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Droughts occur as a result of a lack of water compared with normal conditions. Whilst
this appears trivial, the exact drought definition of drought is not. Especially as different
drought types are present, resulting from the different variables in a hydrological system,
each with unique characteristics. We use a common drought definition, the percentile
score, and apply the same definition across all drought types, to study whether the actual
occurrence of droughts matches the definition. We focus on the data-rich Dutch province
of Gelderland, to study droughts from observations across five major components of the
terrestrial hydrological cycle. When a percentile threshold of 20% is used as drought
definition, corresponding to a mild drought, droughts anywhere in the system occur at
least three times more frequently (73% of the time). On the other hand, the situation
where drought occurs across all components of the terrestrial hydrological cycle is more
than four times less likely than the drought threshold of 20% (namely 5% of the time). This
can be attributed by both (1) the different responses across the hydrological system, and
(2) the spatial variability present within each component of the hydrological system. With
this study, we show the existence of the drought frequently paradox: although droughts
are seen and defined as rare from a scientific perspective, when viewed from a societal
or operational water management perspective in typical hydrological systems subject
to spatial variability and other system complexity, droughts become common, rather
than rare. This paradox is a consequence of an inconsistent use of the percentile score
drought definition between research and operational water management, and better
communication between the two domains is needed in search for a universally accepted
drought definition.

Keywords: drought, drought frequency, drought characterization, hydrological complexity, European 2018 summer
drought

1. INTRODUCTION

Droughts are among the extreme natural events with the most widespread impact, both on
socio-economic sectors as well as on natural ecosystems. Due to the strong coupling between
drought and heat, the impacts of drought are expected to worsen with climate change (Teuling,
2018; Miralles et al., 2019). In spite of the relevance of drought, its exact definition has been, and still
is, subject to debate (Dracup et al., 1980). In a review on the use of drought indices in the U.S., Heim
(2002) provides several possible and widely used definitions: drought can be defined as a “prolonged
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that variable are below this value.

FIGURE 5 | Spatial and temporal variability in percentile scores across all variables. (A,C,E,G,l) Show the time series of all stations over the entire data period, where
each row in each panel represents an individual measurement point/pixel. (B,D,F,H,J) Show the value that represents the point where 20% of the stations/pixels in

regions of river systems, due to the relatively flat land and
availability to water, and it is in these regions that drought is
highly relevant since agriculture could be impacted by both local
droughts (e.g., soil moisture), but also by drought occurring
upstream of the river basin, through its impact on river discharge.
Furthermore, much of the signal is caused by spatial variability in
the groundwater response to drought. But in the study by Kumar
et al. (2016), also partly in Gelderland, similar variability in
groundwater response was found for many regions in Germany.
And while we did not investigate the dependency of our results
on the size of the study region, we expect that most regions
with variability in soil, vegetation, and depth to the groundwater
table will show similar behavior. At larger scales, possible
spatial variability in meteorological drought conditions might

even become an additional factor that contributes to a higher
frequency of co-occurring droughts.

As for the monitoring of droughts, several attempts have
been made to either extend or improve common indices.
Meteorological drought indicators are most frequently used
(Bachmair et al., 2016), as meteorological drought is typically the
driver of the other drought types, has usually longer available data
records, and is generally easiest to measure. However, our results
show that meteorological droughts do not correctly represent
droughts in the four other considered variables. This is in line
with other studies. For example, Kumar et al. (2016) used SPI
to estimate the Standardized Groundwater Index (SGI). They
found that long SPI accumulation times were required to reach
high correlation with SGI, but failed to correctly predict the
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FIGURE 6 | Temporal evolution of drought conditions over the entire study period. (A) Highlights the months where the variable is considered to be in drought
conditions. Percentages on the y-axis indicate the percentage of time that each variable is in drought conditions. (B) Shows the percentage of time the study area is in
drought conditions, depending on how many variables are below the drought threshold.
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FIGURE 7 | Change in drought frequency between 2000-2009 and 2010-2019. (A) Shows the percentage of time each variable is below the drought threshold, and
(B) shows the percentage of time at least x variables are in drought conditions. The horizontal line corresponds with the expected frequency based on the 20%
percentile threshold. The entire green bar represents the 2010-2019 period, and the highlighted green bar represents the contribution of the recent droughts over the

actual SGI values. Furthermore, Bachmair et al. (2018) conclude
that using meteorological indices to represent agricultural and
forest droughts highly varied with climate. Stagge et al. (2015)
created a model using meteorological drought data as input to
predict different drought types. They show promising results, but
also note that their model needs to be re-calibrated for different
regions. Given the conclusions of these studies, and the results

from our study, we stress the importance of drought monitoring
across all relevant components of the hydrological cycle. Even if
meteorological drought could be used for extrapolation to other
drought types, correct understanding of the link between these
drought types—and hence the monitoring—is a requirement.

A possible solution to this paradox would be the use of
compound drought indices. Two approaches are possible here,
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FIGURE 8 | Relation between drought threshold and percentage of time in a drought. (A) Shows the percentage of time each variable is below the corresponding
threshold. (B) Shows how often the area is in drought conditions for a different number of variables considered. The dotted line in both panels shows the 1:1 line.
Value between brackets shows the percentage of time each variable in drought conditions at the 20% percentile threshold.
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although they both have important disadvantages. In the first
approach, a compound index can be calculated similar to
our current approach, ie., identify a drought whenever there
are serious drought conditions in one or more parts of the
hydrological system. The disadvantage of this approach is
that the effective drought frequency might increase to levels
that are incompatible with current drought definitions that
define drought as a rare event. In the second approach, a
compound drought index can be transformed such that the
effective drought frequency is exactly the pre-defined value.
While this approach might seem intuitive, it likely will require
local calibration and an (arbitrary) weighing between different
parts of the hydrological system and the relative impact of
drought on certain economic sectors. The above suggests that
tailor-made solutions remain necessary for effective drought
monitoring and management at regional scales. Furthermore,
the impact of a drought does not necessarily correspond with
the occurrence of a drought as measured with an index, as
this also depends on the socio-economic value. Therefore, we
stress the importance of monitoring all relevant variables in the
area of interest, involving both satellite remote sensing (West
et al., 2019) and local observations, in close collaboration with
stakeholders to quantify the impacts. Impacts are ultimately the
most relevant aspect of droughts from a societal or operational
water management perspective, which implies that a drought
index should reflect the impacts rather than raise an unwanted
drought frequency paradox.

5. CONCLUSIONS

An overview of five major variables in the hydrological cycle
(precipitation, soil moisture, vegetation greenness, groundwater,
and surface water levels) allows us to study a possible drought
frequency paradox. The analysis focused on the Dutch province
of Gelderland. Using the recent droughts of 2018 and 2019 as case
studies, we show that each variable operates with typical temporal
and spatial variability. Precipitation is rather homogeneous in

space, but highly variable in time. Soil moisture and NDVT both
are more spatially variable, but their temporal signal is smoother
with respect to precipitation. Despite difference in underlying
processes and scale, groundwater and surface water levels show
very similar responses during these droughts. Inter- and intra-
variability of these five variables causes different types of droughts
in different parts of both space and time.

With a percentile score of 20% as the drought threshold
at the pixel/point level, we show that each variable can be
considered to be in drought at the regional scale for 26-38%
of the time depending on the variable, which is more frequent
than the 20% of the time the percentile threshold suggests.
When all relevant variables are considered, at least one variable
is in drought conditions for 73% of the time. Both of these
values can lead to a perception of a drought frequency paradox,
where drought occurs much more frequently than would be
expected based on the used main drought threshold. The
percentage of time matches the drought (frequency) threshold
only when three to four variables are in drought conditions.
We showed that the usage of a common drought definition
(albeit for mild droughts) can lead to a perception of a drought
frequency paradox. This might not be representative for the
actual drought conditions, and we therefore stress the importance
of close collaboration between scientists, water managers and
stakeholders to ensure correct drought detection within a
hydrological system. This can be achieved through correctly
calibrated compound indices, as multiple univariate indices can
lead to a drought frequency paradox.
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