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Abstract. The project Digital Twin for GEOphysical extremes-(DT-GEO) aims to use Digital Twin Components to 
create replicas of physical systems, serving as a virtual laboratory to study natural extreme events. The ratio-
nale is the intrinsic risks of potentially catastrophic events to anthropic activities, infrastructures, and cultural 
heritage. In the framework of the project, this paper describes, how the DTC workflow architecture is designed, 
focusing on flexibility, scalability, and maintainability, and how it is further developed. To demonstrate  how ICT 
efforts can expand horizons in Geosciences, an application to volcanic hazard is presented  taking as a case 
study the 2019 volcanic eruption of Raikoke (Kuril Islands).
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1. Introduction
Natural extreme events, like earthquakes, landslides, tsunamis, and volcanic eruptions, 
may involve significant risks to infrastructures, cultural heritage, and human lives, and, 
since ever, the scientific community is called to  contribute better understand the comple-
xity of their non-linear behavior and to mitigate their impact. On the other hand, today, 
major efforts are spent in Europe towards the empowering of ICT, innovation and skills 
development, through initiatives like European Open Science Cloud (EOSC), European 
Digital Innovation (EDI), and European High Performance Computing (EuroHPC - Ejar-
que et al., 2022). 
Meanwhile, large amounts of multidisciplinary Earth system data are now available in 
near-real-time according to the FAIR principles (Wilkinson et al., 2016). As we enter the 
Exascale Era of computation, Geosciences require modeling codes able to perform over 
massive HPC clusters (Folch et al., 2023).
Recognizing the potential of Digital Twins Components (DTC, e.g. Fuller et al. 2020), 
the project Digital Twin for GEOphysical extremes-DT-GEO (Carbonell et al. 2023) has 
been funded under the Horizon Europe programme (2022-2025) within the European 
Commission initiative Destination Earth in order to develop numerical clones that accura-
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tely replicate the extreme geophysical phenomena. The project aims to integrate advance-
ments from european projects, such as EOSC-synergy and eFlows4HPC (Talia et al. 2023), 
as well as the Center of Excellence for Exascale in Solid Earth-ChEESE (Folch et al. 2023) 
(Fig.1). The goal is to produce self-contained and containerized DTCs, incorporating cut-
ting-edge codes, artificial intelligence layers, large data streams, and data assimilation me-
thodologies. Serving as virtual replicas, the DTCs will provide a better understanding and 
more comprehensive analysis of extreme geophysical phenomena.
12 DTCs and their workflows are designed to be optimized on EuroHPC systems or cloud 
computing environments in order to address volcanic eruptions, tsunamis, earthquakes, 
and induced seismicity. When driven by near-real-time monitoring data, DTCs can con-
tribute to early warning systems, estimation of potential consequences, urgent computa-
tions, and rapid post-event analysis. Alternatively, when driven by user-defined synthetic 
data, DTCs can draw various scenarios improving hazard assessment.
To validate their functionality, DTCs use selected Site Demonstrators (SD) with data from 
the EPOS Integrated Centralized Services of the European Plate Observing System (E-
POS). The long-term vision is to integrate the DTCs into the Destination Earth framework, 
facilitating internal component coupling and promoting external integration with other 
digital twins. Furthermore, DTCs/SDs will be the basis for the EPOS Distributed Integra-
ted Centralized Services (Cocco et al. 2022).

2. Data Architecture, Workflows and e-Infrastructures
The DTC workflow architecture should focus on flexibility, scalability, and maintainability. 
To identify the requirements of different DTCs/SDs, it is essential to consider the data 
ecosystem, such as data and metadata quality, collection methods, processing activities, 
and storage strategies. The required modular architecture should be adaptable to the exe-
cution across various e-Infrastructures, including HPC systems and cloud environments, 
within federated Research Infrastructures (RI) The architecture must also be easily exten-

Fig. 1  
Background 
and destination 
of DT-GEO in 
the European 
infrastructural 
research 
ecosystem
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dable and deployable.
To develop a DTC, DT-GEO adopts a layered software stack as shown in Fig. 2. On the top 
there is the physical model describing the specific geophysical phenomenon.  Intermedia-
te layers follow, managing workflows, containers, and ensuring data and metadata quality. 
The physical model is the main component of the workflow, which can in turn enhance 
it with artificial intelligence, machine learning or data assimilation techniques. This fra-
mework accesses a robust ecosystem with quality repositories for software, data, and me-
tadata. Finally, the workflow is containerized to be executed on different e-Infrastractures.
To implement the workflows, the PyCOMPSs environment is combined with the softwa-
re stack developed by the eFlows4HPC project. PyCOMPSs (Tejedor, 2017) is a Python-
based framework to develop and execute parallel applications on distributed infrastructu-
res, whereas eFlows4HPC software provides a range of libraries and frameworks for data 
processing, Machine Learning (ML), visualization, and workflow management. Thanks to 
PyCOMPSs and eFlows4HPC, developers can create scalable workflows that handle large 
volumes of data and are easily deployed and maintained.
To enable DT-GEO workflows on e-Infrastructures, such as FENIX (Alam et al. 2022) or 
EuroHPC, is required to achieve seamless access, to deploy DTCs/SDs as containers and 
to execute on-demand DTCs/SDs on a HPC or cloud environment. In order to implement 
this approach, DTCs/SDs are containerized applications downloadable from Dockerhub 
or other docker registries. DTCs/SDs are implemented with udocker (Gomes et al. 2018), 
because the containerized images can be downloaded and executed without needing root 
access, ensuring a secure and streamlined deployment process.

 Fig. 2 
 DT-GEO layered 
software stack
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3. Application to volcanic phenomena: a case study
Volcanoes encompass many different domains, from deep regions of magma storage be-
low and within volcanoes, to dykes and conduits, surrounding rocks, the Earth surface, 
and the atmosphere, with non-linear coupling. From each domain a stream of high-quality 
data (accessible e.g. through the EPOS RI) is produced, which is precious to base research, 
and feeds risk analyses and civil protection activities, including early warning systems and 
emergency planning.
The first goal within DT-GEO is the definition of the requirements, specifications, and 
interoperability of the volcano related components, including software engineering tools, 
HPC resources, and data lakes. Once the first step is achieved, four DTCs will be developed 
and implemented for volcanic unrest, volcanic ash clouds and tephra ground accumula-
tion, lava flows, and volcanic gas dispersal.
Here we present as a case study the diffusion in the atmosphere of a volcanic ash column. 
Fig. 3 shows an aerial photograph of an ash column, and a sketch of the characteristics of 
the phenomenon, highlighting the observed data.
Modeling volcanic ash concentrations relies on the measurement of various physical para-
meters that are affected by errors. To enhance the accuracy of assessments in an operatio-
nal context, the project utilizes geostationary satellite observations (including atmosphe-
ric radiance, VIS/IR, and UV/IR with shadow), aerial visual observations, and ground-
based measurements like radar, lidar, and VIS/IR cameras. The integration of the observed 
data into numerical models is able to significantly improve the accuracy of assessments.
As sketched in Fig. 4, the DTC replicates the phenomenon of volcanic ash dispersion in 
atmosphere by feeding the existing input observations (from ECMWF, ESA, INGV/EPOS, 
and IMO) to a data assimilation tool based on an ensemble approach, which combines the 
FALL3D dispersion physical model (Folch et al. 2009) with the Parallel Data Assimilation 
Framework (PDAF). The FALL3D+PDAF system is designed to operate in parallel and sup-
port online-coupled data assimilation, and can be effectively integrated into operational 
workflows thanks to HPC capabilities. 
The spatial distribution of column mass, according to Mingari et al. (2022),  is shown in 
Fig. 5a,18 hours after the start of the eruption, according to the considered real state, after 
which synthetic observations are created (Fig.5b). Figs. 5c and 5d show the distribution 
of column mass estimated from the physical numerical model, and the result of the DTC 
analysis with data assimilation.
In both cases, the ash cloud is transported eastward by upper-level winds. However, the 
results obtained without assimilation exhibits a broader spatial distribution compared to 
the real state due to ensemble dispersion. Furthermore, the modeling without assimila-
tion fails to reproduce the peak mass position of the column occurring in the northern 
region of the cloud.
In contrast, the analyzed mass load field closely approaches the real state after a few assi-
milation cycles (Fig.5d).
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Fig. 3 
 Top: Aerial photograph 

of an ash column 
generated by a volcanic 

eruption (Raikoke, 
Kuril Islands) after 

Global Volcanism 
Project (2019). Bottom: 
sketch highlighting the 

observed data (bottom) 
after Aubry et al. (2021)

Fig. 4  
Sketch of the DTC for 

volcanic ash showing 
the data input sources 

and the assimilation and 
forecast loop process
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4. Conclusions
This paper delves into the design guidelines for DT-GEO's data-driven workflows, with a 
spotlight on DTC implementation, and presents a case study on volcanic hazards. The case 
study provides a first example of the potential impact of DTCs/SDs in Geosciences. DT-
GEO plans to test 3 additional SDs to consolidate these findings. However, the research 
team is prepared to switch to a different SD if a new eruption occurs, so as not to miss the 
chance to observe and monitor the evolution of the phenomenon in real time.
It's crucial to note that, while these events can have a significant impact on human ac-
tivities, they are sporadic in nature. Capturing their behavior as it happens is crucial for 
knowledge advancement. If such observations are not possible, we can still rely on DTCs/
SDs, which then become the only virtual laboratory available to us.
Finally, we plan to access the pre-exascale supercomputer Leonardo, hosted by the CINE-
CA consortium at the Big Data Technopole in Bologna, Italy, and owned by EuroHPC JU. 
This will empower us to run interactive and massively scalable GPU-enabled workflows 
(Turisini et al. 2023).
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Fig. 5 
Spatial distribution of 

ash mass loading for the 
DTC experiment at t=18 h 

after eruption start. 
From the true state (a) 

synthetic observations (b) 
are generated. Panel (c) 

shows the results from a 
run without assimilation, 

while in panel (d) the 
result of the DTC analysis 

with data assimilation are 
displayed (after Mingari 

et al. 2022)
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