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ECMWF’s Production Workflow — Daily Forecasts
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Big Data used to be a buzz word, now 15 years old ...

3V’s : Volume, Velocity, Variety (... Veracity)

... but in the Al revolution...

“Data is the new oil”

Clive Humby, mathematician & data science pioneer

“If Al is the Rocket ship, Data is the fuel.”

Andrew Ng, Al researcher, Former Head of Google Brain
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Data Challenges of Al/ML in Earth System Modelling

1. How to prepare and feed data for Al training?
— Mostly Challenge of Volume (some Variety)

2. How to adapt the data production pipeline?
— Mostly Challenge of Velocity

3. How to handle Al data heterogeneity?
— Mostly Challenge of Variety and Veracity
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How to prepare and feed

Earth System Data for Al training?

For training data quality and volume matter
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Sustained Teraflops

ECMWE Archive Growth

Sustained Exponential
Data Growth
CAGR 40%
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ECMWF sustained HPC performance vs archive size
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ECMWEF Archive Growth

1,600 Size of the ECMWF Archive (PB)
1.45EB

0 Largest meteorological archive in the world

1,000 All data is indexed and accessible

%' 800 -

H Very much active!

Read ~ 510 TiB/day
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ERA5: The Foundation of the Global Al Revolution

ERAS is ~ 11 PiB Global Al Models

ERAG will be > 30 PiB

The global surge in Al-based weather models shares one common foundation:
high-quality, physically consistent training data. ERAS5 is that standard.

“Al weather forecasting wouldn't be possible without ERAS.” “Without ERAS data our research would never be possible.”
— CEO of Al weather forecasting company — Lingxi Xie, Huawei Inc.
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Data Pipeline to Users

ECMWEFs on-demand data pipeline currently looks something like this:
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Data Producer Primary Storage Data Stores Services
100’s of petabytes (pull)

Services such as Copernicus Data Stores, WebMARS & Polytope serve data directly from primary storage.
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How to serve the data”? Data Stores Service (DSS)

2 P )
a > 240Kk Users Registered All
—— > 6500 Active daily
. User patterns rapidly evolving Y,

/ 175 Catalogued Records 4]”\

(129 CDS, 16 ADS, 12 EWDS, 7+ more)

-

+ 20 ARCO versions (Zarr)

70 + ARCO regularly updated

(some daily)

-

Vision: Single entry-point
providing access to distributed
data sources via harmonized and

92% FAIR Score
(Findable, Accessible, Interoperable, Reusaby

~

standard interfaces
o J
Climate
ECMWF Data Stores
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/&, > 550k Requests / day a

—— > 100 - 115 TB / day

> 80 % Post-processed

Format conversion, Aggregation stats, Area
sub-setting, ...

>95% traffic from

\ Archive original data
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Simplification and harmonization

Automatization is key

247 Open, used and monitored
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Al Earth System Models

Built on Anemoi
Framework

anemoi

ECMWEF AIFS ECMWEF IFS

A software framework for creating Al weather and climate S
models developed by ECMWF and many national metservices Total precipitation
EMS technology award 2025

https://www.ecmwf.int/en/about/media-centre/news/2024/anemoi-new-
framework-weather-forecasting-based-machine-learning




Anemoi: foundation for DestinE Al models & Al factories

ANEMOI ECOSYSTEM: an end-to-end framework for Al weather and climate applications
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ML Data Pipeline: From Data Stores to GPU

DATA STORES

Store (ADS)

Atmospheric Daté

Across Data Centers
100-300 MiB/s

HPC CENTRE

- Compute Nodes (GPUs)
= AIFS ML Training (Anemoi)

A e //

‘ Parallel Filesystem
“ & o [(High-bandwidth staglng)
e

j

Al Training is an HPC job - Data needs to be collocated close to GPUs for Performance




earthkit
data

earthkit

geo

earthkit
hydro

The Earthkit Ecosystem

earthkit

opTo
[=]
@ earthkit @ earthkit
meteo utils
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earthkit
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https://ecmwf.github.io/earthkit-website/

How to adapt the data production

pipeline?

Production is often time-critical

s
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Let's Zoom In ...

400 TiB/day - ~ 100TiB / forecast
Earth System Product

 |FS 49r1
— 50 nodes / forecast x 51 forecasts = 2550 nodes
— Runtime: 1Th - 1Th20m

« Al Model - AIFS

— 1 GPU / forecast x 51 forecasts = 51 GPUs
— Runtime: Tm40s

s
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Challenge of
Throughput
- Velocity
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Asynchronous In-Memory Pipeline

O server & processing pipelines: github.com/ecmwf/multio
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Persistent Storage

Parallel
FS

HPC Transport Layer Aggregation, Data Encoding

vV Vv VYV

‘,‘. earthkit
. 7] workflows

In-Memory Post-processing

Compute Only

anemoi
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https://github.com/ecmwf/multio




Funded by

:,*,: the European Union Destil‘lation Eal'th implemented by ‘cECMWF @esa e EUMETSAT

& ECMWF

) === —————
N S
U ortorted

b b b b b b b
o b9 b b b b b

RESULT

B Terminal 1 X | A Healpix_ocean_example.ipyX | +

B+ XOTF » = C » Code v © &t #
171+ [ 4mpUn v Cul tinLtiun Ly —T———F—w
request = { .-..
"class": "d1", “_.::,...... ol
"dataset": "climate-dt", o2 ss
.
"activity": "scepariomip", v
' "experiment": "“ssp3-7.0",

"realization": "1",
"generation" : "1",
{ "model": "icen",
"resolution": "high",
"expver": "o@eol",

' "stream": "clte",
"date": "20251129",
"time": "Q000",
"type": "fc",
"levelist™ : "2",
"levtype": "o03d",
“param": "263501"

282 286 290 294
data = earthkit.data.from_source("polytope", "destination—| Temperature at 2 meters (Kelvin)

14°E 16°E 18°E 20°E 2°E 24°E

283 285 287 289 291 293 25

Examples: https://github.com/destination-earth-digital-twins/polytope-examples T T O



Forecast-in-a-Box: a Forecasting System on your Desk o+ ...
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New Paradigm:

Instead of shipping huge forecast data, we can

send the model instead

Give them the “box” that produces the data

anemol

Note: it is a virtual box, NOT hardware!
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@ Forecast-in-a-Box e B O A
Welcome back, Charlotte w
System Status Currently Running Available Models B  Total Forecasts Ar
@ All OK 2 8 of 12 1,247 -~ +12%
Operational Active forecasts Downloaded models Executed this month U I
A+ My Recent Models B Manage Models
H My Presets (© My Scheduled Forecasts
Getting started
Choose how to start your forecast job configuration
' ™
Recommended -‘\r @3 @
. Detailed Configuration .
Quick Start Standard Forecast _ By Geographic Area
. o ) ) Customize all parameters for o >
Start with optimized defaults and Balanced settings for typical advanced Use cases Choose your region first, then 5
run immediately weather forecasts configure settings Si
All Options Custom
AIFS Model 72h 5 Products Choose Model 120h Regional Map Select Region Focus
Advanced
L ”
Forecast Journal Q Search or add filters... All Running Completed Error Bookmarked
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Earthkit - Processing Workflows

Orchestration

Creation of a series of graphs from products specifications

Construction of meta computing graph and scheduling

run_model() plot() o Forecast-In-A-Box
retrieve_init() | postproc() a5
! ——

o 4 <
—([—A—9
o340 i

—18—aAa—90




Professional Grade Graphical Products
&5 ECMWEF ecCharts Service OQErICUS

Europe’s eyes on Earth

SSECMWF
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How to handle Al data

heterogeneity?

Data Curation and Provenance is critical

s
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Data Preparation Pipeline

ML Data Preparation is a particular case of Data Analytics

Observations O ggorth kit

Forecasts @ %aeggklt

515 | Des;;

&OV"SHI,,;M ao““‘ﬁ& .
.| Reanalysis @ ear%hklt
opEMICUs regri
loT earthkit

anemoi

N ——

Data Sources, Diverse Formats

O earthkit A very rich ecosystem of components
data



Data Governance & Curation

 ECMWEF invests multiple FTE's per year in ...
— Data Governance
— Standard compliance

« Participation in standardisation efforts...
— WMO formats (GRIB/BUFR) and protocols
— OGC standards and APIs

« Semantic Usage of Metadata
— A story for another day ... ©
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Key Messages
ECMWEF has 850 years expertise handling massive datasets (1.4 EiB),

serving users with 24/7 operational resilience
Anemoi + Earthkit,
Transforming vast amounts of Earth System data into Al datasets
Developed scalable Training & Inference Al stack
Collaboration with our Member States & Partners,
lead to successful breakthroughs in AI/ML 2> AIFS

Demonstrating that Europe leads in Earth System modelling
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