
1. Introduction
Hydrological drought events are driven by a variety of hydro-meteorological processes including a lack of rain-
fall, snowmelt deficit, or high evapotranspiration, whose importance varies with hydro-climate and by event 
severity (Brunner et al., 2022; Markonis et al., 2021; Van Loon et al., 2015). In addition, the relative importance 
of different drought generation processes can vary in time and may change in a warming climate. Such changes 
might have direct impacts on drought severity (i.e., intensity, deficit, and duration), as different drought genera-
tion processes are related to different levels of drought severity. For example, droughts that are caused by a rain-
fall deficit and prolonged into the dry season have been associated with longer drought durations and deficits than 
purely rainfall-driven events (Brunner et al., 2022). This finding suggests that a transition to even drier conditions 
in a warming climate may lead to a further intensification of drought. Understanding changes in drought genera-
tion processes, is therefore important to understand potential future changes in drought severity.

Previous studies have looked at past and future changes in the frequency and severity of different drought vari-
ables, including meteorological, agricultural, and hydrological droughts (Ionita & Nagavciuc, 2021; Markonis 
et al., 2021; Stahl et al., 2010). While there is clear evidence for past changes in the severity and frequency of 
meteorological or agricultural droughts, it is yet unclear how the driving processes of hydrological droughts have 
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changed over time. Here, we investigate past changes in the drivers of hydrological drought, because hydrological 
droughts impact various sectors including river transportation or energy production.

Hydrological drought generation processes have been studied from a drought-type perspective, that is, by 
assigning individual drought events to different drought classes using hydro-climatic information. Van Loon 
and Van Lanen (2012) and Van Loon et al. (2015) proposed a qualitative hydrological drought typology based 
on drought-generation processes consisting of eight drought types, namely (a) rainfall deficit droughts, which 
are exclusively caused by a prolonged lack of rainfall and possibly aggravated by high evapotranspiration; (b) 
rain-to-snow-season droughts, caused by a rainfall deficit in the rain season continuing into the snow season; (c) 
wet-to-dry season droughts caused by a rainfall deficit in the rain season that continues into the dry season; (d) 
cold-snow-season droughts, caused by abnormally low temperatures in the snow season (November–March), 
which lead to snow accumulation instead of runoff generation; (e) warm-snow-season droughts, caused by 
abnormally high temperatures in the snow season; (f) snowmelt-deficit droughts, caused by a lack of snow-
melt discharge in snow-influenced basins; (g) glaciermelt-deficit droughts, caused by a lack of glaciermelt; and 
(h) composite droughts, caused by a number of drought generation processes. Recently, Brunner et al. (2022) 
have implemented a corresponding standardized drought classification scheme that enables event classifica-
tion using information on precipitation deficits, temperature, and snow-water-equivalent (SWE) anomalies. The 
standardized classification scheme defines a set of clear rules that enable attributing a specific drought event 
to one out of eight drought types for a large number of catchments. Here, we use this classification scheme to 
investigate how the frequency of different hydrological drought generation processes, that is, drought types, has 
changed in the Central Alps over the last 50 years. More specifically, we assess how these changes differ between 
snowmelt-dominated (high-elevation, >1,500 m) and rainfall-dominated (low-elevation, <1,500 m) catchments 
and whether the changes in drought generation processes lead to changes in event severity, that is, intensity, 
duration, and deficit.

2. Methods
2.1. Data Set

The Central Alps are an interesting region for studying changes in drought types because they are characterized 
by diverse hydro-climatic regimes (Addor et al., 2014; Bard et al., 2015; Brunner et al., 2019), giving rise to a 
variety of different drought types (Brunner et al., 2022). We identified a large sample of 827 catchments in the 
headwater regions of the four major European rivers originating in the Central Alps, namely, the Rhine, Rhône, 
Danube, and Po for which observed daily streamflow data are available for the period 1970–2017 (Figure S1 in 
Supporting Information S1, catchment sizes ranging from a 1st quartile of 81 to a 3rd quartile of 618 km 2 and 
elevations ranging from 527 to 1,355 m.a.s.l.). Choosing the period 1970–2017 balances spatial with temporal 
coverage which is important because we need relatively long time series for the change analysis. The observed 
streamflow time series were obtained from national agencies in Switzerland (Federal Office for the Environ-
ment, FOEN), Austria (Austrian Ministry of Sustainability and Tourism), and eastern France (Banque HYDRO) 
and regional agencies in southern Germany (regions Bavaria [Bavarian State Office for the Environment] and 
Baden-Württemberg [State Institute for the Environment Baden-Württemberg]). In addition to streamflow, we 
derived daily meteorological time series (precipitation, temperature, SWE, and snowmelt) for each catchment 
from the gridded ERA5-Land data set at 0.1° × 0.1° (approx. 10 km) spatial resolution (ECMWF, 2019; Hersbach 
et al., 2020) by averaging over all grids within a catchment. In addition to these hydro-climatic variables, we 
derived the glacier cover percentage for each catchment using glacier cover outlines derived from the Randolph 
Glacier Inventory version 6.0 (RGI Consortium, 2017).

2.2. Drought Event Identification and Classification

For each catchment, we identified drought events using observed daily streamflow time series for the period 
1970–2017. We define droughts using a variable threshold-level approach suitable for catchments with a seasonal 
streamflow regime (Van Loon & Laaha, 2015), with the threshold being computed on the whole period. To do 
so, we first smooth the daily time series over a time window of 30 days prior to event extraction to minimize 
the number of dependent events (Fleig et al., 2006). Then, we compute a variable threshold using the 20th flow 
percentile for each day of the year, derived within a moving window ±15 days before and after the day of interest 
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(Brunner, Slater, et al., 2021; Brunner, Swain, et al., 2021). We only retain drought events lasting at least 30 days 
to limit the selection to important events that might trigger a management response (for an illustration of the 
drought identification procedure, see Figure S2 in Supporting Information S1). This event identification proce-
dure resulted in a median number of 1 extracted event per catchment and year with the number of droughts vary-
ing by year. For each event, we determine its minimum flow (mm/day), duration (days; number of days from time 
when streamflow falls below the drought threshold until the time when streamflow again exceeds the threshold), 
and deficit (mm/event; sum of streamflow drought intensities, i.e., differences between the threshold and actual 
streamflow, accumulated during an event). We define precipitation and snowmelt anomalies independently of the 
hydrological droughts using the same procedure as for streamflow, that is, by applying a variable threshold at the 
20th percentile, using a moving window of 30 days, and applying a minimum event duration of 30 and 5 days, 
respectively. These different anomalies are used in the drought classification to determine the type of a specific 
drought event. Furthermore, the classification relies on the time of drought occurrence and on temperature, with 
negative temperatures indicating the potential for snow accumulation.

We classify drought events into one out of eight drought types following the classification procedure proposed 
by Brunner et al. (2022). The classification scheme distinguishes between rainfall-driven drought types such as 
rain-to-snow-season droughts, rainfall-deficit droughts, and wet-to-dry-season droughts and snow/glacier-driven 
drought types such as cold-snow-season droughts, warm-snow-season droughts, snowmelt-deficit droughts, 
glaciermelt droughts, or composite droughts by using information on precipitation anomalies detected 30 days 
prior to the start of the hydrological drought, below-zero temperatures at the time of drought, negative snowmelt 
anomalies, SWE availability in the preceding winter, and event seasonality. Please note that we slightly adjusted 
the classification procedure proposed by Brunner et al. (2022) by defining snowmelt droughts more directly as 
droughts triggered by snowmelt deficits instead of winter SWE anomalies. For each catchment and season, we 
determine its dominant drought type, that is, the drought type most often observed within the whole observation 
period. A sensitivity analysis performed by Brunner et al. (2022) has shown that different methods choices such 
as the choice of search windows or season definitions can influence the classification outcome. For example, their 
sensitivity analysis has compared different search windows for precipitation deficits prior to streamflow drought 
occurrence of 15, 30, and 60 days and has shown that the dominant drought type distribution across all catch-
ments does not substantially change when changing the length of the search window. Other threshold choices 
such as the temperature threshold distinguishing snow accumulation from non-snow accumulation conditions are 
physically based and changing them is not sensible. They showed that the thresholds chosen are suitable in the 
light of well-known past events such as the 2003 or 2015 events, whose classification outcome aligns well with 
what we know about the processes causing these events. We therefore consider this classification scheme suitable 
for studying changes in drought-generation processes in the Alps.

2.3. Change Analysis

We assess past changes in both drought severity, drought seasonality, and drought generation processes. First, 
we use monotonic trend tests to quantify monotonic changes in drought severities and second, we compare two 
periods, a first period (1970–1993, 24 years, referred to as pre-1993 period) with a second more recent period 
(1994–2017, 24 years, referred to as post-1993 period) to quantify changes in drought seasonality and generation 
processes. The comparison of the two periods was necessary because continuous changes in the distributions 
of drought seasonality and generation processes cannot be assessed using trend tests. First, we test for signif-
icant trends in different drought characteristics including minimum flow, duration, and deficit by applying the 
non-parametric Mann–Kendall test (Kendall, 1937), which is not affected by irregular spacing of the timings 
of drought occurrences, to the corresponding drought characteristic time series. In addition, we quantify the 
direction and magnitude of the trend in each characteristic using Sen's slope estimator (Sen, 1968). Second, we 
determine changes in drought seasonality by comparing the distribution of drought timing in the pre-1993 period 
with the distribution in the post-1993 period for different elevation bands ranging from 150 to 3,000 m.a.s.l. and 
spaced by 50 m (for information on the number of catchments per elevation bin, see Figure S3 in Supporting 
Information S1). For this analysis, we compute the relative importance of each month in terms of drought occur-
rence (i.e., month of minimum flow) with respect to the total number of droughts within a period. Then, we test 
for changes in the drought seasonality distribution in the different elevation bands using Fisher's exact test and a 
significance level of 0.05. Last, we use Fisher's exact test on the distribution of the different drought generation 
processes to test for changes in the drought generation process distribution. In addition, we assess changes in the 
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relative importance of the individual drought generation processes by comparing the relative frequency of each 
drought type in the pre-1993 period with the relative frequency of that drought type in the post-1993 period. To 
do so, we compute the relative frequency of each drought type with respect to the total number of droughts within 
a period. Then, we compute changes in the relative frequency of each drought type by subtracting its relative 
frequency in the pre-1993 period from the one in the post-1993 period. The changes in the relative frequency of 
each drought type inform us about whether a certain drought type has become more or less important over time.

3. Results
3.1. Drought Types

The dominant, that is, most frequent, drought type, in a catchment depends on elevation. Low-elevation catch-
ments, that is, catchments mainly influenced by precipitation, most frequently experience rainfall-deficit or 
composite droughts and high-elevation catchments, that is, catchments influenced by snow-accumulation and 
-melt, are dominated by snowmelt-deficit or cold-snow-season droughts (Figures  1a and  1f). In addition to 
elevation, the dominant drought type also depends on the season of drought occurrence (Figures  1b–1e). In 
winter and spring, low-elevation catchments are dominated by rainfall-deficit droughts and high-elevation catch-
ments by cold-snow-season droughts (Figures 1b and 1c). In contrast, the dominant drought type in summer 
is snowmelt-deficit and composite droughts in high-elevation and low-elevation catchments, respectively 
(Figure 1d). In fall, rainfall-deficit droughts and composite droughts are important, particularly in low-elevation 
catchments, while high-elevation catchments experience a mix of drought types including snowmelt-deficit, 
rain-to-snow-season and composite droughts (Figure 1e).

Figure 1. Dominant drought types over the Central Alps (see Figure S1 in Supporting Information S1): (a) all seasons (b) winter (December–February), (c) spring 
(March–May), (d) summer (June–August), and (e) fall (September–November). The size of the dot indicates the relative frequency of the dominant drought type within 
a catchment (the larger the dot is, the larger is the share of the dominant drought type). (f) Variation of the dominant drought type with elevation (i.e., dominant drought 
type distribution across all catchments within a specific elevation bin).
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These different drought types have different properties (Figure S4 in Supporting Information  S1), which is 
confirmed by pairwise Wilcoxon rank sum tests, which reject the null-hypothesis of equal location parameters for 
most pairs of distributions for all three variables (intensity, deficit, and duration). Rainfall-influenced droughts 
(i.e., rainfall-deficit, rain-to-snow-season, wet-to-dry-season droughts) are characterized by longer durations 
(ranging from a first quartile of 47 days to a third quartile of 112 days) and lower minimum flows (0–1 mm) 
compared to events caused by glacier- or snow-melt deficits (durations: 37–71 days, minimum flows: 0.7–2.5 mm). 
In addition, rainfall-deficit droughts typically also cause slightly larger deficits than melt-deficit droughts (6–53 
vs. 8–36 mm/event). The drought types with the lowest severity are cold-snow-season and warm-snow-season 
droughts, which are generally short and associated with comparably low deficits (4–15 mm/event).

3.2. Changes in Drought Severity, Seasonality, and Generation Processes

The number of drought events has only weakly changed in the past with on average 10% less events (1st quartile: 
−30%, 3rd quartile: +15%) happening in the post-1993 period compared to the pre-1993 period (Figure S5 in 
Supporting Information S1). Changes in drought intensity, deficits, and duration are spatially consistent but only 
partially statistically significant (Figure 2). According to the Mann-Kendall test, 28% of the catchments show 
significant trends in drought intensity (i.e., minimum flow), 9% in drought deficit, and 10% in drought duration at 
a significance level of 0.05. Still, some distinct spatial patterns emerge when looking at the direction of change. 
In Alpine high-elevation catchments, droughts have become more severe in terms of deficit (median increase of 
0.075 mm/(event*year)) while minimum flow has increased (median increase of 0.009 mm/year) and duration 
decreased (median decrease of −0.22 days/year). In contrast, in lower-elevation catchments, drought deficit has 
decreased (median decrease of −0.01 mm/(event*year)), while changes in drought intensity and duration point 
into both directions. In addition to drought characteristics, the seasonality of drought occurrence has changed. 

Figure 2. Trends in drought characteristics measured by Sen's slope (change/year): (a) Intensity, (b) deficit, and (c) duration. Blue and red colors indicate positive and 
negative changes, respectively. Catchments showing significant trends at the 0.05 significance level are highlighted by black borders. Please note that each subplot is 
displayed on its own scale. Relationship of drought severity trends with mean catchment elevation: (d) minimum flow, (e) deficit, and (f) duration.
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This change is illustrated by our comparison of the drought seasonality distribution of the pre-1993 period with 
the one of the post-1993 period (Figure 3) and confirmed by Fisher's exact test in more than 80% of the elevation 
bands. In the pre-1993 period, we observe a clear decrease with elevation of the relative frequency of the summer 
months (May–September) in terms of drought occurrence (Figure 3a). That is, the higher a catchment's elevation 
is, the less frequent are summer compared to winter droughts. In the post-1993 period, the relative frequency 
of summer droughts has increased compared to the pre-1993 period, particularly in high-elevation catchments 
(Figure 3b).

In addition to drought characteristics and seasonality, the relative frequency of individual hydrological drought 
types or drought generation processes has changed over time (Figure  4 for all catchments and Figure S6 in 
Supporting Information S1 for six example catchments). Pure rainfall-deficit droughts have become relatively less 
frequent over time in most catchments independent of their elevation (median decrease −13%), while wet-to-dry 
season droughts have become relatively more frequent (median increase 1.5%) (Figures 4a and 4c). In contrast, 
the changes of all other drought types show some distinct spatial patterns dependent on elevation (Figure S7 
in Supporting Information S1), with increases in the relative frequency in some and decreases in other regions 
(Figure 4). In high-elevation areas, rain-to-snow season droughts, cold-snow-season, and composite droughts have 
become less frequent (median decrease of −3%, −3%, and −4% respectively), while snowmelt-deficit droughts 
have become more frequent (median increase of 15%). In lower elevation catchments, the relative frequency of 
cold-snow-season droughts, warm-snow-season droughts, and wet-to-dry season droughts has increased (median 
increases of 6%, 2%, and 2%, respectively), while the frequency of snowmelt-deficit and composite droughts has 
hardly changed (median changes of 0% and 2%, respectively). While the relative frequency of certain drought 
generation processes such as rainfall deficit droughts, cold-snow-season droughts, and snowmelt-deficit droughts 
has changed substantially, the whole distribution of drought generation processes has according to Fisher's exact 
test only changed significantly in 15% of the catchments.

4. Discussion
The standardized classification scheme used here, distinguishes between proximally rainfall driven and 
snow-driven drought types because the Alps cover temperate and cold climate zones. Such a subdivision is sensi-
ble in the Alpine context and the classification scheme might have to be adjusted to assess changes in drought 

Figure 3. Changes in drought seasonality when comparing the seasonality distribution in the (a) pre-1993 period with the 
one in the (b) post-1993 period. Catchments were ordered and binned according to mean elevation (50 m elevation bands with 
the number indicating the start of the elevation band). Months have been ordered according to the hydrological year from 
October–September (definition used in Switzerland and Austria).
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generation processes in other climatic regions. A previous global scale study only considered rainfall deficit 
droughts, rain-to-snow-season droughts, and wet-to-dry-season droughts, because snow- and glacier-related 
drought types do not occur in large parts of the world, for example, in tropical and (semi-)arid climates (Van Loon 
et al., 2014).

Our results show that high- and low-elevation catchments are characterized by different drought-generation 
processes, whose changes are distinctly depending on elevation. In high-elevation catchments, droughts are 
influenced by snow-related processes—in winter and spring by temperatures below 0°C favoring snow accu-
mulation and preventing runoff formation (cold-snow-season droughts) and in summer by a lack of snowmelt 
(snowmelt-deficit droughts) (Figure  1). Our findings show that droughts in high-elevation catchments have 
become more severe in terms of deficits, while minimum flows have increased and drought durations decreased 
(Figure 2). These changes are consistent with findings of previous studies at a Pan-European scale that showed 
a decrease in drought durations and intensities but an increase in drought deficits over the Alps (Peña-Angulo 
et al., 2022; Stahl et al., 2018). They seem to be linked to changes in drought seasonality, which are likely linked 
to seasonal drying and wetting trends (Christidis & Stott, 2022; Hänsel et al., 2019), and the relative frequency 
of different drought-generation processes. Our results show that snowmelt-deficit droughts caused by a lack of 
snowmelt in summer and fall became relatively more frequent compared to other drought types (Figures 3 and 4). 
This change may explain the increase in minimum flows and the decrease in drought duration as snowmelt-deficit 
droughts show higher minimum flows and shorter durations than other drought types (Figure S4 in Supporting 
Information S1). Similarly, the increase in the relative frequency of snowmelt-deficit droughts at the cost of 
cold-snow-season droughts (Figure 4) may explain the observed increase in drought deficits, which are compa-
rably high for snowmelt-deficit droughts. The increase in the relative frequency of snowmelt-droughts is likely 
related to an increase in the snow line and a decrease in snow depth—both a consequence of climate change 
(Beaumet et al., 2021; Matiu et al., 2021).

In low-elevation catchments, droughts are most often directly influenced by rainfall-deficits, particularly in 
winter and spring, while composite droughts related to a mix of different drought generation processes are rele-
vant in summer and fall (Figures 1d and 1e). In these catchments, droughts have undergone weaker changes 
than in high-elevation catchments, both in terms of seasonality and severity. Still, droughts have become more 
severe in terms of minimum flows and in some catchments in terms of durations, which is consistent with other 

Figure 4. Change in the relative frequency of different drought types in the post-1993 compared to the pre-1993 period ([number of type post-1993/total number 
period post-1993]-[number of type pre-1993/total number period pre-1993]): (a) rainfall deficit, (b) rain-to-snow season, (c) wet-to-dry season, (d) cold-snow season, 
(e) warm-snow season, (f) snowmelt, (g) glaciermelt, and (h) composite. Red and blue colors indicate a decrease and increase of the relative frequency of droughts of 
a certain type, respectively. Gray colors indicate catchments where either the nominator or denominator were 0. Dot size is scaled by the relative frequency of each 
drought type within a catchment. The larger the dot is, the more important is that drought type in a catchment.
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observation-based studies over Europe (Peña-Angulo et al., 2022; Stahl et al., 2018), while changes in deficits 
are very weak (Figure 2). Similarly as in high-elevation catchments, these changes may be linked to changes in 
the relative frequency of different drought types. Wet-to-dry season droughts have become more frequent, likely 
related to increases in evapotranspiration caused by climate change (Seneviratne et al., 2010). This change may 
explain the increases in deficits because wet-to-dry season droughts are particularly severe in terms of deficit 
(Figure S4b in Supporting Information S1). In addition, the relative frequency of cold-snow-season droughts 
has increased over the period 1970–2017 (Figure 4). This change may explain the decrease in minimum flow, 
as this type of drought is associated with particularly low minimum flows (Figure S4a in Supporting Informa-
tion S1). The increase in the relative frequency of this drought type may be related to low base flows caused 
by low groundwater tables, which have been shown to importantly influence streamflow drought (Van Lanen 
et al., 2013). Such low groundwater tables may be related to a decrease in recharge in the preceding summer 
because of increasing evapotranspiration (Fliß et al., 2021; Xanke & Liesch, 2022) or by increased extractions 
to compensate for dry conditions (Wendt et al., 2020; Zektser et al., 2005). Some catchments, in particular the 
large ones, span large (2,000 m) elevation ranges. This could mean that different drought-generation processes 
are dominant in different parts of the catchment, resulting in composite droughts, and droughts in one part of the 
catchment could be compensated by above-normal flows in another part. However, such compensation effects 
have been shown to be relatively minor (Van Tiel et al., 2021).

In summary, the shift from rainfall-driven toward more temperature-driven events in high-elevation catchments 
leads to changes in drought severity. Our findings show that droughts become shorter, less intense in terms of 
minimum flow, but more intense in terms of deficit. The increases in minimum flows may be related to increased 
baseflow thanks to snow- and glaciermelt contributions and the increases in deficits to changes in the drought 
seasonality toward the high-flow (summer) season. In contrast, changes in low-elevation catchments are weaker. 
There, rainfall-deficit and snowmelt-deficit droughts become relatively less frequent and cold-snow season 
droughts and wet-to-dry season droughts become more frequent. Here, we analyzed changes in drought genera-
tion processes and related changes in streamflow drought characteristics. Since different downstream water users 
are affected differently by drought, these changes may lead to a shift in drought impacts in different sectors. For 
example, the hydropower sector is influenced mostly by drought timing and deficit (Wasti et al., 2022), whereas 
downstream navigation is more influenced by minimum flows and drought duration (Christodoulou et al., 2020; 
Jonkeren et al., 2007). Therefore, a shift in these characteristics could lead to a change in the sectors affected by 
hydrological drought.

The changes in the relative frequency of drought-generation processes in both high- and low-elevation catchments 
are likely going to persist into the future and need to be quantified using targeted simulation experiments. Such 
change persistence is expected because water resources stored as snow are decreasing (Frei et al., 2018), snow 
droughts become more frequent and intense (Huning & AghaKouchak, 2020; Rhoades et al., 2022), and evapo-
transpiration is increasing (Jacob et al., 2018). A further decrease in the winter snowpack might further increase 
the relative frequency of snowmelt-deficit droughts in high-elevation catchments. In addition, a further increase 
in evapotranspiration might lead to a further increase in the relative frequency of wet-to-dry season droughts in 
low-elevation catchments. The important effect of future changes in snow-contributions to runoff on low flows 
has also been demonstrated in model simulation studies. These indicate strong shifts in the timing of the snowmelt 
season and substantial decreases in snowmelt contributions to runoff (Jenicek et al., 2018). Similarly, simulation 
studies have highlighted that evapotranspiration might become an increasingly important drought generation 
process in future, particularly for soil moisture drought, because of its direct relationship to temperature (Hari 
et al., 2020; Sheffield & Wood, 2008). Related to these changes in the relative frequency of drought-generation 
processes, we might expect further changes in the severity of streamflow droughts—a hypothesis also supported 
by model simulations (Forzieri et al., 2014; Rudd et al., 2019; Satoh et al., 2022; van der Wiel et al., 2022). In 
addition to climate, future droughts might be modified by direct human impacts in the water cycle such as reser-
voir regulation (Brunner, 2021; Tijdeman et al., 2018) or groundwater abstraction (Wendt et al., 2020). Such 
modifications should be considered in future studies assessing the joint impact of climate change and water 
regulation on drought generation and severity.

The changes in drought seasonality and the relative frequency of different drought-generation processes, which 
may persist into the future, could have direct implications for drought management. For example, water temper-
atures during drought might increase particularly in high-elevation catchments as a consequence of relative 
increases in summer compared to winter droughts. Such change would be in line with general trends in water 
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temperature found for Alpine streams both in observations and model simulations (Michel et al., 2020, 2022). 
Furthermore, shifts in drought seasonality might have consequences for hydropower production, which is 
currently dependent on glacier and snow melt, particularly in regions with little storage capacity (Schaefli, 2015).

5. Conclusions
We applied a standardized hydrological drought classification scheme to hydrological drought events and their 
hydro-meteorological drivers for two time periods—one in the more distant past (1970–1993) and one in the 
recent past (1994–2017)—to assess changes in the relative frequency of different drought generation processes 
and drought severity over time. Our results show that drought seasonality and the relative frequency of different 
hydrological drought types in the Central European Alps has substantially changed in the last 50 years. Changes 
are more pronounced in high-elevation than in low-elevation catchments because of clear shifts in drought 
seasonality toward summer. In high-elevation catchments, snowmelt-deficit droughts, that is, droughts caused 
by a lack of snowmelt in spring and summer, have become more frequent, while pure rainfall-deficit droughts 
and cold-snow-season droughts have become relatively less important. In low-elevation catchments, the rela-
tive frequency of wet-to-dry-season droughts, warm-snow-season droughts, and cold-snow-season droughts 
has slightly increased, while the frequency of snowmelt-deficit droughts has mostly decreased. Related to these 
changes in the relative frequency of different drought generation processes, we detected changes in drought 
severity, which again differ by catchment elevation. For high-elevation catchments, we found an increase in mini-
mum flows and drought deficits but a decrease in drought duration, likely related to the increase in the relative 
frequency of snowmelt-deficit droughts. In low-elevation catchments, we see weaker changes in drought sever-
ity, which might similarly be explained by changes in drought generation processes. For example, the general 
increase in drought deficits might be related to the increase in the frequency of wet-to-dry-season droughts. Both 
the changes at high- and low-elevations are expected to persist into the future, as water resources stored as snow 
are decreasing and evapotranspiration is increasing because of climate change. We conclude that climate impact 
assessments on droughts can profit from looking at changes in drought generation processes to better under-
stand why drought severities are changing. Potential future changes in drought seasonality and the importance 
of different drought generation processes can have direct implications for drought management, for example, by 
influencing the predictability of droughts, changing water availability, changing water temperatures and water 
quality, or affecting energy production.
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