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Here, we present and release the Global Rainfall Erosivity
Database (GloREDa), a multi-source platform containing rain-
fall erosivity values for almost 4000 stations globally. The
database was compiled through a global collaboration be-
tween a network of researchers, meteorological services and
environmental organisations from 65 countries. GIoREDa is
the first open access database of rainfall erosivity (R-factor)
based on hourly and sub-hourly rainfall records at a global
scale. This database is now stored and accessible for down-
load in the long-term European Soil Data Centre (ESDAC)
repository of the European Commission’s Joint Research Cen-
tre. This will ensure the further development of the database
with insertions of new records, maintenance of the data and
provision of a helpdesk.
In addition to the annual erosivity data, this release also in-
cludes the mean monthly erosivity data for 94% of the Glo-
REDa stations. Based on these mean monthly R-factor val-
ues, we predict the global monthly erosivity datasets at 1 km
resolution using the ensemble machine learning approach
(ML) as implemented in the mlir package for R. The produced
monthly raster data (GeoTIFF format) may be useful for soil
erosion prediction modelling, sediment distribution analysis,
climate change predictions, flood, and natural disaster assess-
ments and can be valuable inputs for Land and Earth Systems
modelling.
© 2023 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

Specifications Table

Subject Earth-Surface Processes; Hydrology and Water quality; Global and Planetary

Change
Rainfall erosivity dynamics and global rainfall intensity. Used as an input for soil

Specific subject area

erosion, sediment distribution, climate change, flood assessment and Earth systems

models.

Type of data Table with the data of annual rainfall erosivity and auxiliary information for 3939

stations.

Table with the data of mean monthly erosivity.
Shape file with all the stations and their erosivity values.
12 Raster (GeoTIFF) with global monthly erosivity at 1 km x 1 km resolution

(continued on next page)
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How the data were acquired

data format

Description of data collection

Data source location

Data accessibility

Related research article

At a global scale, this is the first time a data collection of observed (measured)
high temporal resolution rainfall data (1 min, 5 min, 10 min, 15 min, 30 min,

60 min) took place. The collection of high temporal resolution rainfall data from
the maximum possible number of countries was considered necessary to have a
representative sample across climatic and geographic gradients.

In the Universal Soil Loss Equation (USLE)-type soil erosion models [1], the rainfall
erosivity parameter (R factor) describes the impact of rainfall on soil loss by water
erosion. Rainfall erosivity accounts for the combined effect of rainfall duration,
magnitude and intensity [2]. The calculation of erosivity is performed using high
temporal scale rainfall data (30 min).

Analysed and processed

raw

xlsx format for the table data

.shp format for the shape file

tiff format for the 12 raster files

Primary rainfall data must be of a resolution of 60 min or less. The data should
cover at least a period of 10-years (exceptions were done for areas where very few
high temporal rainfall datasets exist).

More than 100 data providers are listed in the acknowledgements and include
Meteorological services, Environmental Institutions, Research organizations,
Hydrological services and Academia (detailed list in the acknowledgments).

The high temporal resolution rainfall data were processed according to the
methodology described in Renard et al. [1] to calculate the rainfall erosivity. The
results are given as mean monthly and annual records of rainfall erosivity
(R-factor) per station.

The presented data were processed, and they include a) point R-factor data from
almost 4000 stations in 65 countries worldwide b) monthly erosivity values.

26 countries of the European Union (EU).

39 countries outside the European Union (EU): United Kingdom, Switzerland,
Russian Federation (Europe), China, Japan, India, South Korea, Iran, Malaysia,
Kuwait, Israel, Turkey (Asia and Middle East), the United States of America, Canada,
Mexico (North America), Cuba, Colombia, Argentina, Brazil, Chile, Uruguay, Costa
Rica, Jamaica, Suriname (South America & Caribbean), South Africa, Mauritius,
Algeria, Democratic Republic of the Congo, Cape Verde, Cameroon, Eritrea,
Ethiopia, Kenya, Niger, Nigeria, Rwanda, Tenerife, Zambia (Africa), Australia, New
Zealand (Oceania).

Repository name: Zenodo.org

Data identification number: 10.5281/zenod0.8036998

Direct URL to data: https://zenodo.org/record/8036998

Panagos, P, Borrelli, P, Meusburger, K., Yu, B., Klik, A., Lim, KJ., Yang, J.Y.,, Ni, ].,
Miao, C., Chattopadhyay, N., Sadeghi, S.H., Hazbavi, Z., Zabihi, M., Larionov, G.A.,
Krasnov, S.F,, Garobets, A., Levi, Y., Erpul, G., Birkel, C., Hoyos, N., Naipal, V.,
Oliveira, PT.S., Bonilla, C., Meddi, M., Nel, W., Dashti, H.A., Boni, M., Diodato, N.,
Van Oost, K., Nearing, M.A., Ballabio, C., 2017. Global rainfall erosivity assessment
based onhigh-temporal resolution rainfall records. Sci. Rep. 7 (1), 4175.
https://doi.org/10.1038/s41598-017-04282-8

1. Value of the Data

+ The point data (annual and mean monthly R-factor) of GloREDa and the interpolated
monthly erosivity datasets can be used for assessments in soil erosion, hydrology, sedi-
ment analysis, flood risk, natural hazards prevention and climate change;

« The point data of GlIoREDa can be used as reference data for scientists who study rainfall
erosivity, soil erosion and future climate projections;

» The interpolated global monthly erosivity data can be used for modelling monthly global
soil erosion and land degradation;

+ The interpolated monthly erosivity data can be integrated in interdisciplinary modelling
framework in Earth system models and ecosystem services communities.
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2. Objective

Climate data records are particularly important for the scientific community and society. Al-
though there are multiple global precipitation products, only a few of them account for heavy
rainfall and extreme events. Rainfall erosivity is much different from precipitation as it includes
the rainfall volume, duration, magnitude and intensity. Rainfall erosivity, known as the R-factor,
is one of the input factors in the Universal Soil Loss Equation (USLE) prediction equation [1].
However, rainfall erosivity is mostly an approximation when it is estimated using only the rain-
fall volume (daily/monthly precipitation records) instead of the intensity. Quantifying the rain-
fall erosivity based on high temporal resolution (30 min) rainfall data is a very challenging task,
mostly due to data scarcity [3]. We present the first ever global data collection of rainfall ero-
sivity with almost 4000 stations covering 65 countries worldwide. The derived Global Rainfall
Erosivity map [4] has been published in the Scientific Reports and is a success story with >3000
downloads from the European Soil Data Centre (ESDAC). As many users requested the original
stations data, to develop customized analysis, spatial interpolation and modelling, we thought
it appropriate to make the Global Rainfall Erosivity Database (GloREDa) available under the CC-
BY license. In addition, we also calculated the monthly erosivity per station which allows for
making better temporal soil erosion assessments.

3. Data Description

The data collection started in 2013 with the objective to develop a pan-European assessment
of soil erosion (Fig. 1 - phase 1). After the successful release of the pan European Rainfall Erosiv-
ity database and the derived R-factor map [5], we extended the data collection to a global scale.
The first version of the Global Rainfall Erosivity Database (GloREDa) included data from 3625
stations distributed in 63 countries worldwide (Fig. 1). Based on GloREDa, we used a Gaussian
Process Regression (GPR) to interpolate the erosivity values (R-factor) and to develop the first-
ever Global Rainfall Erosivity map [4] which enabled a new present [6] and future global erosion
assessments [7,8]. All produced maps were released in the European Soil Data Centre (ESDAC).

As the users who download the Global Rainfall Erosivity map have expressed the request
to also have the station data from GloREDa, we are now releasing this database with this ar-
ticle (Fig. 1 - phase 2). In February 2023, the EU Soil Observatory (EUSO) working group on
soil erosion made a call for a contribution towards the extension of GloREDa. In this call for
data, contributors from Poland, Slovenia, Uruguay and the Democratic Republic of Congo (DRC)
responded with data from 314 new stations. The contribution from DRC is very important, as
the R-factor data are very limited for Africa [9]. Finally, the updated GloREDa 1.2 includes 3939
stations (Fig. 1).

In addition, we added the monthly component to GloREDa and we calculated the mean
monthly R-factor per station. For 94% (3702 stations) of GloREDa, it was possible to add the
monthly R-factor values summarizing 44,424 monthly records. This facilitated the development
of the twelve global monthly R-factor maps (Fig. 1) similar to the European monthly erosivity
maps [10].

Therefore, the current data release includes a) the annual R-factor for 3939 stations b)
monthly erosivity values for 94% of the stations c) the Geographic Information System (GIS)
shape file with the location of the GIoREDa stations and d) the derived twelve (12) global
monthly erosivity maps.

In the GloREDa database, we also provide ready to use auxiliary (meta) data which can as-
sist those users interested in further spatial analysis, i.e., station name, exact co-ordinates, alti-
tude, the period of measurement, the mean annual rainfall (provided by the data provider), the
mean annual temperature and rainfall (extracted from WorldClim), the raw estimated R-factor,
the temporal resolution of the input data and the final calculated R-factor. The data package
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Fig. 1. The development of Global Rainfall Erosivity Database (GloREDa) starting with phase 1 (2017) and the release of
GloREDa 1.2 (2023).

includes amongst others the table with the R-factor data and the associated metadata that are
described in the file “Explanation of field”.

The temporal scale is varying in GloREDa as the rainfall data have a resolution from 1 to
60 min. By applying scale factors tested in the literature [11], we converted all raw R-factor data
to the 30-minutes erosivity (R_Final). This timescale was selected as an acceptable compromise
between the coarse time resolution of 60 min and the higher ones (1-5 min). In addition, the
30-minutes erosivity time scale is the most used for the application of Renard et al. [1] equation.

Concerning the spatial distribution, 50% of GloREDa stations are in Europe (26 countries in
the European Union plus Switzerland and the United Kingdom) because of established networks
collecting high temporal scale rainfall data. Asia and the Middle East are well represented in
GloREDa with 31% of the total stations distributed in ten countries (Fig. 2). The density of sta-
tions is relatively low (4%) in North America & Caribbean and in South America. Also in Africa,
high temporal scale rainfall data are scarce and there is a lack of infrastructure to measure such
data.

Almost 40% of the GloREDa stations is in the temperate climatic zone while 38.5% is in the
continental zone. Of the total number of GloREDa stations, 15% is in the arid zone, while the
tropics is under-represented (only 5.5%) and the polar zone has very few stations.

Currently, the dataset is covering 65 counties worldwide (Fig. 2). This is the first effort to
gather and make available measured R-factor data across the globe. This collaborative effort ini-
tiated by the EU Soil Observatory (EUSO) will continue with future data collections that will
seek to cover areas with low density of stations. Further contributions can be made to the
database by downloading and completing the data according to template files available in the
ESDAC data portal (https://esdac.jrc.ec.europa.eu/themes/global-rainfall-erosivity). Data submis-
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Fig. 2. The distribution of the rainfall erosivity stations of GloREDa 1.2. Background map: The annual R-factor map.

sions can be included in future data releases by contacting the listed data manager through the
contact details listed in the ESDAC data portal.

We have also developed a global monthly rainfall erosivity datasets at 1 km spatial resolu-
tion (Fig. 3) using advanced machine learning models (as described in Material/Methods be-
low). In absolute terms, July and August have the highest mean monthly R-factor (228 and
215 MJ mm ha~! h=! month~!) while February, April and November have the lowest means
(around 152 M] mm ha~! h=! month-1).

With the annual global mean R-factor of 2190 MJ mm ha~! h=! yr-1, there is a huge dif-
ference between the Northern and Southern hemispheres as the South has 3 times higher
mean values compared to the North (4545 vs. 1545 M] mm ha~! h=! yr~!). Summer period
(June-July-August) for the Northern hemisphere contributes more than 47% of its total annual
erosivity (Fig. 4). Winter months (December-January-February) contribute just 8% of the total
annual erosivity in the North. In the Southern Hemisphere, the summer months (December-
January-February) have a seasonal erosivity of 1848 M] mm ha~! h~! which is 41% of the an-
nual total erosivity (Fig. 4) while the winter season for the south (June-July-August) amounts to
458 MJ mm ha~! h~1 (c.a 10% of the total).

Africa is the most balanced continent as the rainfall erosivity is well distributed during the
whole year. The lowest mean monthly erosivity is in May and June (around 200 M] mm ha~! h~!
month~1) while September and August are the most erosive months (267 and 293 M]
mm ha~! h~! month~!). Oceania has its maximum erosivity in the season December to March
(67% of the annual value). Asia has a significant concentration of rainfall erosivity from May to
October (74% of the annual value). Europe and North America have similar monthly trends with
picks in the summer season. South America has the highest annual erosivity amongst all con-
tinents with December to March experiencing extreme erosivity (circa 700 M] mm ha~! h-!
month~!) and the period July to August being also quite high (circa 300 MJ mm ha~! h-!
month—1).
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4. Data Limitations

The main limitation of the GIoREDa is the different time periods covered by the calculated R-
factor. However, 75% of the stations include data from the 2000 and onwards (Fig. 2 - dominant
period). In addition, R-factor is a long-term average that takes into account annual records for
at least 10 years. Short time series and different periods may cause a bias due to the temporal
variation of R-factor. However, we are convinced that this risk due to the bias may be limited in
a database with such a high number of records.

A second limitation is the lack of data in Africa and part of South America that is mainly due
to lack of infrastructures for getting high temporal resolution rainfall records. Therefore, there
is a room for improvement of the presented monthly erosivity maps with inclusion of more
homogenous data inputs and data from missing parts of the world (Africa, South America, parts
of Asia).

5. Experimental Design, Materials and Methods

The first part of this section includes the estimation of the rainfall erosivity (R-factor) from
high temporal resolution rainfall data while the second part is on the model to interpolate the
mean monthly erosivity values from the stations in order to develop high-resolution R-factor
global monthly maps.

The compilation of GloREDa is based on aggregating the rainfall erosivity (R-factor) data per
station. The calculation of rainfall erosivity is based on the original method [1] which first es-
timates the erosivity of a single rainfall event and then aggregates the calculated erosivity per
year and month.

The calculation of rainfall erosivity (Elsg) of a single rainfall event was based on the following
equation:

k
El3p = (Z erur> I3 (1)

r=1

where e; is the unit rainfall energy (MJ ha—! mm~1); v; the rainfall volume (mm) during the rth
time period of a rainfall event divided in k-parts.

I3 is the maximum 30-minute rainfall intensity (mm h-1).

The unit rainfall energy (e;) is calculated for each time interval as follows:

er = 0291 - 0.72e-0050] (2)

where i is the rainfall intensity during the time interval (mm h-1).
R-factor is the average annual rainfall erosivity (M] mm ha=! h=1 yr-1):

e
YL S, (Bl
n

R (3)

where

n is the number of years recorded,

m; is the number of erosive events during a given year j and

k is the index of a single event with its corresponding erosivity El3.

The erosive rainfall events included in GIoREDa comply with certain conditions of the RUSLE
handbook [1] where a) the cumulative rainfall of an event is greater than 12.7 mm; (b) the
event has at least one peak that is greater than 6.35 mm during a period of 15 min (or 12.7 mm
during a period of 30 min) and, (c) where a rainfall accumulation of less than 1.27 mm during
a period of six hours splits a longer storm period into two storms.

The calculation of the R-factor based on measured high temporal resolution rainfall data is
an important advancement compared to past methodologies that have used empirical equations
that estimate rainfall erosivity from monthly or annual rainfall totals. Unfortunately, many of
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these equations have been outdated and susceptible to misuse or applied erroneously to differ-
ent places of the world [12].

Recently, high spatial and temporal resolution global precipitation estimates obtained by the
National Oceanic and Atmospheric Administration (NOAA) or Integrated Multi-satellitE Retrievals
for Global Precipitation Measurement (GPM-IMERG) are becoming more and more available.
Such high spatial and temporal (30 min) resolution data have not yet been used for the estima-
tion of rainfall erosivity on a global scale as they tend to smooth the high erosive events [13].
An alternative approach would be to merge the satellite-based precipitation products (NOAA,
GPM-IMERG) with GloREDa in order to further improve the rainfall erosivity estimates [14].

We generated 1 km monthly rainfall erosivity maps using the Ensemble Machine Learning
(EML) framework as implemented in the mlr package for R [15,16,17]. We overlaid the station
point data with monthly covariates (global daily satellite rainfall data, CHELSA Climate Biocli-
matic layers, NASA NEO long-term water vapour) and static information such as the Digital Ter-
rain Model derivatives (elevation, slope, Topographic Wetness Index, terrain curvature). The DTM
derivatives are at 250 m spatial resolution and originate from Global MERIT DEM. For example,
point station data from May, was overlaid with MODIS land surface temperature, monthly pre-
cipitation, water vapour and similar from the corresponding month. Subsequently, we fit an en-
semble model by using model-stacking with a meta-learner. As base-learners, we use Random
Forest as implemented in the ranger package for R [18], XGboost: extreme gradient boosting
[19], Cubist [20], and glmnet: GLM with Lasso or Elasticnet Regularization [21]. The results of
the 5-fold Cross-Validation showed that the model achieved an R? of 0.80 with best predictors
being Satellite rainfall products (SM2RAIN), water vapour and MOD11A2 day-time temperature.
The advantage of this approach, however, is that the SM2RAIN [22] and water vapour are at-
mospheric datasets produced independently of the stations used for training; hence, these data-
streams are essentially independent and the mapping accuracy mentioned above is realistic.
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grafico Friuli-Venezia Giulia, Centro funzionale regione Lazio, Meteotrentino, Agenzia Regionale
per lo Sviluppo e I'Innovazione dell’Agricoltura nel Molise, Servizio Meteo-Idro-Pluviometrico
Marche, Associazione Regionale dei Consorzi di Difesa della Puglia, Osservatorio delle Acque Si-
cilia, Servizio Idrologico Regionale Toscana, Servizio Risorse idriche e rischio idraulico Umbria,
Protezione Civile Regione Campagna, Centro funzionale, regionale Valle d’Aosta ARPA Calabria,
ARPA Sardegna, ARPA Emilia Romagna, ARPA Liguria, ARPA Lombardia, ARPA Piemonte, ARPA
Veneto (Italy), Latvian Environment, Geology and Meteorology Centre (Latvia), Agrarmeteorolo-
gisches Messnetz Luxembourg, KNMI, Royal Netherlands Meteorological In (Netherlands), Agén-
cia Portuguesa do Ambiente, Departamento de Monitorizacdo de Recursos Hidricos (Portugal),
National Meteorological Administration (Romania), Soil Science and Conservation Research In-
stitute Bratislava (Slovakia), Slovenian Environment Agency, Swedish Meteorological and Hydro-
logical Institute, NERC & UK Environmental Change Network (ECN), British Atmospheric Data
Centre (BADC), Department of Meteorology, Remote Sensing and Environment of Goma Volcano
Observatory (DR Congo).
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