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Modern climate impact and attribution science requires timely, high-resolution meteorological and hydrological
data. The CLIMB workflow is an open-source framework integrating state-of-the-art datasets and methods for
operational generation of high-resolution climate datasets tailored for attribution studies of floods, droughts,
heatwaves, and other extremes. We show that global climate reanalysis can be efficiently bias-adjusted and
downscaled, and further converted into readily-usable climate indicators. The choice of variables and formatting
of the data enables direct application in hydrological models. The workflow implements a fully scripted pipeline
that can be automated via cron scheduling, providing daily meteorological outputs. We show an application of
the workflow for operational monitoring weather extremes in Poland.
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1. Motivation and significance

The increasing frequency, intensity, and complexity of climate-
related extreme events poses significant challenges for risk assess-
ments and decision-making [1]. Understanding the role of climate
change in driving these events and their impacts on human and natural
systems requires robust, scalable frameworks for event attribution that
combine multiple data sources and modelling approaches [2,3]. Over
the past two decades, the field of extreme event attribution has
advanced rapidly, with new methods being developed and applied,
notable improvements in physical modelling, the rise of impact attri-
bution, and the growing use of different tools for climate change analysis
[4-6].

While methodological developments are crucial for advancing
extreme events attribution towards practical and operational applica-
tions, reliable and high-resolution climate data are also essential to this
purpose. They enable resolving local processes and extremes strongly
influences the reliability of attribution statements. Recent studies
highlight that improvements in spatial and temporal resolution of
reanalysis and model data enhance the detection, simulation, and
quantification of climate change signals in extreme weather events [2,
71.

Several existing frameworks provide advanced tools for climate data
post-processing, bias adjustment and statistical downscaling, such as the
R-based climate4R bundle (including downscaleR and transformeR), the
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Python framework pyESD for empirical-statistical downscaling, the
ibicus package for multi-method bias adjustment, and climdex-kit for
climate index calculation and analysis [8-11]. In contrast, CLIMB is not
a general-purpose method library but an executable, end-to-end work-
flow that connects Copernicus reanalyses (ERA5 / ERA5-Land) and
EMO-1 observations to application-ready, bias-adjusted daily fields for a
fixed domain, including hydrological pre-processing and automated
updates. Its focus is on operational deployment and reproducibility in a
specific service context, and it can in principle make use of alternative
bias-adjustment engines (e.g. ibicus) within the same scripted pipeline.

Global reanalysis products, such as ERA5, provide consistent long-
term records but remain limited in spatial resolution and biased
compared to local observations. ERA5-Land offers an improved land-
surface representation but still inherits systematic biases from ERAS5.
To address these shortcomings, regional observational datasets such as
EMO-1 [12] have been developed but limited by the length of timeseries.

Some initiatives have developed methods and tools to address parts
of this challenge. The ISIMIP framework [13] introduced standardized
bias adjustment and statistical downscaling methods in a Python-based
library BASD [3]. The method was applied to provide 1 arc-minute
(~1.8 km) inputs for the European hydrological model LISFLOOD
[14] to generate 6-hourly river discharge back to 1950 [15] and further
create a catalogue of historical impactful floods [16]. Still, a gap remains
for a fully automated, end-to-end pipeline that combines reanalysis data,
observational references, bias correction and adjustment, and hydro-
logical pre-processing into reproducible, user-ready outputs.

The CLIMB workflow addresses this gap by implementing a scripted
pipeline that integrates ERA5, ERA5-Land, and EMO-1 datasets. It gen-
erates 1 arc-minute daily climate data suitable for both use in LISFLOOD
[14] and direct translation into climate impacts. Bias adjustment and
downscaling are performed using ISIMIP3BASD method, described in
validated by Lange [13], followed by hydrological pre-processing in
LisVAP [17].

This development is part of the COMPASS project (COMPound ex-
tremes Attribution of climate change: towardS an operational Service),
which aims to establish harmonized frameworks for attributing complex
extremes, including compound, sequential, and cascading events.
Recognizing the growing climate risk in Poland, which is already
experiencing the consequences of climate change through more frequent
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and intense heatwaves and droughts [18], we applied the workflow to
continuous monitoring of those extremes in Poland.

2. Software description
2.1. Software architecture

The workflow is organized into eleven sequential steps (Fig. 1), each
implemented as a dedicated script stored in the SCRIPTS/ folder of the
GitHub repository. Input, intermediate, and output data are organized
into separate directories (Step_1-Step_11), which ensures transparency
and reproducibility. Additional dependencies include the ISIMIP3BASD
library (bundled in the repository) and the LisVAP hydrological pre-
processor (used as an external tool configured via Step 11).

The overall architecture follows a modular pipeline design:

e Step 1-4: data acquisition and preprocessing of ERA5, ERA5-Land,
and EMO-1 datasets, including GRIB-to-NetCDF conversion.

e Step 5-7: preparation and harmonization of ERA5-Land and EMO-1
for bias adjustment, including dimensional scaling and merging.

e Step 8-10: bias adjustment and statistical downscaling (ISI-
MIP3BASD) and post-processing to standardized NetCDF formats.

e Step 11: computation of hydrological variables (potential evapo-
transpiration) using LisVAP.

The CLIMB workflow is implemented as a sequence of Bash scripts,
each corresponding to a single processing step (e.g. data download,
preprocessing, bias adjustment, post-processing, hydrological prepara-
tion). This step-wise design reflects the intended operational use of the
framework, where the scripts are executed sequentially (e.g. via a cron
job or a wrapper script) and individual steps can be re-run or modified
independently. This keeps the implementation transparent, facilitates
debugging and extension, and allows users to adjust only those parts of
the workflow that are relevant to their specific application.

Folder structure

The overall workflow directory is structured as follows:

Framework

—— Isimip3basd-master

—— SCRIPTS

STEP 4 STIERSS)

Framework
for climate

Processing of combined
ERA5-Land for BASD

Data merging

e ol databias-
adjustment

e and

(1990-2022) downscaling

EMO-1to
match with
ERA5-Land

EMO-1 for BASD ERA5-
BASD Land

ERA5-Land
format
processing

Gapfilled
ERA-5 Land

Evaporation
time-series

Processing of combined
EMO-1

Processing of combined
EMO-1 for BASD

Bias-adjustment and
statistical downscaling
STEP 6

STEP 7 STEP 8

Convert Bias-adjusted and Final post-processing of

downscaled ERAS5 to EMO-1  ERA-5 files for consistency LisVAP model
format with EMO-1 data
STEP 9 STEP 10 STIERSIAL

Fig. 1. Structure of the CLIMB framework for climate data bias-adjustment and downscaling. The workflow consists of eleven steps: data acquisition and conversion
(Steps 1-2), EMO-1 processing (Step 3), merging of ERA5, ERA5-Land, and EMO-1 datasets (Step 4), bias-adjustment and statistical downscaling (Step 5, Step 8),
format conversion and consistency checks (Steps 6-9), and final time-series generation for all variables and with using the LisVAP model (Step 10-11).
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|—— Step_1/ to Step_11

—— Step-by-step-guide.ipynb

Below is a detailed breakdown of each step:

Framework contains scripts and inputs/outputs of each workflow
step for designing and developing an automated event attribution for
heatwaves and droughts.

1. Isimip3basd-master/ - contains the bias-adjustment and down-
scaling model scripts developed by Stefan Lange [3].

2. SCRIPTS/ - contains all the necessary scripts required to complete
the workflow. The scripts are named according to the workflow step,
for example: step_1.sh, step_2.sh.

o Step_1/ - contains all the downloaded ERAS5 reanalysis and ERA5-
Land data in GRIB format. As shown in the example below, the files
conventions are divided into 12 segments for each year repre-
senting different months.

M ERA5_(year)_1.grib
M ERAS5 _(year)_2.grib

o Step_2/ - Conversion of monthly GRIB files into daily NetCDF4
files representing each year as a single NetCDF4 file.

W ERAS for_gapfill/ - contains ERA5 reanalysis data converted
into yearly NETCDF4 format.

W ERAS Jand_daily/ - contains ERA5-Land data converted into
yearly NETCDF format.

o Step_3/ - Contains EMO-1 downloaded dataset for each variable
and downscaled to the size of the region of interest.

B emo_data/ - contains the downloaded emo dataset with each
folder inside representing separate variables.

o Step_4/ - Contains merged data for EMO-1 from 1990-2022 and

ERA5-Land from 1950-2022.

Il Merge_emol/ - contains merged EMO-1 data in single file for
each variable from 1990-2022.

Il Merge ERA5/ - contains merged ERA5-Land data in two files
for each variable from 1950-1990 and 1990-2022.

Step_5/ - contains processed ERA5-Land for BASD script by mod-

ifications in dimensions of the NetCDF file to make it compatible

with the ISIMIP3BASD script. The folder contains both the ERA5-

Land modified files and EMO-1 merged files. For example, the file

conventions are as follows:

W EFAS_hurs_1990_2022.nc

W ERAS5 hurs ERA5 1950 1990.nc

Step_6/ - This step contains the remapped EMO-1 data to match

the resolution of ERA5-Land data. For example, the file conven-

tions are as follows and are similar for each variable:

Ml hurs_1990_2022_t_aggregate.nc

l pr_1990_2022_t_aggregate.nc

Step_7/ - The remapped EMO-1 was similarly pre-processed for

change in dimensions to be suitable for ISIMIP3BASD script. The

output is provided in this step. For example, the file conventions
are as follows and each variable is accompanied by an aggregate
file:

W EFAS_hurs_1990_2022.nc

Il EFAS hurs_1990_2022 _aggregate.nc

Step_8/ - The folder contains the output of BASD performed with

the ISIMIP3BASD scripts. The file conventions after the output are

as follows:

H ERAS5_hurs_ERA5_1950_2022.nc

M ERAS5 sfcWind_ERA5_1990_2022.nc

Step_9/ - The folder contains output of bias-adjusted and down-

scaled ERA5-Land which is converted to EMO-1 format. The output

is back to yearly for each variable per file to match with the EMO-1
format back in Step_3. The file conventions after the output are as
follows:

M pd_1950.nc .... pd_2022.nc

M pr_1950.nc .... pr_2022.nc

(o}

o

(o}

(o}

(o)
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o Step_10/ - Step_10/ — The folder contains the gap-filled, post-
processed ERA5-Land fields for 1990-2022. In this step, ERAS is
used only to fill coastal and sea grid cells where ERA5-Land is
undefined, while all other values remain taken from the bias-
adjusted ERA5-Land. The file conventions follow those of Step_9
(one NetCDF file per year and variable).

o Step_11/ - The folder contains configuration and example output
of potential reference evapotranspiration calculated with the LIS-
VAP model. The LISVAP code itself is not redistributed; instead,
this folder provides:

Il basemap/ - a basemap directory prepared for Poland (land/sea
mask and static maps required by LISVAP).

Il config.xml - a sample LISVAP configuration file adapted to the
CLIMB workflow

M Lisflood-lisvap/ - create this folder to upload scripts for
running LISVAP model.

Il output/ - The output of LISVAP is saved in this folder

Bl readme.txt — instructions on how to install LISVAP and
PCRaster from the official sources and how to run LISVAP with
this configuration.

The entire workflow is modular and reproducible. It can be adapted
for other regions and hazards with minimal modifications. The work-
flow is organised in four processing blocks that communicate exclusively
via NetCDF files. Block A (Steps 1-2) downloads and preprocesses ERAS
/ ERA5-Land on the target grid. Block B (Steps 3-7) prepares the
observational reference dataset; in the present implementation this is
EMO-1, but the same block can be replaced by analogous preprocessing
for national or regional gridded datasets as long as the resulting fields
follow the same grid and variable naming conventions. Block C (Step 8)
applies the ISIMIP3BASD bias-adjustment and downscaling, which only
assumes that it receives a “model” (reanalysis) and a “reference” NetCDF
file in the BASD input format. Block D (Steps 9-11) performs post-
processing and hydrological preparation. This structure allows users to
insert additional intermediate steps or to substitute individual blocks (e.
g. using another reference dataset) without changing the rest of the
pipeline, provided that the expected NetCDF structure is preserved.

Each processing step is documented in detail in the Jupyter Notebook
(step-by-step-guide.ipynb) included in the GitHub repository. This
notebook contains explanations, code snippets, and usage examples for
all steps of the workflow, serving as both a user manual and training
material for new users.

2.2. Software functionalities
The major functionalities of the workflow are:

e Automated data download from the Copernicus Climate Data Store
API (ERAS5, ERA5-Land) and integration with EMO-1.
Preprocessing and conversion of GRIB files into daily NetCDF,
including variable derivation (e.g. temperature range, skewness).
Bias adjustment and downscaling using ISIMIP3BASD to align ERA5-
Land data with EMO-1 observational references.

Hydrological modelling with LisVAP to compute potential reference

evapotranspiration.

e Output generation in standardized NetCDF format, enabling
straightforward use in subsequent analyses such as drought detection
or event attribution studies.

e Automation and reproducibility through fully scripted steps,
modular folder structure, and cron-based scheduling ready.

2.3. Data sources and core tools

e ERAS [19] is the fifth-generation global reanalysis from ECMWE,
providing consistent climate and weather data since 1950. ERAS
integrates model simulations with observations through data
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assimilation, producing a long-term, continuous record of essential
variables such as temperature, precipitation, radiation, and wind.
For this workflow, ERA5 served as the global reference dataset
covering 1950-2024.

ERAS5-Land [20] is a high-resolution (9 km) replay of the ERA5
land-surface component, optimized for terrestrial applications. It
provides hourly output for variables including temperature, precip-
itation, radiation, and wind, with oceanic regions masked to reduce
data volume. ERA5-Land formed the primary input dataset in this
workflow.

EMO-1 [12] is a gridded European meteorological observation
dataset providing sub-daily and daily data for temperature, precipi-
tation, wind, radiation, and humidity. Based on quality-controlled
ground observations, EMO-1 serves here as the observational refer-
ence for bias adjustment and downscaling of ERA5-Land due to its
higher resolution.

ISIMIP3BASD [13] is a Python-based tool for bias adjustment and
statistical downscaling, applying parametric quantile mapping
methods to correct distributional biases while preserving long-term
trends. In this workflow, it was used to align ERA5-Land data with
the observational reference EMO-1.

LisVAP [17] is a preprocessing tool for the LISFLOOD [14] hydro-
logical model, designed to compute potential reference evapotrans-
piration (ETo), as well as potential evaporation from bare soil and
open water. Within the workflow, LisVAP was used to derive ETo
from bias-adjusted ERA5-Land inputs.

In this study we use ERA5-Land as the primary meteorological
forcing, complemented by ERA5 only for consistency checks and occa-
sional gap filling. ERA5-Land provides a higher effective horizontal
resolution over land (0.1° &~ 9 km compared to 0.25° = 31 km in ERA5)
and was specifically developed to improve the representation of the
terrestrial water and energy cycles for land applications, including hy-
drology and water resources management. This choice is consistent with
existing Copernicus and JRC workflows (e.g. EMO-1 and GloFAS-ERA5-
Land) and closely matches the spatial scale of the EMO-1 observational
grid, thereby reducing the amount of spatial downscaling required prior
to bias adjustment. In coastal regions, ERA5-Land occasionally exhibits
missing values at the land-sea boundary due to differences in the
land-sea mask. In Step 10 we therefore use ERAS5 as an auxiliary gap-
filling dataset restricted to these cells: whenever a grid point is unde-
fined in ERA5-Land, the corresponding value from ERAS is inserted,
while all other ERA5-Land values remain unchanged. This approach
restores a continuous field over the full target domain and provides a
basic synoptic description over adjacent marine areas, while preserving
the higher-resolution, bias-adjusted ERA5-Land product as the primary
forcing over land.

In the current implementation, the workflow has been tested on a
core set of meteorological variables essential for event attribution and
hydrological analysis: 10 m u-component of wind, 10 m v-component of
wind, 2 m dewpoint temperature, 2 m air temperature, surface solar
radiation downwards, and total precipitation. These variables cover
thermal, radiative, hydrological, and dynamical aspects of climate ex-
tremes. While the workflow was validated on this subset, its modular
structure allows users to easily adapt the scripts to additional variables
depending on project requirements, making it suitable for a wide range
of applications in climate impact studies.

2.4. Workflow implementation

The workflow is implemented as a series of modular Bash scripts that
coordinate data processing steps in a repeatable manner. Each step in-
vokes dedicated external libraries and tools for handling climate data
available within PIP or the Conda environment.

The workflow has been tested under Ubuntu 22.04 (also via WSL2 on
Windows) with Python 3.11.6 and the following library versions: CDO
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2.2.3, cdsapi 0.7.0, NetCDF4 1.7.1, xarray 2024.7.0, pandas 2.2.2,
shapely 2.0.5, Cartopy 0.23.0, scipy 1.14.0, among others (see re-
pository for full requirements). Hydrological variables are computed
with LisVAP, which depends on PCRaster (4.4.1).

In Step 8 we apply the ISIMIP3BASD trend-preserving bias-adjust-
ment and statistical downscaling method to daily ERA5-Land fields
using EMO-1 as the reference. We employ the official ISIMIP3BASD code
in its recommended trend-preserving configuration for daily data,
without modifications to the underlying algorithm. For each variable,
the method is calibrated on the full multi-decadal overlap between
ERA5-Land and EMO-1 (1990-2022) and subsequently applied to the
entire reanalysis period 1950-2024. In practice, the 1950-1989 and
1990-2022 segments are processed separately as “future” periods, but
both use the same 1990-2022 calibration. Our choices are limited to the
selection of variables, the spatial domain, and the definition of this
calibration period; all other settings follow the ISIMIP3BASD defaults.

3. Illustrative examples

To illustrate the capabilities of the CLIMB framework, we applied the
pipeline to ERA5, ERA5-Land, and EMO-1 datasets for Poland. Input
data were downloaded via the Copernicus Climate Data Store API and
processed through the complete workflow, covering the period
1950-2024. The pipeline produced daily NetCDF files containing a set of
key variables: maximum temperature (TX), minimum temperature (TN),
precipitation (PR), wind speed (WS), solar radiation (RG), and humidity
(PD).

Fig. 2 presents illustrative outputs for selected variables and years.
The left panels show daily time series of maximum temperature (TX),
minimum temperature (TN), and reference evapotranspiration (ETo),
with smoothed 7-day means, uncertainty ranges, and long-term linear
trends. The right panels illustrate corresponding daily spatial fields over
Poland, demonstrating the framework’s ability to generate both high-
resolution maps and temporally consistent series from the same
workflow.

By combining automated data processing with reproducible scripts,
the workflow ensures that high-resolution climate information is
accessible not only for research but also for operational contexts, such as
drought early warning, heatwave attribution, or regional climate impact
modelling.

Beyond the case study for Poland, the repository includes a step-by-
step tutorial notebook that mirrors the bash-based workflow and ex-
plains how to visualize and inspect the resulting NetCDF files (e.g. via a
reusable Python plotting function and standard GIS tools).

4. Impact

The CLIMB workflow has several important impacts for climate
research and applications. First, it enables new research questions to be
addressed by providing long, bias-adjusted daily time series at high
spatial resolution. Such datasets allow for the systematic attribution of
droughts, heatwaves, and other extremes over multi-decadal periods,
making it possible to assess changes in frequency, intensity, and dura-
tion of events since 1950 [11].

Second, the workflow improves the pursuit of existing research
questions by lowering technical and computational barriers. Instead of
manually downloading and processing GRIB and NetCDF files, often
terabytes in size, users can run a fully scripted pipeline that automati-
cally performs data harmonization, bias adjustment, and hydrological
variable computation. This facilitates reproducibility and accelerates
the time from data acquisition to analysis-ready outputs, which are
exported in CSV format suitable for direct use in statistical or machine
learning models.

Third, the workflow changes daily research practice by providing a
transparent and automated solution that can be scheduled to update
continuously via cron. This allows researchers and institutions to
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Fig. 2. Example outputs from the CLIMB framework for Poland. Left panels: daily mean time series of maximum temperature (TX, 1990), minimum temperature (TN,
1990), and reference evapotranspiration (ETo, 1999) with 7-day averages, uncertainty bands, and linear trends. Right panels: corresponding daily maps showing

spatial variability for selected dates.

maintain up-to-date climate datasets for their regions of interest,
bridging the gap between reanalysis archives and operational applica-
tions such as drought monitoring, agricultural impact modelling, or
climate risk assessment.

The software has been used on Polish climate data (1950-2024) but
can be adapted to other European regions or even global domains. Its
modular design and open-source license (MIT) ensure that it can be
reused, extended, and combined with other frameworks. Within the
COMPASS project, the workflow contributes to the operationalization of
event attribution by producing harmonized datasets that support the
study of compound and cascading extremes [17]. Beyond research, it
has potential relevance for government agencies, NGOs, and commercial
stakeholders seeking robust, high-resolution climate information for
adaptation planning and risk management.

Although the workflow was validated on six core climate variables
(temperature, dewpoint, precipitation, radiation, and wind compo-
nents), its modular design enables extension to other variables, ensuring
adaptability across diverse research and application domains.

The original purpose of EMO-1, and hence this workflow was to
provide all necessary inputs for European-scale hydrological modelling
in LISFLOOD model. We particularly based our workflow on Tilloy et al.
(2025), which was so far limited to 1950-2020, but an update is planned
to bring this hydrological dataset to current year with the help of our
CLIMB implementation.

5. Conclusions

The development of the CLIMB workflow demonstrates how large
and complex climate datasets can be transformed into user-ready in-
formation through automation, reproducibility, and open access. Rather
than focusing solely on methodological innovation, the framework
emphasizes usability: it bridges the gap between reanalysis archives in
GRIB/NetCDF format and the practical needs of researchers and prac-
titioners who require daily, bias-adjusted, and spatially refined datasets.

By validating the workflow on more than seven decades of climate
data for Poland, the study shows both the feasibility and the value of a
scripted, modular approach to climate data processing. The framework
is not confined to a single case study: its design allows users to adapt it to
new regions, variables, or hazard types with minimal modification.

Looking ahead, the workflow provides a solid foundation for inte-
gration with downstream applications such as crop yield models, hy-
drological forecasting, or operational climate services. Its openness and
flexibility ensure that it can evolve in parallel with emerging datasets
and analytical needs, supporting both fundamental research and prac-
tical adaptation planning in the face of climate extremes.
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