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Reconstructed soil moisture droughts in
Belgium reveal 2011-2020 was the driest
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Abstract

In recent years, Belgium has experienced a sequence of intense droughts
with wide-ranging impacts across multiple sectors. Determining whether
these events are unprecedented or within natural variability requires indica-
tors that properly diagnose drought. Root-zone soil moisture is a suitable
indicator because it integrates meteorological forcings with land-surface
processes. In Belgium, however, operational monitoring relies mainly on
precipitation-based indices and lacks long-term in situ soil-moisture obser-
vations, leaving uncertainty about whether these indices capture the per-
sistence of root-zone drought. To address this gap, we reconstructed daily
root-zone soil-moisture dynamics over Belgium for 1970-2020 using the
mesoscale Hydrologic Model (mHM), placing recent droughts in histori-
cal context and evaluating the adequacy of precipitation-based indicators
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for representing drought conditions. Our analysis shows that droughts in
2011-2020 were unprecedented in both duration and severity over the
past five decades. Between 2011 and 2020, the country experienced a
cumulative three years (non-consecutive) of drought exposure, represent-
ing 30% of the decade. This more than doubles the cumulative duration
in each decade from 1981-2010 and about 1.5 times that of 1971-1980.
We further find that the Standardized Precipitation—Evapotranspiration Index
(SPEI), currently used operationally as a proxy for agricultural droughts in
Belgium, underestimates the persistence of root-zone droughts because it
does not explicitly account for land-surface memory. Thus, by including soil
moisture monitoring in drought assessment, residual stresses on agriculture
and subsurface water which can persist long after meteorological condi-
tions have normalized, can still be detected. This gives decision-makers a
more realistic understanding of droughts and how to respond proportionately.

Keywords: Mesoscale, climate variability, drought persistence, cumulative exposure,
agricultural drought monitoring

1 Introduction

Belgium has faced a succession of hugely consequential droughts in recent years. These
droughts suppressed crop yields, increased water scarcity, disrupted navigation on inland
waters and caused economic losses running into millions of Euros (Troltzsch et al., 2016;
De Ridder et al., 2020).

The country has faced at least five major droughts between 2011 and 2023. From January
to April 2011, the country had received less than half of the expected rainfall by that time of the
year (European Commission, Joint Research Centre, 2011). This was followed by successive
multi-year droughts in 2016-2017 and then 2018-2019, which compounded water scarcity with
unprecedented temperatures, including a record temperature of 39.7°C in July 2019 (Bastos
et al., 2020; Chini, 2022). The consequences to different sectors were enormous. In the Flem-
ish region (the northern part of the country), the 2018-2019 drought reduced potato production
by 31%, leading to a 23% surge in prices. Sugar beet production also fell by 13% while cereal
yields experienced a 10% decline. These led to farmers submitting claims of about €150 mil-
lion to the Flemish Disaster Fund to compensate for losses from the drought (De Ridder et al.,
2020). According to De Vlaamse Waterweg nv, the agency in charge of inland water in Flan-
ders, inland navigation suffered economic losses exceeding €300 million due to low water
levels in navigable waterways.

The country experienced another drought crisis in 2022, where more than 50% of the coun-
try was affected, more than ten times the long-term average impacted area of 4.6% between

2000 and 2020. The conditions were so dry that the country experienced a record low 5 mm
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precipitation in July that year, the lowest in 137 years (since 1885). The precipitation deficit
drove groundwater levels to their lowest since at least 2000 (DOV, 2025); in many locations,
levels did not fully recover over the following winter (VMM, 2023). Of all European countries,
Belgium was the second most affected country in terms of the proportion of area impacted
by the drought (European Environment Agency, 2023). According to the Copernicus Climate
Change Service (2022), surface soil moisture in Europe throughout 2022 was the second low-
est in the previous 50 years, sustained by higher-than-average temperatures and a sequence of
heatwaves that started in spring and continued throughout summer. The severity of the 2022
season eventually forced the Flemish government to officially declare the drought a disaster to
provide compensation for widespread crop failures.

While the impacts of these recent droughts are well documented, their rarity in a multi-
decadal context is less well understood. To place their magnitude and severity in perspective,
it is therefore essential to reconstruct historical drought occurrence over a sufficiently long
climatological period. This long-term view allows us to assess whether recent events represent
unprecedented extremes or fall within the range of natural climate variability.

Belgium has an extensive network of precipitation, river discharge and groundwater
monitoring stations which provide the basis for monitoring hydrological and meteorological
droughts. This data underlies the drought indices found in dedicated platforms for tracking and
communicating the evolution of droughts across the country (e.g. https://www.meteo.be/en/
weather/forecasts/drought, https://vmm.vlaanderen.be/water/droogte). Due to the lack of long-
term observations of soil moisture in the country, the extent of agricultural droughts is presently
evaluated with the Standardized Precipitation Evaporation Index (SPEI) (Vicente-Serrano
et al.,, 2010) which expresses anomalies in the climatic water balance, that is, precipi-
tation minus potential evapotranspiration. The nationwide drought conditions are reported
through https://www.meteo.be/en/weather/forecasts/drought. Although useful, precipitation-
and temperature-based drought indices are constrained by their limited ability to fully rep-
resent agricultural drought conditions. Firstly, these indices do not explicitly account for the
vertical distribution of water within the root zone that supports plant growth, nor do they
reflect the complex interactions between soil moisture and vegetation across different stages
of plant development and are thus inadequate to represent extreme water shortage that would
lead to biomass and crop yield reduction (Sheffield et al., 2004; Mishra and Singh, 2010;
Samaniego et al., 2013). While soil moisture may exhibit a direct link to precipitation at
monthly timescales, soil moisture responses can be nonlinear at shorter timescales, particularly
during dry conditions. Soil moisture also has a memory effect that can lag precipitation anoma-

lies by days to months and in turn prolong the persistence and severity of drought (Bonan and


https://www.meteo.be/en/weather/forecasts/drought
https://www.meteo.be/en/weather/forecasts/drought
https://www.meteo.be/en/weather/forecasts/drought
https://vmm.vlaanderen.be/water/droogte
https://www.meteo.be/en/weather/forecasts/drought
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Stillwell-Soller, 1998; Nicholson, 2000; Wu et al., 2002; Seneviratne et al., 2006). Accord-
ingly, developing indices based on soil moisture offers a more reliable indicator of agricultural
drought, as soil moisture integrates the effects of antecedent precipitation, plant water uptake
through transpiration, and the increasing persistence of soil wetness with soil depth (Wu et al.,
2002; Shef eld et al., 2004).

The goal of this study is therefore to perform a retrospective high-resolution reconstruction
of root-zone soil moisture to perform a rst-of-its-kind assessment of soil moisture droughts in
Belgium over the ve decades between 1970 and 2020. We aim to characterize major droughts
that have occurred over this period by clustering soil moisture anomalies using thresholds that
capture the spatiotemporal characteristics of identi ed events and rank them based on their
magnitude, spatial extent and duration, and evaluate how drought patterns in the country have
evolved over the ve decades. To evaluate the correspondence between SPEI and soil moisture-
based anomalies to represent agricultural droughts, we compare SPEI at different accumulation
periods to a soil moisture index (SMI) (Samaniego et al., 2018) during selected major drought
events.

2 Methodology
2.1 Study domain

Belgium is located in Western Europe covering an area of 30,528 kanying in topogra-

phy from sea level along the North Sea coast to 700 m in the Ardennes-Eifel massif in the
south eastern parts (Figure 1) (Meersmans et al., 2016; Sousa-Silva et al., 2016). The coun-
try experiences a warm temperate maritime climatéppen-Geiger Cfb) strongly modulated

by the warming effect of the North Atlantic Drift (Erpicum et al., 2018; Beck et al., 2023).
Data from the Royal Meteorological Institute of Belgium (RMI) shows that mean annual tem-
perature ranges between 13 and®C7 varying spatially with elevation and distance inland.
Winters are generally mild, with December—January lows dipping urti2ibgt rarely below
freezing conditions for /periods. Winters are colder in the Ardennes region due to a weaker
maritime in uence and higher elevation. Summers are moderately warm with July highs peak-
ing around 18C although extremes above %D have occurred in recent years. The country
receives an annual average precipitation of about 800 mm which varies between 700 mm in
the western low lying regions, up to 1400 mm in the Ardennes where precipitation is enhanced
by orographic effects (Erpicum et al., 2018). Temporally, rainfall is fairly evenly distributed
throughout the year (Figure 1), with seasonal patterns dominated by summer convective storms
and winter frontal systems (Brisson et al., 2011; Goudenhoofdt and Delobbe, 201%6Journ
etal., 2015).
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Fig. 1: Topographic map of Belgium. The Ardennes region is distinguishable by its high
elevation in the south east. Monthly mean precipitation and temperature in the inset plot
are derived from data provided by The Royal Meteorological Institute of Belgium for the
climatological period 1994-2023.

Land cover in the country is predominantly agricultural (44%), dominated by croplands
and animal husbandry. Cultivated areas dominate the central loamy belt and the northwest of
the country while the coastal polders typi ed by heavy soils, are more suited for animal-based
farming (Beckers et al., 2018, 2020; Statbel, 2025a). Forests cover about 23% of the terri-
tory (just over 700,000 hectares) with 79.8% in the Walloon region, 19.9% in Flanders and
0.3% in the Brussels-Capital (Sousa-Silva et al., 2016; Royal Forestry Society of Belgium,
2025). Most of the lowland forests are dominated by broad-leaved tree species with clus-
ters of coniferous forest plantations in the north east. In the Ardennes, forests form a mixed
broadleaved—coniferous complex in the foothills, gradually transitioning to conifer-dominated
stands at higher elevations(Royal Forestry Society of Belgium, 2025; Statbel, 2025a). Built-
up and urbanized areas account for about 20% of the land with most cities dating back to the
Middle Ages. The average population density of the country is 385 inhabitarft¢Bexkers

seet al., 2020; Statbel, 2025b).
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2.2 The mesoscale Hydrologic Model

In our study, we used the mesoscale Hydrologic Model (mHM; Samaniego et al., 2010; Kumar
et al., 2013) (version v-5.13.2-dev0) to simulate domain-wide root-zone (0-2 m) soil moisture
conditions and stream ow, which we used as an additional hydrologic constraint for validating

isbasin-scale hydrology at major outlets.

mHM is a spatially distributed hydrological model based on numerical representations
of dominant hydrological processes. The model is driven by hourly to daily meteorological
forcings, which include precipitation, air temperature (henceforth simply temperature), and
potential evapotranspiration, and accounts for major hydrological processes like snowmelt and
accumulation, canopy storage, evapotranspiration, surface runoff and ood routing, three-layer
soil moisture content, and subsurface storage. To represent spatial variability of inputs and state
variables, the model uses three different spatial resolutions, namely (in order of ne to coarse
resolution) Level-0 (b: small-scale morphology) to represent the main terrain features, geo-
logical features, land cover, and soil properties; Levelql fhesoscale hydrology) to represent
the dominant hydrological processes; and Level-2 (arge-scale meteorology) to describe
the variability of meteorological forcings. The model harmonizes the data internally using the
multiscale parameter regionalization (MPR; Samaniego et al., 2010). MPR links model param-
eters at k to their corresponding ones ag using non-linear transfer functions that couple
catchment characteristics with global (calibration) parameters to regionalize model hydrologic
parameters atd-and link them to their corresponding values atusing upscaling operators
such as arithmetic mean, geometric mean, and harmonic mean (MPR; Livneh et al., 2015).
With this technique, mHM achieves quasi scale-invariant parameters that enable the model to
preserve the spatial variability of state variables and conserve mass balance (Samaniego et al.,
2010, 2011; Kumar et al., 2013; Samaniego et al., 2013). mHM has been successfully used in
multiple studies at scales ranging from river basins (Zink et al., 2017; Blengh al., 2020;
Demirel et al., 2024; Banjara et al., 2025), country level (Samaniego et al., 2013; Rakovec
et al., 2019; Boeing et al., 2022) up to continental-scale (Samaniego et al., 2018; Moravec
etal., 2019; Kumar et al., 2025) and global studRel{a et al., 2025; Shrestha et al., 2025).

2.2.1 Input data

Our simulation is driven by daily elds of precipitation and temperature from the ENSEM-
BLES gridded dataset (E-OBS) version 30.0e (Cornes et al., 2018), which covers the entire
modelling domain. E-OBS is a daily land-only gridded observational dataset over Europe
which blends station network time series from the European National Meteorological and
Hydrological Services or other sources and is provided with spatial resolutions®#i6d1
0.2%. Our setup uses the @.fesolution product (access url: https://cds.climate.copernicus.eu/
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datasets/insitu-gridded-observations-europe?tab=download, last accessed March 2025). Since
E-OBS does not provide potential evapotranspiration data, we generated this from the E-OBS
minimum and maximum temperature using the method of Hargreaves and Samani (1985).

The morphological datasets for the model originate from different sources, namely,
LAI maps from Global Inventory Modeling and Mapping Studies (GIMMS) (Cao et al.,
2023), DEM from the Shuttle Radar Topography Mission (Farr et al., 2007), land use data
from Corine Land Cover (https://land.copernicus.eu/en/products/corine-land-cover), soil tex-
ture and bulk density data from the Harmonized World Soil Database (Nachtergaele et al.,
2023), and geology datasets from the Global Lithological Map Database (Hartmann and
Moosdorf, 2012), accessed from the url: https://www.geo.uni-hamburg.de/geologie/forschung/
aguatische-geochemie/glim.html (last accessed February 2025). To ensure the spatial consis-
tency required by mHM, we prepared aly Hatasets at 0:00195312%1/512 ), bilinearly
coarsened theldmeteorological data to 0:12%1/8 ), and set the resolution of;lto 0:03125
(1/32 ), these are summarized in Table 1.We then run the model from 1965 to 2020, including
a warm-up period of 5 years at the beginning.

Long-term in situ soil moisture data to validate the soil moisture output of mHM is
not available within Belgium; so we expanded the model domain to cover parts of France,
Germany and the Netherlands, where soil moisture observations are available from the Inter-
national Soil Moisture Network (ISMN) (Dorigo et al., 2021). From the ISMN, we used data
from the following networks: COSMOS (Zreda et al., 2008), GROW (Xaver et al., 2020),
TERENO (Bogena et al., 2018), BF®Iw and ORACLE, all shown in Figure 2.

Table 1: Summary of data sources

Dataset Resolution (degrees) Input format Source

Meteorological data 1/8 NetCDF E-OBS v30.0e

Leaf Area Index 1/512 NetCDF GIMMS

DEM 1/512 ASCII Grid SRTM

Geology 1/512 ASCII Grid Global Lithological Map Database
Land Cover 1/512 ASCII Grid Corine Landcover

Soil texture 1/512 ASCII Grid Harmonized World Soil Database

2.2.2 mHM Soil Moisture simulation

mHM calculates water in Itration between soil layers using an exponential function that
accounts for the nonlinearity of soil water retention (Samaniego et al., 2010; Livneh et al.,
2015). Brie Yy, for a given soil layer, k, on pervious areas, the in ltratigririto the layer is

2udetermined by the equation:
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