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Abstract. Hydrological drought often gets less attention compared to meteorological drought. For water re-

sources managers, information on hydrological drought characteristics is prerequisite for adequate drought planning and management. Therefore, the aim of this study is to analyse hydrological drought characteristics in the
pan-European region based on past drought events from 1990 to 2017. The annual average drought duration,
deficit volume, onset, termination, and intensity during drought years were calculated using daily runoff and
groundwater data. All data were simulated with the LISFLOOD hydrological model (resolution 5 × 5 km) fed
with gridded time series of observed weather data. Results based on runoff and groundwater data show that
regions in Northeast to Southeast Europe, which stretched out from Poland to Bulgaria, were identified as profound regions to severe hydrological drought hazards. The most severe droughts during our study period were
observed in 1992 to 1997, where on average Europe experienced drought events, which lasted up to 4 months.
Long average drought durations up to 4 and 8 months in runoff and groundwater occurred in a few parts of the
European regions (around 10 % area). Longer drought durations and a lower number of drought events were
found in groundwater drought than in runoff, which proved that slow responding variables (groundwater) are
better in showing extreme drought compared to fast responding variables (runoff). Based on our results, the
water managers can better prepare for upcoming drought and foster drought adaptation actions.

1

Introduction

Drought by definition is a sustained and regionally-extensive
period of below-average natural water availability. The spatial and temporal characteristics of drought vary from one region to another (Tallaksen and Van Lanen, 2004). Compared
to other flashy natural hazards, such as floods, flash floods,
and landslides, drought events develop slower and sometimes
unnoticed, but have comparable devastating impacts in terms
of economy, society, and environment (Mishra and Singh,
2010). Based on its types, droughts are generally classified
into four categories: meteorological drought, soil moisture
drought or agriculture drought, hydrological drought, and
socio-economic drought (Tallaksen and Van Lanen, 2004;
Mishra and Singh, 2010; Van Loon, 2015). Meteorological
drought is defined as a lack of precipitation, possibly combined with increased evapotranspiration, over a region for a
period of time. Soil moisture drought occurs when the supply

of moisture to vegetation decreases leading to yield reduction
or even crop failure. Hydrological drought is related to negative anomalies in surface and subsurface water (including
groundwater). Socio-economic drought refers to the failure
of water resources systems associated with the impacts of
the three aforementioned drought types.
All these four drought types in general are triggered by atmospheric conditions. A prolonged lack of precipitation (meteorological drought) can propagate through the soil moisture, which in turn, affects the whole hydrological systems,
resulting in soil moisture drought and hydrological drought,
respectively (Peters et al., 2003; Tallaksen and Van Lanen,
2004; Van Loon and Van Lanen, 2012). This might be a
reason that droughts often are viewed from a climatic perspective, by only looking at anomalies in climatic variables,
such as precipitation and temperature (Herring et al., 2015;
Heim, 2015). Another reason is data availability and access.
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Climatic data are largely available compared to hydrological data, such as discharge, runoff, and groundwater. Based
on these reasons, hydrological droughts have received lesser
attention than meteorological drought.
Although meteorological drought has ben intensively studied in the past (Llyod-Hughes and Saunders, 2002; Stagge
et al., 2017; Bachmair et al., 2018), many recent studies
showed that droughts could not be simply characterized by
a lack of precipitation alone (Teuling et al., 2013; Haslinger
et al., 2014). Minor meteorological drought may not develop
into a hydrological drought, but a series of meteorological
droughts can evolve into one long hydrological drought. Specific hydrological drought studies also indicate that hydrological drought diverges from meteorological drought due
to its complex phenomenon and different catchment characteristics (Peters et al., 2003; Vidal et al., 2010; Van Dijk
et al., 2013; Van Loon and Van Lanen, 2012; Van Lanen et
al., 2013; Wanders et al., 2017). Moreover, drought impacts,
such as water supply, water-borne transport, and hydropower
energy production are more closely linked with hydrological
drought rather than with meteorological ones. Understanding hydrological drought characteristic, therefore, is a key
for the management and assessments of water resources under drought (Van Lanen et al., 2016). Hence, information on
hydrological drought characteristics is prerequisite for adequate drought planning and management.
In this study, hydrological drought characteristics, such as
drought duration, deficit volume, onset, termination, and intensity, in the pan-European region were analysed based on
past drought events from 1990 to 2017. While many studies have mainly focused on precipitation or soil moisture
drought (Spinoni et al., 2016; Haslinger et al., 2014), this
study analysed drought characteristics based on runoff and
groundwater data. Groundwater is slower responding than,
e.g., precipitation and streamflow. It is one of the most important components for the development of hydrological drought
(Van Lanen et al., 2013). Thus, the information derived from
the hydrological drought characteristics will give additional
value to better understanding of droughts in Europe and support water resources managers for managing and planning
drought in their regions.
2
2.1

Data and Method

European datasets were used to set up the LISFLOOD model.
A calibration was carried out using river discharge data in
258 catchments by tuning parameters that control snowmelt,
overland flow, river flow, infiltration, residence times in the
soil and subsurface (Feyen and Dankers, 2009; Forzieri et
al., 2014). This spatially-distributed rainfall runoff model
has initially been used within the European Flood Awareness System (EFAS) to provide data for flood monitoring and
warnings (Thielen et al., 2009; Van der Knijff et al., 2010).
Later it has been extended to a drought early warning system
within the EU ANYWHERE project (Sutanto et al., 2020).
The model was run from 1990 to present. In the study, however, we only used the model data from 1990 to 2017 for
runoff with missing data in 2013 and 2014 for runoff, and in
2013 and 2017 for groundwater. For groundwater data, we
summed groundwater data from upper layer and deep layer.
2.2

Method

Drought events were determined using the variable threshold method (Yevjevich, 1967; Hisdal et al., 2004). Drought
starts when the groundwater or runoff data fall below a certain threshold value and ends when it is equal or rises above
the threshold (Eq. 1). In this study, the threshold values were
derived from the 80th percentile of the duration curve (Q80,
Hisdal et al. (2004); Van Loon and Van Lanen (2012)).
Dk (x, y, t) = Xk (x, y, t) − τk (x, y, t)

where Dk (x, y, t) is the drought occurrence for the hydrological variable k, grid cell x and y, and day t (time
step). Xk (x, y, t) is the targeted hydrological variable, and
τk (x, y, t) is the 30 d moving average of the variable threshold. Dk (x, y, t) is a binary variable; one if a drought event is
found (negative, red color in Fig. 1) and zero if no drought
event is found (positive, blue color in Fig. 1).
Using the threshold method, the following drought characteristics can be quantified for each drought event: drought
duration (day), drought deficit volume for runoff (mm), onset (day), termination (day), and intensity (mm d−1 ) (see also
Fig. 1). The duration of a drought event is defined as the
number of uninterrupted time steps (day) with a hydrological
variable below the threshold value. In our study, the duration
of drought is calculated as total duration of all drought events
for each year.

Data

Groundwater and runoff data for the pan-European region
were simulated using the LISFLOOD hydrological model
fed with gridded time series of observed weather data (thereafter called the LISFLOOD simulation forced with observations, SFO) (De Roo et al., 2000; Van der Knijff, 2008). The
model calculates a complete water balance every 6 h or daily
for every grid-cell (5 by 5 km in total 259 023 land cells)
within the model domain in Europe. Spatially-distributed
thematic data on soil, vegetation, and land use obtained from
Proc. IAHS, 383, 281–290, 2020

(1)

Duk (x, y, z) =

i
X

Dk (x, y, t)

(2)

i=0

where Duk (x, y, z) is the total drought duration (day) for hydrological variable k, grid cell x and y, and year z. i is the day
number in the particular year z, which is 365 for none-leap
year and 366 for a leap year.
The deficit volume of a drought event is defined as the sum
of the deficit volumes over a number of uninterrupted time
steps (day) with a hydrological variable below the threshold
https://doi.org/10.5194/piahs-383-281-2020
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value. We also calculated the drought deficit volume as total
deficit volume of all drought events for each year (in mm).
!
i
X
Dvk (x, y, z) = ABS
Xk (x, y, t) − τk (x, y, t) ,
i=0

for Xk (x, y, t) < τk (x, y, t)

(3)

where Dvk (x, y, z) is the total deficit volume in runoff
drought in mm for hydrological variable k, grid cell x and
y, and year z.
Drought onset and termination are defined as the starting
date and ending date of drought event over a number of uninterrupted time steps with a hydrological variable below the
threshold value. In this study, we selected the onset and termination date from the longest drought event (duration) in
each year.
Drought onset and termination are defined as the starting
date and ending date of drought event over a number of uninterrupted time steps with a hydrological variable below the
threshold value. In this study, we selected the onset and termination date from the longest drought event (duration) in
each year.
3

Results

During the period from 1990 to 2017, many parts of Europe suffered from noticeable droughts, such as in 1991–
1995, 1996–1997, 2000, 2003, 2004–2007, 2010, 2011, 2015
(Stagge et al., 2013; Spinoni et al., 2015; Van Lanen et al.,
2016). Those events are captured well in the hydrological
drought analyses using groundwater droughts in South-West
Germany obtained from the LISFLOOD SFO model output
from 1991–1997, as an example (Fig. 1). In that period, at
least two major drought events clearly showed up. The first
drought event occurred from the end of 1991 to the beginning of 1994 and then the next major drought event occurred
from the beginning of 1996 to the end of 1998. The capability
of the LISFLOOD model to simulate hydrological droughts
(here runoff and groundwater) opens an opportunity to determine drought characteristics across Europe that will be presented in the next sub chapters.
3.1

Drought duration

Annual drought duration was calculated from the total number of days when the hydrological variable was below the
predefined threshold in each year. These durations were then
averaged in order to obtain the spatially-distributed average
drought duration in Europe over the period 1990–2017 (see
Fig. 2a and b for runoff and groundwater, respectively). This
was only done for the drought years, that is, years with at
least one day in drought. Thus, the analysis excludes nondrought years. The number of drought years may differ per
cell and per variable (groundwater, runoff). Our results show
https://doi.org/10.5194/piahs-383-281-2020
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that the groundwater drought has a longer duration than the
runoff drought. In many parts of Europe, the duration of
drought in groundwater can be twice longer than in runoff.
The longest drought duration for both runoff and groundwater are detected in the east of Europe (starting from Poland
stretching out to Bulgaria), as well as in Northwest Russia,
with duration from 200 to 300 d for runoff (7–10 months,
Fig. 2a) and from 300 to 330 d for groundwater (10–11
months, Fig. 2b). North, West, and South Europe in general
have similar drought durations, with durations around 90 d
for runoff (3 months) and 150 d for groundwater (5 months).
The longest drought duration show up in groundwater
compared to runoff, which indicates drought propagation
(Peters et al., 2003; Van Lanen and Tallaksen, 2007; Van
Loon and Van Lanen, 2012; Van Loon et al., 2012). Drought
events become longer when moving from precipitation, soil
moisture to subsurface or groundwater storage, associated
with fast and slow responding variables (Tallaksen et al.,
2009; Van Lanen et al., 2013). Runoff usually takes an intermediate position. The fast responding variables, such as
precipitation, and to a lesser extent such as, runoff and discharge, in principle, have shorter drought durations, but a
higher number of drought events. On the other hand, slowly
responding variables, such as groundwater, have longer
drought duration but lesser drought occurrences (Fig. 3). This
can be seen, for instance, in Eastern Europe, such as Latvia,
Lithuania, Belarus, and Ukraine, where the drought duration
is high (∼ 200 d, Fig. 2b), the number of drought events in
groundwater is low (∼ 10 events from 1990–2017, Fig. 3b).
Runoff shows lesser drought duration (∼ 60 d, Fig. 2a) but
higher number of drought years (∼ 20 events, Fig. 3a).

3.2

Drought deficit volume and intensity

Similar like drought duration, the highest drought deficit volumes based on runoff are situated in the east of Europe (starting from Poland stretching out to Bulgaria), as well as in
Northwest Russia (Fig. 4a). This was expected, since the
longer the drought, the more water would be lost. In these
regions on average, availability of runoff water is around
20 to 40 mm lower than normal during the drought years
(Fig. 4a). In addition, the eastern European regions also suffer from high groundwater drought intensity (Fig. 4b). On
average, more than 100 mm d−1 of groundwater is lost during the drought years in these regions.
One interesting phenomenon was found in Iceland. The island, which has similar drought durations as West Europe (3
months for drought in runoff, Fig. 2a), has higher drought
deficit volumes. Drought events in Iceland are frequent, but
have short drought durations. Hydrological variables fluctuate more in West Europe, resulting in higher threshold values
and a larger deviation from the threshold. Early and/or late
snow accumulation and melting may also play a significant
role for droughts in this region e.g., cold and warm snow
Proc. IAHS, 383, 281–290, 2020
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Figure 1. Groundwater storage modelled by LISFLOOD SFO in South-West Germany from 1990–1997.

Figure 2. Spatial distribution of the average annual drought duration (days per year in drought years) derived from drought in runoff (a) and
groundwater (b), over the period 1990–2017. Non-drought years are excluded.

season drought (Van Loon and Van Lanen, 2012; Van Loon
et al., 2012).

3.3

Drought onset and termination

The calculation of drought onset and termination is different
to that of the calculation of drought duration and deficit volume. For drought onset and termination, we determine the
onset and termination day only for the longest drought event
in each year, meaning that we neglected droughts in a certain year with shorter duration. This means that the difference between onset day and termination day does not reflect
the aforementioned drought duration (Sect. 3.1). One should
Proc. IAHS, 383, 281–290, 2020

keep in mind that drought duration and deficit volume were
calculated from all drought events occurring in a year.
Figure 5a and b show the average onset and termination
day, respectively, obtained from the longest drought event in
each year for runoff over the years 1990–2017. In general,
Europe can be divided into two regions based on the drought
onset. Eastern Europe has earlier drought onsets (spring) than
West Europe (summer). However, most of Europe has a similar drought termination day, which is in autumn. This implies
that Eastern Europe has more extended drought durations for
the longest drought than the West. If we deduct the termination day from the onset day, the most extended drought du-
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Figure 3. Spatial distribution of the number of drought years derived from drought in runoff (a) and groundwater (b) over the period

1990–2017.

Figure 4. Spatial distribution of the average annual drought deficit volume (mm per year in drought years) derived from drought in runoff (a)

and the average annual drought intensity (mm per day in drought years) derived from drought in groundwater (b), over the period 1990–2017.
Non-drought years are excluded.

ration is situated in the same regions as those regions having
the lengthiest total drought duration (Fig. 2a).
Compared to runoff, the average onset day of the longest
drought in each year for groundwater is earlier with a onset day of 150 (May) for most of European regions and
of 60 (February) for Northeast to Southeast European regions (Fig. 6a). However, the average termination day of the
longest drought in each year for groundwater is later than for

https://doi.org/10.5194/piahs-383-281-2020

runoff, with day numbers of 210 (July) to 365 (December)
(Fig. 6b). Again, if we deduct the termination day from the
onset day, the most extended drought duration of the longest
drought per year is situated in the same regions as those having the maximum total drought duration (Fig. 2b). However,
average drought duration of the longest drought is close to
the average total annual drought duration. This indicates that

Proc. IAHS, 383, 281–290, 2020
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Figure 5. Spatial distribution of the average drought onset (a) and termination (b) of the longest drought per year (in drought years) derived

from drought in runoff over the period 1990–2017. Non-drought years are excluded.

groundwater drought tends to have longer drought durations
and a lower number of drought events than drought in runoff.

3.4

Summary of European hydrological drought
characteristics

In the previous sections, we presented spatially-distributed
average annual drought characteristics for Europe. In this
section, drought characteristics for each year and averaged
for the whole Europe are presented. Table 1 shows the
spatially-averaged drought duration, deficit volume (only in
runoff), onset and termination of the longest drought, and
drought intensity in runoff and groundwater. The longest
total drought durations occurred in 1992–1993 and 1996
in runoff, and in 1992–1993 and 1995–1997 in groundwater. During these drought years, drought occurred up to 2.5
months in runoff and up to 4 months in groundwater. Slightly
lower drought durations were found for the longest single
drought event in a year, which were derived from the difference between termination and onset values. Based on this
drought analysis using runoff and groundwater data, the 2003
European drought was not categorized as the longest drought
event (41 and 92 d in runoff and groundwater, respectively)
although it has longer drought durations than the average (37
and 68 d in runoff and groundwater, respectively).
The highest drought deficit volumes for drought in runoff
were found in 1992 and 1993, with deficit volumes of 5.5
and 6.5 mm, respectively. In average, the volume loss during
drought events is 3 mm.
The earliest drought event was in the winter period on
day 45 for runoff in 2012 and on day 38 for groundwaProc. IAHS, 383, 281–290, 2020

ter in 2008. However in those years, early drought occurrences were also followed by early drought termination. The
drought events starting in the winter and terminating in the
beginning of spring is likely related to a cold snow season
drought (Van Loon and Van Lanen, 2012; Van Loon et al.,
2012). These drought events may occur due to cold temperatures below normal during the winter period and thus the
groundwater levels drop just below the threshold level due to
no recharge from the snowmelt, which normally would happen. This type of drought ends when the snow melts during
spring. The longest drought duration in runoff (56 d) started
in spring (day 73) and ended in the end of spring (day 130),
while the longest drought duration in groundwater (107 d)
also started in spring (day 75), but ended in summer (day
182). One should note that the yearly drought onset and termination in this study were averaged for the whole Europe
(Table 1). On average, the onset of drought events occurred
on day 74 and 60 and terminated on day 101 and 110 for
runoff and groundwater, respectively.
The longest drought duration obtained for Europe does
not reflect the highest drought intensity. The highest drought
intensity in groundwater (16.4 mm d−1 ) occurred in 1995,
while the drought duration was only 93 d. The longest
drought duration in groundwater (1996, 136 d) only resulted
in a drought intensity of 14.7 mm d−1 . Beside averaging all
grid cells over the whole Europe, drought characteristics
were also calculated by averaging drought characteristic values from 1990 to 2017 (Table 2) for the 10th driest area in Europe (called 10th percentile area). This has been repeated for
25th, median, 75th and 90th percentile areas. At least 10 %
of European regions experienced drought with minimum du-

https://doi.org/10.5194/piahs-383-281-2020
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Figure 6. Spatial distribution of the average drought onset (a) and termination (b) of the longest drought per year (in drought years) derived

from drought in groundwater over the period 1990–2017. Non-drought years are excluded.

ration of 121 d (4 months) and 251 d (8 months), deficit volume of 8.5 mm, and intensity of 0.1 mm and 16.6 mm d−1 for
drought in runoff and groundwater, respectively. However,
half of European regions (50th percentile area) only experienced short drought durations. Based on drought onset and
termination analyses, 10 % of the European regions (10th
percentile area) had drought in the end of summer, which
lasted up to the autumn. Early droughts during spring to summer struck a quarter of European area. Table 2 also shows
that drought never occurred in almost all European regions
(above 75th percentile area) at the same time.
4

Discussion and Conclusion

In this paper, we analysed hydrological drought characteristics across Europe, represented by drought in runoff and
groundwater. The results are presented as: (1) spatiallydistributed average annual hydrological drought characteristics maps for the period 1990–2017, and (2) summary statistics of hydrological drought characteristics for each year, for
10th, 25th, 50th, 75th and 90th driest areas in Europe. The
results show that regions in the eastern part of Europe, starting in Poland and stretching out to Bulgaria, are profound
regions to severe drought hazards. These regions, as well as
Northwest Russia experienced the longest drought duration
and highest deficit volume compared to other regions. Early
drought onset and late drought termination were also found
in these regions.
Based on summary statistics of drought characteristics, the
most severe droughts occurred from 1992 to 1997. The European 2003 drought was considered severe, but it appeared
https://doi.org/10.5194/piahs-383-281-2020

not the most extreme, in term of duration and water deficits.
During this period, the groundwater drought lasted up to 4
months. Please keep in mind that this analysis was carried out
by averaging over the whole of Europe. In some regions, the
drought may last longer than 4 months (see Fig. 2b). Moreover, our driest area analysis also indicated that around 10 %
of the European regions experienced groundwater drought
for more than 8 months. We need to remark that all analyses
in this study were carried out by considering only drought
events occurring in the same year. Drought events passing
the turn of the year were not considered. This drawbacks our
analysis, since drought event may last up to more than one
year, i.e. multiple year droughts (Tallaksen and Van Lanen,
2004; Mishra and Singh, 2010; Van Loon, 2015).
Longer drought duration and a lower number of droughts
were found in groundwater than in runoff, which proves that
slowly responding variables (e.g., groundwater) are better
in showing extreme droughts compared to fast responding
variables (e.g., precipitation). Small amount of precipitation
can alleviate the drought by putting the hydrological variable
above the threshold and end the drought, in a fast responding variable. The slowly responding variables are suited to
be used for drought early warning system since they have a
longer memory due to the influence of catchments storage.
Our study gives an insight in hydrological drought characteristics and is anticipated to provide useful information
for water management practices in Europe. It is already
used as benchmark for drought forecasting in the EU ANYWHERE project (http://anywhere-h2020.eu/, last access: 1
June 2020). Based on our results, water managers, and
also emergency centres, can better prepare for an upcoming
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Table 1. Spatially-averaged drought characteristics for each year over the period 1990–2017, which were obtained from drought in runoff

(R) and groundwater (GW).
Duration
(day)

Year

Deficit volume
(mm)

Onset
(day)

Termination
(day)

Longest Duration
(day)

Intensity
(mm) (mm d−1 )

R

GW

R

R

GW

R

GW

R

GW

R

GW

1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017

38
52
70
71
53
49
64
48
31
30
28
22
44
41
15
27
33
25
15
19
18
29
27
–
–
37
33
41

56
84
110
111
91
93
136
118
78
52
50
40
51
92
50
43
78
44
38
37
32
49
56
–
43
61
71
–

2.9
4.4
5.5
6.5
4.1
3.2
6.0
4.4
2.3
2.9
2.4
1.6
3.4
2.7
0.6
1.6
2.4
1.9
0.9
1.2
2.1
2.4
2.5
–
–
2.7
3.2
4.9

88
92
91
73
68
116
71
82
52
57
52
85
96
64
58
82
65
80
55
61
47
81
45
–
96
115
63

77
74
62
45
60
72
75
77
45
54
43
51
69
68
54
73
67
60
38
58
40
62
48
–
58
71
54
–

117
127
143
130
110
151
116
115
73
79
72
102
126
94
69
101
88
97
66
76
60
102
66
–
–
124
138
92

119
135
148
138
133
146
182
161
102
95
83
80
106
134
85
101
118
89
64
84
62
95
88
–
88
118
109
–

29
35
52
56
42
35
45
33
22
22
20
16
30
30
12
19
24
17
11
14
13
21
20
–
–
28
23
29

42
61
86
93
73
74
107
84
57
41
40
29
37
66
31
28
51
29
26
26
22
33
40
–
30
47
55
–

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.0
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
–
–
0.1
0.1
0.1

2.3
6.2
10.5
14.9
16.2
16.4
14.7
9.8
6.3
4.7
4.7
2.7
3.3
5.4
2.8
2.1
4.8
2.7
2.5
2.2
2.3
3.2
3.3
–
3.1
4.5
6.4
–

Average

37

68

3.0

74

60

101

110

27

50

0.1

6.1

Table 2. Drought characteristics based on percentiles areas in Europe (e.g. 10th percentile means the 10 % driest area in Europe).

No.

1
2
3
4
5

Percentile

10th
25th
50th
75th
90th

Duration
(day)

Deficit volume
(mm)

Termination
(day)

Intensity
(mm) (mm d−1 )

R

GW

R

R

GW

R

GW

R

GW

121
84
110
111
91

251
4.4
5.5
6.5
4.1

8.5
92
91
73
68

250
74
62
45
60

235
127
143
130
110

317
135
148
138
133

351
35
52
56
42

0.1
61
86
93
73

16.6
0.1
0.1
0.1
0.1

drought since they know where the drought prone regions
are located, when the drought event may emerge and recover,
and what is the average duration of drought. All these information will help water managers in the drought prone regions
to foster drought resilience actions.

Proc. IAHS, 383, 281–290, 2020

Onset
(day)

Data availability. The runoff and groundwater data were obtained

from the ECMWF. All data used in the study can be obtained from
the authors (samuel.sutanto@wur.nl).
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