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Abstract. The representation of river routing and floodplain dynamics remains a key limitation in many global Earth system
and numerical weather prediction models, despite their importance for hydrological extremes, water resources, and land—
atmosphere interactions. This paper presents the implementation of a global hydrodynamic river routing capability within the
European Centre for Medium-Range Weather Forecasts (ECMWF) Integrated Forecasting System (IFS) through the
integration of the Catchment-based Macro-scale Floodplain (CaMa-Flood) model into the ecLand land surface scheme.

The resulting system enables routine simulation of river discharge, water level, and flood inundation extent within a
physically consistent Earth system modelling framework. We describe the scientific design and technical developments
required to transition from research to operational implementation, including coupling strategies, state initialisation,
parallelisation using a basin-based hybrid approach, and integration within ECMWEF’s research-to-operations workflow. The
implementation maintains consistency across multiple configurations ranging from offline experiments to fully coupled
forecasts, while meeting operational requirements such as computational efficiency and forecast stability.

The added value of the integrated system is demonstrated through a range of applications, including global water resources
monitoring contributing to the World Meteorological Organisation State of Global Water Resources report, real-time
ensemble flood forecasting, high-resolution regional simulations, and land-surface diagnostics. Results show that river
discharge provides a powerful integrative constraint on the land water cycle and helps identify model deficiencies in
hydrological processes. The system also enables the generation of continuous, global, high-frequency hydrological datasets
suitable for both operational applications and emerging data-driven modelling approaches.

This work establishes a new capability for global hydrological prediction within an operational Earth system model and

provides a framework for future developments toward fully coupled atmosphere—land-river interactions.
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1 Introduction

Earth system models (ESM) represent the Earth’s natural processes as a whole, including interactions between the
atmosphere, oceans, and land, providing an insight into the complex drivers of high-impact weather and climate, and
allowing predictions of the future state of the Earth system (Harrigan et al., 2023). Accurately modelling the interactions
between the components of the Earth system improves weather forecasts across different timescales, which is explicitly
supported by the World Meteorological Organisation (WMO; World Meteorological Organization, 2019) and widely
adopted operationally at global weather forecasting, climate and environmental prediction centres around the world (Bush et
al., 2023; ECMWF, 2021; Zhu et al., 2023). Earth system models are also considered vital tools in providing early warnings
of upcoming extreme events (Emerton et al., 2018) and provide the basis for “Early warnings for all” (World Meteorological
Organization, 2022) with the potential to save lives and reduce economic losses from climate-related disasters (Gettelman et
al., 2022).

Many climate-related disasters are directly associated with the lack (e.g., droughts) or excess (e.g., floods) of water across
the land surface. The Earth system modelling approach has many advantages for modelling the water cycle: it enables a
physically consistent representation of the global water budget, including the distribution and storage of water in rivers, soils,
snowpacks, and the atmosphere. The comprehensive and physically consistent treatment of the water cycle supports an
accurate simulation of land surface energy exchanges with the atmosphere that regulate surface weather processes and a
realistic representation of freshwater fluxes from rivers to the ocean and to the atmosphere through evaporative processes.
Together, these components improve atmospheric predictions, which in turn feedback information to strengthen the
simulation of the water cycle itself (Harrigan et al., 2020). The accurate representation of runoff generation and river flow
within Earth system models is particularly critical for early warning systems (EWS), as it underpins forecasts of floods and
droughts, among the most damaging natural hazards worldwide (Jonkman et al., 2024). Hydrological forecasts may be
produced directly by ESMs or through post-processing using dedicated hydrological and hydraulic models and tools

(Alfieri et al., 2013; Emerton et al., 2016; Harrigan et al., 2020; Pappenberger et al., 2010; Woldemeskel et al., 2025). As
early warning systems increasingly incorporate machine-learning and hybrid approaches, the availability of physically and
spatially consistent hydrological datasets generated within an Earth system modelling framework becomes essential, as its
data serves as the foundation for model training and evaluation. Indeed, Earth system models provide the only modelling
environment that ensures the coupled dynamics and physical consistency required to coherently represent land water
variables such as soil moisture, runoff, and river discharge. This consistency is increasingly important for emerging
machine-learning and emulator approaches, including European Centre for Medium-Range Weather Forecasts (ECMWF)
artificial intelligence forecasting system (AIFS; Moldovan et al., 2025; Lang et al., 2024, 2026) and the Earth system
components of the Destination Earth programme (DestinE; ECMWEF, 2026b), which incorporate elements of the terrestrial

water cycle (e.g., runoff) and aim toward fully coupled, data-driven Earth system models. It is also essential for weather
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forecast diagnostics. In this context, river discharge provides a valuable integrative diagnostic of the land water cycle as
represented by Earth system models (Prudhomme et al., 2024).

At ECMWF, improving the representation of hydrology and flooding as part of an Earth system modelling approach is a
strategic priority (ECMWF, 2025). Large-scale hydrological prediction services must be sustainable across scientific,
technical, and computational dimensions (WMO, 2023). Weather forecasting centres are well placed to provide state-of-the-
art Earth system data and data assimilation systems, high-performance computing and cloud-based operational
environments, the capability to deliver reliable 24/7 forecasts, and the infrastructure and expertise to rapidly adopt emerging
developments such as artificial intelligence and machine learning at scale (Harrigan et al., 2023).

The ECMWF land surface scheme, ecLand (Boussetta et al., 2021), is a core component of the Earth system modelling
framework underpinning the Integrated Forecasting System (IFS) that provides forecasts across timescales and reanalysis
products (Baatz et al., 2021; Prudhomme et al., 2024; Herbert et al., 2024). Although several key hydrological improvements
to ecLand were initially explored by Boussetta et al. (2021), many further scientific and technical steps are needed to move
from experimental research to operational implementation in an Earth system forecasting model, including operational suite
configuration, code parallelisation and optimisation, and cycle testing to ensure that the new developments do not negatively
impact the forecast and that they meet the configuration flexibility criteria. Such steps are rarely documented in a
comprehensive way, and here we set a benchmark for open documentation of this transition from research to operations.

This paper presents the implementation of a global hydrodynamic river routing capability within ECMWEF’s Integrated
Forecasting System (IFS) through the integration of the Catchment-based Macro-scale Floodplain (CaMa-Flood) into the
ecLand land surface scheme. We document the scientific design, technical integration, and operational deployment of this
system, including coupling strategies, parallelisation, and verification within the ECMWF research-to-operations (R20)
framework. The resulting system enables, for the first time, routine global forecasts of river discharge, flood stage, and

inundation extent within an operational Earth system prediction environment.

2 ECMWEF Earth system forecasting approach
2.1 The Integrated Forecast System model components

The Integrated Forecast System (IFS; ECMWEF, 2024d; Roberts et al., 2018) is a global Numerical Weather Prediction
(NWP) system primarily developed by the European Centre for Medium-Range Weather Forecast (ECMWF), with
contributions from partners (including Météo France). It follows an Earth system modelling approach and consists of three
components representing physical processes governing the exchange of water, carbon, and energy across the Earth system.

Atmosphere: The atmospheric component simulates the dynamic evolution of atmospheric conditions and their interactions
with the land surface and ocean. It represents key processes such as radiation and temperature, cloud microphysics,
precipitation, aerosols and greenhouse gases, and includes sub-grid scale processes parameterised within the model

framework (ECMWEF, 2024b).
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Ocean: The ocean component captures ocean—atmosphere interactions, including the influence of sea-surface roughness on
near-surface winds, as well as sea-surface temperature and sea-ice coverage. It integrates multiple specialised models,
including ecWAM for waves, NEMO for ocean circulation, and LIM2 for sea-ice processes (e.g., Bidlot and Janssen, 2024).
Land: The land component represents exchanges of water, energy, and carbon at the Earth’s surface, enabling realistic
simulations of fluxes such as evaporation, runoff, and infiltration across soils, vegetation, snow, and open water bodies. This
component is implemented through the ecLand land surface modelling system (Boussetta et al., 2021).

The numerical systems of the atmosphere, ocean and land are solved based on two concepts: the dynamical core and the
physical parameterisation. The dynamical core solves the fundamental fluid dynamics equations in the IFS, which are
hydrostatic, two-time-level, semi-implicit, and semi-Lagrangian. The physical parameterisation represents the effects of sub-
grid scale processes that the dynamical core cannot explicitly resolve due to limitations in computational power and
resolution, such as, for example, land-surface processes, radiation, turbulent mixing and cloud microphysics. The physical
parameterisations interact with the dynamical core by providing “source terms", influencing the atmospheric motions.
Spectral transforms are used to switch between grid-point space, where the physical parameterisations are applied, and
spectral space (Wedi et al., 2013, 2020).

2.1.1 Grid and resolution

The IFS employs a reduced Gaussian octahedral grid (Malardel et al., 2016), which allows for a computationally efficient
increase in horizontal resolution while ensuring globally uniform grid spacing. Since Cycle 48r1 (June 2023), the IFS has
been run at ~9 km horizontal resolution (TCo01279; octahedral reduced Gaussian grid with the spectral truncation number of
1279) for the medium-range and ~36 km horizontal resolution (TCo0319) for the sub-seasonal and seasonal ranges. Both
systems have 137 vertical levels in the atmosphere. The wave (i.e., eccWAM) and land surface (i.e., ecLand) models operate

at the same horizontal resolution as the atmosphere.

2.1.2 Data assimilation and initial conditions

The IFS initial conditions are derived from a data assimilation system that combines recent observations with model
simulations to best estimate the state of the Earth system at the time of the forecast. The adjusted states define the initial
conditions of the new forecast, drawing from a wide range of in situ and remotely sensed observations. There is a dedicated
assimilation system for each of the IFS components: the atmosphere, ocean, ocean waves, land surface and sea ice, all

designed to preserve physical consistency across all components (De Rosnay et al., 2022).

2.1.3 Ensemble forecasting

To capture forecast uncertainty, the IFS employs an ensemble forecasting approach with a control forecast and perturbed
members based on stochastic, physics-based perturbation techniques (SPP; Lang et al., 2021). This method aims to simulate

the likely evolution of the atmosphere and other Earth system components, explicitly accounting for their uncertainty. The

4
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ensemble size depends on the forecast horizon, comprising 50 members for the medium range (15 days) and 100 members
for the sub-seasonal (46 days) or seasonal (7 months) ranges. The Ensemble Data Assimilation (EDA; Isaksen et al., 2010)
provides the initial conditions for the ensemble forecast, reflecting uncertainties in observation, boundary conditions and

model physics (ECMWF, 2024a).

2.2 The IFS operational configuration

The IFS was developed as a unified software system capable of reliably tracking model changes. The many functions of the
IFS are organised within a single high-level programme structure. All model configurations are based on a common top-level
calling tree, representing the hierarchical structure of subroutine calls. During execution, the configuration parameters
control which routines are activated, thereby defining the specific model configuration and computational workflow
(ECMWEF, 2024c).

2.2.1 Computational execution

Computational efficiency in the IFS relies on a parallelised implementation designed for high-performance computing
architecture based on distributed memory and MPI (Message Passing Interface) message passing. At each timestep, the
model executes two main computational blocks: grid-point calculations (physical parameterisation) and spectral calculations
(dynamical core) (see Sect. 2.1). Grid-point calculations involve only vertical dependencies, allowing atmospheric columns
to be treated independently and distributed flexibly across processors using domain decomposition strategies that optimise
load balancing across tasks (e.g., by latitude, zonal wave number, or vertical level). Spectral computations use domain
decompositions tailored to the requirements of Fourier and Legendre transforms, with data exchange managed through MPI-

based communication (ECMWF, 2024c).

2.2.2 Operational scheduler

The IFS runs are governed by an in-house workflow management software called ecFlow (Bahra et al., 2021), an open-
source, modular, and object-oriented Python package designed for running and monitoring complex suites of jobs across a
range of machines. A graphical user interface, called ExpERT (Experiment Edit and Run Tool, formerly known as PrepIFS;
Burton et al., 2025), replicates the scientific components of the IFS and allows for easy interaction with the IFS calling tree
to create, configure and submit IFS experiments. ExpERT is available to the IFS developers and ECMWF Member and Co-

operating States’ scientists.

2.2.3 Meteorological Archival and Retrieval System (MARS)

At ECMWF, outputs from operational systems (e.g., IFS, ERAS5, SEASS) and research experiments are archived in the
Meteorological Archival and Retrieval System (MARS), which stores gridded data using the WMO General Regularly-
distributed Information in Binary standard format (GRIB, edition 2 used in operation from 2026). MARS provides a single,

5
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unified repository, enabling consistent archival and retrieval workflows across variables and experiment types, therefore
enhancing efficiency and reproducibility.

Archiving in MARS requires each variable to be defined in the WMO catalogue (https://wmo.int/latest-version, last access:
24 March 2026) and assigned a unique GRIB2 parameter identifier code linked to its metadata (e.g., variable description,
time dimension, and unit). New variables can only be added following WMO approval. As of January 2026, MARS includes
7397 distinct GRIB2 parameter definitions, accessible via the ECMWEF Parameter Database online tool at:
https://codes.ecmwf.int/grib/param-db/ (last access: 24 March 2026).

2.3 Implementing changes in the IFS: the research-to-operations workflow

2.3.1 Development workflow

Given the complexity of the IFS, any proposed modification, whether related to physical parametrisation, new processes or
prognostic variables, computational performance or code maintenance, must undergo a structured evaluation process before
being added to the operational production. Model upgrades are introduced regularly, through clearly defined releases
(“Cycles”), generally once per year, with a version number and associated documentation. At the time of writing, Cycle 49r1
(implemented in November 2024) is operational, while Cycle 50r1 is planned for 2026.

Final acceptance of a cycle for operational production requires the successful completion of an experimental suite (the e-
suite), which is designed to test all NWP changes at operational resolution. Performance is assessed against physical
consistency, forecast skill metrics, and demonstrated scientific added value compared to the currently operational version
(the o-suite). Because e-suites are computationally demanding, they represent the final stage of testing and are preceded by a
hierarchical sequence of experiments within the formal research-to-operations (R20) framework (Buizza et al., 2017).

The progression from research experiments to operational implementation consists of distinct phases of increasing
complexity and system integration, designed to ensure robustness and operational readiness.

Alpha testing: This is the first and most comprehensive phase of the ECMWF R20 testing hierarchy and is conducted by
research scientists. The Alpha testing provides a structured way to gradually merge separate developments into system
versions of increasing completeness, from single experiments to the e-suite, making it easier to identify meteorological
interactions and pinpoint the source of technical problems. Throughout this phase, objective evidence is gathered using
standardised metrics to determine if a proposed change improves forecast quality or enhances the realism of the simulated
Earth system. It also evaluates the impact of changes on computing resources, ensuring they remain affordable and do not
delay operational forecast delivery. The Alpha phase is organised in 5 stages (ad hoc testing, testing against controls,
thematic merging, incremental builds, and high-resolution e-suite) and it lasts for a minimum of 7 months (Buizza et al.,
2017).

Beta testing: In this phase, the new IFS model (the e-suite) runs in parallel with the operational IFS model (the o-suite) for

about two months to ensure it is stable in a real-time environment and results match those from the end of the Alpha testing.
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Release candidate testing: This is the phase immediately before the release. The new IFS model (the e-suite) is frozen,

meaning no changes altering the model’s outputs are allowed. ECMWEF users are given final data samples from the new
model to ensure their own systems (like those in Member States) are ready for the switch. Depending on the complexity of
the new developments and the impact on the users, this phase can last between one and three months.

The progress of the e-suite is closely monitored through the three phases. The final decision to release a cycle candidate is
taken after the e-suite has covered a large enough sample of cases, typically at least two full seasons (one summer and one
winter) of analyses and forecasts, to ensure the results are statistically significant (Buizza et al., 2018).

An example of the implementation process is provided by Cycle 49rl. The cycle began with a contribution window from
January to June 2023, during which scientific developments were submitted for inclusion. The Alpha testing phase started in
July 2023 and involved multiple rounds of merging to produce successive system versions. During this phase, unexpected
discrepancies between the e-suite and system version v11 were identified at TCo1279 resolution, requiring additional testing
and extending the phase by several months. Cycle 49r1 was declared ready for implementation in January 2024, following
completion of the e-suite incorporating all system developments. Release candidate testing commenced in August 2024, and
Cycle 49r1 was operationally implemented with the 06 UTC run on 12 November 2024. Further details are available at:
https://confluence.ecmwf.int/display/FCST/Implementation+of+IFS+Cycle+49r1 (last access: 24 March 2026).

2.3.2 Code standards

The entire IFS code is complex, mainly written in Fortran 90, with some parts also in C, and C++, with a scripting interface
and module coupling mainly available as Shell and Python scripts. Developers must adhere to strict coding standards that
govern naming conventions, code layout, parallelisation practices, and prohibited actions (see
https://sites.ecmwf.int/docs/ifs-arpege-coding-standards/ (last access: 24 March 2026)). The code sharing, maintenance and
development are done through the Git infrastructure, allowing flexible maintenance and industry-standard software

management practices (Sleigh et al., 2025).

2.3.3 Code availability

The IFS source is not publicly available, accessible only by ECMWF and its Member and Co-operating States (Sleigh et al.,
2025). However, parts of the IFS code are open source, and they are available on the ECMWEF-IFS GitHub repository under
the Apache-2.0 license at: https://github.com/ecmwf-ifs (last access: 24 March 2026).

To promote and facilitate co-development and collaboration, a community-based version of the IFS, distributed under the
name OpenlFS (Carver, 2022), is available as open-source software under the Apache-2.0 license at:
https://github.com/ecmwf-ifs/openifs (last access: 24 March 2026). The land component of IFS, ecLand 2.0 has also been

released as open-source software at: https://github.com/ecmwf-ifs/ecland (last access: 24 March 2026).
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2.3.4 Scientific acceptance

Scientific acceptance of IFS developments is assessed through a hierarchy of experiments of varying complexity (see Fig. 1),
designed to provide objective evidence that proposed model changes improve forecast skill, enhance physical realism, or
deliver valuable new products to ECMWF users. New ecLand land surface developments are subject to the following
structured evaluation framework.

1D Site runs: These are single-site offline surface experiments (i.e., 1-way atmosphere-to-land-to-rivers coupling, see Sect.
3.3.1) in which the model is driven by prescribed meteorological forcings without feedback to the atmosphere. Each
simulation is performed on a single grid cell corresponding to the coordinates of the observation site. Experiments are
conducted across several sites representing a range of environmental conditions (e.g., vegetation types, climate regions, and
soil types) and depending on the availability of observational data (e.g., FLUXNET; Pastorello et al., 2020). They are at the
base of ECMWF’s testing hierarchy and are often used for very early and computationally inexpensive testing to gain initial
insights into the meteorological impact of changes to soil, snow, or vegetation before moving to more expensive global
configurations.

2D Area/Global runs: These are offline surface experiments (i.e., 1-way atmosphere—to-land-to-rivers coupling, see Sect.

3.3.1) in which specific components of the IFS, such as the land surface or ocean waves, are run in isolation across a two-
dimensional grid, regional or global, without being coupled to the full three-dimensional atmospheric model and using
prescribed atmospheric forcing, similar to the ERAS5-Land (Mufioz-Sabater et al., 2021) configuration. They ensure that new
scientific developments remain stable and realistic across the global or regional geography of the Earth system before
progressing to high-resolution research experiments.

3D Coupled GCM and GCM+DA runs: These are coupled Global Circulation Model (GCM) experiments, with or without

Data Assimilation (DA) (i.e., 2-way atmosphere-land and 1-way land-to-rivers coupling, see Sect. 3.3.1) where the three-
dimensional atmospheric model is dynamically linked to other Earth system components. In 3D coupled runs, two-way
interactions between the atmosphere, the land surface and the ocean significantly increase the complexity and realism of the
simulations, allowing for the evaluation of the impact of the new developments on NWP scores (with or without data
assimilation).

Depending on the variable of interest (e.g., surface state variables and fluxes, river discharge, CO2 concentration and global
budget), different verification toolboxes are used to compute scientific performance metrics (see Fig. 1). Surface state
variables and fluxes, for example, are evaluated with an ECMWF internal toolbox (LANDVER), which provides
independent validation of soil moisture and soil temperature against in situ observations from the International Soil Moisture
Network (ISMN; Dorigo et al., 2021) and FLUXNET (Pastorello et al., 2020). For operational evaluation, reanalysis
products and SYNOP observations are used within ECMWF’s integrated verification toolbox (IVER) and ECMWF’s quality
assessment and verification system (QUAVER). IVER is designed for verification against analysis, while QUAVER

generates summary “scorecards” that provide a rapid overview of differences in forecast skill between model configurations
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(see Fig. 2), including verification against analysis and SYNOP observations. Together, these tools enable a comprehensive
intercomparison of NWP experiments, including forecast skill metrics, changes in analysis and model climatology, and

computational performance.
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Figure 1: Schematic of the different experiment configurations used for the IFS scientific acceptance for different variables (left)
and associated verification toolboxes (right). The colours indicate the different components of interest (atmosphere: purple, land:
green, carbon: dark green, rivers: blue, orange: all).

QUAVER provides the core operational verification diagnostics at ECMWF, generating statistics, plots, and summary
scorecards (see Fig. 2). These scorecards typically synthesise performance differences between a new experimental cycle (e-
suite) and the current operational version (o-suite). Their primary purpose is to provide objective evidence supporting the
decision on whether a new IFS cycle is ready for operational implementation. They allow for the rapid identification of
statistically significant improvements or degradations across atmospheric variables, geographical regions, and forecast lead
times (Buizza et al., 2017).

Verification includes comparisons against both the experiment’s own analysis and independent observations, covering
upper-air and near-surface variables (e.g., geopotential height, wind speed, and temperature) aggregated over large
geographical domains (the Northern and Southern Hemispheres, the tropics, and Europe). Standard metrics include biases,
root mean square error (RMSE), correlation, continuous ranked probability score (CRPS) and ensemble spread alongside
statistical significance. In addition, ‘headline scores’ are calculated to monitor long-term trends in forecast performance and

quantities representative of the evolution of large-scale flow or high-impact weather (see for more detail

9
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https://www.ecmwf.int/en/forecasts/quality-our-forecasts, last access: 24 March 2026, and

https://confluence.ecmwf.int/display/FUG/Section+6.2.1+ECMWF+headline+scores, last access: 24 March 2026).
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Figure 2: Extract of Cycle 49r1 ENS scorecard for Europe. Score metrics (columns; rmsef = root mean square error of ensemble
mean, ccaf = anomaly correlation of ensemble mean, crps = continuous ranked probability score, spread = ensemble spread, diags
= diagonal score) for given variables and lead times (rows; z = geopotential height, msl = mean sea level pressure, t = temperature,
ff = wind speed, r = relative humidity, 2t = 2 m temperature) against analysis (an), shown as colour-coding (red = the experiment
(e-suite) is worse than the control, blue = the experiment (e-suite) is better than the control, purple = the experiment (e-suite) is
more active than the control, green = the experiment (e-suite) is less active than the control). Colour hue and saturation are
proportional to the normalised difference value. A colour-framed cell indicates the differences are statistically significant on 95%
confidence level. Where the differences are not significant on at least 50% level, they are masked by a light grey box (option
50%/95%). Source: https://sites.ecmwf.int/ifs/scorecards/ (last access: 24 March 2026).

2.3.5 Computational performance

A technical evaluation is conducted on computational cost, memory usage and code refactoring requirements to ensure that
model upgrades remain affordable and do not delay forecast delivery, especially when changes impact the horizontal/vertical
resolution and timesteps of different configurations. If a scientific change negatively impacts computational performance,
developers are generally expected to find ways to make the change cost-neutral, using technical solutions like code

parallelisation and reducing variable precision.

10
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3 Integrating rivers into the IFS
3.1 IFS land surface system: ecLand

The ecLand modular framework (Boussetta et al., 2021; ECMWF, 2024b) represents the land component of the IFS. It is a
physically based modelling system that describes the movement of energy, water, and carbon into the soil column and the
exchange of fluxes (energy, water, momentum, and carbon) with the atmosphere. The surface-atmosphere interface employs
a tile scheme with eight land cover types (e.g., broadleaf forest, cropland, and grassland) and two water surface types to
represent sub-grid heterogeneity. The model has evolved to include many physical sub-modules that represent the main
features of the water, energy and carbon cycles, including, for example, soil hydrology processes (Balsamo et al., 2009),
snow (Dutra et al., 2010; Arduini et al., 2019), lakes (Balsamo et al., 2012), vegetation representation (Boussetta et al.,
2013a), land-atmosphere carbon exchanges (Boussetta et al., 2013b), coupling with ocean (Balsamo et al., 2017), urban
parametrisation (McNorton et al., 2021), glaciers and ice sheets (Arduini et al., 2026). The ecLand framework can exchange
land feedback with the IFS atmospheric component (i.e., 2-way atmosphere-land coupling; see Sect. 3.3.1), or it can run in
an offline coupling configuration, using external atmospheric variables as forcings at the interface and without accounting
for any feedback to the atmosphere (i.e., 1-way atmosphere-to-land coupling; see Sect. 3.3.1). The offline configuration can
run at scales from a single point/grid to global, with a single grid runtime of under one minute, allowing a quick cycle of
developing, compiling, running and debugging new developments as detailed in the scientific acceptance section (see Sect.
2.3.4).

To enable external contributions and to support new developments, including hydrological components, ecLand 2.0 has been
released as open-source software on the ECMWF-IFS GitHub repository under the Apache-2.0 license at:
https://github.com/ecmwf-ifs/ecland (last access: 24 March 2026).

3.2 Global-scale distributed river model: CaMa-Flood (Catchment-based Macro-scale Floodplain)

The river routing component of ecLand is the Catchment-based Macro-scale Floodplain model (CaMa-Flood). CaMa-Flood
is a hydrodynamic model that can route surface and subsurface runoff through a river network and translate that volume of
water into river discharge, water level and inundation extent. CaMa-Flood was developed for large-scale (continental to
global) river flow simulations (Yamazaki et al., 2011, 2013; Yamazaki, 2025), targeting multiple applications such as flood
risk assessment (Hirabayashi et al., 2021), real-time flood forecasting (Ma et al., 2021), and coupling with Earth system
models (Nitta et al., 2020). A river network is discretised into unit catchments that approximately correspond to driving data
grid cells, such as runoff from a hydrological model on a regular geodetic grid. All time-invariant parameters for the unit
catchments are derived from high-resolution sources, mainly a digital elevation model (DEM) and a digital hydrography map
that provide information on river gradient, bank elevation and floodplain hypsometry. Each unit catchment represents a river
reach and its floodplain, with river discharge and water stages simulated without the need for high-resolution 2D

simulations. Within ecLand, the CaMa-Flood component is regularly updated to incorporate all relevant external
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developments, such as the reservoir operation scheme (Hanazaki et al., 2022) and the simple flood protection representation
(Zhao et al., 2025).
The model code is implemented in Fortran and is available as open-source software under the Apache-2.0 license at:

https://github.com/global-hydrodynamics/CaMa-Flood v4 (last access: 24 March 2026).

3.3 Coupling IFS and CaMa-Flood

Integrating river routing within IFS introduces some coupling complexity, with rivers exchanging water with the rest of the
land surface scheme and, in experimental configurations still under development, also directly or indirectly with the
atmosphere. At the same time, coupling strategies must remain sufficiently flexible to support both operational forecasting
and research experimentation, with research applications typically demanding substantially greater configurability with the
ability to adjust coupling frequencies, test alternative process representations and different data exchange pathways (Kousal
et al., 2026).

Besides data exchange, river initial conditions (i.e., river variables’ state at the first timestep of a simulation) must be
managed correctly in different contexts, such as operational forecasts, diagnostic and research experiments. The river
discharge and water storage states (e.g., riverbed and floodplain discharge, river depth, riverbed and floodplain storage and,
when activated, groundwater storage and bifurcation channel discharge) need to be available at the beginning of all
computation timesteps. CaMa-Flood reads the information from state files, either produced by a previous simulation (warm
start) or empty storage values (cold start). When running with a cold start, a spin-up period is needed before the model can
deliver a coherent physical representation of the river flow, and the results of this spin-up should be disregarded (Santos et
al., 2019).

Code-wise, a key requirement of the IFS and CaMa-Flood integration was the ability to maintain the same code base across
all configurations, spanning operational forecasting, research experimentation, and diagnostic applications to support rapid
development cycles (see Sect. 3.1) while facilitating a seamless research-to-operations transition.

Finally, regarding the impact of CaMa-Flood computation time on IFS, CaMa-Flood was originally developed for global-
scale applications and has a substantially lower computational cost than land surface models (Nitta et al., 2020). However, its
original OpenMP-based parallelization was insufficient to support kilometre-resolution operational global weather and
hydrological forecasting within the IFS, and refactoring was therefore required.

The integration of CaMa-Flood within IFS introduces multiple levels of coupling complexity. In its current operational
configuration, the system supports a one-way coupling from land to rivers, where runoff generated by ecLand is routed
through the river network without feedback to the land surface or atmosphere. Experimental configurations extend this
framework to fully coupled systems, enabling feedback through evaporation from inundated areas and interactions with soil

moisture. These configurations provide a flexible framework for both operational forecasting and process-oriented research.

12



355

360

365

370

375

380

385

https://doi.org/10.5194/egusphere-2026-4305
Preprint. Discussion started: 4 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

3.3.1 Information exchange

Three atmosphere-land-river coupling configurations were designed and implemented to meet all modelling requirements
(see Fig. 3).

Operational configuration: The operational forecast system as of January 2026 uses a 2-way atmosphere-land exchange

with feedback between land and atmosphere (e.g., evapotranspiration), while land-to-rivers exchange remains 1-way with no
river feedback to either land or atmosphere (see Fig. 3a). Rivers receive surface and subsurface runoff from the land surface
model at each internal coupling timestep, with a coupling frequency equal to the land surface scheme timestep (default: 1
hour). Runoff is routed to the river channel through two pathways: direct routing (overland flow) uses surface runoff only,
while subsurface runoff first percolates through the land’s soil column vertically and then enters a groundwater reservoir that
delays release to the river channel using a linear reservoir with a specified time scale. For lakes that are explicitly represented
in ecLand (i.e., 'resolved lakes’, Balsamo et al., 2012), the total runoff is set equal to the total precipitation. A mass-
conservative re-gridding module handles the interface between the land's reduced Gaussian octahedral grid and the rivers’
geographic grid.

2-way coupled configuration: This experimental configuration implements a bidirectional atmosphere-land-rivers

exchange, with information on the flooded fraction sent from rivers to land and treated as an inland open-water body,
evaporating to the atmosphere. Simultaneously, the evaporation withdraws water from the river system storage, providing
feedback to the rivers discharge and flooded area (see Fig. 3b). This implementation also allows for future evolutions, like
incorporating additional river-to-land feedback mechanisms through infiltration of the flooded water.

1-way coupled configurations: In these unidirectional configurations, information propagates sequentially from atmosphere

to land to rivers (see Fig. 3c). The absence of feedback mechanisms permits a flexible combination of different model
components and data sources as building blocks of the modelling chains, thereby enabling exploration of diverse research
questions, model intercomparisons, and diagnostic analyses at less computational cost. The atmospheric component provides
meteorological forcing (e.g., IFS, AIFS, ERAS, gridded observations, DestinE), while the land component functions as the
rainfall-runoff transformation module (e.g., ecLand). The 1-way coupled configurations are indispensable for research and
diagnostic applications by allowing the river routing component to be forced with runoff and precipitation inputs of arbitrary
time and horizontal spatial resolutions from any independent land surface scheme or experiment, regardless of whether the
source is a physics-based or data-driven model. The coupling frequency between land and rivers is configurable from hourly
to daily intervals, with runoff being time-averaged over the coupling interval when produced at a higher temporal frequency.
Direct routing to river channels (overland flow) can be configured to receive either total runoff (the sum of surface and
subsurface components) or surface runoff exclusively. In the latter case, subsurface runoff is directed to a groundwater
reservoir that delays water release to the river channel according to a linear reservoir time scale, representing groundwater

flow processes.
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a) OPERATIONAL b) 2-WAY COUPLING c) 1-WAY COUPLING

Atmosphere ‘@

Meteorological
forcings
(IFS, ERA5)

Rainfall-runoff
(ecLand)

Land

Rivers

IRIVErS (CaMa-Flood)

FORECAST STANDARD EXPERIMENTAL RESEARCH AND DIAGNOSTIC

Figure 3: Schematic representation of coupling configurations in the IFS. (a) Operational configuration (January 2026): 2-way
atmosphere-land coupling with 1-way land-to-rivers transfer of surface and subsurface runoff. Used for IFS operational forecasts.
(b) 2-way coupling configuration: bidirectional feedback across all components, still in experimental development. (c) 1-way
coupling configurations: unidirectional flow from atmosphere to land to rivers, enabling independent selection of forcing, rainfall-
runoff, and routing components for diagnostic and research applications. Arrows indicate the data exchange direction. The dashed
arrow represents the optional input from the atmosphere when the 1-way coupling configuration runs with the land and river
components only, using only runoff as input to the rivers.

For example, a 1-way coupled configuration (see Fig. 3¢) can be used for reanalysis-driven simulations using ERAS forcings
and a 1-way atmosphere-to-land-to-rivers coupling to regenerate ERAS land (Mufloz-Sabater et al., 2021) variables by
running the latest land physics version from IFS while still using ERAS atmospheric variables as forcings.

Additionally, the flexible control of the internal data exchange frequency in the different configurations allows running quick
experiments, testing and evaluating advances in areas such as the Land Data Assimilation System (Fairbairn et al., 2019;

Herbert et al., 2024) or 2-way atmosphere-land-rivers coupling.

3.3.2 Initialisation

Initial conditions handling was implemented to support the different coupling configurations, with dedicated restart
strategies depending on the configuration and experiment type. For short-range forecasts, warm starts are performed using

only river channel and floodplain storage state files. In contrast, multi-year simulations (e.g., reanalysis) require the full set
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of model state files to ensure bit-identical restarts. To shorten the simulations’ spin-up period, the capability to use seasonal

averages obtained from climatological runs at different rivers’ spatial resolutions was added to the cold start.

3.3.3 Software flexibility and modularity

The necessary software flexibility and modularity were achieved through the refactoring of the original land surface and
CaMa-Flood codes to improve calculation workflows (e.g., initialisation, restart, timestep and data exchange control, and
output), modularise physics subroutines and variables, and enable interoperability and flexible coupling (e.g., consistent
naming convention). The refactoring of the land surface component introduced the capability to represent parameters
associated with parameterised climate processes as spatially uniform values, spatially distributed 2D fields, or hybrid
combinations of both, thereby enabling future parameter calibration and optimisation exercises. The refactoring also
introduced a flexible I/O scheme supporting both binary and NetCDF outputs and ensured alignment with ECMWF coding
standards. The CaMa-Flood output was extended to enable direct GRIB2 output (via ECMWEF’s output abstraction library
MultlO, Sarmany et al., 2024).

3.3.4 Computation efficiency of the river model

A new hybrid MPI/OpenMP parallelization option was introduced in ecLand to enable the use of multiple computational
nodes. Because river routing involves horizontal water exchanges between upstream and downstream grid cells, MPI
parallelization is more challenging for river models than for vertically one-dimensional land surface models (Mizukami et
al., 2021). To minimize inter-node communication, grid cells are grouped by river basin and assigned to a single MPI node,
within which OpenMP parallelization is applied. This basin-based domain decomposition largely avoids MPI
communication during river discharge calculations, except for runoff input distribution, timestep synchronization, and output
collection, resulting in improved computational efficiency.

In addition to the hybrid MPI/OpenMP parallelization, a single-precision compilation mode was introduced for variables not
required for strict water balance calculations. Variables requiring strict water balance represent only about 2-3% of the total,

resulting in a negligible impact on simulation time while nearly doubling computational speed.

3.3.5 Scientific verification

CaMa-Flood integration in IFS adhered to the stages prescribed by the IFS research-to-operations development workflow
(see Sect. 2.3), testing both scientific acceptance and computation performance. NWP scientific verification followed the
science acceptance tests, where positive or neutral changes to key atmospheric variables are required. We performed the full
suite of tests required by the NWP verification framework (e.g., offline experiments, analysis (AN) type and ensemble
(ENS) type experiments). Verification experiments quantified differences in core diagnostic variables (e.g., 2 m temperature,
soil temperature, volumetric soil water, runoff, skin temperature, and mean sea-level pressure) between baseline and coupled

IFS and CaMa-Flood configurations. Bit-identical behaviour of IFS was demonstrated for both 1-way atmosphere-to-land
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and land-to-rivers coupling configurations, confirming that the integration of CaMa-Flood did not introduce unintended

perturbations into the atmosphere component.

3.4 Geospatial data

The integration of rivers within the IFS requires a set of geospatial datasets. These include information on river topology,
like river channel width, depth, friction, slope and length, and CaMa-Flood modelling information, like unit catchment,
outlet elevation, floodplain elevation profile and routing topology, including floodplain bifurcation pathways (Yamazaki et
al., 2019). Most datasets are derived from Earth observation products, some rely on simulated information, for example, the
river channel depth parameter, which is defined as a power-law function of annual mean river flow, while others adopt
default values that can be further tuned, such as riverbed roughness.

All geospatial information is available at 15, 6, 3 and 1 arcminute resolutions. The spatial resolution of rivers can be coupled
to any spatial resolution of the land in both the 1-way or 2-way coupling schemes (see Sect. 3.3.1). In the current operational
setup, a 3 arcmin river resolution is adopted, providing a balance between computational cost and hydrological realism. This
resolution enables a sufficiently detailed representation of river networks and floodplain dynamics while remaining
compatible with the runtime constraints of the IFS.

A new river basin discretisation, describing how river basins are connected, was introduced to enable the MPI/OpenMP
hybrid parallelisation of the IFS rivers component (see Sect. 3.3.4 on computation efficiency of the river model). The
corresponding map was derived by assigning the same MPI node to all river basins connected through bifurcation channels,
equalising the number of grid cells allocated to each MPI node to balance the computational load (see Fig. 4). Note that the
largest connected river basins (Amazon and Orinoco rivers, St. Lawrence and Mississippi rivers) contain almost 6% of all
land grids, and that the maximum MPI nodes available under this parallelisation scheme is 16 when river bifurcations are
considered. If a few connecting channels (e.g., the Casiquiare Canal connecting the Amazon and Orinoco rivers) are
neglected, the maximum number of MPI nodes can be increased to 30. Neglecting river bifurcations reduces computational
cost but introduces systematic approximations in simulated river discharge and water levels downstream of the bifurcation in
both the donor and receiving river systems. These discrepancies arise from the mismatch in flowing water volume between

the model representation and reality, where, in nature, part of the flow is diverted from one basin to another.
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Figure 4: MPI region map for 30 MPI processes at 15 arcminute spatial resolution, with each colour representing the model grid
cells belonging to a different MPI process.

3.5 Data output and archival

Integrating rivers in the IFS required the addition of 36 new river flow and storage variable codes (see Table 1), both

averaged and instantaneous, in the GRIB2 parameter database, including floodplain discharge, floodplain water storage, and

floodplain flooded fraction. The use of the MultlO library (see Sect. 3.3.3 on software flexibility and modularity) enables

direct archival of river-related outputs to MARS without requiring additional formatting, transformation, or re-gridding

steps.

Table 1: List of CaMa-Flood variables encodable in GRIB2. Variable Short Name and Variable Description refer to the internal
name and description used by MARS for the variable, respectively. GRIB2 code describes the variable’s code in the
parameter database.

Variable Short GRIB2
Name Variable Description Unit code

avg_dis Time-mean discharge from rivers or streams m’s”! 235270
flddep Floodplain depth m 240035
avg_flddep Time-mean floodplain depth m 235274
fldffr Floodplain flooded fraction Proportion [0 to 1] 240036
avg_ fldffr Time-mean floodplain flooded fraction Proportion [0 to 1] 235275
fldfar Floodplain flooded area m? 240037
avg_fldfar Time-mean floodplain flooded area m? 235276
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rivfr River fraction Proportion [0 to 1] 240038
avg_ rivir Time-mean river fraction Proportion [0 to 1] 235277
rivar River area m? 240039
avg_rivar Time-mean river area m? 235278
riveffr Fraction of river coverage plus river related flooding Proportion [0 to 1] 240040
Time-mean fraction of river coverage plus river related
avg_riveffr flooding Proportion [0 to 1] 235279
rivefar Area of river coverage plus river related flooding m? 240041
avg_rivcfar Time-mean area of river coverage plus river related flooding | m? 235280
pthflw Floodpath outflow of water m’s! 240034
avg_ pthflw Time mean floodpath outflow of water m’s! 235403
fldout Floodplain outflow of water m’s’! 240033
avg_fldout Time mean floodplain outflow of water m’s! 235402
rivout River outflow of water m’s! 240032
avg_rivout Time mean river outflow of water m’s! 235401
fldsto Floodplain storage of water m? 240015
avg_fldsto Time mean floodplain storage of water m? 235399
rivdph River depth m 240031
avg_rivdph Time mean river depth m 235400
rivsto River storage of water m? 240014
avg_rivsto Time mean river storage of water m? 235398
wse Water surface elevation m 240042
avg_ wse Time-mean water surface elevation m 235412
grfr Groundwater return flow rate m’s’! 240043
avg erfr Time-mean groundwater return flow rate m’s’! 235413
rivfldsto River and floodplain storage m’ 240044
avg_rivfldsto Time-mean river and floodplain storage m’ 235414
darv Depth-averaged river velocity ms! 240045
avg_darv Time-mean depth-averaged river velocity ms! 235415
gwus Groundwater storage kg m 240028
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3.6 Operational monitoring and forecast setup

The IFS operational configuration for producing ensemble hydrological predictions (see Sect. 3.3.1) relies on a set of
hydrological simulations (see Fig. 5) where the different modelling options are combined to generate climatological
simulations, river thresholds and ensemble forecasts. The following simulations are part of the hydrological modelling
workflow, and they were designed, tested and implemented as part of the integration of rivers in IFS.

IFS river reference: These are long global deterministic simulations using a 1-way coupling configuration (see Fig. 3c),

with ERAS meteorological forcings and the land surface version from the latest available IFS cycle (currently Cycle 49rl).
Rivers and land are simulated at different spatial resolutions (i.e., TC0399, TC01279 and TC02559 for land; 15, 6, 3, and 1
arcmin for rivers), and output time steps range from hourly to daily. The river simulation is initialised from seasonal average
state files (see Sect. 3.3.2 on initialisation) in 1979, and it continues until catching up with real time. After that, the
simulation is updated daily, running only a few days behind real time. It provides a homogeneous representation of real-
world rivers for climate monitoring, generates initial conditions for hydrological reforecasts and enables the computation of
hydrological reference statistics (e.g., flood thresholds).

IFS river analysis: This is a deterministic global simulation using the operational configuration (see Fig. 3a), consisting of

2-way atmosphere-land coupling and a 1-way land-to-rivers coupling. The atmosphere and land components of the
simulation are based on the IFS ensemble control member short forecast (i.e., the integration covering the interval between
two consecutive forecasts) and the simulation is run for the most recent years. In the operational forecast system as of
January 2026, the IFS river analysis provides river states at the start of each IFS forecast cycle at 3 arcmin spatial resolution
and is executed twice daily, in line with the main IFS production cycles. The analysed river states are subsequently used as
initial conditions for the operational hydrological ensemble forecasts. The IFS river analysis enables operational monitoring
of river conditions that, in real time, are as close as possible to reality by leveraging the IFS data assimilation system, while
for historical periods, it ensures full consistency with the operational forecasting configuration.

IFS real-time river ensemble forecast: This is a global ensemble simulation using the operational configuration (see Fig.

3a), consisting of 2-way atmosphere-land coupling and 1-way land-to-rivers coupling. The atmosphere and land components
of the simulation are based on the IFS major forecast cycle, with all members initialised from the same river analysis. The
IFS real-time river ensemble forecasts generate the evolution of river conditions into the future, with the same modelling
configuration that can be used for forecasts of different ranges, from medium to seasonal.

As of January 2026, the IFS river analysis and the IFS real-time river ensemble forecasts (15 day forecast horizon) are
produced operationally every 12 hours (base time of 00 and 12 UTC) at 3 arcmin spatial resolution and hourly time steps.
The archival frequency of the river variables matches the frequency used for atmosphere and land variables. The forecast
simulations are currently archived in MARS for internal use, with public release planned for the next scientific model

upgrade.
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Figure 5: Schematic representation of the simulations that are part of the IFS hydrological modelling workflow. Underlined text
identifies the spatial resolution used in the operational configuration as of January 2026.

4 Applications

The integration of river routing as an operational component of IFS enables ECMWF to produce daily and sub-daily global
high-resolution river analyses, as well as real-time medium-range ensemble forecasts of river discharge and flood
inundation, supporting disaster risk reduction and early warning systems at local, regional, and global scales with skilful
hydrological forecasts with lead time compatible with anticipatory actions.

The system's capacity to generate multi-decadal river discharge datasets at daily and sub-daily timesteps provides a robust
foundation for diverse hydrological applications, including assessment of extreme events (floods and droughts), long-term
variability and trends in global water resources, and training datasets for machine learning hydrological models. Gridded
river discharge, water level, and inundated areas are included as default diagnostic variables within the IFS hydrological
modelling framework. To reduce computational costs, the land and river components can be executed over regional domains
(using 1-way atmosphere-to-land-to-rivers coupling) at user-specified spatial resolutions, facilitating post-event analysis and
model development activities.

The capability to perform kilometre-scale simulations, using temporal resolutions ranging from sub-daily (e.g., 1 hourly) to
daily, is particularly valuable for early warning and preparedness applications, as fine spatial resolution reduces the risk of

impact overestimation associated with partial flooding representation in coarser model grids. Accurate representation of
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flood extent constitutes an important milestone for ECMWEF's Earth system modelling approach, as inundated areas could in
the future be incorporated into 2-way coupled simulations with re-evaporation and re-infiltration processes, enhancing the
physical realism of flood impact representation.

This section presents applications that demonstrate the capabilities of different components and products of the operational
hydrology system, with lead times sufficient for anticipatory action and decision-making. These applications illustrate three
key capabilities enabled by the integration of CaMa-Flood within IFS: (i) operational forecasting of river discharge and flood
area, (i1) high-resolution regional hydrological analysis, and (iii) diagnostic and cross-component evaluation of the land

water cycle. An overview of the applications with details about the simulation setup, main products and scope is given in

Table 2.

Table 2 List of applications where rivers are used in the ecLand and IFS simulations.

Application

WMO State of Global
Water Resources Report,
2024

Queensland floods, 2025

Zambesi floods, 2023

Pakistan floods, 2022

Simulation type and
configuration

IFS river reference

Global

6 arcmin rivers

Daily

IFS river reference

IFS river analysis

IFS real-time river ensemble
forecast

Global

3 arcmin rivers

6 hourly

1-way coupling experiment
Regional

Land and rivers at larcmin,
3arcmin, 6arcmin

Daily

IFS river analysis

Global

3 arcmin rivers

6 hourly

21

Main product

Daily river discharge for
the period
1991 2020 and 2024

Flood thresholds
Post-event analysis
Step-by-step flood
hydrographs

Daily river water level

Flood inundated areas

Flood inundated areas

Use

Global water resources

monitoring

River flow forecasts for

extreme events

Regional high-resolution
simulations for flood

risk assessment

Assessment of flood

inundation extent
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ecLand wetland module IFS river reference Flood inundated fraction Improving Carbon

development fluxes representation

4.1 Global Water Resources monitoring with IFS rivers

The IFS river reference simulation (see Sect. 3.6), produced at 6 arcmin spatial resolution and daily output time steps, was
ECMWEF’s dataset contribution to the WMO State of Global Water Resources Report (World Meteorological Organization,
2025), and it represents an example of the use of the IFS river reference simulation for monitoring rivers and floodplains
globally. The report presents a quantitative assessment of global water resources for the year 2024, based on 12 simulated
reference datasets (including IFS river reference) covering both the 1991-2020 reference period and 2024. It provides a
global reference for river discharge, supporting the monitoring of climate variability and long-term trends. Model
simulations also help compensate for spatial gaps and disparities in hydrometric observations worldwide. Findings from the
State of Global Water Resources Report contribute to the WMO Early Warning for All initiative by serving as a scientific
foundation for developing tools to manage water-related hazards (e.g., floods and droughts).

Figure 6 presents the annual mean river discharge for 2024, derived from the IFS river reference dataset, which was
produced using a 1-way atmosphere-to-land-to-rivers modelling configuration, using ERAS forcings, the land surface model
from IFS Cycle 48rl on the TCo1279 grid (i.e., ~9 km resolution) and rivers at 6 arcmin spatial resolution (i.e., ~11.1 km at
the Equator).
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Figure 6: Annual mean river discharge for 2024 derived from the IFS river reference simulation with 1-way atmosphere-to-land-
to-rivers coupling produced by ECMWF for the 2024 WMO State of Global Water Resources Report. The inset figure shows the
hydrological skill calculated over the 1991-2020 period at about 1300 Global Runoff Data Centre (GRDC) stations globally,
evaluated by the modified Kling-Gupta efficiency metric (Gupta et al., 2009; Kling et al., 2012) (ideal value is 1; skill threshold of -
0.41).

4.2 River flow forecasts for extreme events: the Queensland floods, 2025

IFS river analysis and IFS real-time river ensemble forecasts can be used during flood events to generate analysis and
forecast products. Figure 7 presents examples of hydrological products generated for the state of Queensland (northeastern
Australia; dark grey area in Fig. 7a) covering the period from the end of January to early February 2025, when an active
monsoon phase produced several tropical lows with a prolonged period of heavy rainfall. This resulted in major flooding in
the Burdekin River (see https://www.bom.gov.au/qld/flood/brochures/burdekin/burdekin.shtml, last access: 24 March 2026),
a 129,000 km? catchment and the largest river within the study area (highlighted by a red rectangle in Fig. 7a). The
hydrological products were produced using the IFS river analysis for post-event summary assessment (see Fig. 7b and 7c)
and the IFS real-time ensemble forecast for step-by-step river flow forecast visualisation (see Fig. 7d-f), both configured
with rivers at 3 arcmin spatial resolution and 6 hourly output time steps. The IFS river reference simulation for the period
2005-2024 and a Gumbel distribution fitted on the river discharge annual maxima were used to define return periods for the
Burdekin River catchment.

Between 31 January and 13 February 2025, the IFS river analysis simulated the river discharge to exceed the 20 year return

period level (i.e., 5% annual exceedance probability) in the majority of the Burdekin River basin, with extreme floods (>50
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year return period level, 2% annual exceedance probability) in large sections of the catchment (see Fig. 7b). In the whole
study area, 13.1% of the river grid cells belong to the ‘Extreme’ category, meaning river flow exceeded the 50 year return
period during the event.

The simulated flood wave in the IFS river analysis started on 1 February in the upstream part of the catchment, and then it
moved downstream with the peak flow reaching the Sellheim River station (20.0064°S 146.4373°E) on 3 February (see Fig.
7¢), when 26.9% of river grid cells observed the maximum river flow in the study area.

Seven days before the peak (forecast run of 29 January 00 UTC; Fig. 7d), the ensemble forecast generated by the IFS real-
time river ensemble forecast showed a flood peak around 3 or 4 February at Sellheim station, with the 90" percentile
reaching ~15,000 m/s (upper light blue shade) and large uncertainty in the magnitude and timing of the peak. Five days
before the event, the uncertainty in the flood peak timing decreased, with the forecast flood magnitude rising to about 24,000
m?/s (forecast run of 31 January 00 UTC; Fig. 7e). Three days before the event, the flood signal was strong, with the peak
expected in the early hours on 3 February, matching the IFS river analysis very closely (forecast run of 2 February 00 UTC;
Fig. 7f). Moreover, the river discharge observations (dashed black lines in Fig. 7d-f) highlight that the simulated flood wave
was realistic both in magnitude and timing, although it showed a slight underestimation of the peak magnitude and an earlier

than observed arrival time.
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Figure 7: Example of IFS river analysis and real-time river ensemble discharge forecast for the Queensland floods (Australia)
from late January to early February 2025. (a): Map of Australia showing the state of Queensland (dark grey) and major rivers
(blue). The red marker indicates the Burdekin River at Sellheim, for which forecast hydrographs are presented in panels (d-f).
The red rectangle denotes the study area shown in panels (b) and (c). (b): Maximum simulated flood severity from the IFS river
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analysis (colours) over 31 January-5 February 2025. Numbers indicate the proportion of impacted river pixels within the study
area. (c): Date of peak flood occurrence (in 00 UTC intervals) derived from the IFS river analysis for the same period, with
numbers indicating the proportion of impacted river pixels. (d-f): Medium-range 6 hourly ensemble river discharge forecast
initialised at 00 UTC on 29 January, 31 January and 2 February 2025 at Sellheim (location shown in panels a-c). The river analysis
is shown in black, individual ensemble members in thin dark blue lines, the ensemble median in thick blue, and observations in
dashed black. The 10th-90th percentile range is indicated by light blue shading, and the interquartile range by darker blue
shading. Background colours represent flood severity categories. The flood severity in (b) is defined according to estimated flood
return periods (RP): grey: no flood (RP < 1.5 years); light orange: minor flood (1.5 < RP <2 years); orange: moderate flood (2 <
RP < 5 years); dark pink: major flood (5 < RP <20 years); purple: severe flood (20 < RP <50 years); sky blue: extreme flood (RP
> 50 years). Return periods are estimated using a Gumbel distribution fitted to annual maximum discharge from the IFS river
reference simulation for 2005-2024.

4.3 Regional high-resolution simulations for efficient flood risk assessment: the Zambezi floods, 2023

In 2023, the Zambezi River in Zambia experienced some of the worst floods in over 50 years, driven by weeks of heavy
rainfall, leading to casualties, the displacement of several thousand households and the destruction of critical infrastructure
(International Federation of Red Cross and Red Crescent Societies (IFRC), 2023). Three regional simulations for the period
2019 to 2023 were set up over the Luangwa River catchment, a tributary of the Zambezi River and one of the last free-
flowing rivers in southern Africa that runs from northeastern Zambia, near Malawi, to the southwestern part of the country,
to the border with Mozambique and Zimbabwe (see Fig. 8a). The three regional simulations were produced using a 1-way
atmosphere-to-land-to-rivers modelling configuration (see Sect. 3.3.1), driven by ERAS forcings, with both the regional
version of ecLand from IFS Cycle 49r1 and the river model configured at 1, 3 and 6 arcmin spatial resolution, and outputs
generated at daily time steps. The simulations show water on the Luangwa River in the Chipuka area (upstream drainage
area of 41,000 km?, red dot in Fig. 8a-b) matching both the timing and magnitude of observed water levels as derived from
satellite altimetry measurements (Schwatke et al., 2015), in particular for the highest peak on 19 March 2023 (estimated at
557.96 m £ 0.15 m above mean sea level; see Fig. 8c). The simulated flooded fraction area on 19 March 2023 is shown for
the three different spatial resolution experiments in Fig. 8d-f. As spatial resolution increases, the flooded area (calculated as
the grid cell area multiplied by the flooded fraction) decreases (from 2,525 km? for 6 arcmin, 1,533 km? for 3 arcmin and
down to 912 km? for 1 arcmin) as does uncertainty in the flood signal, with a higher proportion of the flooded grid cells
simulated as completely underwater at 1 arcmin. (see Fig. 8g-i).

The ability to run kilometre-scale simulations is particularly valuable for early warning and preparedness, as it reduces
impact overestimation associated with the exaggerated spatial extent of partial flooding in coarser-resolution model grids. In
contrast, higher-resolution simulations exhibit a larger proportion of severely flooded pixels, indicating that coarser
configurations tend to under-represent flood severity. An example is given for the estimation of the population, livestock and
crops potentially affected by river flooding, based on the total exposure within areas where the estimated flooded fraction is
greater than zero. The estimated exposed population decreases from over 7,000 in the 6 arcmin simulation to 6,000 and
3,500 in the 3 arcmin and 1 arcmin simulations, respectively. Similarly, livestock exposure ranges from approximately
85,000 to 28,900 animals for the 6 arcmin and 1 arcmin simulations. Higher-resolution simulations show a greater proportion

of severely flooded pixels, indicating more intense local impacts. As a result, despite the lower overall exposure, the actual
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risk, particularly for small livestock (e.g., poultry), may be higher at finer spatial resolutions.

sensitivity of both exposure and risk estimates to the spatial resolution of the river model.
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Figure 8: Results from the 1-way coupled regional simulations for the Luangwa River, Zambia. (a): Overview of the study region,
with the study area indicated by a red rectangle and the evaluation point at Chipuka (red dot; 32.16°E, -12.42°S) along the
Luangwa River. (b): Topography and 1 arcmin river network (blue), with the study area highlighted by the red rectangle. (c):
Daily water level time series from 1 January to 31 March 2023, comparing 1-way coupled simulations (continuous lines) with
satellite altimetry-derived observations (black dots; Schwatke et al., 2015) (d-f): Modelled flooded fraction on 19 March 2023 at 6,
3, and 1 arcmin spatial resolution, respectively. (g-i): Estimated flood impact metrics at the three spatial resolutions, showing
flooded surface area (pie chart radius), proportion of flooded fraction (pie wedge area), and critical exposure within inundated

26



640

645

650

655

660

https://doi.org/10.5194/egusphere-2026-4305

Preprint. Discussion started: 4 September 2026 EG U - h N

© Author(s) 2026. CC BY 4.0 License. spnere
é‘ ® Preprint repository

BY

areas (defined as flooded fraction > 0) for residential population (icon = 1,500 persons), livestock (icon = 15,000 livestock), and
crops (icon = 25 km?). Exposure datasets from WorldPop project (Bondarenko et al., 2025) at a 92.77m resolution from 2020
(population); AGLW (Du et al., 2025) at a 10 km nominal resolution from 2020 (livestock) and Copernicus Global Land Cover
dataset version 3 2019, at a 100 m resolution (Copernicus Land Monitoring Service and Copernicus Land Monitoring Service
Helpdesk, 2015) (cropland).

4.4 Representing flood inundation extent: Pakistan floods, 2022

Thanks to the flexibility of CaMa-Flood integration in IFS (see Sect. 3.3), land and river spatial resolutions are independent
of the atmospheric grid in the operational configuration, and river simulations at a higher spatial resolution can be produced
to improve hydrodynamic representation. An example is given for the floods over Pakistan (Arshad et al., 2025) on 27
August 2022 as observed by MODIS satellite (see Fig. 9b) and the flooded fraction simulated by the IFS river analysis at 3
arcmin (see Fig. 9¢). This exceptional event was caused by a combination of high and persistent monsoon rainfall (for about
15 days) and enhanced glacier melt driven by a preceding heatwave, both of which are linked with climate change (Nanditha
et al., 2023). The capacity of accurately representing the flood extent constitutes an important milestone for the Earth system
approach embraced at ECMWF, since the inundated areas can be considered for re-evaporation and re-infiltration in a 2-way

coupled system, enhancing the realism of the flooding impact.
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Figure 9: Inundation extent in Pakistan on 27 August 2022. Panel (a) shows MODIS-derived inundation for a reference year
(2021), panel (b) presents MODIS observations for 27 August 2022 (both from NASA Worldview
https:/worldview.earthdata.nasa.gov/) and panel (c) displays the corresponding IFS river analysis simulation at 3 arcmin spatial
resolution.

4.5 Improving Carbon fluxes representation

Within the ecLand framework, a wetland CHa module has been developed to improve historical and forecast atmospheric

concentrations of biogenic methane (CHa4) emissions in support of the ongoing improvements to the Copernicus Atmosphere
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Monitoring Service (CAMS, https://atmosphere.copernicus.eu/, last access: 24 March 2026). The simple wetland
parameterisation is based on previous models using temperature, wetland fraction and a representation of carbon availability
for methanogenesis (Bloom et al., 2017). The simplicity of the parameterisation was chosen in response to previous work
showing only minor impact on model performance with added complexity (McNorton et al., 2016). A Qo function
(temperature-dependent scaling factor) is applied to the uppermost soil temperature, 7, taken from ecLand at computational
timesteps (~5 minutes), as in (Gedney et al., 2004). As a proxy for substrate availability, the formulation of soil respiration
for CO: from (Boussetta et al., 2013b) is used, which depends on a plant function type-dependent soil respiration, Reo, and
soil moisture and snow attenuation functions (fi» and fs., respectively). The grid cell wetland fraction, fue, and a global or
regional scaling factor, S, based on globally optimised surface fluxes (Saunois et al., 2020), are applied to obtain a surface

CHa4 flux, Fcna, as given by Eq. (1).

T-25
Fey, = SfwetfsmfsnReoQ1o 10 (1

with fsm = G:;ap and f;n =1- Cvs(l - e‘“zsnow)’

where Cisis the surface fraction covered by snow, a is a constant expressing the attenuation of the soil CO2 emission within
the snowpack, and zsow is the snow depth, & is soil moisture, and .4 is soil moisture at field capacity.

Since the operational configuration of Cycle 49r1, the IFS wetland component uses a monthly climatology based on the IFS
river reference simulation and satellite data. Over all land points, the monthly total wetland fraction is first calculated as the
sum (capped to 1) of the monthly flooded fraction of the IFS river reference simulation for the year 2019 and the monthly
average from the Global Inundation Extent from Multi-Satellites (GIEMS) dataset (calculated over 1992-2020, v3.1; Prigent
et al., 2007) after regridding to a common 0.1° resolution. Monthly IFS lake cover and agricultural inundated areas (defined
according to a rice mask) are then removed with a minimum fraction set to 0. Finally, the resulting wetland map are
converted into IFS climate fields for all relevant resolutions. Prior to its release, the impact of the CHs wetland model was
tested using the CAMS CHa forecasting system (Agusti-Panareda et al., 2023) benchmarked against the Cycle 48rl
operational CAMS configuration. Whilst the Cycle 49r1 configuration represents a first use of the IFS river outputs
operationally, work is underway to integrate both real-time satellite data, the IFS river analysis and IFS rivers forecasts
within the operational workflow, to better represent both the interannual variability in wetland fraction and the forecast

wetland emissions.

28



690

695

700

https://doi.org/10.5194/egusphere-2026-4305
Preprint. Discussion started: 4 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

/
i

'F&‘*\ \A/T}‘
\"‘ f (7
oo 2 fongt \L_/ Y

/ /GIEMS Average - 1992-2020 .

28
3 28
land

— ]
etland Fraction (0-1) y
//. 4
RN
/‘%
A

2
g

§
tland
S

\\
AN

/
? CaMa Average - 2019
«- .

Figure 10: Global wetland inundation and associated methane (CHs) fluxes. (a): Global average wetland inundation from satellite
observations from 1992-2020 and (c): from IFS reference simulation (flood fraction) for 2019. (b): Wetland CH4 flux from IFS
output informed by both GIEMS and CaMa-Flood for 15 May 2021 and (d): the offline monthly climatology flux used since Cycle
49rl.

4.6 Land water as a diagnostic for the land water cycle

Thanks to the integrating properties of the water exchanges in space and time, river discharge is a useful tool to diagnose the
land water cycle as simulated by Earth system models (Prudhomme et al., 2024). The inclusion of rivers in ECMWF’s Earth
system framework has enabled a fast, efficient, and systematic assessment of hydrological fluxes in any of its modelling
chains, whether under research development for model evolution or in its operational context. This section presents several
examples illustrating how river discharge has been used for land water budget diagnostics. The examples span different
stages of maturity, from developments already implemented in operational IFS cycles to ongoing experimental investigations

informed by the river routing scheme. An overview of these examples is provided in Table 3.

Table 3 Overview of examples illustrating the use of river discharge for land water budget diagnostics.

Diagnostic example IFS component Trigger Stage

Evaluating snow—soil Snow scheme Representation of river discharge in Contributed to

interactions in cold regions permafrost areas developments released
in IFS Cycle 49r1

Investigating persistent dry Soil moisture DA High river discharge levels triggered | Contributed to
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bias in IFS over West Africa by an excessive subsurface runoff developments released
generation mainly over the winter in IFS Cycle 49r1
months

Investigating surface runoff Runoff generation River discharge discrepancies in Ongoing investigation

generation at different spatial orographically complex areas

resolutions between different spatial resolutions

Coupling land surface runoff | NEMO Simulation of quantifiable and Ongoing investigation

to ocean freshwater inputs varying freshwater inputs into the
ocean

4.6.1 Evaluating snow—soil interactions in cold regions

Accounting for the influence of the cryosphere on surface temperature in high latitudes is a key component in ECMWEF’s
Earth system approach. Following to the introduction of a new snow scheme (Arduini et al., 2019) in IFS Cycle 48r1, when
the IFS ensemble medium-range modelling chain was upgraded to a ~9 km horizontal resolution, Zsoter et al. (2022) found
an excessively rapid thawing of permafrost with the snow scheme of IFS Cycle 48rl, due to an overestimation of the heat
transfer between the snowpack and the soil underneath, eventually leading to an excess of meltwater infiltrating into the soil
rather than contributing to surface runoff. Several hydrological diagnostic experiments focusing on the representation of
river discharge in permafrost areas (with 1-way atmosphere-to-land-to-rivers coupling) were conducted to identify the most
appropriate parameterisation capable of improving the 2 temperature without deteriorating river behaviour, an integrated
indicator of the land water budget. Using a sensitivity approach, a revised snow scheme was introduced in the IFS Cycle

49rl1, showing improvement of river discharge simulation as well as snow depth and soil temperature (Cao et al., 2022).

4.6.2 Investigating persistent dry bias in IFS over West Africa

The difficulty in representing the West African monsoon system and its associated precipitation is a known issue in
atmospheric science, both for climate monitoring and weather predictions (e.g., Kniftka et al., 2019; Lavers et al., 2022),
leading to research into more complex moist physics (and subsequent operationalisation, e.g., in IFS Cycle 48r1; Bechtold et
al., 2020) or into the use of data-driven techniques for improved parameterisation (e.g., Fischer et al., 2025). Whilst most of
the studies have focused on atmosphere-only variables, a systematic assessment of the surface and subsurface runoff was
conducted following the discovery of spurious flood peaks in West Africa outside the usual flood season in the operational
IFS real-time river ensemble forecast. The hydrological diagnostic helped uncover the complex behaviour of a persistent dry
bias in the atmosphere, present over the West African area, and its coupling with the soil moisture data assimilation
algorithm. In the ECMWF's soil moisture assimilation system, the 2 m temperature and humidity are used as pseudo-

observations of soil moisture to provide additional information to the analysis algorithm. Within this context, persistent
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negative temperature forecast anomalies indicated systematic positive soil moisture increments, attributed to the land data
assimilation system trying to compensate for the dry humidity bias in the lowest part of the atmosphere through evaporation.
The additional water added to the soil, locally reaching hundreds of mm mainly over the winter months, subsequently
triggered excessive subsurface runoff generation in ecLand, leading to high river discharge levels. As a result of the
investigations, a model extension to limit the adverse consequences of the dry bias was introduced in the IFS soil moisture

data assimilation (included in the Cycle 49r1 model).

4.6.3 Investigating surface runoff generation at different spatial resolutions

The benefit of higher spatial resolution on the representation of the atmosphere and land processes has been investigated
under the Destination Earth programme (DestinE; see https://destination-earth.eu/destination-earth/, last access: 25 March
2026). As part of the hydrological studies within DestinE, a 1-way land-to-river coupling experiment (~5.5 km river
resolution) was performed using forcings from the Continuous Extremes Digital Twin (C-EDT; ~4.5 km, 2-way atmosphere—
land coupling) and compared with the IFS river analysis at 6 arcmin (~9 km atmosphere—land, ~11 km river resolution) over
the period 21 August 2023 to 31 January 2026. In orographically complex areas, C-EDT peak flows were systematically
lower than those from the IFS river analysis, despite C-EDT precipitation totals being higher (Denissen et al., 2025). Further
analyses of surface and subsurface runoff attributed the underestimation to the runoff generation scheme, where sub-grid
orography influences the saturated fraction, which controls the saturation excess runoff processes.

The analysis of simulated river discharge time series in catchments located in orographically complex regions has triggered
ongoing investigations into the parameterisation of key land-surface processes, with the aim of developing scale-adaptive

formulations applicable across horizontal resolutions up to the kilometre scale.

4.6.4 Coupling land surface runoff to ocean freshwater inputs

As of IFS Cycle 49rl, the river discharge component of the ocean freshwater input for the IFS ocean model NEMO (Breivik
et al., 2015) is provided by climatological values. The automatic simulation of river discharge within the IFS offers the
opportunity to simulate quantifiable and varying freshwater inputs into the ocean when coupled with simulated river
discharge, closing a vital link in the model’s water cycle. As reported in previous studies (e.g., Zuo et al., 2020), updated
freshwater inputs are expected to improve NEMO’s freshwater plumes and make climatological runs more realistic in terms
of freshwater input trends. The more integrated water cycle should ultimately lead to improved verification of the
interconnected components (precipitation, soil moisture, runoff, river discharge, and ocean salinity). Development is ongoing

to couple IFS river ocean outlet grid points to the nearest coastal grid point of NEMO’s tripolar ORCA grid
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5 Conclusions

The integration of the CaMa-Flood hydrodynamic model into the Integrated Forecast System marks a major milestone in
ECMWEF’s Earth system modelling framework. The transition from an offline atmosphere-land-river configuration to an
operational system that explicitly represents river routing and inundated areas enables ECMWF to routinely produce
physically consistent, global, high-resolution river analyses and real-time ensemble forecasts. Hydrology is thus established
as a standard component of the IFS, allowing the generation of river discharge, river water level, and flood inundation fields
as gridded forecast products.

All river output variables have been assigned a GRIB2 parameter code and have been submitted and approved by the WMO,
ensuring standardisation and long-term maintainability. The fields can now be archived directly to MARS, providing a single
repository entry point for efficient retrieval by both internal and, in the future, external users.

The success of the integration of rivers in IFS relied heavily on software refactoring to ensure modularity and scalability. A
key outcome of this effort is the maintenance of a single code base supporting operational, development, and diagnostics
applications. Both ecLand and CaMa-Flood are fully open-source, ensuring transparency and reproducibility for the wider
scientific community. The CaMa-Flood, ecLand, and IFS codes were refactored to provide a framework that is considerably
more flexible, modular, and extensible than previous monolithic implementations. This refactoring also enables spatially
distributed ecLand model parameters, replacing uniform values with two-dimensional fields.

The introduction of a hybrid MPI/OpenMP parallelisation for CaMa-Flood was essential to meet the high-resolution
requirements (up to 3 arcmin or ~5km) of operational hydrological forecasting. Combined with the adoption of single-
precision computation, this optimisation improved performance on high-performance computing architectures. It also
prepares the system for future upgrades, including higher spatial and temporal resolutions (towards kilometric scale grids),
larger ensemble sizes, extended lead times, and more frequent updates of the IFS river analysis and reference products.

The capability to run different modelling configurations enables a wide spectrum of applications, from operations to rapid
diagnostic experiments to long-term research developments. By explicitly defining and labelling the simulations within the
ensemble hydrological prediction system (e.g., IFS river reference, analysis, and ensemble forecast), the modelling workflow
is structured consistently and transparently, thereby improving reproducibility and facilitating diagnostic evaluation.

Beyond its forecasting capability, rivers in IFS provide a powerful diagnostic tool for the entire land—water cycle. Because
river discharge integrates water exchanges across space and time, it has been used to identify deficiencies within the IFS. For
example, spurious flood peaks revealed a persistent dry bias in the West African monsoon linked to unintended interactions
with soil moisture data assimilation. Hydrological diagnostics have also been used to refine snow-soil interaction
parameterisations in cold regions, reducing the overestimation of permafrost thaw, and experiments conducted within the
DestinE programme indicated the need for adaptive runoff parameterisations as model resolution approaches the kilometre

scale.
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The IFS river reference has already proven its value, serving as a contribution to the WMO State of Global Water Resources
Report. This dataset provides a robust foundation for assessing climate variability and monitoring water-related hazards
globally, especially in regions where in situ hydrometric observations are sparse.

The inclusion of rivers in IFS is designed for further evolution and opens multiple perspectives for monitoring, forecasting
and benchmarking, linking more tightly land surface hydrological improvements with impact on the whole Earth system.
Looking ahead, the system evolution will focus on implementing and testing new processes impacting on the water-energy
exchanges (including for example reservoirs or river levees), exploitation of the modular software and flexible data exchange
capabilities (e.g., for parameters fine tuning, data assimilation, input to other components such as oceans, or development of
a 2-way coupled system) or generation of physically-realistic global datasets of the hydrosphere to better leverage the power

of Al in Earth system modelling.

Code and data availability

Model codes developed at ECMWF are the intellectual property of ECMWF and its member states, and therefore, the IFS
code is not publicly available. ECMWF member-state weather services and their approved partners will get access granted.
The OpenlFS code is available as open-source software under the Apache-2.0 license at https://github.com/ecmwif-
ifs/openifs. More details can be found at https://confluence.ecmwf.int/display/OIFS/About+OpenlFS (ECMWF, 2026a) (last
access: 28 March 2026). The ecLand code is available as open-source software on the ECMWEF-IFS GitHub repository under
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