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Abstract Droughts can have severe ecological, social, and economic impacts. Some impacts are
particularly severe if droughts last longer than 1 year and water stores are not fully replenished. The
proneness of European catchments to multiyear droughts has not been studied extensively, even though
such events pose a great challenge for water resources management in many regions. In this study, we
assess regions and catchments in Europe that might be prone to multiyear droughts by stochastically
simulating long discharge records. The simulation approach uses phase randomization and the flexible,
four-parameter kappa distribution to generate potential realizations of (long) drought events. Both
observed and stochastically simulated series are used to identify multiyear drought events. Catchments
prone to multiyear droughts are located in southern France, central Europe, and southwestern England.
To assess potential future changes in the proneness to multiyear events, we follow a purely empirical
approach. We link the proneness of a catchment to multiyear events to its low-flow regime as described
by the seasonality ratio. Our results show that catchments with a melt-dominated flow regime are
generally not affected by multiyear droughts, whereas many catchments with a rainfall-dominated flow
regime show such proneness. We further find that catchments experiencing regime changes toward a
rainfall-dominated flow regime might be more affected by multiyear droughts in the future. Overall, four
regions stood out that might potentially become more affected in the future if historical trends in regimes
continue: southeastern England, southeastern France, central Norway, and the Pre-Alps.

Plain Language Summary Droughts lasting longer than 1 year can have severe ecological,
social, and economic impacts. They are characterized by below-average flows, not only during the low-flow
period but also in the high-flow period when water stores such as groundwater or artificial reservoirs are
usually replenished. Limited catchment storage might worsen the impacts of droughts and make water
management more challenging. Knowledge on the occurrence of multiyear drought events enables better
adaptation and increases preparedness. In this study, we assess the proneness of European catchments

to multiyear droughts by simulating long discharge records. Our findings show that multiyear drought
events mainly occur in regions where the discharge seasonality is mostly influenced by rainfall, whereas
catchments whose seasonality is dominated by melt processes are less affected. The strong link between
the proneness of a catchment to multiyear events and its discharge seasonality leads to the conclusion that
future changes toward less snow storage and thus less snow melt will increase the probability of multiyear
drought occurrence.

1. Introduction

Hydrological drought events can have severe ecological and social impacts in addition to negative economic
impacts regarding agriculture, energy production, and public water supply (Freire-Gonzalez et al., 2017;
Van Loon, 2015). Unlike many other natural hazards, droughts may persist for long periods and affect large
areas. Multiyear droughts have affected Europe several times in the past (Hanel et al., 2018; Parry et al.,
2012). However, not all regions are equally prone to the occurrence of such events. The alleviation of drought
impacts is possible thanks to natural water stores, including glaciers, snowpack, lakes, groundwater, and soil,
as well as artificial stores such as reservoirs (Brunner et al., 2019; Staudinger et al., 2014). Stores are in turn
instrumental in supplying water to rivers during low-flow periods controlling—among other processes—the
duration of a streamflow drought.
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The climate of Europe varies from subtropical to polar. On the ground, the climate signal is modulated by
catchment characteristics, in particular, stores such as aquifers, snowpack, and lakes, which determine the
hydrological regime. In the Mediterranean region the climate is warm and dry, and streamflow droughts
may last several months or even years. Aquifers are replenished in the wet season (winter) in this region,
which is crucial for the recovery of the hydrological system. In the more humid midlatitudes of western and
northern Europe, summers are mild and droughts typically last for weeks or months, except in regions with
large storage systems such as aquifers, where a water deficit may last more than 1 year. Winter precipitation
may also be an important water source for vegetation in summer in these regions as recently demonstrated
for forest sites in Switzerland (Allen et al., 2019). In northern regions, seasonal snow processes dominate
and water stores are normally refilled during the snow melt season, and streamflow droughts are considered
seasonal events. If water stores—for example, large aquifers in the south or shallow groundwater in the
north—are not fully replenished, the system will be vulnerable to drought in the following dry season or year.
Accordingly, the impact of droughts will likely be more severe (Tallaksen et al., 1997) and water resources
management will be more challenging (Arena et al., 2006). For these reasons, water managers are partic-
ularly interested in long-lasting drought events, that is, those longer than the norm (Abatan et al., 2018).

While most regions in Europe have so far not been affected by multiyear events (e.g., catchments in sea-
sonal snow climates; Tallaksen & Hisdal, 1997), warmer and drier regions such as the Mediterranean have
experienced several multiyear droughts (Hisdal & Tallaksen, 2000). Accordingly, future changes in cli-
matic conditions might change the hydrologial regime and thus the proneness of catchments to multiyear
droughts.

Climate change is already affecting key components of the water cycle, that is, precipitation, evapotranspi-
ration (ET), and water storage. Temperature increases have led to a decrease in water storage in glaciers
(Haeberli et al., 2013) and snow (Kunkel et al., 2016) over the past decades. A future increase in tempera-
ture is projected to lead to a further decrease in glacier and snow storage in most regions (Farinotti et al.,
2016; Zekollari et al., 2019), with the exception of some high elevation regions where increases in snowpack
have already been observed due to increases in winter precipitation falling as snow (Donnelly et al., 2017).
The mostly negative changes in snowpack lead to a reduced melt contribution in spring or summer. Pre-
cipitation has also changed over the past few decades. Annual precipitation has increased in the northern
parts of Europe, while it has decreased in the southern parts and not significantly changed in the midlati-
tudes (European Environment Agency, 2017). These changes in turn have led to changes and shifts in the
seasonality of hydrological regimes, with more discharge in winter, due to more precipitation and a higher
fraction ofliquid precipitation, but lower discharge in summer, due to less precipitation in this season, earlier
snowmelt, and higher ET (Addor et al., 2014; Arnell, 1999). These are trends that are expected to continue
in the future as climate warms implying changes in both high and low flows (Barnett et al., 2005; Brunner
et al., 2019). Trends in hydrological drought and low flow are already apparent in existing discharge time
series, with negative trends in low flows in southern and eastern Europe and generally positive trends else-
where in Europe (Stahl et al., 2010). These recent changes are expected to become more pronounced in the
future. An intensification of streamflow droughts is expected in the south of Europe, whereas a decrease in
severity is foreseen for some regions in the north. In the transitions zone, the direction of change is unclear
(Forzieri et al., 2014). These expected future changes can be explained by a further increase in annual and
winter precipitation in northern Europe and a decrease in annual and summer precipitation in southern
Europe (Donnelly et al., 2017; Forzieri et al., 2014; Maraun, 2013).

Future changes in hydrological regime and associated drought characteristics might change the proneness
of a region to multiyear droughts. Knowledge on the current and future susceptibility of a region to such
drought events enables proactive management of the available resources and increases preparedness. So far,
the proneness of catchments to multiyear events has not been assessed on a European scale. This might be
related to the fact that observed discharge time series are usually too short to capture the natural long-term
variability and accordingly assess the potential occurrence of multiyear droughts (Wijayaratne & Golub,
1991). Natural variability can generate events longer than seasonal droughts that have occurred in the obser-
vation period (Parsons et al., 2018). One can obtain sets of plausible but as yet unobserved streamflow
sequences using, for example, a stochastic discharge generator that mimics the characteristics of observed
data (Borgomeo et al., 2015; Ilich, 2014; Mohan & Sahoo, 2008). Such simulated series may generate potential
realizations of droughts, which can be longer than those observed in the historical record.
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Figure 1. Illustration of assessment framework: (a) stochastic generation of long discharge time (b) drought extraction
using the threshold level approach, and (c) determination of the number of multiyear events. The red lines represent
the drought thresholds.

In this study, we assessed which regions in Europe might be affected by such rare, multiyear hydrological
events, under both current and future climate conditions. To assess the proneness of catchments to multiyear
droughts under current conditions, we used long time series generated by a stochastic discharge generator
for a large sample of catchments (Figure 1a). The simulation procedure was based on phase randomization,
which has been shown to accurately reproduce the temporal and distributional characteristics of observed
discharge time series (Brunner et al., 2019). The use of such a long time series helped us identify regional pat-
terns in the current proneness to multiyear drought events. Subsequently, the proneness of a catchment to
multiyear droughts was linked to the type of low-flow regime, expressed as the seasonality ratio. The detec-
tion of regime changes by analyzing trends in seasonality made it possible to project the susceptibility of
catchments to multiyear events into the future since projected future regime changes were found to be rather
robust compared to changes in other hydrological signatures (Addor et al., 2014; Schneider et al., 2013).

2. Data and Methods

The proneness of European catchments to multiyear droughts was assessed by identifying drought events in
observed and stochastically simulated time series using a threshold level approach (Figure 1). The analysis
was based on observed discharge time series of 508 catchments in Europe from the Global Runoff Data
Centre (GRDC) (Bundesanstalt fiir Gewidsserkunde bfg, 2019) (Figure 2).

The hydrological regimes of the catchments analyzed were either rainfall or snowmelt dominated with a
summer or winter minimum, respectively. The selected catchments had areas between 100 and 1,000 km?,
to avoid including catchments with significant anthropogenic influences, and covered the period 1982-2015
to ensure a large data set. Data for Austria and France were only available until 2012 and were updated via
national data platforms (Austria: Bundesministerium Nachhaltigkeit und Tourismus, 2019; France: Min-
istére de 'Ecologie du Développement durable et de I'Energie, 2019). Data for the Mediterranean region and
eastern European countries were not available through GRDC because the stations included did not cover
the period under consideration (Laaha et al., 2017). For illustration purposes, we chose a set of six catch-
ments with different streamflow regime and catchment characteristics (Table 1) located at different places
within Europe (Figure 2).

We increased the length of the observed discharge time series and therefore the number of drought events
by using a stochastic discharge generator (Figure 1a). Stochastic models for generating longer, synthetic
streamflow time series should reproduce both the marginal distribution of observed streamflow time series
and their temporal dependence structure (Salas & Lee, 2010; Sharma et al., 1997), which encompasses both
short- and long-range dependence. Short-range dependence refers to the dependence of daily streamflow
values measured within a few days of each other, while long-range dependence refers to dependencies across
months or years. Existing streamflow generation approaches have mainly focused on the time domain, even
though simulation in the frequency domain offers useful properties including the simulation of both short-
and long-range dependence.
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Figure 2. Locations of 508 GRDC stations within Europe. The black squares indicate the locations of the six
catchments used for illustration purposes (Table 1).

Simulation in the frequency domain is based on the randomization of the phases of the Fourier transfor-
mation. In this study, we generated daily discharge series by applying the simulation procedure proposed
by Brunner, Bardossy, and Furrer (2019), which combines phase randomization simulation (Radziejewski
et al., 2000) with the flexible, four-parameter kappa distribution (Hosking, 1994); with this method it is
possible to extrapolate to potential realizations of high and low flows. The observed streamflow time series
require pretreatment, that is, they need to be normalized, before phase randomization can be applied. The
simulation approach consists of seven steps: (1) fitting the theoretical four-parameter kappa distribution to
the daily values of the input time series, (2) normalization and deseasonalization of the time series using the
normal transformation, (3) Fourier transformation transferring the deseasonalized time series to the Fourier
domain and computation of the Fourier phases, (4) random phase generation by sampling from the uniform
phase distribution, (5) inverse Fourier transformation after the combination of the random phases with the
observed power spectrum, (6) back transformation of the normal data to the kappa distribution using the
daily kappa distributions obtained in Step 1, and (7) simulation of time series by repeating Steps 4-7 m times
to generate m time series of the same length as the observed time series. The stochastic simulation approach
reproduces the temporal correlation structure and distributional statistics of the observed discharge time
series and does not impose any nonstationarities. A more detailed description of the approach and its back-
ground can be found in Brunner, Bardossy, and Furrer (2019) and references cited therein. The stochastic
simulation procedure is provided in the R-package PRSim, which can be found in the CRAN repository

Table 1
List and Characteristics of Six Catchments Used for Illustration Purposes: Catchment ID (Figure 2), River Name, Station
Name, Country, Area (km?), Elevation (m a.s.L.), and Regime Type

ID River Station Country Area Elevation Regime type

1 Thur Jonschwil Switzerland 493 580 Rainfall dominated
2 Arac Soulan France 169 541 Rainfall dominated
3 Dill Asslar Germany 692 155 Rainfall dominated
4 Sanda Floegubru Iceland 266 20 Melt dominated

5 Kassjoean Storsillret Sweden 164 224 Melt dominated
6 Taurach Mauterndorf Austria 102 1106 Melt dominated
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Figure 3. Effect of threshold choice on drought duration for fixed and variable thresholds at the 50th, 30th, and 15th
flow percentiles (Q50 , Q30, and Q15) for the six example catchments (Figure 2). (a) Thur, (b) Arac, (c) Dill, (d) Sanda,
(e) Kassjoean, and (f) Taurach.

https://cran.r-project.org/web/packages/PRSim/index.html. We applied the phase randomization approach
to the observed discharge time series of the 508 catchments to generate a time series of 1,500 years for each
catchment representing the current conditions.

The validity of the stochastic simulation approach was assessed by comparing observed and simulated
discharge time series with respect to their temporal correlation structure (autocorrelation and partial auto-
correlation function) and their seasonal streamflow statistics (distribution, minimum, mean, maximum,
and standard deviation). In addition to general distribution characteristics, the approach was validated for
drought duration given the focus of the study.

We used both observed and stochastically simulated series to identify drought events using the threshold
level approach (Yevjevich, 1967) (Figure 1b), which defines droughts as periods when streamflow does not
exceed a certain threshold (Tallaksen et al., 1997). Prior to event extraction, the data were pooled over a
moving window of 30 days to avoid the extraction of minor events and limit the number of dependent events
(Tallaksen & Hisdal, 1997; Van Loon & Laaha, 2015). This smoothing of the time series ensured that long
drought periods, only interrupted by a short rise in streamflow above the threshold, were not separated into
individual, dependent events but rather assigned to the same event. Two main ways of defining a threshold
exist: fixed for the whole record or varying with season, month, or day of the year. The variable threshold
level method detects streamflow deviations not only in the low- but also the high-flow season (Hisdal &
Tallaksen, 2000), which are accordingly referred to as streamflow anomalies rather than drought (Tallaksen
& van Lanen, 2004). The threshold level should preferably be chosen according to the purpose of the study.
We therefore tested different types of thresholds and methods (fixed and variable) and assessed the effect
of the threshold choice on the duration of drought events determined using the observed time series. We
compared fixed and variable thresholds at the 50th, 30th, and 15th flow percentiles (not exceeded 50%, 30%,
or 15% of the time, respectively).
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Figure 4. Locations of the 508 catchments included in the study and their seasonality ratio representing their low-flow
regime. Red circles indicate summer, that is, rainfall-dominated regimes, while blue circles indicate winter, that is,
melt-dominated regimes.

Drought duration was clearly sensitive to the choice of the threshold level (Figure 3). A fixed compared
to a variable threshold resulted in longer drought events than a variable threshold except for a few catch-
ments such as the Thur (Figure 3a). The higher the threshold was, the longer was the duration of the events
selected. A fixed threshold at the 50th flow percentile led to the longest drought durations among the thresh-
old choices tested. This needs to be kept in mind when interpreting the results regarding the proneness of
catchments to multiyear droughts.

Multiyear drought events were hardly identified in the observed discharge time series for thresholds lower
than the 50th flow percentile. In accordance with previous studies (Dracup et al., 1980; Parry et al., 2016;
Sarailidis et al., 2019; Tallaksen & Hisdal, 1997), a fixed threshold equal to the median flow, that is, the 50th
flow percentile, was finally used to determine the number of drought events because we were interested in
situations where the average flow conditions in a hydrological system are sustained over a longer period of
time. We chose a fixed threshold rather than a variable threshold as our focus was on major drought events
occurring in the main low flow season. Among the identified events, those with a duration longer than
365 days were defined as multiyear events (Wijayaratne & Golub, 1991) (Figure 1c). Catchments experienc-
ing at least one multiyear event in either the observed or the stochastically simulated time series were said
to be prone to multiyear drought events.

To assess potential future changes in the proneness to multiyear events, we followed a purely empirical
approach. We linked the occurrence of multiyear droughts to the low-flow regime type, as described by
the seasonality ratio (Laaha & Bloschl, 2006) and hypothesized that past regime changes provide informa-
tion about the potential future change in the proneness of a catchment to multiyear droughts. Past regime
changes in the observed series were used to project potential changes in the proneness of catchments to
multiyear events into the future.

The seasonality ratio is the ratio of standardized summer and winter low flows:

Rs = qOSs/qOSw’ (1)
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where g5, represents the 5th percentile of summer flows (May-October) and q,s,, represents the 5th per-
centile of winter flows (November-April). R, values smaller than 1 indicate summer low-flow regimes
controlled by precipitation processes, that is, rainfall-dominated regimes, whereas values larger than 1 rep-
resent winter low-flow regimes associated with a seasonal snow cover and melt processes in spring/summer,
that is, melt-dominated regimes (Figure 4). To detect past changes in the regime type, we computed the
trend in R; for the observed discharge time series over a moving window of 10 years. Trend significance was
assessed using the nonparametric Mann-Kendall test (Mann, 1945), which tests for monotonic trends, while
the direction and magnitude of the trend were quantified using Sen's slope test (Sen, 1968).

This empirical trend analysis approach avoids the use of a model chain for simulating discharge time series,
which usually involves several uncertainty sources. These uncertainty sources include choices of emission
scenarios, global and regional climate models, and hydrological models as well as the fitting of their param-
eters (Clark et al., 2016; Stahl et al., 2012). Climate models have been found to have a limited capability to
reproduce the long-term persistence in precipitation (Bunde et al., 2001; Kumar et al., 2013), and low flows
are often not well captured by models (Smakhtin et al., 1998; Stahl et al., 2012). Rather, our empirical trend
analysis approach is based on the assumption that the direction of past observed trends will persist in the
future. This means that we assume that catchments which have experienced a decrease in the seasonality
ratio might experience a further decrease, while catchments which have experienced an increase in the sea-
sonality ratio might be affected by a further increase in the future. Changes in regimes, compared to other
hydrological signatures, were found to be rather robust (Addor et al., 2014; Brunner et al., 2019; Schneider
et al., 2013; Stagl & Hattermann, 2015).

3. Results and Discussion

3.1. Stochastic Simulation

The comparison of long, stochastically simulated to observed discharge time series showed that the phase
randomization approach was well able to reproduce the temporal correlation structure as described by the
autocorrelation and the partial autocorrelation function and the seasonal statistics as described by seasonal
distributions, monthly means, maxima, minima, and standard deviations of the observed data (Figure 5).
The autocorrelation is generally well reproduced; the short-term correlation at lag 1, however, is slightly
underestimated, which was not a concern here since our focus was on long events. The simulated monthly
maxima and minima did not necessarily correspond to the observed ones since the kappa distribution
instead of an empirical distribution was used in the simulation procedure, which allows for the extrapolation
to low and high values.

The simulated long time series allowed for the generation of drought events with possible but yet unobserved
durations (Figure 6). The simulated median duration was similar but overall slightly lower than the observed
one. However, notable extreme durations are seen for the simulated series, demonstrating the (potential)
occurrence of drought events with yet unobserved long durations, extending up to 2 years. The use of these
simulated drought events enabled the determination of catchments prone to multiyear events.

3.2. Proneness to Multiyear Droughts

As expected, relatively few catchments in the observed discharge series were found to be currently prone
to multiyear drought events (Figure 7a; 54 catchments). Even in those catchments where we found mul-
tiyear events, there were on average only 1.6 such events. The mean duration of multiyear events across
all catchments showing multiyear droughts in the observations was 520 days, and the maximum duration
determined using observed time series was 1,360 days. Southeastern England, along with a few catchments
in southern and western France, southern Germany, and Denmark, stood out as regions affected by mul-
tiyear droughts in the past. While only a small proportion of catchments was affected by multiyear events
according to the observed time series, many more catchments were found to be potentially affected under
current climate conditions when the stochastically simulated discharge series were considered (241 catch-
ments, including those in the observed series). These longer time series suggested that large parts of France,
Germany, and Denmark, as well as the northern part of Switzerland and the southern part of England, could
be affected by multiyear events under the current climate. In contrast, catchments in Alpine and Nordic
regions were not found to be prone to multiyear events (267 catchments). The comparison between mul-
tiyear events in observed and simulated series highlights the importance of using stochastically generated
time series to detect such rare events, which might not have occurred in the rather short records at hand.
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Figure 5. Comparison of observed and stochastically generated time series for (a) the melt-dominated catchment
Taurach-Mauterndorf and (b) the rainfall-dominated catchment Dill-Asslar: mean hydrograph over 34 years (length of
observed record), autocorrelation function, partial autocorrelation function, seasonal distributions, monthly means,
monthly maxima, monthly minima, and monthly standard deviations. Light gray lines represent observations, while
dark gray lines represent simulations.

These results agree with findings of previous studies on the spatial variation in drought durations across
Europe (Hannaford et al., 2010; Parry et al., 2012). Hannaford et al. (2010) found that droughts in Scan-
dinavia and the Alps are characterized by short durations because streamflow droughts typically end in
April-July when snowmelt dominates and stores are refilled. Similarly, Tallaksen and Hisdal (1997) showed
that Nordic countries were hardly ever affected by multiyear drought events. This corresponds to our find-
ing that the seasonally snow covered catchments in northern and Alpine regions are currently not prone to
multiyear events. The findings of Hannaford et al. (2010) are also in line with our results on regions prone
to long drought events. They found drought events lasting between 6 and 12 months in eastern Germany
where droughts mainly occur in summer. Furthermore, in our study multiyear events were detected in the
central and southern regions of France (Figure 7a), which is characterized by warm, dry summers and where
droughts are controlled to a large degree by winter precipitation. Droughts lasting more than 1 year were
also identified in southeastern United Kingdom, a region with large aquifers, which was also found to be
prone to multiyear droughts in the rather short observed time series.
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Figure 6. Comparison of drought durations extracted from the observed discharge time series (light gray) and those
extracted from the stochastically generated series (dark gray) using a fixed threshold at the 50th flow percentile for the
six example catchments (Figure 2). The whiskers of the boxplots extend to the lowest/highest data point which is still
within 1.5 times the interquartile range. Outliers are displayed as circles.

Catchments prone to multiyear events were found to be predominantly characterized by a rainfall-
dominated regime (R, < 1) (Figure 7b). If a dry summer is preceded or followed by a dry winter, multi-
year droughts can develop. We would therefore expect multiyear events in the Mediterranean region which
is dominated by rainfall. However, limited data were available for this region including Italy and Spain. In
contrast, catchments with a melt-dominated regime and a high-flow period in spring/summer were hardly
affected by multiyear events.

3.3. Potential Future Changes in Proneness

The results presented in the previous section suggest that catchments maintaining a melt-dominated regime
in the future are unlikely to be susceptible to multiyear droughts. However, some currently melt-dominated
catchments might become prone to multiyear drought events if a shift in hydrological regime occurs.
Roughly half of the catchments in our data set have already been affected by significant changes in the
low-flow regime during the period 1982-2015 (see catchments with changes in Figure 8), and these changes0
(e.g., Sanda) that experience a change toward snow-dominated regimes associated with an increase in
streamflow variability (Fountain & Tangborn, 1985). Likewise, some snow-dominated regimes are expe-
riencing a change toward more rainfall-dominated regimes, corresponding to a decrease in R, and thus
an increase in susceptibility to multiyear events due to a reduced influence of snow accumulation and
melt. In contrast, currently rainfall-dominated regimes might experience changes in seasonal precipitation
(e.g., more summer rainfall), corresponding to an increase in R, and thus become less prone to multiyear
events. However, these regimes could also experience less rainfall and thus become more prone to multiyear
droughts.

Trend analysis of the seasonality ratios of the observed time series made it possible to group the catchments
into five classes with respect to possible changes in their proneness to multiyear drought events if historical
trends continue (Figure 8):

(i) Catchments not affected by multiyear drought events under neither current nor future climate con-
ditions (217 catchments). These catchments are currently characterized by a high R; and show no
significant trend in R;. This class included the Alps, northern England, and large parts of Scandinavia
because they are currently—and will continue to be—characterized by a melt-dominated regime.

(ii) Catchments affected by multiyear events under both current and future conditions (87 catchments).
These catchments are currently characterized by a low R; and show no significant trend in R,. The catch-
ments in this class were spatially very heterogeneous but mostly characterized by rainfall-dominated
regimes.

(iii) Catchments potentially less affected by multiyear events under future conditions (78 catchments). These
catchments are currently affected by multiyear droughts and are experiencing an increase in R. Regions
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Figure 7. (a) Proneness of catchments to multiyear droughts based on observed and stochastically simulated discharge
time series. (b) Relationship between the seasonality ratio and the number of multiyear events identified. In both
panels, catchments not prone to multiyear events are shown in green, those prone to multiyear events according to the
observed time series in yellow, and those prone to multiyear events according to the simulated time series in brown.
The catchments prone according to the observations are also prone according to the simulations.

in this class included northwestern France and northern Germany, regions with rainfall-dominated
regimes.

(iv) Catchments potentially affected by multiyear events in the future but not under current conditions
(50 catchments). These catchments are currently not affected by multiyear droughts but are experienc-
ing a decrease in R,. Regions belonging to this class included northern Scandinavia, characterized by
melt-dominated regimes, and some regions in the Pre-Alps, which are currently influenced by melt
processes.

(v) Catchments potentially more affected by multiyear events in the future than under current conditions
(76 catchments). This class comprised catchments currently affected by multiyear events and experienc-
ing a decrease in R;. Regions belonging to this class mainly included southeastern France and England,
which have rainfall-dominated regimes. Not all the catchments prone according to the observed time
series were found to become more prone in the future.

Overall, four regions stood out that might potentially become more affected by multiyear droughts in the
future if historical trends continue: southeastern England, southeastern France, central Norway, and the
Pre-Alps. Southeastern England was found to be prone to multiyear droughts already in the observed time
series. This region is characterized by large chalk aquifers, and water management largely relies on ground-
water resources (Allen et al., 1997). Southeastern France and some catchments in the Pre-Alps were found
to be prone to multiyear droughts according to the simulations, and they showed a change toward more
rainfall-dominated regimes. Central Norway was found to be unaffected both in the observed time series and
in the stochastic simulations. However, many catchments showed a shift toward more rainfall-dominated
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Figure 8. Potential changes in the proneness to future multiyear streamflow drought events grouped by class of
change. Catchments that are neither currently nor in the future prone to multiyear events are shown in green (Class i).
Catchments prone to multiyear events both currently and in the future, with no change in proneness, are shown in
brown (Class ii). Catchments with a decrease (yellow, Class iii) or increase (dark red, Class v) in proneness to multiyear
drought events are shown, as well as catchments not currently affected by multiyear events but projected to be affected
in the future (bright red, Class iv).

regimes in the future, which related to a decrease in snow cover extent caused by increased warming, as
already observed (Rizzi et al., 2017).

Overall, our results regarding potential future changes in the proneness to multiyear droughts agree well
with findings from previous studies on expected changes in European droughts. Wong et al. (2011) found
an increase in streamflow drought duration for southeastern and northern Norway based on simulations
for the period 1971-2100 (HBV model), mainly related to an increase in summer ET. This is consistent
with our results that some Nordic catchments might become prone to multiyear droughts in the future if
historical trends continue. Giuntoli et al. (2013) detected an increase in drought severity in southern France,
in agreement with our finding that this region might become more prone to multiyear events in the future.
In contrast, northeastern France might experience a decrease in drought severity (Giuntoli et al., 2013),
which is confirmed by our results showing a decrease in the proneness to multiyear droughts in this region.
This decrease can be explained by an increasing wetting trend and a related increase in winter low-flows in
these regions (Forzieri et al., 2014; Stahl et al., 2012). Overall, it was found that the number of catchments
potentially affected by multiyear events in the future, if historical trends in seasonality continue, will be
larger than the number of catchments currently affected. This agrees with previous findings of Spinoni et al.
(2015) who found a small, but continuous, increase in European catchments prone to drought in terms of
precipitation and streamflow.

These regional variations in the current as well as future proneness to multiyear droughts can be explained
by regional differences in climate variability and change on the one hand and by differences in catchment
characteristics on the other hand (Chikamoto et al., 2017; Parry et al., 2012). Both factors combined impact
hydrological regimes and potential changes in the magnitude and timing of future high and low flows and
therefore the proneness to multiyear droughts. Hiscock et al. (2011) found that by the end of the century, the
increase in (predominantly winter) precipitation in northern Europe will lead to increases in groundwater
recharge. However, catchments with limited storage capacity will not necessarily benefit from increased
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winter precipitation in terms of supporting summer discharge. In contrast, southern Europe is expected to
experience lower groundwater recharge due to slightly increased ET and markedly decreased precipitation.
The finding that Alpine and Nordic regions, where snow storage plays an important role, are not prone
to the occurrence of multiyear events in the future (due to the regular replenishment of catchment stores
during winter) highlights a critical role of mountainous and high-latitude regions in the hydrological system
in providing water to downstream catchments (Viviroli et al., 2007).

Knowledge on the current and future proneness of a catchment or region to multiyear drought facilitates a
reduction in vulnerability by developing suitable water resources management strategies and by increasing
preparedness. Our results imply that water managers in rainfall-dominated catchments should be pre-
pared for the occurrence of multiyear events already today, but even more so in the future in some regions
and catchments. In these catchments, the importance of reservoirs, that is, artificial stores, might increase
because they make it possible to balance seasonal and interannual variability.

4. Conclusions

Stochastic simulation of discharge time series proved useful to assess the proneness of catchments to multi-
year drought events, given the rareness of these events. Our results show that catchments prone to multiyear
drought events exist in southern France, central Europe, and southwestern England. These catchments have
a rainfall-dominated regime, with precipitation mainly falling in winter. In these regions, water manage-
ment options that alleviate the negative effects of such events should be developed. In contrast, catchments
in the Alps and in Nordic countries are not prone to multiyear drought. They profit from a streamflow regime
dominated by melt processes in spring and summer that replenish water stores. If historical trends in regime
changes continue, a slight increase in the number of regions affected by multiyear drought is expected in
the future because regime changes toward more rainfall-dominated regimes and a more pronounced sea-
sonality for rainfall-dominated regimes can lead to changes in the proneness of catchments to multiyear
droughts. Catchments dominated by melt processes from snow and glaciers will still not be prone to mul-
tiyear events, thanks to their high elevation and high latitude locations. Knowledge on the proneness of a
catchment to multiyear events enables managers to adjust water management strategies accordingly.
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