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Computer resources required for project year: 2025 2026 2027 

High Performance Computing Facility [SBU] 18000000 12500000 4800000 

Accumulated data storage (total archive volume)2 [GB] 54350 73000 84000 
 

EWC resources required for project year: 2025 2026 2027 

Number of vCPUs [#]    

Total memory [GB]    

Storage [GB]    
Number of vGPUs3 [#]    

Continue overleaf. 
 

1 The Principal Investigator will act as contact person for this Special Project and, in particular, will be asked to 
register the project, provide annual progress reports of the project’s activities, etc. 
2 These figures refer to data archived in ECFS and MARS. If e.g. you archive x GB in year one and y GB in year 
two and don’t delete anything you need to request x + y GB for the second project year etc. 
3The number of vGPU is referred to the equivalent number of virtualized vGPUs with 8GB memory. 

If this is a continuation of an existing project, please 
state the computer project account assigned previously. SP …………. 

Starting year: (A project can have a duration of up to 3 
years, agreed at the beginning of the project.) 

2025 

Would you accept support for 1 year only, if necessary? YES   NO  



Principal Investigator: ……… Andrea Alessandri ………………………… 

Project Title: Improve representation of hydrological processes for the next 
generation of Earth system models 

Extended abstract 

All Special Project requests should provide an abstract/project description including a scientific plan, a justification 
of the computer resources requested and the technical characteristics of the code to be used. The completed form 
should be submitted/uploaded at https://www.ecmwf.int/en/research/special-projects/special-project-
application/special-project-request-submission.  

Following submission by the relevant Member State the Special Project requests will be published on the ECMWF 
website and evaluated by ECMWF and its Scientific Advisory Committee. The requests are evaluated based on their 
scientific and technical quality, and the justification of the resources requested. Previous Special Project reports and 
the use of ECMWF software and data infrastructure will also be considered in the evaluation process. 

Requests exceeding 10,000,000 SBU should be more detailed (3-5 pages).  

The Institute of Atmospheric Sciences and Climate at the National Research Council of Italy 
(ISAC-CNR) is member of EC-Earth (Consortium of research institutes from 10 European 
countries to collaborate on the development of a European Earth system model), where it 
coordinates the Land and Vegetation working group as well as the CMIP and Tuning working 
groups. ISAC-CNR is partner in several international efforts including European Union projects, 
WCRP activities in the context of the Coupled Model Intercomparison Project (CMIP) as well as 
new emerging initiatives in the framework of the Group on Earth Observations (GEO) aimed at 
exploiting latest land observations to improve and better constrain Earth system simulation and 
prediction. 
ISAC-CNR is partner in the EU Horizon Europe project OptimESM (“Optimal High Resolution 
Earth System Models for Exploring Future Climate Change”). The main objective of OptimESM 
is to develop a new generation of ESMs for CMIP7 that benefits from ensuring a realistic 
representation of Earth system processes and their feedbacks, and in this framework ISAC-CNR 
aims to enhance the realistic representation of hydrological processes and their biophysical 
couplings with the atmosphere, which could potentially trigger abrupt changes in the climate 
system.  
The Italian National agency for new technologies, Energy and sustainable economic development 
(ENEA) is member of the EC-Earth consortium, contributing in particular to the activities of Land 
& Vegetation and Climate Prediction working groups. ENEA is partner together with ISAC-CNR 
of the National Research Center for High Performance Computing, Big Data and Quantum 
Computing (ICSC), involved in the activities of the Spoke 4 – Earth & Climate. ENEA is taking 
part in the activities of CMIP and is partner in several EU Horizon Europe projects and other 
international and national efforts focusing on climate change and related impacts. 
In this special project we will develop a more realistic representation of hydrology/groundwater in 
EC-Earth by including a global scale water table depth to replace free drainage bottom boundary 
conditions and achieve a more realistic representation of hydrological processes. To enable climate 
feedback driven by groundwater dynamics, we will attempt to include a simple groundwater 
model. This model could represent the recharge and discharge processes of water storage in an 
unconfined aquifer and include potential couplings with the effective root zone water storage 
capacity in the unsaturated soil. The effects of an improved representation of hydrological 



processes and the couplings with vegetation will be considered and assessed in a post-CMIP6 and 
CMIP7 configuration of EC-Earth, including historical and future scenario simulations. 
 

Enhance representation of hydrology and vegetation processes for improved 
climate simulation and climate change projections 

Water-limited regions facing increasing droughts related to climate change and intense human 
water use are extremely vulnerable to the transitions to drier eco-hydro-climatological regimes 
(Maestre et al., 2021; Alessandri et al., 2014; Garreaud et al., 2018; Pascale et al., 2020). In the 
longer term, the accumulating drought conditions may induce the decline of the groundwater levels 
which, combined with sea level rise, exacerbates the intrusion of salty water in coastal aquifers 
and surface waters (McFarlane et al., 2020). This may jeopardize the subsistence of groundwater-
dependent ecosystems, increasing both the risk of progressive desertification, that could further 
feedback on the regional climate change, and the potential for geographical shifts in the transitional 
climate regions (Alessandri et al., 2014; Seager et al., 2019). In this respect, hydrological trends 
coupled with climate change are therefore potential tipping elements for dry shifts in transitional 
regions between wet and dry climates (Gleeson et al., 2020; Zipper et al., 2020). 
However, the main important hydrological processes related to these transitions, such as water 
storage deficit/groundwater dynamics and vegetation water stress/root-depth dynamics, are 
crudely represented in state-of-the-art Earth System Models (ESMs). For instance, the land surface 
model included in EC-Earth (HTESSEL-LPJGuess; Alessandri et al., 2017; Döscher al., 2022) still 
lacks a representation of the groundwater and instead implements a free flux condition at the 
bottom of the unsaturated soil column. In this special project we aim at developing a more realistic 
representation of the subsurface hydrology by including a global scale representation of the water 
table depth to replace free drainage boundary conditions and more realistically account for the 
groundwater component. The water table depth will initially be estimated using global-scale data 
derived from land cover and pedological classifications, or from existing observational data 
combined with model products, such as those from Fan and Miguez-Macho (2013). To further 
allow the climate feedback operated by groundwater dynamics, we will subsequently attempt to 
implement a simple groundwater model by representing recharge and discharge processes of the 
water storage in an unconfined aquifer, which could be added as a single integration element below 
the soil of the land surface model. Investigation accounting for the dynamics of effective root zone 
water storage capacity will be considered as well. 
 
Towards a CMIP7 version of EC-Earth 
In this special project, we will use the latest version of EC-Earth (Döscher et al. 2022) which is 
being further developed in preparation of the CMIP7 coordinated experiments, that will include 
all the ESM developments thanks to the coordinated effort of all partners in the EC-Earth 
consortium and in previous and ongoing EU projects such as CONFESS, OptimESM, RESCUE, 
and TipESM. The developments leading to CMIP7 versions (v3.4.x and v4.x) of EC-Earth include 
improved process representation (improved treatment of aerosols and aerosol-cloud interactions, 
land vegetation, permafrost and hydrological processes) as well as the inclusion of novel 
components (such as dynamical ice sheets) that are relevant for the representation of climate 
feedbacks and the related risk of triggering fast and abrupt climate transitions. Furthermore, the 
components of the EC-Earth model are routinely upgraded to incorporate improved numerical 



schemes and revised encoding, enhancing high-performance computing (HPC) performances. The 
developments and improvements for the post-CMIP6 and towards CMIP7 version of EC-Earth 
will take place over time and evolve during this special project. 
 

Summary of experiments and resources 

Offline land-only simulations: 
The hydrological developments in the HTESSEL-LPJGuess model will be evaluated in Offline 
Surface Model (OSM) simulations at the same horizontal resolution of the coupled simulations 
(T255) but forced by ERA5 meteorology and fluxes for the period 1979-onward. An interface to 
prescribe meteorological fields from observations/reanalysis is obtained from the latest OpenIFS 
release (https://www.ecmwf.int/en/research/projects/openifs). It is estimated that 2000 years of 
off-line simulations, including a sufficient spin-up period, will meet requirements to 
comprehensively assess all planned developments in HTESSEL-LPJGuess. These include 
parameterizing the water table depth and vegetation root zone water storage capacity. The OSM 
simulations with vegetation dynamics activated (LPJGuess) are planned to be accomplished during 
2025.  
A summary of the planned experiments and how they are distributed within the duration of the 
special project are summarized in Table 1. 
 

Amip-type simulations: 
Building on the analysis and improvements identified in land-only simulations, we plan to conduct 
a series of AMIP-type experiments (referred to hereafter as AMIP) to assess the impacts of these 
updates on land-atmosphere coupling. This will help us evaluate their effects on the representation 
of mean climate and its variability in water-limited regions, particularly in semi-arid and 
transitional climatic zones. This analysis is designed to be propaedeutic to the evaluation of climate 
change signals in the fully coupled ESM setup. This set of experiments will be performed with 
IFS+HTESSEL+LPJGuess with the updates already validated by the land-only simulations and 
forced with observed SST consistently with the CMIP7 protocol (if not available CMIP6 boundary 
forcing will be used; Durack and Taylor, 2017). We intend to perform about 245 years of AMIP-
type experiments, corresponding to 5 members for the 1979-2021 reference period (i.e. 49 years 
including 6-years spin-up). 
The AMIP simulations are planned to be accomplished during 2025. 
A summary of the designed experiments and how they are distributed within the duration of the 
special project are summarized in Table 1. 
 

Post-CMIP6 coupled historical simulations and projections: 
A first set of post-CMIP6 sensitivity simulations will be performed to evaluate the effects of the 
improved representation of hydrological processes, taking as reference the control simulations 
already planned during 2025 in the framework of the OptimESM project. The post-CMIP6 
experiments will be performed with the full ESM and consisting of an historical simulation 
covering the period 1850-2014 with CMIP6 forcing (here identified as HIST6), and two scenarios 

https://www.ecmwf.int/en/research/projects/openifs


(PROJ6) based on new sets of emissions following the latest climate policies, in phase with the 
release in the HE project OptimESM. One scenario, identified here as PA-REACH, reflects 
emissions that realize the Paris Agreement (i.e. that keep global warming below 1.5°C or 2°C 
relative to pre-industrial level), while the other, identified here as PA-FAIL, assumes delayed 
mitigation actions that overshoot the Paris target before returning to it at some later time. 
(UNFCCC, 2015; IPCC, 2018; 2021). The scenario simulations will span from 2015 to 2100, 
enabling evaluation of eco-hydro-climatological feedback resulting from realistic representation 
of hydrological processes. This includes assessing changes in the frequency and duration of 
meteorological, agricultural, and hydrological droughts. 
The post-CMIP6 simulations are planned to be accomplished during 2025-2026. 
A summary of the planned experiments and how they are distributed within the duration of the 
special project are summarized in Table 1. 
 

CMIP7 coupled historical simulations and projections: 
The core set of experiments with the full ESM configuration will consist of an historical simulation 
covering the period 1850-2021 with CMIP7 forcing (hereinafter HIST7), and two of the scenarios 
based on new sets of emissions following the latest climate policies being developed in the 
framework of CMIP7. The scenario simulations will cover at least the 2021-2100 time period. The 
extension to the end of 2200 will be optionally considered - also depending on the availability of 
additional resources - to better investigate and improve the understanding of processes and 
mechanisms at the base of recent climate change and in the projections for the coming centuries 
and investigate about the risk of triggering abrupt changes on a global scale. 
The analysis of the core set of experiments performed with EC-Earth ESM will be focused on the 
identification of differences in the climate response over water limited regions across different 
scenarios. In this respect, we will investigate the attribution of changes in the occurrence of 
droughts to different global warming levels; furthermore, we will evaluate the risk of eco-hydro-
climatological transitions and abrupt changes in water-limited domains. In this respect, a diverse 
set of drought indices will be evaluated and, depending on how sensitive they are to rates of change 
in the land cover and the impact of different feedbacks, they can be used to investigate the 
emergence of abrupt transitions in future projections according to the scenarios considered.  
The CMIP7 simulations are planned to be accomplished during 2026-2027. 
A summary of the planned experiments and how they are distributed within the duration of the 
special project are summarized in Table 1. 
 

Configuration and justification of resources 
For the OSM set of experiments we will use the offline version of HTESSEL-LPJGuess with an 
interface to prescribe meteorological fields from observations/reanalysis obtained from the latest 
OpenIFS release (https://www.ecmwf.int/en/research/projects/openifs). No parallelization of the 
code has been included so far in offline mode, therefore requiring 500 SBU per simulated year on 
Atos HPC2020. For the AMIP set we will use IFS+HTESSEL+LPJGuess at T255 resolution with 
91 vertical levels in the atmosphere. Using 256 cores (2 nodes), the estimated required resources 
on Atos are about 18000 SBU per simulated year. For the core set of coupled simulations, we will 
use EC-Earth version3.4.x or version4.x (depending on availability) in its full ESM configuration 
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(with a closed carbon cycle) in the post-CMIP6 or CMIP7 version. The default resolution is T255 
with 91 vertical levels in the atmosphere, and ORCA1 with 75 vertical levels in the ocean. Based 
on the current evaluation performed in the framework of the EC-Earth consortium, the optimal 
configuration on Atos HPC2020 is obtained considering the following components and related 
dedicated CPUs: IFS (560), NEMO (with PISCES activated; 280), XIOS (1), LPJG (32) by using 
9 nodes (874 total cores). With this configuration, we estimate that the model requires on Atos 
about 40000 SBUs per simulated year. Overall, the total resources estimated for the project is 
rounded to 35,30 Million SBUs (Table 1), which includes a buffer of 10% to account for failing 
jobs or additional short tests needed. 
In terms of storage, the requirement is about 100 GB per year of coupled simulations, considering 
monthly means for the different model components and higher-frequency (i.e. 6-hours or 1-hour) 
atmospheric variables. Cmorization procedure via the ece2cmor3 tool will be used to reduce the 
raw output volume in case of exceeding storage output. For the offline simulations the 
requirements are of about 10GB per year for OSM and of about 30 GB per year for AMIP. 
Therefore, the total storage required for the project is 84 TB (considering that 10 TB of OSM 
simulations are expected to be deleted after the first year).  
A summary of the planned experiments, with details about the resources within the duration of the 
special project are summarized in Table 1. 
 

Experiment 
name Description 

Resource 
per year 

(kSBU/yr) 
Total 
years 

Total 
resource 
(kSBU) 

Storage 
(TB) 

Scheduled 
year 

Offline 
Land-only 

(OSM) 

Offline Surface 
Model simulations for 
model developments. 

0,500 2000 1000 

20 (10 
deleted 

after first 
year) 

2025 

Amip-type 
testing 
(AMIP) 

Sensitivity testing of 
model developments 18 245 4410 7,350 2025 

Post-CMIP6 
Historical 
(HIST6) 

Coupled historical 
simulations 40 

132 5280 13,2 2025 

33 1320 3,3 2026 

Post-CMIP6 
Scenarios 
(PROJ6) 

Coupled scenario 
simulations 40 

138 5520 13,8 2025 

34 1360 3,4 2026 

CMIP7 
Historical 
(HIST7) 

Coupled 
historical simulation 40 

115 4600 11,5 2026 

57 2280 5,7 2027 

CMIP7 
Projections 
(PROJ7) 

Coupled scenario 
simulations 40 

105 4200 10,5 2026 

53 2120 5,3 2027 



 10% buffer   3210   

 Total   35300   

Table 1: Experiments planned in this project, resource costs (kSBU), storage requirements (TB) 
and scheduled year of simulation. See text for details. 

For comparison, the computing resources allocated (2nd column) and used (percent with respect to 
allocated; 3rd column) for the previous special project (SPITALES; 
https://www.ecmwf.int/en/research/special-projects/spitales-2022) in 2022 (that includes 16.150 
Million additional resources granted) and 2023 are reported in Table 2.  
 
Table 2. Use of SPITALES resources during the previous years of the project. 

Year Allocated budget Percent used  
(with respect to request) 

2022 24.150 Million 105% 

2023 5. Million 86% 

In case additional resources will become available through applications to PRACE and analogous 
programmes, further simulations will be performed with enlarged sampling (i.e. increase the 
number of ensemble members), increased projection length (extension to 2200). 
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