land-Use Reconstruction and Projection , in prep.
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‘| Output i

Fraction of urban (top) and forest (bottom) land in each gridbox

Urban

Comparison of " - . o
upscaled LU data . j . . A i
and LUH2 (0.259), '.
which is the " "

current standard

- -+ . +- - .
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"Historical Reconstruction and Future Projection of LU, LC, and LAI” S. Materia et al., CMIP7 workshop, Kyoto 2026
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Summary and Future Steps

We have build a deep learning framework to generate high-resolution land surface

EIRE2026.EU
IRELAND2026.EU

roHPC
Joint Undertaking

boundary conditions for Land Use, Land Cover, Leaf Area Index.
Next:
® Publishing TerraNostra - LU benchmark dataset

e Complete LC and LAl emulator and datasets
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® ‘ Transformacién
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AM acknowledges the Grant JDC2023-051208-I, funded by MICIU/AEI/10.13039/501100011033 and, as appropriate, by “"ERDF A way of making Europe", by "ERDF/EU", by the *European Union", or by the “*European Union NextGenerationEU

through PRTR". AD acknowledges her Al4S fellowship within the ““Generacion D" initiative by Red.es, Ministerio para la Transformacion Digital y de la Funcién Publica, for talent attraction (C005/24-ED CV1), funded by NextGenerationEU through

PRTR. This work received funding from the European Union's Horizon Europe Framework Programme through the project CONCERTO (Grant Agreement 101185000). This work, as part of TerraDT -- Digital Twin of Earth System for Cryosphere, Land

Surface and related interactions, has received funding from the European Union's Horizon Europe Framework Programme (HORIZON) under Grant Agreement no.\ 101187992. This work was supported by the European Union's Horizon Europe 1 5
research and innovation programme under grant agreement No 101214398 (ELLIOT).
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CON
s © CERTO

2025 — 2028

Historical
reconstruction & future
prediction of LU/LC &
LAl 1850-2100 for
weather and climate

Land surface and related interactions

2025 — 2028

Historical
reconstruction, future
prediction & emulator

of LU/LC & LAI for
Digital Twins

L. elliot

MULTIMODAL Al MADE
IN EUROPE

2025 — 2029

Fine-tuning of
foundation model for
LU/LC & LAl emulation
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‘| Land Cover i

e Dynamic Predictors: coarse-resolution
~30km LU data (LUH2h), and
high-resolution 1km data for population
(ISIMIP2b) and climatic zones
(Koppen-Geiger)

e Static Predictors: high-resolution 1km
data for topography and soil (GEBCO,
PNNL)

® Training Target: high-resolution 1km LC
data (ESA CCl)

e Final Output: 1km resolution Land
Cover dataset spanning 1850-2100

| Lu Land Use - 30 km resolution

|
i Static Predictors

| (] Land Use - 1km resolution
|

| [GEO] Topography - 1km resolution
i

| = - S
i Soil Texture - 1km resolution
|

Climatic Zones - 1 km resolution |

Population Density - 5 km resolution )

1
|
| —— _J

GEO

SOIL

Elevation, Slope,
Aspect

Organic, Clay,

(%]
[
>
o

Dynamic Predictors

@& ISIMIP2b )
|
Képpen-Geiger ]
|

2 LUH2

Future Scenarios

Training & Validation

| LussP4-60 )

i
( S EsSAccl
° 8 LU SSP2-4.5
LU historical ) RPN C LU SSP3-7.0
e
w

)
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‘| Leaf Area Index i

Dynamic Predictors: high-resolution
9km climate forcing (ERA5-Land)

o To beincluded: CO,, LC

Static Predictors: high-resolution 1km
data for topography and soil (GEBCO,
PNNL)

Training Target: high-resolution 1km LAI
data (Copernicus Land or ESA-CCI)

o Tests are being performed using
the LAl produced for the project
CONFESS LAl

Final Output: 1km resolution LAI
dataset spanning 1850-2100

! Cl  Climate forcing - Land - 9 km

1
| (] LAI - 1km )
@ '
! =) HILDA + -1km

|
|
|
1
'@l ESA CCI - 1km ) ! @ Eleva;f;ézlope,
|
1
|
I
|

! CO2 concentration ]
![GEO| Topography - 1 km resolution J
\

| & soi i
oil Texture - 1 km resolution
A e ———

Organic, Clay,
Sand

= Yearly

. Yearly j

Cco2 _Monthly / weekly

Cl | Monthly / weekly |

|

DG . D T

Training & Validation |
[ E Weekly j
Weekly ':iWeekIy J Weekly ’
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High-Performance Computing for subsurface
I flow and transport modelling of Olkiluoto

Albert Costa-Solé, Emilie Coene, Gisela Marti, Olga Riba, Orlando Silva, Tiina Lamminmaki, Lasse Koskinen,
Antti Poteri, Antti Joutsen, Veli-Matti Pulkkanen, Tuomo Karvonen, Albin Nordstrom, Guido Deissmann

AMPHOS™ Pgsiva

an RSK company
S BRE2028.Eu
( I(,:H Ec E4% . IRELAND2026.EU
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Olkiluoto and the ONKALO® repository

Russia

OLKII

Sweden Estonia

Inlet air shaft

Location of Trial
\ Run of Final
Access tunnel / = Disposal

—— g <
HYDCO —" =

Demonstration = X s 2 Deposition tunnels
facilities - Technical rooms

@ ONKALO

Central tunnels’ . -
Daposition tunnels @ Disposal facility

Posiva

ONKALOE® is the world's first deep repository for spent nuclear fuel.
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Paleoevolution. 8100 years reconstruction

8,100 yr BP - initial condition

8,100 yr before present

2000BC

discharge 0 - overlap 0

—250

—500

=750 A

—1000

Elevation [mAOD]

-1250

-1500

Meteoric
i Glacial

LAl Subglacial
sealevel =64 m - land = 0% mm Saline
I Brine

land recharge
W HeadBC (sea+lakes)
mm land discharge

—2000

04 0.6
Mass fraction

Post-glacial rebound lifted the site out of the Baltic Sea. Meteoric recharge began a freshwater lens grew over deep brine.

Sea level fell, the shoreline retreated, the island emerged.
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Numerical model

IRELAND2026.EU

¢ EIRE2026.EU E
E

EuroHPC
Jaint Wndertabing

e
UL

i
T

DUAL CONTINUUM (our choice)

+ 10 immobile matrix cells (diffusion)

v captures matrix diffusion & retention
. v reproduces the observed matrix pore-water
v physically faithful
= cost: x11 cells per location - memory-bound
cl- Br- S0a2- HCOs- Na* Caz+
K* Mg?Zz+ HaSi0a4 H+ Fe + tracer

Matrix exchange Anion exclusion Mineral reactions J Density-driven flow

diffusion into charged mineral

dissolution - p depends
the rock matrix surfaces

precipitation - pH on salinity
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Numerical model

3 Permeablllty Kx

E -250
§ 500
©
2 750
@
Y _1000
1 2 3 4 5 6 7
distance x (km)
T 250 4% et Bl e Sl “. g Bl .u | W ‘ . ,_“‘ ] ! i
5 -500 {5 F, "I ] S 0T '%‘ M '| , .sz q,ﬂhl AL
-750 =¥, [ | " e W
3 . ‘ H A Y N *‘,H' 0} ’n d ;f& ﬂ-
¢ -1000 A SRS TS e "t |8 . ‘;
B L1 ol Mg il ¥ ~Sr @ i* ’d‘" ’Ill-‘ Cuat

distance x (km)

Moreover, highly heterogeneous materials fields
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Numerical model

2.9 M x 10 15

fracture cells matrix cells species degrees of freedom

Need for HPC

o
o
<
]
w
o
=2
-
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Numerical model
EFL O 1 IN T
ot el
Sl
AN /and Tra H | g Surface a DS -—— PE Sc
open source, for subsurface flow
Flow related capabilities: Reactive transport capabilities: Other capabilities:
General, Richard’s, Multiple continuum, Structured and unstructured meshes
Density Driven Flow Nernst-Plank Implicit temporal scheme

Lichtner, P. C., Hommond, G. E., Lu, C., Karra, S., Bisht, G., Andre, B., ... & Kumar, J. (2015). PFLOTRAN user manual: A massively parallel reactive flow
and transport model for describing surface and subsurface processes (No. LA-UR--15-20403).
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HPC. PFLOTRAN parallelization

35

30 ] —e—|deal
——LUMI
O 25 1 —e-JURECA
5— 20 ]
® 151
g
0 10 ]
5 ]
0 ' ; . . . ; .
0 2500 5000 7500 10000 12500 15000 17500
Tasks
Nodes Tasks LUMI JURECA DOFs Efficiency
4 nodes 512 v v 97 656 1.00
8 nodes 1024 v v 48 828 0.94
16 nodes 2048 v v 24414 0.79
32 nodes 4096 v X 12207 0.65
64 nodes 8192 v X 6104 0.42
256 nodes 16384 v X 3052 0.22

*
EIRE2026.EV EEFS 4 3E
IRELAND2026.EU E b

(ICHEC

4,096 tasks / 32 nodes

the production configuration

=65 %

efficiency

128 tasks/node is the optimal configuration spot.
Beyond 4,096, communication dominates.

More nodes finish sooner but waste core hours.
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Calibration is required

clay f mineral surface (negative charge)

PFLOTRAN run

24-48 h on LUMI-C

clay / mineral surface (negative charge)

@ =cation(Na*, Ca?) @ = anion (C1-, Br, 5047}
Parameters Simulated
om - CEC - fa concentrations
one loop =
. . e
one simulation | | TR
. .ﬁ"t‘-‘s

Optuna Compare

proposes next params observed vs simulated

(ICHEC

PYDELLING

A preprocessor for modelling

1 run =~24 h (2M mesh).
Calibration & sensitivity = HUNDREDS of runs.

The allocation lets us close the loop enough
times to trust the model.
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Results

Material structures
Recharge condition

HER-D flux per palaeo epoch — Realisation 2 10 10
recharge 8.18-10° m*/yr - discharge -103-10* m*/yr (only recent epochs)
W recharge (E20) 0 0
. discharge (Z<0) E E
10 c -10 < -10
2 g
g 20 g
ks g7
3 c
08 N 30 30
-40 -40
in.s -50 =50
& 0 2000 4000 6000 8000 0 2000 4000 6000 8000
2 x (m) X (m)
E ]
2 o4 1008 0 q0M6 0 q0M a0 1o do 1o 10t 10 102 Tot
Kox (m) porosity ()
02
Mesh (560.793 cells)
¥ Auds o
00 5000 1
3000 4000 PR 000 s w000 M
¥ 0§ g ¢ ¥ g2 g8 3 8 § 3 38 3 ¢4
& & % 4 8 8 & & 8 5 8§ & & & [
| 't' I dt' palaeo epoch
7 Axis
Initial Condition at 8ka BP 0
-1000
I Axis
'g -1000
<
E
<
o
®
g
T
w
Glacial g
Subglacial |
Saline
e Brine Tt

0. 6
Mass fraction
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Results

Elevation

e Other BH

© ONK-PH2_1204
- Q © OL-KR46_82 0908

® OL-KR47_111_0708

L]
® OL-KR47 116.8 0309 2 .

o .‘.. '.5. ..." OBSERVED vs SIMULATED
LM Chloride
_ﬂ.',!_,c‘

@ observed

-600 @ simulated

o i (anion)
-400 K
3
-

.
—-800 t
o final conservative model
- matrix deactivated in soil
-1000 Realisation 2 - 8,100 y
* Observed
e Simulated se
10° 10° 107 10° 10¢ 10° L

Chioride fmeft] Reduced case: 560.793 cells. ~100 hours for the whole simulation (8100 years)
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Conclusions

4,096 24-48 h | 50-70% 100s

MPI ranks per run algorithmic of runs

Strong physical model with promising computational capabilities
HPC enables the throughput required for testing, calibration, and model improvement

Further optimisation is needed to improve efficiency and simulation quality
Next step: maximise scalability, performance, and scientific value

... and Reactive transport (mineral dissolution-precipitation, biotic processes) implies even more
unknowns! 3921 AD
... include the nuclear repository facility
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WeatherGenerator
apphcations

Using a foundation model for weather Weather
and climate applications Generator

Funded by
the European Union

Cristian Lussana (MET Norway)

Coordinated by

on behalf of the WeatherGenerator team &S ECMWEF


https://weathergenerator.eu/
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Meteorological
~~+ Institute

buluttan O
Weather Intelligence
MAX PLANCK INSTITUTE
FOR BIOGEOCHEMISTRY

"-—:) Statkraft

cmec Weather

Centro Euro-Me:

e Generator ETHzirich

netherlands

LI center ¢

Feseral Departr ent of Worue AT FHA
uuuuuuu
-
MeteoSwiss
% P Royal Netherlands
49 Meteorological Institute
Ministry of Infrastructure
and Water Management

Norwegian cECMWF ‘J JULICH

Forschungszentrum

== Met Office
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What is the WeatherGenerator?

Data Model Applications

Weather and climate

1 Reanalysis

1 Satellites Adapting the technology
1 Radar behing LLMs to Earth
1 In-situ observations System Science

...

Where we are now
Al

O(100 TB) 700 million 22 applications

What we are/\aiming for

O(1-10 PB) 100 billion A generic tool for all
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What is the W¢

Data Model

1 Reanalysis

1 Satellites Adapting the technology
1 Radar behing LLMs to Earth

1 In-situ observations System Science

...

Where we are now
O(100 TB) 700 million

What we are aiming for

O(1-10 PB) 100 billion A generic tool for all
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Our applications

Weather and climate prediction Climate forecasting Arctic sea-ice forecasting
Downscaled analyses for Switzerland ([JIYZER) AP13 AP14

40 year analyses for the Nordics [zk8
Extreme precipitation nowcasts for Africa [zsli]

Renewable energy
m Solar and wind production forecasting
LU Power consumption forecasting

Clouds and precipitation forecasting for the Nordics [ AP9 | A > TR River inflow forecasting for hydropower
Alpine forecasts for Switzerland P ’ IVITH Multi-year weather scenarios for energy market modelling

21-day forecasts for the Nordics -

Extreme weather forecasting for France - g Water

2T Flood prediction

Food security, health, biosphere
Vegetation modelling for food security
P38 Temperature forecasting for health

WCZED Biosphere fluxes

Extreme weather forecasting for Western Europe
Seasonal forecasts for Western Europe [JEEZID
Global seasonal forecasting [JEEND
Global extended-range forecasting [JEEIN
Global medium-range forecasting
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Downscaling with
IVeay ﬂ‘f@[f(‘]fé piiecpe fpigepst field for Europe

TARGET (MEPS) BASELINE (ERA5%) WG downscaling

Py

(*) ERA5 31km elevation adjustment




EuroHPC  Dublin Ireland
User Days 2224 September 2026

Downscaling with

Rﬁhﬂg%ﬁ@hﬂ&%@ﬁf@ty improves reconstruction skill

< R B

Model Bias (°C) RMSE (°C) 7))
(7))

) (¢h)
Baseline 0.30 1.215 l?—;
WeatherGenerator -0.21 1.197 ’5_
wid

+ elev, land mask -0.057 1.074 8
+ urban, nature, land cover, ... | -0.013 1.027 g
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Global — In-situ
Reanalysis ' Observations

AN AN AN AN AN AR IERN AN AR
AR (R (R (POR) AR AR AR OR) AOK)  Latent
%ﬁ%ﬁ W &I & K K& & &9 T space

Regional In-situ

Reanalysis
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Fine-tuning on local data

e Many users (e.g. busmnesses)want to exploit their own proprietary
domam-specific data
e The WeatherGenerator offers fine-tuning functionality for

A user’s own
data

Public input data

Global SYNOP

Weather ‘ Tailored
Generator forecast
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Fine-tuning on local data

Biases greatly reduced at each station location
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Fine-tuning on local data

Biases greatly reduced at each station location
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Fine-tuning on local data

Overall forecast accuracy increases for multiple parameters
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EuroHPC experiences

|' e AlFactory allocation on Leonardo

e An excellent way to enable 16 partner organizations to
collaborate on a project like the WeatherGenerator
o Large amount of shared data
o Running many experiments in parallel
o Rapidly iterating towards a solution
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Final words

Visit weathergenerator.eu for more mformation:

e Blogs on the science behind the WeatherGenerator
e Applications described in detail
e Sign up for public hackathons

" Funded b Coordinated by
\ Weather R unded by
X teaver, [ e nen € ECMWF

The WeatherGenerator project (grant agreement No101187947) is funded by the European Union. Views and opinions
expressed are however those of the author(s) only and do not necessarily reflect those of the European Union or
EREA. Neither the European Union nor the granting authority can be held responsible for them.

We acknowledge EuroHPC JU for awarding the project ID EHPC-AIF-2025SC03-154 access to Leonardo hosted by
CINECA. We acknowledge EuroHPC JU for awarding the project ID EHPC-AIF-2026SC02-173 access to JUPITER
Booster module hosted by Jiilich Supercomputing Centre.

& Weather
Generator

Applications

We define the 22 applications that will test the
WeatherGenerator. These applications span a
range of use-cases, covering weather and
climate, renewable energy, water, and the
biosphere. Applications have global and regional
coverage, cover timescales from nowcasting
through seasonal forecasting, and include
forecasting, downscaling, and data-fusion tasks.

Weather & Climate S
Prediction

Weather Prediction

AP1 Global medium-range forecasting

Global extended-range
forecasting

AP2

AP3 Global subseasonal to seasonal

probabilistic forecasts
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Mixed-Precision GPU Acceleration of
RTE-RRTMGP-CPP

Stijn Heldens', Alessio Sclocco’, Gijs van den Oord?, Ben
van Werkhoven?, Chiel van Heerwaarden3, Erwan Raffin?,
Xavier Yepes-Arbos®

"Netherlands eScience Center,

2| eiden University,

3Wageningen University & Research,

4Center for Excellence in Performance Programming (CEPP),
5Barcelona Supercomputing Center
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CENTRE OF EXCELLENCE IN SIMULATION OF WEATHER CENTRE OF EXCELLENCE IN SIMULATION OF WEATHER
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AND CLIMATE IN EUROPE AND CLIMATE IN EUROPE

Research agreement No 675191 Research agreement No 823988
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ESIWACE Project Pillars

Technical developments and
research activities

WP1 - Core Applications: FESOM, IFS,
NEMO

expertise

WP2 - Community Tools: DSLs,
KernelTuner

feedback

WP2 - Data Challenge: Zarr,
compression, FDOs

(ICHEC

Services, training and networking
activities to support the community

WP4 - ESIWACE3 Services:

*Model optimization, acceleration and HPC
exploitation

¢ Support for domain-specific tools & technologies

WP5 - Training and capacity building

WP6 - Community engagement,
dissemination and exploitation
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ESIWACES3 Services to support domain-
specific tools & technologies

.—""‘ ', =

P il Eroec
:

e .‘jd g

2 person months of effort from ESIWACE experts
Open call for requests from European earth system modeling community

Projects to support adoption of ESIWACES3 tools

#S Kernel Tuner X
AUtOF: F' E gr;zwsglap:;)ormance



EuroHPC  Dublin Ireland (ICHEC  + ' tmeoery 5T puroee
User Days 22-24 September 2026 R S
github.com/microhh/rte-rrtmagp-cpp
Tncomring Solar Outgoing Radiation

e C++ library for simulation of
atmospheric radiation in ESM

« Port of original Fortran widely-used
code, adds supports for GPUs using
CUDA

* Very computationally expensive!

Image courtesy of the Department of Energy Office of Science


http://github.com/microhh/rte-rrtmgp-cpp
http://github.com/microhh/rte-rrtmgp-cpp
http://github.com/microhh/rte-rrtmgp-cpp
http://github.com/microhh/rte-rrtmgp-cpp
http://github.com/microhh/rte-rrtmgp-cpp
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(ICHEC

Floating-point Precision

RTE currently supports
—  double (64 bit) or f1oat (32 bit)

New GPUs support low-precision:
— 16 bit, 8 bit, 6 bit, 4 bit...
—  Higher performance

— Loss in accuracy is unacceptable

Idea: Could we mix precision levels?

m Sign Exponent ® Mantissa

IEEEFP128 J 15

eeeFred [T G
IEEE FP32 Ve ESH

Trzz e Sl
IEEEFP16 5 Gl

eris e E

FPaEam3 Jalf
FPEESMZ ]8T

GPU FP64 FP32 FP16 FP8 FP4
A100 9.7 195 312 - -
H100 34 67 989 1979 -
B100 30 60 1750 3500 7000
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Implementation

|dentify four most expensive GPU
kernels of RTE

— Total 68.8% of run-time

Make their data types compile-time
configurable.

Select optimal data types
— Trade-off: runtime versus error

T *
(ICHEC  +% thuusen T
Rt #.. IRELAND2026.EU = EEE
i, e

template <
typename float_type,
typename tau_type,
typename source_type,
typename surface_type,
typename flux_type,
typename compute_type,
typename intermediate_type

> global__ void Iw_solver_kernel(
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GPU Tools

« Kernel Float KEP"EI Fl[lElt

— Header-only library used for writing portable sithub.com/KernelTuner/kernel_float
mixed-precision GPU code

— One codebase, supported across NVIDIA/AMD,
data types, vector sizes, ...

. Kernel Tuner sS Kernel Tuner

— Automatic performance tuning for GPU code github.com/kernelTuner/kemel_tuner

— Searches data types, block size, vector size, ...
— Finds optimal configuration within error threshold
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Experimental setup

* Tuned for five error thresholds:
— A=0.00001%, B=0.001%, C=0.1%, D=1%, E=10%
— Kernels tuned individually, then integrated into code

« Benchmarks on two EuroHPC systems:
— Leonardo: NVIDIA A100
— LUMI: AMD MI250X (ported to HIP)

« Dataset: 384 x 384 at 100m resolution
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Performance Results

6000 .

Leonardo
/g 5000 [ ]

FP64 FP32 A B C D E

T T T T T T

8000} Lumi 1

0 FP64 FP32 A B C D E
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Performance Results

6000 .

Leonardo
/g 5000 [ ]

FP64 FP32 A B C D E

T T T T T T

8000} Lumi 1

0 FP64 FP32 A B C D E
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Performance Results

6000 . . . . . :
2.25F N speedup, ]
Leonardo Leonardo P P Version E X
2 5000 F 1 = ~ accuracy
g £ 2.00F :
g 4000 L: L7 Version C X
() ~ o
g E ;
g 3000 g Version B X ® Version FP32
% 2000 _qg)‘ 1.50 ]
5 1000 :? 1250 I speedup, ]
= N accuracy
0 1.00 ' ' '
FP64 FP32 A B C D E 1079 107 10° 1073 1071
8000 k Lumi i 2.25¢ Lumi Version D X Version E X 1
é g 200k Version C X _
&3
[}
~§, § 1.75 | Version B X e Version FP32 ]
o
g % 1.50 F X Version A 1
13 (<9}
o) (&)
A @ 1.25F .
1.00 1 1 1 1
FP64 FP32 A B C D E 107° 107 10° 1073 1071

Normalized RMSE on net flux (W m~2)
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Accuracy Results

Mixed-precision output Difference reference vs output

EIRE2026.,EU £
IRELAND2026.EU E

Reference output

— FP6

—

[\]

(@)

(=)
T

1000

T
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500 f

T

Height from surface (meters)

250 |

0||| N T T RN A

0 10 20 30 0 10 20 30 107° 106 1073 10°
Mean heating rate per layer (K/day) Mean heating rate per layer (K/day) Mean heating rate per layer (K/day)
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Conclusions

» Mixed precision gives speedups over uniform precision
« Upto 2.1x (Leonardo) and 2.2x (LUMI) over FP64
« Higher accuracy or higher performance over FP32 possible

EurOH PC DU blln Ireland (chH%c EIRE2026.EU EEF";" =

* No single optimum: error-runtime trade-off
« Portable to AMD and NVIDIA
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Elastic anisotropic Full-Waveform Inversion of
multi-component Ocean Bottom Node data

The Gorgon case study (4C-EFWI)

S. Beller, R. Caiza-Grivalja, L. Combe and S. Operto
WIND project, Geoazur, Université Cote d’Azur, CNRS, IRD, OCA
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Seismic imaging: a quest for resolution at all scales
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Seismic imaging applied at various scales
— global, continental, crustal, reservoir, samples

Structural information and physical properties

— non-destructive control of materials
(engineering, archaeology)

— resources prospecting: oil/gas, H20, H,, mining

— reservoir monitoring (CO2 sequestration)

— geodynamics / geo-hazards

Methodological bridges
— medical imaging, planetary science, GPR, etc.

Never-ending need for higher resolution images



Seismic exploration configuration

Shooting vessel triggers pressure sources at dense and
regular intervals in the water on top of the geological

target

Acoustic and elastic waves propagate inside the medium
and interact with heterogeneities before being recorded

by receivers at the seabed
— dense grid of autonomous 4C nodes

31 32 33 34 35

In-line distance (km)
2 14

(water pressure + 3 ground velocities)

Time recordings of these waves
— indirect measurements of subsurface

o
il

properties (seismic wavespeed, density)

Seismic imaging

— draw inferences about the subsurface from

these measurements

In-line distance (km)




Simulation of wave propagation with SEM

* Near seabed wave propagation is governed by the acoustic and elastodynamics PDEs
K (x)07P(x,t) — V- (p~ (x)VP(x,t)) = S(xs,t) > fluid
p(x)0*u(x,t) — V- [c(x) : Vu(x,t)] = f(xs,1) — » solid

* Both discretized with the Spectral Element Method and coupled at the fluid-solid boundary
— high accuracy using high-degree polynomials (4t to 7" order)
— unstructured hexahedral elements meshes (h-adaptivity)
— accurate representation of boundaries (bathymetry, free surface) and handle full anisotropy
— diagonal mass matrix = explicit time domain solver
— very efficient on parallel architectures (data locality, domain decomposition)

Scholte wave

P-5-P wave

zdri [km]

x-dir [km]



Full-waveform inversion (FWI)

A non-linear and ill-posed parameter estimation problem solved as a local optimization problem

Goal: Adjust model parameters m iteratively to minimize the discrepancy C(m) between recorded
seismic waves d and those simulated R(u) from m

m* = argmin C(m)  where Y Y Y rUs ¢ (m) — ds,r,t]2

- Ad(m)

Linearization and optimality condition:
C(m+ Am) =~ C(m) + VC(m)Am + = AmVZC( )JAm
AC(m) = VC(m)Am + - AmVQC( )Am = 0 Geim)
-~ » VC(m)Am = —VC( )

C(m0)

At each iteration k, the update is given by

C(m1)

—1
Am® = [v%(m(’ﬂ)} vem®)

L 4
m0 mlm2zm3 m*

and solved with a quasi-Newton algorithm (I-BFGS) until convergence



Efficient gradient computation (ajdoint state method)

Direct Adjoint Interaction Gradient

Physical time: forward
piemypdeq :awil buiandwo)

\J

* An FWI gradient evaluation needs 3 wavefields simulations
— forward propagation from the source for misfit evaluation and wavefield snapshots
— adjoint simulation for backward propagation of data residuals from receivers
— reverse time propagation of the forward wavefield for zero-lag correlation



The Gorgon field, western continental shelf, Australia

4C-EFWI:

Target: Gorgon horst
— partitioned into fault blocks

Reservoir: Mungaroo formation
— sand-rich packages
alternating with shales

Depth: 3600-4300 m subsea
Bathymetry: 160-760m (submarine landslide)

Fault shadows: Large contrasts between
Gearle/Muderong above fast Barrow group

Data: 2015 OBN survey (open)
— hydrophone + 3C geophones per OBN
— 386 OBN in the area of interest

Innovation: apply 3D Elastic FWI from the 4C

Ga

[+2]
o
[=]

w
o
(=3

Bathymetry(m)

Horst  Graben

Failles™
normales 2000 3000 4000
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Elastic FWI, scientific and HPC challenges

Motivation

— Industry mostly uses mono-parameter acoustic FWI (recovering Vp) in marine seismics

— Elastic FWI is needed for accurate imaging and modeling of near seabed complex wave propagation
— Gives access to other quantities (Vs) to better constrain rocks properties (fluid characterization)

— Mandatory when processing geophone components

Methodological issues

— Initial Vs wave macromodel building, crosstalk when updating several parameters (p, Vs, Vs)

— Horizontal components of geophones are often noisy

— Which workflow (combination of components, parameter class and scaling) to perform reliable
multiparameter elastic FWI?

HPC challenge

— Elastic FWI costlier than acoustic FWI (10x to 100x) and is more memory demanding
— 3D time domain simulation has N* complexity (doubling resolution ~ 16x costlier)

— Time-domain FWI scales linearly with the number of source (and component)

— For convergence, several tens of iterations are required
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The Gorgon field, meshing

* Upper-part needs accurate representation
of bathymetry
— overlay grid method Cubit’s Sculpt
— small elements to handle low Vs

* Lower-part needs mesh coarsening to
adapt element’s size to local wavelength
— in house cartesian mesher with
doubling or tripling layers

* Final mesh contains 279 882 P4 elements
— ~ 259 acoustic and ~ 26 millions dofs
— adequate for waves with foax=~ 7 Hz

* Time integration
— CFL time step ~ 0.3 ms
— 30 000 iterations for 9s of simulation




ImEarth, MPI parallelism

Global MPI communicator

° MUlti'Source SimU|ati0nS With MPI communicator 2
2 levels of MPI parallelism — 2 MPI communicators | A P—— |
* 1st]evel: source parallelism . : ; : : 2 . 4
— distribute sources & their simulations ‘ M”"""’m””"‘"”li” WP1 fommunicatof 1
across compute nodes [[Core2 ] [cores ][ cores |[core7 |
— “embarrassing” parallelism * *
— a few communications once per iteration to shot 1 Shot 2

gather source contributions

* 2" ]evel: domain decomposition parallelism
— to compute simulation + gradient in parallel
over several subdomains
— communications at domain boundary at each
simulation time step
— tuned for memory usage, parallel efficiency
and reasonable time to solution




EuroHPC allocation

* EuroHPC allocation:

— 570 000 node hours on MareNostrum 5 GPP (BSC-CNS)

* Benchmark performed on MN5
— scaling of forward modeling and gradient for a single source
— reasonable time to solution, good parallel efficiency and full

memory occupation using a single node per source (112 cores)

— ~20 min for a simulation and ~60 min for an iteration

Strong scaling

Weak scaling

102

@ Ne = 61440

| S Ne- 61440
T Ne- 245760 —> L’

Me = 983040 ”
Mg =3 932 160 L

= = =Ideal

02r

=== oad = 548 elm/mpi
88— Load = 1097 elm/mpo

Load = 2194 elm/mpi
= = =ldeal

102 10
Number of Cores

104

102

10
Number of Cores

104

Barcelona

Supercomputing

Center

Centro Nacional de Supercomputacion

i

Node gs15r3b18  — Node g
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EuroHPC allocation

We performed several runs to assess: Acquisitions
— individual and mixed contribution of components and wave types 2
— scaling of parameters (mostly density)

R T R L L T e ur
415004 +HFt+t+trttb ottt bbbt bbb bbb+

41000 R e o

— test workflow scenarios (P, 4C, P+4C, P+XY) g ] TR RS S
— parametric analysis performed on a subset of sources (100 OBN) oo ’”“”‘“
— anisotropy is taken into account but only Vs, Vs & are updated (PP PPPPPPPPPPPPPN

39500 1
R e kP b ok R e S o

39000 -
R e e o b S S

When possible, all sources were treated in parallel

— 386 nodes for full acquisition / mono-component FWI 380604
(P, Z, X and Y components independently) 4000 00 @00 10000 12000 14000 16000

— 100 nodes for subset of acquisition (mono-component)

— 200/300 nodes for subset of acquisition (mixed-components)

— 400 nodes for subset of acquisition and 4C

38500 R e T o o

R e I e

For biggest runs: full acquisition, 4 components jointly Total consumption:
— 1544 sources dispatched on 736 nodes — Node hours: 513 000 (~90%)
— two sequential simulations per node — Energy: 4.962 x 102}

— 70 iterations ~ 110 000 node hours — Equivalent CO;footprint: 64.676 t




Example of FWI results — P followed by 4C

dvs model

dvp model

dro model
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Conclusion & perspectives

This allocation showed the feasibility of multi-parameter 4C E-FWI from an industrial dataset

It showed that careful tuning of 4C-EFWI involves
— multi-parameter and mutlti-component scalings
— careful QC of esimated 4C source signature

Quality control of E-FWI results is still on-going against high-frequency pure A-FWI, available well-
logs and lithology using empirical relationships relating Ve and Vs

Added-value provided by 4C E-FWI relative to P-EFWI needs to be further assessed with
— more representative wide-azimuth datasets (increasing surface coverage)
— higher frequencies

Next steps involves:
— adding seismic attenuation and anelasticity as optimization parameters (on-going)
— adding more constraints on the multiparameter inversion

(penalizing deviations to empirical relationships)
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Thanks for your attention!
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Vp/Vs from initial models  (Vp/Vg) from P mono E-FWI  (Vp/Vs) from multi E-FWI

Distance(km) Distance(km) Distance(km)
2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22 0 8 10 12 14 16 18 20 22

Sand 11

1.5 2.0 2.5 3.0 1.5 20 25 3.0 1.5 2.0 2.5 3.0
Distance{km) Distance(km) Distance(km) Distance(km)
8 10 12 14 16 18 20 22 B 10 12 14 16 18 20 220 10 12 14 16 18 20 220 8 10 12 14 18 18 20 22

elihood - initial likelihood - final

Initial r;10dels multi E-FV\}I models
Shale and sandstone likehood (multi E-FWI)
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Normalized P, Z, XY misfit functions for single- and multi-component E-FWI
(a) P cost function (b) 7 cost function (©) XY cost function Component-wise misfit functions
* e (a) Convergence of P misfit function
hampered by other components. (b,c)

Conversely, better convergence of Z &
XY misfit functions when combined
with P. (c) Slower convergence of XY

Cost function [AU]
Cost function [AU]
Cost function [AU]

misfit function (noisy data).

0.2 0.2
o0 0 i, 4C E-FWI misfit functions
° ? I:.eraDBr\S[:I ’ . ’ ! I:eratluMllE] ! b ’ : Warations [»61 ’ * (d) XY com ponents dominate.
On the scaling of 4C misfit function (e) Re-scaling the 4C balances their
Original and rescaled 4C misfit functions Normalized original and rescaled 4C misfit functions
(d) ea PZXY inversion (9) e PEXY (1)3,1/3,1/6,1/6) inversion (f) PZXY inversion (g) PZXY {1/3,1/3,1/6,1/6) inversion ContribUt ion - (f.g) Norma | iZEd miSﬁt

functions: re-scaling hampers
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benefit of P, Z counterparts. However,

Cost function {Au]
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Seareport

Modeling the global coastal ocean
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Context

y 3

= s

EuroHPC
Jaint Undertaking

Our mission in DG JRC E.1.:

Conduct research, provide situational awareness related to coastal risk
Build research excellence, expertise and legacy

Develop a pre-operational global 3D baroclinic model

Provide support & data for Member States - through GDACS/ERCC

Our scope:

Agile development (Robustness, Reproducibility, DevOps)
Address frontier problems with state of art tools and methods
Python best practice approach on the ocean modeling chain
Cultivate our international collaborations
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IRE2026.EU
IRELAND2026.EU

Semi-automatic generation of global models
» Using coastlines / bathy information
« Automatic mesh generation

« Automatic pre-processing (input preparation)
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Semi-automatic generation of global models

» Using coastlines / bathy information

« Automatic mesh generation

« Automatic pre-processing (input preparation)

 Global simulations with high coastal resolutions
» Tides and surges

« Temperatures & Salinity
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Semi-automatic generation of global models

» Using coastlines / bathy information

« Automatic mesh generation

» Automatic pre-processing (input preparation)

* Global simulations with high coastal resolutions
* Tides and Surges |

* Temperatures and Salinity

Running on EuroHPC instances
* Meluxina Regular Scale — 110 000 CPU nh
* Marenostrum Extreme Scale — 240 000 CPU nh
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Mesh (current version: r06)
* 11M nodes / 21M elements

» 33 vertical layers

Armagh

Newry

« From 50m to 10km . o

resolution

Model

* Runs on SCHISM master
3D baroclinic

» Forced by ERAS (ECMWF)

Zoom in Irish sea

EuroHPC
Jaint Undertaking

Great Britain



https://schism-dev.github.io/schism/master/index.html
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Scaling curves

Walltime (hours per model day) Speedup graph
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Scaling towards Extreme resolutions & EPICURE support:
*  Challenge: major bottleneck beyond approximately 1024 MPI tasks
*  Help: EPICURE diagnosed the bottleneck in our solver and integrated NVIDIA's HPC-X toolkit
*  Breakthrough: we can now scale beyond 1024 MPI tasks, which enables

*  Full 3D baroclinic physics

* Increased spatial resolution

*  Run large historical simulations (hindcasts)
*  What's next:

* 50+ years hindcasts

*  Add physics (waves, compound flooding)
*  About us:

*  EuroHPC Project page (eurohpcsupport.eu)

«  EPICURE blog post (epicure-hpc.eu)



https://eurohpcsupport.eu/supported-project/seareport/
https://eurohpcsupport.eu/supported-project/seareport/
https://epicure-hpc.eu/2026/02/28/advancing-global-coastal-risk-modelling-through-reproducible-hpc-workflows-with-epicure/
https://epicure-hpc.eu/2026/02/28/advancing-global-coastal-risk-modelling-through-reproducible-hpc-workflows-with-epicure/
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Feedbacks:

1. Diverse technical/operational choices between EuroHPC centers creates an interoperability barrier.
2. The EuroHPC Federation Platform is a step in the right direction but still some way to go.

3. Big Data sharing between centers is challenging.
4

A Simplified way to renew/update a long-term project would be appreciated.

NB: Our applications have benefited from the specific allocation for public administrations.
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github.com/oceanmodeling
)

. NOAA OCS: Saeed Moghimi, Sorrosh Mani, Felicio Cassalho, Jack Reeves-Eyre, Atieh Alipour, Daniel Codiga

. University of Notre Dame: Albert Cerrone, Joannes Westerink, Damrongsak Wisaraet

. Many others: EC-JRC, Oceanmodeling github organisation, TELEMAC Consortium, HEREON


https://github.com/oceanmodeling/
https://github.com/oceanmodeling/
https://github.com/oceanmodeling/
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