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 A B S T R A C T

The Destination Earth (DestinE) initiative of the European Commission applies digital twin technology to the 
Earth system, enabling bespoke, high-resolution simulations of extreme weather events and climate scenarios. 
At its core, DestinE features Digital Twins and a Digital Twin Engine — a software framework that connects 
computing, Earth system models, data, and applications. DestinE’s Digital Twins combine observations, physics-
based high-resolution simulations and emerging Artificial Intelligence (AI) methods, and leverage Europe’s most 
powerful supercomputers, through a strategic partnership with the European High Performance Computing 
Joint Undertaking (EuroHPC JU). DestinE enables tailored Earth system simulations to dynamically explore 
future weather and climate scenarios and to address ‘‘what-if’’ questions. It also establishes an operational 
framework for multi-decadal, multi-model climate projections, linking them to applications that transform vast 
climate data into actionable insights for climate sensitive sectors. By offering detailed, customized information 
on weather and climate extremes, DestinE enhances existing capabilities and supports both immediate and 
longer-term climate adaptation strategies.
3 Key points of the paper:

∙ Defines the Destination Earth digital twin concept
∙ Demonstrates the implementation of the world’s first two digital twin prototypes for two distinct purposes, 

anticipating weather-induced extremes and supporting climate change adaptation and mitigation
∙ Discusses the challenges of the first 2 years of Earth system digital twin technology capacity building, 

highlighting the future potential for supporting public institutions in their effort to respond and adapt to 
climate change and extreme events.
1. Introduction

Destination Earth (DestinE, https://destination-earth.eu/) is a Euro-
pean Commission (EC) initiative to develop a digital replica – or digital 
twin – of the Earth, improving Europe’s ability to respond and adapt to 
climate change and extreme events.

DestinE is implemented through a partnership between the Eu-
ropean Centre for Medium-Range Weather Forecasts (ECMWF), the 
European Space Agency (ESA), and the European Agency for Me-
teorological Satellites (EUMETSAT), led by EC’s Directorate-General 
for Communications Networks, Content and Technology (DG CNECT). 
Launched in 2022, DestinE has rapidly expanded into a major Euro-
pean effort, involving over 110 institutions from 26 countries. These 
include national meteorological and hydrological centres, climate in-
stitutes, universities and private-sector organizations, including small 
and medium-sized enterprises.

At the core of DestinE are two Earth system Digital Twins, imple-
mented by ECMWF together with many partners across Europe: one 
focused on Weather-Induced Extremes (Extremes DT) and the other on 
Climate Change Adaptation (Climate DT). These Digital Twins combine 
Earth system observations, physics-based high-resolution simulations 
and emerging Artificial Intelligence (AI) methods. They are powered by 
the Digital Twin Engine, a software infrastructure that enables dynamic 
simulations and interactive access to digital twin data.

DestinE’s Digital Twins aim at supporting authorities, at national 
or European level, to better prepare, respond and adapt to the chal-
lenges posed by extreme events and climate change. They complement 
existing capabilities, by providing a flexible cutting-edge Earth-system 
modelling infrastructure that:

(i) enables advanced ‘‘what-if’’ simulations to assess how extreme 
events may unfold and how climate system might evolve under differ-
ent plausible scenarios.

(ii) produces globally consistent Earth system and impact sector 
data, both regularly and on-demand, at kilometre-scale – where many 
extreme weather and climate-related impacts are observed – with high-
temporal frequency.

This world’s first large-scale effort to develop Earth system digital 
twin2 technology is enabled by a strategic partnership with the Euro-
pean High-Performance Computing Joint Undertaking (EuroHPC JU), 

2 Specific terms such as ‘digital twins’ are explained in more detail in the 
Glossary at https://destine.ecmwf.int/glossary/.
2

which provides access to world-class supercomputers. These include 
Europe’s first pre-exascale systems, LUMI (Finland), Leonardo (Italy), 
and MareNostrum 5 (Spain), as well as tier-1 facilities such as Meluxina 
(Luxembourg).

In its first two years, DestinE has developed its Digital Twins and 
linked their vast data flows into the wider DestinE system. It has 
demonstrated the ability to run cutting-edge Earth system simula-
tions on leading EuroHPC supercomputers and deliver high-resolution 
climate and near real-time extreme event information. This has estab-
lished a blueprint for an ecosystem of specialized knowledge and col-
laboration that fosters innovation. This approach is consistent with and 
has informed similar initiatives, including the European Commission’s 
emerging Artificial Intelligence (AI) factories.

The second phase of DestinE (2024–2026) focuses on ensuring 
reliable, high-quality data production with continuous updates. It also 
focuses on building trust in the provided information, which constitutes 
a key aspect of fit-for-purpose climate data (Dee et al., 2024) and is 
essential for the effective use of advanced weather and climate informa-
tion by public institutions to support climate adaptation and response to 
extreme events. DestinE is also expanding its capabilities by integrating 
Artificial Intelligence (AI) and Machine Learning (ML). These emerging 
technologies have the potential to significantly accelerate and enhance 
Earth system predictions, although they require high-quality input data 
and transparent methodologies to maintain trust (Pappenberger et al., 
2024; Eyring et al., 2024).

2. Building on a rich past

DestinE builds on decades of European investment in science, tech-
nology and supercomputing to advance weather and climate prediction. 
The digital twins build on advances in numerical weather prediction 
(Bauer et al., 2015) and climate modelling (e.g. Haarsma et al., 2016), 
combining physics-based high-resolution Earth system simulations with 
observational data and computer science techniques. They leverage ad-
vances in supercomputing, marked by the emergence of (pre-)exascale 
high-performance computing (HPC) systems. They also exploits break-
throughs in digital technologies, and more particularly the emergence 
of end-to-end workflows that incorporate HPC, cloud storage, AI/ML, to 
link Earth-system models to impact-sector applications in an advanced 
digital framework.

https://platform.destine.eu
https://platform.destine.eu
https://platform.destine.eu
https://platform.destine.eu
https://platform.destine.eu
https://platform.destine.eu
https://platform.destine.eu
https://platform.destine.eu
https://platform.destine.eu
https://platform.destine.eu
https://platform.destine.eu
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Accurate weather forecasts are increasingly important for limiting 
the devastating consequences of extreme events such as floods, hurri-
canes or wind-storms. The United Nations (UN)’ initiative ‘Early Warn-
ings for All’,3 launched in 2022, and endorsed by 193 member states4 
of the World Meteorological Organization (WMO), underscores the ur-
gency of improving prediction capabilities for flash-floods, drought/dry 
spells, riverine floods, tropical cyclones, thunderstorms/squall lines, 
and heat waves in a changing climate. DestinE contributes to this global 
effort through its Digital Twins, which enhance the ability to predict 
extreme events and assess how they may unfold in a changing climate.

Advances in Earth system modelling – in particular in the coupling 
between the atmosphere, land, ocean, sea-ice and waves– have also 
improved the ability to predict environmental changes from global to 
regional scales over longer timescales, from subseasonal to centuries 
ahead. This has brought the fields of weather and climate science closer 
together (Randall and Emanuel, 2024). However, further improvements 
are needed to better capture complex feedback processes, such as the 
interactions between the carbon and hydrological cycles with human 
activities (e.g. Agustí-Panareda et al., 2019; Schaeffer et al., 2024). Des-
tinE offers an opportunity to further advance Earth system modelling 
capabilities at the fine scales at which these complex feedbacks take 
place. It also offers capabilities to exploit and fuse climate information 
with the wealth of existing knowledge on human and socio-economic 
impacts to drive adaptation policy.

These advances in Earth system prediction systems are enabled by 
recent breakthroughs in supercomputing technology (Schulthess et al., 
2019; Bauer et al., 2021a), combined with Europe’s substantial invest-
ments in world-leading HPC infrastructure and in adapting weather 
and climate models and their underpinning software engine to these 
emerging supercomputing architectures. DestinE builds on these efforts, 
further advancing Earth system modelling capabilities (Bauer et al., 
2021b; Wedi et al., 2022; Hoffmann et al., 2023), and thereby aligning 
with WMO scientific advisory panel’5 recommendations.

DestinE also builds on the European Commission funded Copernicus 
Services,6 which provide atmospheric composition, marine, land and 
climate monitoring, and support emergency management. For example, 
the Copernicus Climate Change Service (Buontempo et al., 2022) pro-
vides state-of-the-art re-analyses (Hersbach and co authors, 2020), that 
integrate past and real-time Earth observations with numerical predic-
tion techniques to create a consistent historical reconstruction of the 
Earth system state, allowing to monitor the past and recent evolution 
of the climate. DestinE complements these existing capabilities through 
its Climate DT,7 which provides multi-decadal climate projections, both 
in a regular, sustained, mode and on demand, at unprecedented global 
spatial (∼5 km) and temporal (hourly) resolutions.

Finally, DestinE builds on decades of progress in climate science 
and its contributions to intergovernmental policy on climate change 
(Jones et al., 2024; IPCC, 2021, 2023)8. It uses forcing scenarios 
defined in the Coupled Model Intercomparison Project (CMIP9) and 
exploits the CMIP global climate simulations to assess uncertainties in 
the Climate DT multi-decadal simulations. The Coordinated Regional 
Climate Downscaling Experiment (CORDEX10) is a framework of the 
World Climate Research Programme (WCRP) aiming to produce re-
gional climate projections for all major inhabited areas of the world. 
This contributes to advancing the science of downscaling and deriving 

3 https://www.un.org/en/climatechange/early-warnings-for-all.
4 https://wmo.int/about-wmo/wmo-members
5 https://community.wmo.int/en/activity-areas/scientific-advisory-panel
6 https://www.copernicus.eu/
7 https://destine.ecmwf.int/climate-change-adaptation-digital-twin-

climate-dt/
8 https://www.ipcc.ch/
9 https://wcrp-cmip.org/
10 https://cordex.org/
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climate information at the regional level. However, outstanding chal-
lenges remain in translating emerging hazards to risks and to climate 
action (Collins et al., 2024).

By delivering globally consistent high-resolution climate projec-
tions, DestinE aims to support public institutions to develop effec-
tive adaptation and mitigation policies from local, to regional and 
global scales. It thereby aims to support efforts to respond and adapt 
to climate change, targeting specific policy relevance (cf. Boehmer-
Christiansen, 1994) and more directly regulatory, technological or 
behavioural change at the regional level.

DestinE also aims to address limitations in existing approaches 
(Stevens et al., 2019; Stevens, 2024a; Stevens et al., 2024b; Jones 
et al., 2024; Hohenegger et al., 2020; Hohenegger and co authors, 
2023; Jakob et al., 2023), by creating for the first time a framework 
that allows to produce climate projections, both regularly and on-
demand to address ‘what-if’ questions, such as : ‘How would a recent 
extreme event would unfold in a world that is 2 degrees warmer?’ 
This allows to make climate change more tangible and create storylines 
(Shepherd et al., 2018; Sánchez-Benítez et al., 2022), while delivering 
globally consistent information on weather extremes in a changing 
climate. The increased frequency of DestinE simulations introduces new 
requirements, including faster generation of climate forcings, improved 
accessibility and validation of these essential datasets. At the same 
time, DestinE can serve as a testbed for evaluating novel scenario 
forcing datasets, advancing climate modelling techniques.

3. What defines earth system digital twin technology

A key goal of DestinE’s Earth system Digital Twin technology is to 
support the digital transformation of society, enabling countries, mete-
orological services, businesses and individuals to better understand and 
respond to climate change (Wedi et al., 2022; Hoffmann et al., 2023). 
By collaborating with national services and leveraging investments in 
European supercomputing, DestinE enhances institutional and techno-
logical readiness, ensuring a shared understanding of the necessary 
domain-specific tasks.

The implementation of Earth System Digital Twins – from launch 
and execution to data production, monitoring, quality control and 
translation of outputs into sector-specific information – is complex 
and requires specialized expertise from multiple disciplines. Following 
common practice in other disciplines, Earth system digital twins are 
realized by bringing together a broad range of expertise that develops 
and continuously evolves the digital twin, defines, prepares, detects, 
triggers simulations and responds to specific scientific or technological 
user needs as required. For example, an open question is estimating 
how past policy decisions will shape the future evolution of the cli-
mate. The effectiveness of all these elements, e.g. fast-tracking the 
simulation of specific ‘‘what-if’’ scenarios, with quality and uncertainty 
assessments, defines the success of digital twin technology.

These elements are essential to implementing complex Earth sys-
tem digital twins, requiring advanced interdisciplinary expertise, HPC 
resources and big data infrastructure to ensure seamless data access 
and interoperability. Other simulations also apply digital twin concepts, 
focusing on specific Earth system processes or local impacts. These 
can be considered as extensions of the broader Earth system digital 
twin framework and may interact with it through data exchange, either 
weakly or strongly. While they typically do not require extensive HPC 
resources for their application, they may depend on HPC during their 
development, such as for AI/ML training.

The information system set up in DestinE is composed of several 
innovative elements: the first two digital twins and the Digital Twin 
Engine; the Data Lake; and the DestinE Service Platform (Fig.  1).

DestinE’s digital twins simulate different aspects of the Earth sys-
tem. The initial high-priority digital twins on weather-induced extremes 
and climate change adaptation currently use cutting-edge physics-based 

https://www.un.org/en/climatechange/early-warnings-for-all
https://wmo.int/about-wmo/wmo-members
https://community.wmo.int/en/activity-areas/scientific-advisory-panel
https://www.copernicus.eu/
https://destine.ecmwf.int/climate-change-adaptation-digital-twin-climate-dt/
https://destine.ecmwf.int/climate-change-adaptation-digital-twin-climate-dt/
https://www.ipcc.ch/
https://wcrp-cmip.org/
https://cordex.org/
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Fig. 1. Key elements of the DestinE system, funded by the EU and implemented by ECMWF (digital twins and Digital Twin Engine), EUMETSAT (Data Lake) and ESA (Core Service 
Platform).
models to simulate the Earth system behaviour ∼5 km/10 km grid-
spacing. The high-frequency coupling of the Earth system model com-
ponents allows to capture diurnal cycles over land, ocean, and sea ice. 
The models also include representations of waves, lakes, and cities. The 
digital twin simulations are currently initialized using operational (re-
)analyses produced by ECMWF and national meteorological services, 
by blending a wide range of Earth system observational data sets with 
numerical models through data assimilation techniques to derive the 
best possible reconstruction of the atmospheric, land, ocean and sea-ice 
states. The past and future evolution of greenhouse gases and aerosols 
in the Climate DT simulations is defined using forcings derived in the 
framework of CMIP. A comprehensive set of observational data sets 
is also used to assess the quality of the digital twin simulations over 
historical periods.

The Extremes DT consists of a global component developed by 
ECMWF and a higher-resolution, regional on-demand component led by 
Météo-France, in collaboration with 32 institutions from 26 countries, 
including many European national meteorological services (NMS).

The Climate DT is developed by a partnership led by the Finnish IT 
Centre for Science Ltd. (CSC), currently involving 12 leading climate 
institutions, supercomputing centres, national meteorological services, 
academia and industrial partners, in close collaboration with ECMWF.

Compendia of the digital twins that describe their current and 
evolving setups and an up-to-date list of the available simulations from 
Destination Earth are regularly maintained at Destination Earth Climate 
D.T. (2025), Destination Earth Extremes D.T. (2025). The first Des-
tinE digital twin implementations are based on existing global models 
and regional models; namely ICON, IFS-NEMO and IFS-FESOM2, and 
Arome, Harmonie-Arome and Alaro, respectively; some of which are 
used for operational predictions from days to seasons ahead.

ICON (Zängl et al., 2015; Korn, 2017; Giorgetta et al., 2018) is the 
ICOsahedral Non-hydrostatic model developed by the German Mete-
orological Service (DWD), the Max Planck Institute for Meteorology 
(MPI-M), the German Climate Computing Centre (DKRZ), the Karlsruhe 
Institute of Technology (KIT), and the Center for Climate Systems Mod-
eling (C2SM); IFS-NEMO is ECMWF’s Integrated Forecasting System 
(IFS11) atmospheric/land model coupled to the latest release of the 

11 https://www.ecmwf.int/en/publications/ifs-documentation
4

NEMO ocean model (Madec and Nemo team, 2016) implemented by 
BSC in collaboration with ECMWF; and IFS-FESOM2 is the IFS coupled 
to the Alfred Wegener Institute’s Finite-VolumE Sea ice–Ocean Model 
(Koldunov et al., 2019; Rackow et al., 2025 and references therein). 
These three models are used for the Climate DT, and IFS-NEMO is 
used for the global Extremes DT. The Extremes DT regional component 
builds on the ACCORD12 system and can be configured (e.g. for regions, 
event types) to zoom in on selected extreme events over Europe.

In DestinE, the global models are run at resolutions ranging between 
4.4 and 10 km for the different components (atmosphere, land, ocean, 
wave and sea ice), building on pioneering collaborative efforts to 
adapt them to these resolutions in several Horizon Europe projects 
(nextGEMS,13 EERIE14) and national projects (WarmWorld in Germany, 
Gloria in Spain). Additional regional models are run for extreme events 
occurring over Europe at 500–750 m resolution. The Extremes DT sim-
ulations focus on a timescale of a few days ahead, while the Climate DT 
focuses on multi-decadal simulations covering past and future periods 
(1990–2040).

In addition, DestinE explores interoperability with national digital 
twin initiatives also operating on EuroHPC platforms. An initial focus in 
the Glori4DE15 project is on data handling and workflow management 
to leverage global and regional simulation data & observations, and 
on defining a blueprint for connecting with systems routinely oper-
ated by National Hydro-Meteorological Services (NHMS). The focus 
of Glori4DE is on the Mediterranean and Alpine regions, exploring 
the impact of different initial and boundary conditions for simulating 
extreme event impacts.

The Digital Twin Engine provides the software infrastructure to 
integrate Earth system digital twins within the DestinE system, en-
abling extreme-scale simulations, data handling, and ML training and 
inference. It provides a unified approach to orchestrate Earth system 
digital twins and allows users to interact with their data in novel 
ways, improving both communication and policy-relevant translation. 

12 https://www.umr-cnrm.fr/accord/
13 https://nextgems-h2020.eu/
14 https://eerie-project.eu/
15 https://leonardo-supercomputer.cineca.eu/glori4de/
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For example, it enables the direct extraction of selected hypercubes of 
data – such as along a flight path, at a specific point, or over a country 
– facilitating the targeted use of the vast data volumes generated by the 
digital twins.

The Data Lake, implemented by EUMETSAT, incorporates different 
data locations and provides users with technically harmonized access to 
different datasets. Its three main pillars are: harmonization of diverse 
data access, facilitation of access to the digital twins’ data outputs 
and other existing datasets, and big data and near-data processing. 
Digital Twin data is hosted on infrastructure (data bridges), part of 
the Data Lake, located near the selected EuroHPC and jointly operated 
by EUMETSAT and ECMWF, interconnecting the Digital Twin Engine 
services and the wider harmonized data access.

The Destination Earth Service Platform, implemented by ESA, is an 
entry point to the DestinE ecosystem, addressed to a diverse community 
of users, providing access to applications, tools and services supporting 
DestinE data exploitation.

Since the start of the initiative, substantial efforts have been de-
voted to building these elements, defining their interfaces, and ensur-
ing seamless integration. This paper focuses primarily on the digital 
twin technology concept, while other system components are described 
elsewhere and are available via the provided links.

4. What has been achieved?

4.1. Digital Twin Engine

The Digital Twin Engine (DTE) encompasses the workflows that run 
the digital twins and the software services that deliver, allow access 
to and handle the digital twin data, as well as notifications regarding 
its availability, in a decentralized, distributed computing/data environ-
ment. A major achievement since the beginning of DestinE consisted in 
designing, deploying and prototyping the Digital Twin Engine elements, 
for routinely performing km- and sub-km-scale global and regional 
weather and climate simulations on the EuroHPC systems and handling 
their vast data sets. Procedures have been devised for research-to-
operations transition to the diverse and externally managed EuroHPC 
supercomputers. The DTE functions derive from the wider concept of 
the ECMWF Software Engine (ESEE) and its deployments are instances 
thereof.

Fig.  2 shows the actual implementation of these elements in the 
DestinE production cycle, which includes flexible and dynamic data 
processing pipelines that write output to a semantically addressable 
object storage (Smart et al., 2019). The innovative methods used for 
managing the ‘‘deluge of data’’ – up to 1 Petabyte per day – have 
been described in more detail in Geenen et al. (2024), Leuridan et al. 
(2023, 2024), Sarmany et al. (2024), Wedi et al. (2020, 2022). These 
approaches are changing the view of data provision towards data as 
a stream. They provide for example tailored notifications regarding 
data production and access during production, allowing impact sector 
applications to run in parallel with the Earth system simulations. They 
also enable users to tailor digital twin outputs or make their own fine-
grained collections of data (selected area or point), specific to their 
application, without the need to handle files or global fields.

A data management system adhering to international standards has 
been established to ensure interoperability and to enable continuous 
adaptation of the Digital Twins data to the evolving user needs and de-
centralized information sources. Data governance follows international 
WMO standards and WMO Information System 2.0 (WIS216) access 
patterns, and includes a monitoring framework that contains a series 
of checks ensuring quality control. The object storage – which contains 
model output that is consistent across different components, such as 

16 https://community.wmo.int/en/activity-areas/wis/wis2-implementation
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atmosphere and ocean – facilitates fast semantic data access, hierarchi-
cal and sub-selected access (using HealPix, native octahedral Gaussian 
grid and more traditional latitude–longitude representations) of the 
global data. The digital twin data representation follows FAIR (findable, 
accessible, interoperable, and reusable data) principles and is aligned 
with the data representation of the future next generation Copernicus 
reanalysis ERA6 to be produced in 2026. Data transformations are built 
into the system to align the climate research community and the 193 
WMO member states represented through the well established WMO 
Integrated Processing and Prediction System (WIPPS17) distribution 
system. This enables synergies between weather and climate modelling, 
at both regional and global scales, while also supporting regional 
modelling worldwide and enhancing equity.

An example of an innovative approach to managing Big Data within 
the Digital Twin Engine is the Polytope service. Polytope18 supports 
novel advanced feature extraction from hypercubes of digital twin data, 
reducing the access time to sub-selected data (e.g., extracting data in a 
point, over a country or region), and ensuring interoperability with an 
increasing number of python-based data access ecosystems (Leuridan 
et al., 2023, 2024; Pangeo19). For example, the Polytope service is used 
within the DestinE system by the harmonized data access (HDA20) and 
other DestinE platform services.

Another innovation of the Digital Twin Engine is the streaming of 
Earth system data to sector-specific applications embedded within the 
digital twins workflow, enabling dynamic data tailoring to user needs. 
The latter still needs to mature as it necessitates a shift of responsibility 
regarding the data collection and accumulation to the sector-specific 
applications.

All these developments represent investments in translation layers 
and the two-way communication anticipated for digital twins (Fiedler 
et al., 2021). Initial developments in visualizing digital twin data aim 
to enhance decision support by improving communication and under-
standing of complex Earth system interactions. This could potentially 
influence public opinion and drive behavioural change, e.g. the visual 
representation of the future day-to-day dependency of a given region on 
wind and solar energy as a function of weather-induced dependencies, 
supply and demand (as the latter can be influenced by changing human 
patterns in daily routines). The focus is on accessibility, education, 
and exploring innovative AR/VR techniques for visualizing both funda-
mental and applied knowledge. The initial implementation illustrated 
the actual flow and needs for European energy redistribution due to 
weather-related uncertainties in the supply of renewable energy in both 
near-real time and future scenarios.

Another key focus of the Digital Twin Engine is optimizing the 
complex digital twin simulations for efficient execution on diverse pre-
exascale EuroHPC platforms with varying CPU and GPU hardware. The 
models employ a large-scale domain decomposition approach (MPI) 
for parallelization, combined with support for OpenMP threading to 
further parallelize computational regions within an MPI task on CPUs, 
and GPU offloading using OpenACC and some CUDA/HIP kernels as 
well as optimized GPU libraries such as cuFFT and cuBLAS. OpenMP 
offload support as an optional alternative to OpenACC directives for 
improved flexibility is also under development. Beyond the specific 
implementation details listed before, the Destination Earth initiative 
has helped to accelerate the reorganization of workflows and supported 
the adaptation of Digital Twin model codes to the EuroHPC CPU–
GPU architectures, benefitting the ICON, FESOM, NEMO, IFS and the 
ACCORD consortium models. Despite specific challenges encountered 
when adapting these complex, coupled Earth system models to the 
EuroHPC platforms, performing multi-decadal climate simulations at 

17 https://community.wmo.int/en/wipps-web-portal
18 https://platform.destine.eu/services/service/polytope/
19 https://www.pangeo.io/
20 https://platform.destine.eu/services/service/hda/
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Fig. 2. Components of the Digital Twin Engine (DTE), spanning multiple infrastructure components of Destination Earth: the digital twins operating on the high-performance 
computing facility (HPC), the data warehouse embedded within data bridges of the Data Lake (DEDL), and DTE software clients being deployed within the DEDL and the 
service platform (DESP) services. Atlas is ECMWF’s data structure library; Plume stands for model plugin architecture; MultiIO stands for multiplexing IO-server and on-the-fly 
post-processing; and the simulated fields database (FDB) is a key–value object storage with semantic data access (e.g. a request of temperature over Europe rather than a file). 
Data assimilation products and observations are provided from ECMWF and other sources, while the observation store indicates observational constraints and online verification 
of digital twins.
km-scales on the emerging pre-exascale facilities constituted an im-
portant breakthrough. For example, the ICON simulations leveraged 
LUMI’s hybrid architecture, running ICON’s atmosphere component en-
tirely on the AMD GPUs. ML/AI training used the GPUs on the Leonardo 
Booster, while the IFS-NEMO and IFS-FESOM models at 5–10 km 
resolution exploited the available CPU clusters LUMI-C and MN5 GPP, 
respectively. This demonstrates how DestinE directly contributes to 
digitalization and optimizes the use of available infrastructures.

4.2. Digital Twins

A key milestone was the development of two digital twins – inte-
grating multiple Earth system and impact models – and the deployment 
of their complex workflows – including production pipelines – on the 
EuroHPC supercomputers.

The Climate DT brings an additional capability compared to current 
climate modelling activities by: (i) being designed to operationally pro-
duce updated, quality-controlled climate information routinely (yearly 
or more frequently) to fast-track and complement CMIP activities; (ii) 
providing a framework for bespoke, on-demand climate simulations, 
tailored to user needs in terms of output variables and simulation 
design and (iii) providing globally consistent data at higher spatial 
(5–10 km) and temporal (hourly) resolution. More specific information 
on the Climate DT can be found in Doblas-Reyes,  (2025).

A major achievement of the Climate DT was performing for the first 
time ever global multi-decadal climate projections at 5 km resolution 
with three models on EuroHPC. The multi-decadal Climate DT simula-
tions cover the recent past (from 1990) and possible future evolutions 
of the climate up to 2040.21 Another key innovation of the Climate 

21 https://destine.ecmwf.int/climate-change-adaptation-digital-twin-
climate-dt/
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DT is the routine production of storyline simulations using IFS-FESOM. 
This framework was used to generate a first set of global, kilometre-
scale storylines of recent extreme weather events – from 2017 to 
today – illustrating climate change effects and informing adaptation 
strategies. The simulations reconstruct recent extreme events, such 
as heatwaves, floods, and droughts under various climate conditions 
(e.g. pre-industrial, present-day, a +2 ◦C and +3 ◦C world). This is 
achieved by nudging the atmospheric circulation in IFS-FESOM, for the 
different climate conditions (John et al., 2024; Athanase et al., 2024), 
to the ERA5 reanalysis data produced by ECWMF in the frame of the 
Copernicus Climate Change Service (Hersbach and co authors, 2020). 
Processes on smaller scales and thermodynamic processes are free to 
evolve, which allows for example to study how a recently experienced 
heat wave would change in a warmer world (Fig.  3). Storyline simu-
lations will be updated regularly to include most recent months, and 
small ensemble of simulations will be performed for certain extreme 
events to provide uncertainty quantification. These simulations comple-
ment the ongoing operationalization of climate attribution in the Coper-
nicus Climate Change Service and represent another key application 
area with similar requirements and methodologies (Perkins-Kirkpatrick 
et al., 2024).

Addressing climate change requires multiple methodologies (Balaji 
et al., 2022). DestinE complements existing knowledge, while
contextualizing local and regional changes. While DestinE can po-
tentially capture early warning signs of major changes in ocean and 
atmospheric circulations, the full cycle of the Atlantic Meridional Over-
turning Circulation (AMOC) spans ∼1000 years. As a result, simulating 
paleo-climate perspectives to predict ‘‘tipping points’’ is beyond DestinE 
scope. However, assessing these tipping points in what-if scenarios and 
exploring possible adaptation scenarios to such tipping points remains 
within scope.

https://destine.ecmwf.int/climate-change-adaptation-digital-twin-climate-dt/
https://destine.ecmwf.int/climate-change-adaptation-digital-twin-climate-dt/
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Fig. 3. The figure shows (a) the European heatwave of 25 July 2019 and (b) the additional warming in a +2 ◦C warmer world compared to present conditions. The results 
are based on kilometre-scale storyline simulations in which the large-scale atmospheric flow is nudged to ERA5, performed with IFS-FESOM (at 9 km in the atmosphere and 
approximately 5 km in the ocean) on LUMI.
Fig. 4. Mean sea level pressure field of TC Beryl in the ECMWF Control-ENS (blue) and DestinE (red) in the left plot of the panel. The black hourglass indicates the location of 
the TC centre at the same valid time. The shaded plot on the right of the panel shows the 10 m wind speed in the ECMWF Control-ENS (left) and DestinE (right). The forecast is 
initialized on 30 June 2024 at 00 UTC, valid on 1 July 2024 at 15 UTC (forecast at T+39 h).
The Extremes DT22 builds a capability to simulate extreme weather 
events and their impacts up to four days ahead, complementing exist-
ing capabilities, to support national authorities in their mandates to 
respond and adapt to the consequences of extreme events.

A key achievement consisted in producing regular global 4-days 
simulations at 4.4 km and regional 2-days simulations for extreme 
events emerging over Europe at 500 to 750 m. Another milestone 
consisted in conducting the first comprehensive assessment of near 
real-time global forecasts, initialized daily for nearly a year, at these 
km-scale resolutions, (Vanniere et al., 2024, Gascon Salvador et al., 
2024). Initial assessments showed that the component of the Extremes 
DT did not consistently outperform ECMWF operational forecasts ‘out 
of the box’, in terms of large-scale skill scores. However, significant 

22 https://destine.ecmwf.int/weather-induced-extremes-digital-twin/
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progress has been made in reducing forecast errors, particularly for 
the prediction of certain types of extreme events (Fig.  4). The global 
Extremes DT consistently improved forecasts of tropical cyclones and 
medicanes compared to routine ECMWF forecast products. Intense 
orographic precipitation was also improved, benefiting from the steeper 
slopes of the resolved orography and a larger orographic uplift, consis-
tent with past experience from operational regional weather prediction 
systems . For the regional component, the representation of wind 
gusts and convective precipitation was often improved when simulating 
explicitly the sub-km scales, thus contributing to the improvement in 
assessment and skill on WMO’s Early Warnings For All (EW4All) prior-
ity events. Fig.  5 illustrates a simulation with the regional component 
of the Extremes DT, incorporating energy sector models, that predicted 
well the drop in energy production from a wind farm off the coast of 
Belgium during Storm Eunice in February 2022.

By using the same models, and resolutions, as the Extremes DT, the 
Climate DT simulates not only the evolution of the climate state, but 

https://destine.ecmwf.int/weather-induced-extremes-digital-twin/
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Fig. 5. End-to-end demonstration of the Extremes DT. A detection mechanism is used to detect various types of hazards based on ECMWF ensemble forecast (ENS). In the case 
of storm Eunice on 18 February 2022, the detection of a strong probability of 10 m wind gust hazard, led to the configuration and activation of a regional simulation at 750 m 
resolution, off the coast of Belgium, that used the global Extremes DT simulations as lateral boundary conditions. The high-frequency wind was used by a wind farm application 
that successfully predicted a drop in energy production due to the shutdown of wind farms two days in advance.
also the weather in a future climate, including some of its extreme man-
ifestations. It can for example represent convectively driven extreme 
events, which existing global climate models often insufficiently cap-
ture due to resolution limitations and systematic structural biases (Fras-
soni et al., 2023). An enhanced representation of the land-atmosphere 
feedbacks and coupling frequency is another important novelty of the 
DestinE models. For example, the DestinE models continuously improve 
the land mapping data to reduce errors in land-atmosphere feedbacks 
(Rackow et al., 2025). Notably, new geographically diverse heteroge-
neous high-resolution mapping data can be fed into DestinE models, 
without averaging a-priori to coarse resolutions. There are increasing 
efforts on urban modelling (Nazarian et al., 2024) that specifically 
make the case for globally available km-scale data such as provided 
by DestinE. One of the DestinE use cases indeed explored digital twin 
data in forcing urban simulations, notwithstanding the outstanding 
challenges of representing weather phenomena at hectometric scales 
(Lean et al., 2024). Furthermore, the high time frequency coupling be-
tween the different earth system components translates into a realistic 
representation of the diurnal cycle over land, ocean and sea-ice.

DestinE will seek the most cost-effective approaches to constrain un-
certainty. This will include AI-driven simulations (e.g. AI-based ensem-
ble information generation is substantially cheaper than high-resolution 
physical model-based ensembles; AI-based simulations can also remove 
model bias), other multi-model data, or physics-based ensembles. AI 
supported observational constraints, which imply the application of dif-
ferent weights to individual model realizations based on an assessment 
of the simulation quality with respect to observational data, could also 
be used. These approaches may be combined with simulation data to 
further sample and constrain climate uncertainty, cf. O’Reilly et al. 
(2024). Another future step is to explore qualifiers of uncertainty for 
a given DestinE dataset and for a given target application.

From the outset, DestinE digital twins have targeted the support 
of decision-making in a variety of impact sectors by piloting several 
use cases (Hoffmann et al., 2023). These included air quality manage-
ment, flood risk management, climate change adaptation (urban heat, 
flood risk, forestry), renewable energy management (on- and offshore 
wind energy, energy systems planning), water management and natural 
resource management and risks (https://destine.ecmwf.int). The aim 
was to ensure that from the early development phases technical and 
scientific developments are co-designed with selected impact sectors, 
accounting for their needs and creating user stories. This process al-
lowed to establish a dialogue and capture requirements of selected 
sectors, but it is acknowledged that more effort is required to build 
robust interfaces to policy in future.
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Each of these cases employed one or more impact sector models or 
indices – such as hydrologic models, energy system models, wildfire 
risk assessments – driven by DestinE digital twin data. For example, 
as part of an energy system use case, the German Aerospace Center 
(DLR) developed a representative energy system simulation workflow 
based on their REMix23 model. The team demonstrated that the choice 
of climate datasets significantly affects resource adequacy assessments 
(Fig.  6), underscoring the need for the DestinE developments. This also 
highlights how DestinE can complement policy interfaces, such as those 
intended with the Copernicus Energy Hub.24

5. Computational cost

Balancing computing costs and resource efficiency on digital twin 
development has to balance the expected outcomes and the return on 
the investment for routinely conducting bespoke simulations. So far, 
∼90 years of high-resolution climate DT simulations were performed 
(e.g. covering 1990–2040, with historical and scenario forcings, using 
3 different models), using only a small fraction of the total EuroHPC 
resources. The DestinE allocation constituted nominally 2.5% of each 
of the pre-exascale systems, i.e. LUMI, Leonardo, and MareNostrum 5. 
In phase 1 of DestinE these HPC systems were all newly installed with 
quite some variability in their availability and the bulk of the DestinE 
simulations were performed on LUMI. Although computing resources 
were granted without any guarantees on availability, DestinE worked 
closely with each site to perform and optimize the simulations. At 
LUMI, a two-month peak access period was also allocated to ensure 
the timely delivery of the first multi-decadal climate projections ahead 
of DestinE’s official launch in June 2024.

DestinE registered over 300 scientists on EuroHPC machines. Table 
1 states the total computing resources consumed by DestinE on Eu-
roHPC in 2024 on LUMI, MareNostrum 5, Leonardo and on MeluXina.

A 30-year simulation performed on LUMI consumed on average, per 
model, 70 Million CPU core-h or 1.4 Million GPU h, respectively. This 
produced in fact a negative CO2 balance, given that LUMI consumes 
100% renewable energy and uses its surplus heat for providing heating 
to the nearby town.

While this is a significant computing resource, it remains a relatively 
small investment given the scale of the task. However, it demonstrates 
the potential for substantially reducing uncertainty in future climate 

23 https://www.dlr.de/en/ve/research-and-transfer/research-infrastructure/
modelling-tools/remix
24 https://energy.hub.copernicus.eu/
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Fig. 6. Energy not served (the energy not supplied due to insufficient capacity resources to meet the demand) from 1985–2015 in per cent of the annual demand for Germany 
under the National Estimates 2030 scenario and given for three different meteorological datasets.
Table 1
Computing resources consumed by DestinE on Eu-
roHPC in 2024.
 GPU h CPU h  
 LUMI 3,624,193 48,005,975 
 MareNostrum 5 9,158 55,000,000 
 Leonardo 5,707,210 16,714,544 
 MeluXina 10,289  

projections if an entire system the size of LUMI were dedicated to this 
effort. Notably, several such installations, including the first exascale 
platform in Europe, Jupiter, are becoming available in Europe in 2025. 
In comparison, the past European contribution to CMIP6 is the equiv-
alent of 1131 million CPU (useful) core-hours (Acosta et al., 2024), 
conducted entirely on 14 different national supercomputers.

6. Outlook & conclusion

In its first phase, DestinE established the digital twin and digital 
twin engine capabilities. It demonstrated them by performing the first 
digital twin simulations at scale on selected EuroHPC platforms and by 
making the data accessible within a production environment via the 
DestinE platform.25 In its second phase, DestinE further evolves and 
operationalizes digital twin technology. It also significantly expands the 
AI capabilities, exploiting recent advances in AI/ML for both weather 
and climate timescales (e.g. Kochkov et al., 2024; Lang et al., 2024). 
Notably, DestinE will exploit the global high resolution digital twins 
datasets to train and refine the next generation of AI based models, 
advancing towards an European Earth system AI based model. AI based 
models are expected to enhance uncertainty quantification in digital 
twin simulations, at a fraction of the cost of traditional methods, lever-
aging HPC-compatible technologies. Moreover, AI models can recreate 
information at a fraction of the original computational cost, reducing 
data storage requirements. For example, providing the weights and the 
corresponding AI model instead of storing and making accessible all 
fields from a simulation constitutes a different load on the network 
when many users want to access relevant information in a geographi-
cally distributed environment. Moreover, AI opens potential pathways 
for augmenting and fusing the mix of weather, climate and non-weather 
related information. The key next steps consist in operationalizing the 
digital twins and building trust in the information provided, partic-
ularly for public institutions. This includes expanding knowledge on 
how to effectively use DestinE data, developing tailored interfaces for 
user communities and use cases that integrate DestinE data with other 
relevant information, and advancing expertise in AI model applications. 
DestinE has influenced parallel digital twin developments in other 

25 https://platform.destine.eu/
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domains (e.g. biodiversity, oceans, geophysical extremes), and aims 
to enhance information exchange through interoperable interfaces for 
simulations and data beyond weather and climate.

To better define ‘‘what-if’’ scenarios, simulation protocols are fur-
ther explored, with a focus on incorporating feedback and updates 
from stakeholders. Similarly, the triggering and detection frameworks 
for on-demand Extremes digital twin simulations are being refined 
to minimize the time-consuming production phases and streamline 
support for public institutions in identifying potential extremes and 
their impacts early on.

The use of fast-tracked climate projections, machine learning and 
digital twin concepts has gained substantial traction beyond Europe 
(e.g. Mariotti et al., 2024). The strategic shift towards fast-tracked, 
sustained production of climate projections is also gaining traction 
within the climate services community. This is driven in part by na-
tional weather services adapting their offerings to a changing climate 
and an evolving digital landscape (WMO, 2021). Additionally, the use 
of storylines, discussions on the trade-offs between increasing model 
complexity, ensemble size and spatial resolution, and a structured dia-
logue between Earth system modellers and impact sector applications 
have already reduced the gap between science and policy relevance. 
DestinE strengthens European capabilities in these areas, by estab-
lishing tailored simulation and data distribution pathways, enhancing 
interoperability and data exchange.

DestinE’s long-term efforts to explore novel modelling and program-
ming paradigms – executed on some of the world’s most performant 
computing platforms – aim to provide immediate, accessible and un-
derstandable information beyond the traditional domains. This is a 
key step towards accelerating progress in ‘‘fit-for-purpose’’ climate 
modelling for the benefit of society. However, efforts will increasingly 
focus on tailoring DestinE information to specific impact assessments, 
such as water availability and quality, food and energy supply, and 
supporting national authorities in exploiting the DestinE capabilities in 
their roles to protect lives and assets from extreme events and climate 
change.

CRediT authorship contribution statement

Nils Wedi: Writing – review & editing, Writing – original draft, Su-
pervision, Software, Funding acquisition, Data curation, Conceptualiza-
tion. Irina Sandu: Writing – review & editing, Validation, Supervision, 
Resources, Project administration, Investigation, Funding acquisition, 
Data curation, Conceptualization. Peter Bauer: Writing – review & 
editing, Funding acquisition, Conceptualization. Mario Acosta: Su-
pervision, Software, Data curation. Rune Carbuhn Andersen: Super-
vision, Resources. Ulf Andrae: Supervision, Software, Investigation, 
Data curation. Ludovic Auger: Supervision, Software. Gianpaolo Bal-
samo: Supervision, Software, Resources, Conceptualization. Vasileios 
Baousis: Writing – review & editing, Software, Methodology. Victoria 
Bennett: Writing – review & editing, Supervision, Resources. Andrew 

https://platform.destine.eu/


N. Wedi, I. Sandu, P. Bauer et al. Journal of the European Meteorological Society 3 (2025) 100015
Bennett: Supervision, Software. Carlo Buontempo: Writing – review 
& editing, Conceptualization. Pierre-Antoine Bretonnière: Valida-
tion, Software, Investigation, Data curation. René Capell: Validation, 
Software, Methodology. Miguel Castrillo: Supervision, Software, In-
vestigation, Conceptualization. Matthew Chantry: Supervision, Soft-
ware, Methodology, Investigation. Matthieu Chevallier: Visualization, 
Validation, Supervision. Ricardo Correa: Software, Conceptualiza-
tion. Paolo Davini: Visualization, Validation, Software. Leif Denby: 
Software. Francisco Doblas-Reyes: Supervision, Resources, Conceptu-
alization. Peter Dueben: Writing – review & editing, Supervision, Re-
sources, Conceptualization. Claude Fischer: Resources, Project admin-
istration, Funding acquisition. Claudia Frauen: Software, Project ad-
ministration, Data curation. Inger-Lise Frogner: Supervision, Method-
ology. Barbara Früh: Validation, Investigation. Estíbaliz Gascón: 
Visualization, Validation, Investigation. Elisabeth Gérard: Project ad-
ministration. Oliver Gorwits: Supervision, Software. Thomas Gee-
nen: Supervision, Resources, Conceptualization. Kat Grayson: Visu-
alization, Validation, Methodology. Nadia Guenova-Rubio: Project 
administration. Ioan Hadade: Validation, Supervision, Software, Re-
sources. Jost von Hardenberg: Visualization, Validation, Software, 
Methodology. Utz-Uwe Haus: Software. James Hawkes: Supervi-
sion, Software, Data curation. Marcus Hirtl: Validation, Methodology, 
Investigation. Joern Hoffmann: Writing – review & editing, Super-
vision, Project administration, Methodology, Conceptualization. Kris-
tian Horvath: Validation, Software, Investigation. Heikki Järvinen: 
Supervision, Methodology, Conceptualization. Thomas Jung: Vali-
dation, Supervision, Methodology, Investigation, Conceptualization. 
Alexander Kann: Visualization, Validation, Software. Daniel Klocke: 
Validation, Supervision, Software, Data curation. Nikolay Koldunov: 
Visualization, Validation, Supervision, Software, Methodology, Investi-
gation. Jenni Kontkanen: Supervision, Project administration, Investi-
gation. Outi Sievi-Korte: Project administration. Joern Kristiansen: 
Supervision, Resources, Funding acquisition. Emma Kuwertz: Vali-
dation, Software, Investigation, Data curation. Jarmo Mäkelä: Soft-
ware, Investigation. Ilja Maljutenko: Visualization, Validation. Pekka 
Manninen: Supervision, Resources, Project administration. Ursula 
S. McKnight: Validation, Software, Methodology. Sebastian Milin-
ski: Validation, Supervision, Software, Investigation, Data curation, 
Conceptualization. Andreas Mueller: Visualization, Software. Antony 
McNally: Validation, Supervision, Software, Methodology. Umberto 
Modigliani: Writing – review & editing, Supervision, Funding acqui-
sition, Conceptualization. Devaraju Narayanappa: Validation, Super-
vision, Investigation. Kristian Pagh Nielsen: Validation, Supervision, 
Project administration, Investigation. Thomas Nipen: Visualization, 
Validation, Software. Henrik Nortamo: Supervision, Software, Re-
sources. Vincent-Henri Peuch: Funding acquisition, Conceptualiza-
tion. Suraj Polade: Validation, Investigation. Tiago Quintino: Visual-
ization, Validation, Supervision, Software, Methodology, Data curation, 
Conceptualization. Irene Schicker: Validation, Software, Investiga-
tion. Balthasar Reuter: Supervision, Software, Investigation. Simon 
Smart: Supervision, Software, Investigation. Mike Sleigh: Validation, 
Supervision. Martin Suttie: Validation, Supervision, Resources, Inves-
tigation. Piet Termonia: Supervision, Software, Methodology, Inves-
tigation. Stephan Thober: Visualization, Validation. Roger Randria-
mampianina: Supervision, Project administration, Methodology, In-
vestigation. Natalie Theeuwes: Visualization, Validation, Supervision, 
Methodology, Investigation. Daniel Thiemert: Project administration. 
Benoît Vannière: Writing – review & editing, Visualization, Validation, 
Supervision, Software, Methodology, Investigation. Stéphane Vannit-
sem: Visualization, Validation, Software. Christoph Wittmann: Vali-
dation, Supervision, Methodology. Xiaohua Yang: Validation, Supervi-
sion, Software, Investigation. Marc Pontaud: Supervision, Resources, 
Funding acquisition, Conceptualization. Bjorn Stevens: Supervision, 
Software, Methodology, Conceptualization. Florian Pappenberger: 
Supervision, Resources, Funding acquisition, Conceptualization.
10
Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Acknowledgements

The authors would like to thank their colleagues at ECMWF and 
the collaborators in the different participating institutes listed at https:
//destine.ecmwf.int/provider/ for their unwavering ambition and com-
mitment to create new pathways and valuable contributions in DestinE. 
Destination Earth is implemented under the leadership of the Eu-
ropean Commission DG CNECT, in partnership with the European 
Space Agency and the European Organisation for the Exploitation of 
Meteorological Satellites, and the authors acknowledge their contin-
ued support and important contributions to the implementation of 
Destination Earth’s digital twin technology. We also acknowledge the 
EuroHPC Joint Undertaking for awarding this project access to the 
EuroHPC supercomputer LUMI, Leonardo, MeluXina, and MareNostrum 
5 through a EuroHPC JU Special Access call. Finally, we would like 
to thank the editor and the reviewers for their helpful comments that 
improved the presentation.

The work presented in this paper has been produced in the context 
of the European Union’s Destination Earth initiative and relates to 
tasks entrusted by the European Union to the European Centre for 
Medium-Range Weather Forecasts implementing part of this Initiative 
with funding by the European Union. Views and opinions expressed are 
those of the author(s) only and do not necessarily reflect those of the 
European Union or the European Commission. Neither the European 
Union nor the European Commission can be held responsible for them.

Data availability

The data is openly available upon successful application for up-
graded access on the DestinE platform platform.destine.eu.

References

Acosta, M.C., Palomas, S., Paronuzzi Ticco, S.V., Utrera, G., Biercamp, J., Breton-
niere, A., Budich, R., Castrillo, M., Caubel, A., Doblas-Reyes, F., Epicoco, I., 
Fladrich, U., Joussaume, S., Kumar Gupta, A., Lawrence, B., Le Sager, P., Lister, G., 
Moine, P., Rioual, C., Valcke, S., Zadeh, N., Balaji, V., 2024. The computational 
and energy cost of simulation and storage for climate science: lessons from CMIP6. 
Geosci. Model Dev. 17, 3081–3098, https://doi.org/10.5194/gmd-17-3081-2024.

Agustí-Panareda, A., Diamantakis, Michail, Massart, Sébastien, Chevallier, Frédéric, 
Muñoz-Sabater, Joaquín, Barré, Jérôme, Curcoll, Roger, Engelen, Richard, Lange-
rock, Bavo, Law, Rachel M., Loh, Zoë, Morguí, Josep Anton, Parrington, Mark, 
Peuch, Vincent-Henri, Ramonet, Michel, Roehl, Coleen, Vermeulen, Alex T., 
Warneke, Thorsten, Wunch, Debra, 2019. Modelling CO2 weather – why horizontal 
resolution matters. ACP 19, 7347–7376.

Athanase, M., Sánchez-Benítez, A., Monfort, E., Jung, T., Goessling, H.F., 2024. How 
climate change intensified storm Boris’ extreme rainfall revealed by near-real-time 
storylines. Commun. Earth Environ. 5, 676.

Balaji, V., Couvreuxc, J., Deshayes, J., Gautraise, F., Hourdin, F., Rioc, C., 2022. Are 
general circulation models obsolete? PNAS 119 (47), e2202075119.

Bauer, P., Dueben, T., Hoefler, T., Quintino, T.C., Schulthess, N.P., Wedi, P., 2021a. 
The digital revolution of Earth- system science. Nat. Comput. Sci. http://dx.doi.
org/10.1038/s43588-021-00023-0.

Bauer, P., Stevens, B., Hazeleger, W., 2021b. A digital twin of Earth for the green 
transition, Nature Climate Change. Nature 11 (2), 80–83.

Bauer, P., Thorpe, G., Brunet, A., 2015. The quiet revolution of numerical weather 
prediction. Nature 525, 47–55.

Boehmer-Christiansen, S.B., 1994. Global climate protection policy: the limits of 
scientific advice: Part 2. Glob. Environ. Chang. 4 (3), 185–200.

Buontempo, C., Burgess, S.N., Dee, D., Pinty, B., Thépaut, J.-N., Rixen, M., Almond, S., 
Armstrong, D., Brookshaw, A., Alos, A.L., Bell, B., Bergeron, C., Cagnazzo, C., 
Comyn-Platt, E., Damasio-Da-Costa, E., Guillory, A., Hersbach, H., Horányi, A., 
Nicolas, J., Obregon, A., Ramos, E.P., Raoult, B., Muñoz-Sabater, J., Simmons, A., 
Soci, C., Suttie, M., Vamborg, F., Varndell, J., Vermoote, S., Yang, X., Garcés de 
Marcilla, J., 2022. The copernicus climate change service - climate science in 
action. pp. E2669–E2687. http://dx.doi.org/10.1175/BAMS-D-21-0315.1.

https://destine.ecmwf.int/provider/
https://destine.ecmwf.int/provider/
https://destine.ecmwf.int/provider/
https://platform.destine.eu
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb1
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb1
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb1
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb1
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb1
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb1
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb1
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb1
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb1
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb1
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb1
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb2
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb2
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb2
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb2
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb2
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb2
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb2
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb2
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb2
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb2
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb2
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb3
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb3
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb3
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb3
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb3
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb4
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb4
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb4
http://dx.doi.org/10.1038/s43588-021-00023-0
http://dx.doi.org/10.1038/s43588-021-00023-0
http://dx.doi.org/10.1038/s43588-021-00023-0
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb6
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb6
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb6
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb7
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb7
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb7
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb8
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb8
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb8
http://dx.doi.org/10.1175/BAMS-D-21-0315.1


N. Wedi, I. Sandu, P. Bauer et al. Journal of the European Meteorological Society 3 (2025) 100015
Collins, M., Beverley, J.D., Bracegirdle, T.J., Catto, J., McCrystall, M., Dittus, A., 
Freychet, N., Grist, J., Hegerl, G.C., Holland, P.R., Holmes, C., Josey, S.A., Joshi, M., 
Hawkins, E., Lo, E., Lord, N., Mitchell, D., Monerie, P.-A., Priestley, M.D.K., 
Scaife, A., Screen, J., Senior, N., Sexton, D., Shuckburgh, E., Siegert, S., Simpson, C., 
Stephenson, D.B., Sutton, R., Thompson, V., Wilcox, L.J., Woollings, T., 2024. 
Emerging signals of climate change from the equator to the poles: new insights 
into a warming world. Front. Sci. 2, 1340323. http://dx.doi.org/10.3389/fsci.2024.
1340323.

Dee, D., Obregon, C., Buontempo, A., 2024. Are our climate data fit for your 
purpose? BAMS D23, E1723–E1733. http://dx.doi.org/10.1175/BAMS-D-23-0295.1.

Destination Earth Climate D.T., https://destine.ecmwf.int/climate-change-adaptation-
digital-twin-climate-dt/, (Accessed 17 March 2025).

Destination Earth Extremes D.T., https://destine.ecmwf.int/weather-induced-extremes-
digital-twin/, (Accessed 17 March 2025).

Doblas-Reyes, F., et al., 2025. The destination Earth digital twin for climate change 
adaptation. Geosci. Model. Dev.  in review.

Eyring, V., Gentine, G., Camps-Valls, D.M., Lawrence, M., Reichstein, P., 2024. 
AI-empowered next-generation multiscale climate modelling for mitigation and 
adaptation. Nat. Geosci. Perspect. http://dx.doi.org/10.1038/s41561-024-01527-w.

Fiedler, T., Pitman, A.J., Mackenzie, K., Wood, N., Jakob, C., Perkins-Kirkpatrick, S.E., 
2021. Business risk and the emergence of climate analytics. Nat. Clim. Chang. 11, 
87–94, https://doi.org/10.1038/s41558-020-00984-6.

Frassoni, A., Reynolds, C., Wedi, N., Bouallegue, Z.B., Caltabiano, A.C. Vaz, Casati, B., 
Christophersen, J.A., Coelho, C.A.S., Falco, C. De, Doyle, J.D., Fernandes, L.G., 
Forbes, R., Janiga, M.A., Klocke, D., Magnusson, L., McTaggart-Cowan, R., Pak-
daman, M., Rushley, S.S., Verhoef, A., Yang, F., Zängl, G., 2023. Systematic errors 
in weather and climate models: Challenges and opportunities in complex coupled 
modeling systems. Bull. Am. Meteorol. Soc. E1687–E1693. http://dx.doi.org/10.
1175/BAMS-D-23-0102.1.

Gascon Salvador, E., Maier-Gerber, M., Vanniere, B., Zaplotnik, Z., Becker, T., Mag-
nusson, L., Chevallier, M., Sandu, I., 2024. Evaluating km-scale simulations in 
destination Earth. ECMWF Newsl. 181.

Geenen, T., Wedi, N., Milinski, S., Hadade, I., Reuter, B., Smart, S., Hawkes, J., 
Kuwertz, E., Quintino, T., Danovaro, E., Sarmany, D., Aguridan, R., Maciel, P., 
Suttie, M., Duma, C., Griffith, M., Burton, P., Bennet, A., Horvjar, T., Hernandez, B., 
Cruz, Bulin, J., Lange, M., Nawab, A., Leuridan, M., Demir, S., Bonanni, A., 
Manubens, N., Geier, P., Bradley, C., Warde, A., Valentini, M., Betke, E., Bento, M., 
Sleigh, M., Müller, A., Deconinck, W., Marsden, O., Staneker, M., Pouyan, F., 
Brdar, S., Piotrowski, Z., Hatfield, S., 2024. Digital twins, the journey of an 
operational weather prediction system into the heart of destination Earth. Procedia 
Comput. Sci. 240, 99–109.

Giorgetta, M.A., Brokopf, R., Crueger, T., Esch, M., Fiedler, S., Helmert, J., et al., 2018. 
ICON-A, the atmosphere component of the ICON Earth system model: I. Model 
description. J. Adv. Model. Earth Syst. http://dx.doi.org/10.1029/2017MS001242.

Haarsma, R.J., Roberts, M.J., Vidale, P.L., Senior, C.A., Bellucci, A., Bao, Q., Chang, P., 
Corti, S., Fučkar, N.S., Guemas, V., von Hardenberg, J., Hazeleger, W., Kodama, C., 
Koenigk, T., Leung, L.R., Lu, J., Luo, J.-J., Mao, J., Mizielinski, M.S., Mizuta, R., 
Nobre, P., Satoh, M., Scoccimarro, E., Semmler, T., Small, J., von Storch, J.-S., 
2016. High resolution model intercomparison project (HighResMIP v1.0) for CMIP6. 
Geosci. Model. Dev. 9, 4185–4208. http://dx.doi.org/10.5194/gmd-9-4185-2016.

Hersbach, H., co authors, 2020. The ERA5 global reanalysis. pp. 1999–2049, Volume 
146, Issue 730, July 2020 Part A.

Hoffmann, J., Bauer, P., Sandu, I., Wedi, N., Geenen, T., Thiemert, D., 2023. Destination 
Earth — A digital twin in support of climate services. Clim. Serv. 30, 100394. 
http://dx.doi.org/10.1016/j.cliser.2023.100394.

Hohenegger, C., co authors, 2023. ICON-Sapphire: simulating the components of the 
Earth system and their inter-actions at kilometer and subkilometer scales. Geosci. 
Model. Dev. 16, 779–811. http://dx.doi.org/10.5194/gmd-16-779-2023.

Hohenegger, C., Kornblueh, L., Klocke, D., Becker, T., Cioni, G., Engels, J.F., 
Schulzweida, U., Stevens, B., 2020. Climate statistics in global simulations of the 
atmosphere, from 80 to 2.5 km grid spacing. J. Meteorol. Soc. Jpn. 98, 73–91. 
http://dx.doi.org/10.2151/jmsj.2020-005.

IPCC, 2021. Climate Change 2021: The Physical Science Basis: Working Group I 
contribution to the Sixth Assessment Report of the Intergovernmental Panel on 
Climate Change, First ed. Cambridge University Press, https://doi.org/10.1017/
9781009157896.

IPCC, 2023. Climate Change 2023: Synthesis Report. Contribution of Working Groups I, 
II and III To the Sixth Assessment Report of the Intergovernmental Panel on Climate 
Change. IPCC, Geneva, Switzerland, pp. 35–115. http://dx.doi.org/10.59327/IPCC/
AR6-9789291691647, 

Jakob, C., et al., 2023. The need to operationalize climate modelling. Nat. Clim. Chang. 
13, 1158–1160. http://dx.doi.org/10.1038/s41558-023-01849-4.

John, A., Beyer, S., Athanase, M., et al., 2024. Global storyline simulations at the 
kilometre-scale. ESS Open Archive http://dx.doi.org/10.22541/essoar.173160166.
64258929/v1.
11
Jones, C.G., Adloff, F., Booth, P., Eyring, V., Friedlingstein, P., Frieler, K., Hewitt, H., 
Jeffery, H., Joussaume, S., Koenigk, T., Lawrence, B.N., O’Rourke, E., Roberts, M., 
Sanderson, B., Séférian, R., Somot, S., Vidale, P.-L., van Vuuren, D., Acosta, M., 
Bentsen, M., Bernardello, R., Betts, R., Blockley, E., Boé, J., Bracegirdle, T., 
Braconnot, P., Brovkin, V., Buontempo, C., Doblas-Reyes, F.J., Donat, M.G., Epic-
oco, I., Falloon, P., Fiore, S., Froelicher, T., Fuckar, N., Gidden, M., Goessling, H., 
Graversen, R.G., Gualdi, S., Gutiérrez, J.M., Ilyina, T., Jacob, D., Jones, C., 
Juckes, M., Kendon, E., Kjellström, E., Knutti, R., Lowe, J.A., Mizielinski, M., 
Nassisi, P., Obersteiner, M., Regnier, P., Roehrig, R., Salas y Melia Schleussner, C.-
F., Schulz, M., Scoccimarro, E., Terray, L., Thiemann, H., Wood, R., Yang, S., 
Zaehle, S., 2024. Modelling priorities to support international climate policy.  
EGUsphere [preprint] Bringing it all together: Science and https://doi.org/10.5194/
egusphere-2024-453.

Kochkov, D., Yuval, J., Langmore, I., Norgaard, P., Smith, J., Mooers, G., Klöwer, M., 
Lottes, J., Rasp, S., Düben, P., Hatfield, S., Battaglia, P., Sanchez-Gonzalez, A., 
Willson, M., Brenner, M.P., Hoyer, S., 2024. Neural general circulation models for 
weather and climate. Nature 632, 1060–1066.

Koldunov, N.V., Aizinger, V., Rakowsky, N., Scholz, P., Sidorenko, D., Danilov, S., 
Jung, T., 2019. Scalability and some optimization of the Finite-volumE Sea ice–
Ocean Model, version 2.0 (FESOM2). Geosci. Model. Dev. 12, 3991–4012. http:
//dx.doi.org/10.5194/gmd-12-3991-2019.

Korn, P., 2017. Formulation of an unstructured grid model for global ocean dynamics. 
J. Comput. Phys. 339, 525–552.

Lang, S., Alexe, M., Chantry, M., Dramsch, J., Pinault, F., Raoult, B., Clare, M.C.A., 
Lessig, C., Maier-Gerber, M., Magnusson, L., Bouallègue, Z.B., Nemesio, A.P., 
Dueben, P.D., Brown, A., Pappenberger, F., Rabier, F., 2024. AIFS – ECMWF’s 
data-driven forecasting system. arXiv:2406.01465.

Lean, Humphrey, Theeuwes, Natalie E., Baldauf, Michael, Barkmeijer, Jan, Bessar-
don, Geoffrey, Blunn, Lewis, Bojarova, Jelena, Boutle, Ian A., Clark, Peter A., 
Demuzere, Matthias, Dueben, Peter, Frogner, Inger-Lise, de Haan, Siebren, 
Harrison, Dawn, van Heerwaarden, Chiel, Honnert, Rachel, Lock, Adrian, Mar-
sigli, Chiara, Masson, Valéry, Mccabe, Anne, van Reeuwijk, Maarten, Roberts, Nigel, 
Siebesma, Pier, Smolíková, Petra, Yang, Xiaohua, 2024. The hectometric modelling 
challenge: Gaps in the current state of the art and ways forward towards the 
implementation of 100-m scale weather and climate models. Q. J. R. Met. Soc. 
http://dx.doi.org/10.1002/qj.4858.

Leuridan, M., Hawkes, J., Quintino, T., 2024. Polytope: Extracting features from large-
scale datacubes. In: IAF EARTH OBSERVATION SYMPOSIUM. IAC-24, B1, IP, 103, 
p. x81121.

Leuridan, M., Hawkes, J., Smart, S., Danovaro, E., Quintino, T., 2023. Polytope: An 
algorithm for efficient feature extraction on hypercubes. arXiv:2306.11553.

Madec, G., Nemo team, 2016. The NEMO ocean engine. https://www.nemo-ocean.eu/
doc/.

Mariotti, A., Bader, D.C., Bauer, S.E., Danabasoglu, G., Dunne, J., Gross, B., Leung, L.R., 
Pawson, S., Putman, W.R., Ramaswamy, V., Schmidt, G.A., Tallapragada, V., 2024. 
U.S. climate predictions and projections to meet new challenges. Earth Futur. 12, 
http://dx.doi.org/10.1029/2023EF004187.

Nazarian, N., Bechtel, B., Mills, G., Hart, M.A., Middel, A., Krayenhoff, E.S., Lan-
gendijk, G.S., Zhao, L., Pitman, A., Chow, W., 2024. Integration of urban climate 
research within the global climate change discourse. PLOS Clim. http://dx.doi.org/
10.1371/journal.pclm.0000473.

O’Reilly, C., Brunner, L., Qasmi, S., Nogherotto, R., Ballinger, A.P., Booth, B., 
Befort, D.J., Knutti, R., Schurer, A.P., Ribes, A., Weisheimer, A., Coppola, E., 
McSweeney, C., 2024. Assessing observational constraints on future European 
climate in an out-of-sample framework. NPJ, Clim. Atmos. Sci. 7 (95).

Pappenberger, F., Wedi, N., co authors, Artificial Intelligence and Machine Learning: 
Revolutionizing Weather Forecasting, in the UN United in Science 2024 Report, 
WMO, Geneva.

Perkins-Kirkpatrick, S.E., Alexander, L.V., King, A.D., Kew, S.F., Philip, S.Y., Barnes, C., 
Maraun, D., Stuart-Smith, R.F., Jézéquel, A., Bevacqua, E., Burgess, S., Fis-
cher, E., Hegerl, G.C., Kimutai, J., Koren, G., Lawal, K.A., Min, S.-K., New, M., 
Odoulami, R.C., Patricola, C.M., Pinto, I., Ribes, A., Shaw, T.A., Thiery, W., 
Trewin, B., Vautard, R., Wehner, M., Zscheischler, J., 2024. Frontiers in attributing 
climate extremes and associated impacts. Front. Clim. 6, 1455023. http://dx.doi.
org/10.3389/fclim.2024.1455023.

Rackow, T., Pedruzo-Bagazgoitia, X., Becker, T., Milinski, S., Sandu, I., Aguridan, R., 
Bechtold, P., Beyer, S., Bidlot, J., Boussetta, S., Deconinck, M., Dueben, P., 
Dutra, E., Forbes, R., Ghosh, R., Goessling, H.F., Hadade, I., Hegewald, J., Jung, T., 
Keeley, S., Kluft, L., Koldunov, A., Kölling, T., Kousal, J., Kühnlein, C., Maciel, K., 
Quintino, T., Polichtchouk, I., Reuter, B., Sármány, D., Scholz, P., Sidorenko, D., 
Streffing, B., Takasuka, D., Tietsche, S., Valentini, M., Vannière, B., Wedi, N., 
Zampieri, L., Ziemen, F., 2025. Multi-year simulations at kilometre scale with the 
integrated forecasting system coupled to FESOM2.5 and NEMOv3.4. Geosci. Model 
Dev. 18, 33–69, https://doi.org/10.5194/gmd-18-33-2025.

http://dx.doi.org/10.3389/fsci.2024.1340323
http://dx.doi.org/10.3389/fsci.2024.1340323
http://dx.doi.org/10.3389/fsci.2024.1340323
http://dx.doi.org/10.1175/BAMS-D-23-0295.1
https://destine.ecmwf.int/climate-change-adaptation-digital-twin-climate-dt/
https://destine.ecmwf.int/climate-change-adaptation-digital-twin-climate-dt/
https://destine.ecmwf.int/climate-change-adaptation-digital-twin-climate-dt/
https://destine.ecmwf.int/weather-induced-extremes-digital-twin/
https://destine.ecmwf.int/weather-induced-extremes-digital-twin/
https://destine.ecmwf.int/weather-induced-extremes-digital-twin/
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb14
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb14
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb14
http://dx.doi.org/10.1038/s41561-%20024-01527-w
https://doi.org/10.1038/s41558-020-00984-6
http://dx.doi.org/10.1175/BAMS-D-23-0102.1
http://dx.doi.org/10.1175/BAMS-D-23-0102.1
http://dx.doi.org/10.1175/BAMS-D-23-0102.1
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb18
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb18
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb18
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb18
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb18
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb19
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb19
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb19
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb19
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb19
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb19
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb19
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb19
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb19
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb19
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb19
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb19
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb19
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb19
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb19
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb19
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb19
http://dx.doi.org/10.1029/2017MS001242
http://dx.doi.org/10.5194/gmd-9-4185-2016
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb22
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb22
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb22
http://dx.doi.org/10.1016/j.cliser.2023.100394
http://dx.doi.org/10.5194/gmd-16-779-2023
http://dx.doi.org/10.2151/jmsj.2020-005
https://doi.org/10.1017/9781009157896
https://doi.org/10.1017/9781009157896
https://doi.org/10.1017/9781009157896
http://dx.doi.org/10.59327/IPCC/AR6-9789291691647
http://dx.doi.org/10.59327/IPCC/AR6-9789291691647
http://dx.doi.org/10.59327/IPCC/AR6-9789291691647
http://dx.doi.org/10.1038/s41558-023-01849-4
http://dx.doi.org/10.22541/essoar.173160166.64258929/v1
http://dx.doi.org/10.22541/essoar.173160166.64258929/v1
http://dx.doi.org/10.22541/essoar.173160166.64258929/v1
https://doi.org/10.5194/egusphere-2024-453
https://doi.org/10.5194/egusphere-2024-453
https://doi.org/10.5194/egusphere-2024-453
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb31
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb31
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb31
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb31
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb31
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb31
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb31
http://dx.doi.org/10.5194/gmd-12-3991-2019
http://dx.doi.org/10.5194/gmd-12-3991-2019
http://dx.doi.org/10.5194/gmd-12-3991-2019
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb33
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb33
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb33
http://arxiv.org/abs/2406.01465
http://dx.doi.org/10.1002/qj.4858
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb36
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb36
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb36
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb36
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb36
http://arxiv.org/abs/2306.11553
https://www.nemo-ocean.eu/doc/
https://www.nemo-ocean.eu/doc/
https://www.nemo-ocean.eu/doc/
http://dx.doi.org/10.1029/2023EF004187
http://dx.doi.org/10.1371/journal.pclm.0000473
http://dx.doi.org/10.1371/journal.pclm.0000473
http://dx.doi.org/10.1371/journal.pclm.0000473
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb41
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb41
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb41
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb41
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb41
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb41
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb41
http://dx.doi.org/10.3389/fclim.2024.1455023
http://dx.doi.org/10.3389/fclim.2024.1455023
http://dx.doi.org/10.3389/fclim.2024.1455023
https://doi.org/10.5194/gmd-18-33-2025


N. Wedi, I. Sandu, P. Bauer et al. Journal of the European Meteorological Society 3 (2025) 100015
Randall, D., Emanuel, K., 2024. The weather–climate schism, BAMS essay. http://dx.
doi.org/10.1175/BAMS-D-23-0124.1.

Sánchez-Benítez, A., Goessling, H., Pithan, F., Semmler, T., Jung, T., 2022. The july 
2019 European heat wave in a warmer climate: Storyline scenarios with a coupled 
model using spectral nudging. J. Clim. 35 (8), 2373–2390.

Sarmany, D., Valentini, M., Maciel, P., Geier, P., Smart, S., Aguridan, R., Hawkes, J., 
Quintino, T., 2024. MultIO: A framework for message-driven data routing for 
weather and climate simulations. In: Proceedings of the Platform for Advanced 
Scientific Computing Conference. PASC ’24, Association for Computing Machinery, 
New York, NY, USA, ISBN: 9798400706394, http://dx.doi.org/10.1145/3659914.
3659938.

Schaeffer, et al., 2024. Ten new insights in climate science 2024. submitted to One 
Earth.

Schulthess, T., Bauer, P., Fuhrer, O., Hoefler, T., Schaar̈, C., Wedi, N.P., 2019. Reflecting 
on the goal and baseline for exascale computing: a roadmap based on weather and 
climate simulations, computing in science and engineering. IEEE 21 (2019), 30–41.

Shepherd, T.G., Boyd, E., Calel, R.A., Chapman, S.C., Dessai, S., Dima-West, I.M., 
Fowler, H.J., James, R., Maraun, D., Martius, O., Senior, C.A., Sobel, A.H., Stain-
forth, D.A., Tett, S.F.B., Trenberth, K.E., van den Hurk, B.J.J.M., Watkins, N.W., 
Wilby, R.L., Zenghelis, D.A., 2018. Storylines: an alternative approach to repre-
senting uncertainty in physical aspects of climate change. Clim. Change 151 (3–4), 
555–571.

Smart, S., Quintino, T., Raoult, B., 2019. A high-performance distributed object-store 
for exascale numerical weather prediction and climate. In: Proceedings of PASC 
2019.
12
Stevens, B., 2024a. A perspective on the future of CMIP. AGU Adv. 5, e2023AV001086. 
http://dx.doi.org/10.1029/2023AV001086.

Stevens, B., Satoh, M., Auger, L., Biercamp, J., Bretherton, C., Chen, X., et al., 2019. 
DYAMOND: The dynamics of the atmospheric general circulation modeled on non-
hydrostatic domains. Prog. Earth Planet. Sci. 6, 61. http://dx.doi.org/10.1186/
s40645-019-0304-z.

Stevens, B., et al., 2024b. Earth virtualization engines (EVE). Earth Syst. Sci. Data 16, 
2113–2122. http://dx.doi.org/10.5194/essd-16-2113-2024.

Vanniere, B., Sandu, I., Dueben, P., Maier-Gerber, M., Schrottle, J., Denissen, J., 2024. A 
daily forecast with the prototype global extremes digital twin, ECMWF. Newsletter 
178, Winter.

Wedi, N., Bauer, P., Sandu, I., Hoffmann, J., Sheridan, S., Cereceda, R., Quintino, T., 
Thiemert, D., Gee-nen, T., 2022. Destination Earth: High-performance computing 
for weather and climate. Comput. Sci. Eng. 24, 29–37. http://dx.doi.org/10.1109/
MCSE.2023.3260519.

Wedi, N.P., Polichtchouk, I., Dueben, P., Anantharaj, V. G, Bauer, P., Boussetta, S., 
Browne, P., Deconinck, W., Gaudin, W., Hadade, I., Hatfield, S., Iffrig, O., Lopez, P., 
Maciel, P., Mueller, A., Saarinen, S., Sandu, I., Quintino, T., Vitart, F., 2020. A 
baseline for global weather and climate simulations at 1 km resolution. J. Adv. 
Model. Earth Syst. 12, e2020MS002192.

WMO, 2021. Future of weather and climate forecasting. WMO-No. 1263, https://library.
wmo.int/idurl/4/57328.

Zängl, G., Reinert, D., Rípodas, P., Baldauf, M., 2015. The ICON (icosahedral 
non-hydrostatic) modelling framework of DWD and MPI-M: Description of the 
non-hydrostatic dynamical core. Q. J. Roy. Meteor. Soc. 141, 563–579. http:
//dx.doi.org/10.1002/qj.2378.

http://dx.doi.org/10.1175/BAMS-D-23-0124.1
http://dx.doi.org/10.1175/BAMS-D-23-0124.1
http://dx.doi.org/10.1175/BAMS-D-23-0124.1
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb46
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb46
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb46
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb46
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb46
http://dx.doi.org/10.1145/3659914.3659938
http://dx.doi.org/10.1145/3659914.3659938
http://dx.doi.org/10.1145/3659914.3659938
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb48
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb48
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb48
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb49
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb49
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb49
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb49
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb49
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb50
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb50
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb50
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb50
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb50
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb50
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb50
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb50
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb50
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb50
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb50
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb51
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb51
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb51
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb51
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb51
http://dx.doi.org/10.1029/2023AV001086
http://dx.doi.org/10.1186/s40645-019-0304-z
http://dx.doi.org/10.1186/s40645-019-0304-z
http://dx.doi.org/10.1186/s40645-019-0304-z
http://dx.doi.org/10.5194/essd-16-2113-2024
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb55
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb55
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb55
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb55
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb55
http://dx.doi.org/10.1109/MCSE.2023.3260519
http://dx.doi.org/10.1109/MCSE.2023.3260519
http://dx.doi.org/10.1109/MCSE.2023.3260519
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb57
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb57
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb57
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb57
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb57
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb57
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb57
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb57
http://refhub.elsevier.com/S2950-6301(25)00009-2/sb57
https://library.wmo.int/idurl/4/57328
https://library.wmo.int/idurl/4/57328
https://library.wmo.int/idurl/4/57328
http://dx.doi.org/10.1002/qj.2378
http://dx.doi.org/10.1002/qj.2378
http://dx.doi.org/10.1002/qj.2378

	Implementing digital twin technology of the earth system in Destination Earth
	Introduction
	Building on a rich past
	What defines Earth System Digital Twin technology
	What has been achieved?
	Digital Twin Engine
	Digital Twins

	Computational cost
	Outlook & conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


