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Abstract. In 2015 large parts of Europe were affected by
drought. In this paper, we analyze the hydrological footprint
(dynamic development over space and time) of the drought
of 2015 in terms of both severity (magnitude) and spatial ex-
tent and compare it to the extreme drought of 2003. Analyses
are based on a range of low flow and hydrological drought
indices derived for about 800 streamflow records across Eu-
rope, collected in a community effort based on a common
protocol. We compare the hydrological footprints of both
events with the meteorological footprints, in order to learn
from similarities and differences of both perspectives and to
draw conclusions for drought management. The region af-

fected by hydrological drought in 2015 differed somewhat
from the drought of 2003, with its center located more to-
wards eastern Europe. In terms of low flow magnitude, a
region surrounding the Czech Republic was the most af-
fected, with summer low flows that exhibited return intervals
of 100 years and more. In terms of deficit volumes, the geo-
graphical center of the event was in southern Germany, where
the drought lasted a particularly long time. A detailed spa-
tial and temporal assessment of the 2015 event showed that
the particular behavior in these regions was partly a result of
diverging wetness preconditions in the studied catchments.
Extreme droughts emerged where preconditions were partic-
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ularly dry. In regions with wet preconditions, low flow events
developed later and tended to be less severe. For both the
2003 and 2015 events, the onset of the hydrological drought
was well correlated with the lowest flow recorded during
the event (low flow magnitude), pointing towards a poten-
tial for early warning of the severity of streamflow drought.
Time series of monthly drought indices (both streamflow-
and climate-based indices) showed that meteorological and
hydrological events developed differently in space and time,
both in terms of extent and severity (magnitude). These re-
sults emphasize that drought is a hazard which leaves dif-
ferent footprints on the various components of the water cy-
cle at different spatial and temporal scales. The difference in
the dynamic development of meteorological and hydrolog-
ical drought also implies that impacts on various water-use
sectors and river ecology cannot be informed by climate in-
dices alone. Thus, an assessment of drought impacts on water
resources requires hydrological data in addition to drought
indices based solely on climate data. The transboundary scale
of the event also suggests that additional efforts need to be
undertaken to make timely pan-European hydrological as-
sessments more operational in the future.

1 Introduction

The summer of 2015 was hot and dry in many European
countries, as a meteorological situation similar to that of
summer 2003 occurred (Van Lanen et al., 2016). The com-
bined heatwave and drought of 2003 is known as one of
the most costly natural hazard events to have impacted Eu-
rope (EurAqua, 2004; EC, 2007, 2012; EEA, 2010; Garcia-
Herrera et al., 2010). A timely analysis of the recent event
of 2015 adds to the understanding of how summer droughts
can develop in Europe, a prerequisite for improved drought
management and policy making.

Droughts are rare events of temporary water deficit that
propagate through the hydrological cycle (Tallaksen and
Van Lanen, 2004; Van Loon, 2015) and affect hydrological
components on various spatial and temporal scales. Drought
is also a natural hazard that affects a range of different water-
use sectors (Wilhite and Glantz, 1985; Gustard and Demuth,
2008; Stahl et al., 2016; Spinoni et al., 2016). Because of
the complex interaction of a range of atmospheric and ter-
restrial processes, detailed analyses of each event are crucial
to improving the understanding of the phenomenon and ulti-
mately, the predictability of future events.

For the event of 2015, some reviews of national and re-
gional hydrometeorological agencies already exist; these hint
at its notable severity and transboundary occurrence. For ex-
ample, the Swiss BAFU published a special report review-
ing the drought conditions in Switzerland, and highlighted
particularly severe low flow conditions in October 2015 in
the Swiss Plateau and Jura regions (BAFU, 2015). Simi-
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lar reports were released for two administrative regions of
western France, where the drought conditions were charac-
terized as generally moderate, even though warning levels
were reached and water-use restrictions came into force for
some locations (I’ORE, 2015a, b). Severe low flow affected
navigation on major European rivers, including the Rhine
at the Dutch—German border (BfG, 2015) and parts of the
Danube (Radio Romania International, 2015), but we could
not find any official reports quantifying the severity of the
low flow event at the time. Because of a lack of observed pan-
European near-real-time hydrological data, a timely analysis
of the hydrological dimension of drought events is generally
challenging.

As a consequence, only meteorological (and not hydro-
logical) indices have so far been used to describe the spatial—
temporal characteristics of the drought of 2015, providing
important knowledge about the droughts from a climatic per-
spective. In a companion paper to this study, the meteorolog-
ical drought of 2015 was identified as one of the most severe
droughts since the summer event of 2003, affecting a large
portion of continental Europe (Ionita et al., 2017). As re-
ported by Ionita et al. (2017), the summer of 2003 was char-
acterized by exceptionally high temperatures in many parts
of central and eastern Europe, with daily maximum temper-
atures 2-3 °C warmer than the seasonal mean (1971-2000).
Meteorological indices such as the Standardized Precipita-
tion Evaporation Index (SPEI) showed a dipole-like struc-
ture with rainfall deficits and extreme droughts in the cen-
tral and southern part of Europe and comparatively high
amounts of rainfall over parts of the Scandinavian Penin-
sula and the British Isles. The event of 2015, on the other
hand, first appeared in the early spring in southern France and
the Iberian Peninsula, shifting toward central and eastern Eu-
rope as it developed. In August 2015, precipitation lessened
the drought over southwestern Europe while meteorological
drought conditions persisted in eastern Europe and, notably,
in central Europe where the drought lasted the longest. The
most extreme climatic water deficits (precipitation minus po-
tential evaporation) were found in southern Spain, parts of
France and Germany, Belarus, and western Ukraine. From
a climatological point of view, the main factors controlling
the occurrence and persistence of the 2015 drought event
were extreme temperatures and a lack of precipitation, in turn
driven by blocking episodes influenced by anomalously cold
(warm) sea surface temperatures in the central North Atlantic
Ocean (Mediterranean Sea).

Although hydrological drought is driven by anomalous
atmospheric conditions, catchment hydrological processes
may dampen or amplify the drought signal and thus, any
negative drought-related impacts (e.g., restrictions to water-
borne transport, degradation of aquatic ecosystems, water
supply shortages, or energy production losses). Hydrolog-
ically oriented drought studies have shown that drought
in groundwater or streamflow can deviate considerably
from meteorological drought in terms of lagged occurrence
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(Changnon, 1987; Barker et al., 2016) and statistical charac-
teristics (Peters et al., 2003; Vidal et al., 2010; Hannaford et
al., 2011; Van Loon and Van Lanen, 2012; van Dijk et al.,
2013; Tallaksen et al., 2009). These differences can be as-
cribed to regional and local factors such as the catchments’
ability to store and release water during dry weather, reflected
in the amount of water stored in the soil, groundwater, lakes,
and snow pack, and are therefore spatially variable as well
(Haslinger et al., 2014). Moreover, water managers take ac-
tions in response to the predicted impacts (e.g., on abstrac-
tions and effluent discharges, water transfers, and water stor-
age) in which hydrology plays a key role (Van Lanen et al.,
2016). As such, additional analyses are warranted to better
characterize the hydrological dimension of the event and mit-
igate its impacts.

In this study, we analyze the European drought of 2015
from a hydrological perspective based on streamflow obser-
vations. Such an analysis is challenging for several reasons.
First and foremost, the analyses require up-to-date stream-
flow records across Europe. The pan-European perspective
is crucial to studying droughts because a number of hydro-
climatological processes act on the continental scale, requir-
ing large-scale datasets to identify regional patterns. How-
ever, to date, no publicly available pan-European databases
that include near-real-time records exist. Secondly, drought
is a spatiotemporal phenomenon. Hence, its dynamic devel-
opment over space and time, which we herein refer to as the
“footprint” of a drought (e.g., Herring et al., 2015; Heim,
2015), needs to be considered. Thirdly, drought needs to be
analyzed by a range of indices that characterize different
aspects such as magnitude or duration of the event. These
indices must be comparable across European flow regimes
(Water Scarcity and Droughts Expert Network, 2007). All
these challenges need to be tackled in order to characterize
a drought event in a manner that is relevant for a range of
management purposes.

The paper stems from a collaborative effort of members
of UNESCO’s EURO FRIEND-Water program (IHP-VIII,
UNESCO, 2012). Our study focuses on low flow events,
characterized by standard methods including annual mini-
mum discharges, drought duration, and deficit below an an-
nual threshold (Gustard and Demuth, 2008). We analyze
the dynamic development of the severity of the hydrologi-
cal drought at different spatial and temporal scales and use
seasonality indices to characterize the timing of key hydro-
logical characteristics. The following research questions are
addressed:

i. What is the hydrological footprint of the drought
of 2015?

ii. How is it compared to the drought of 2003, often con-
sidered a worst-case benchmark?
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iii. How similar, or different, are the hydrological footprints
of these events contrasted to the meteorological foot-
prints?

iv. What may be the implications of differing footprints for
environmental, societal, and economical drought man-
agement?

The paper is organized as follows. Section 2 describes the
data collation strategy. In Sect. 3, we define the low flow
and drought indices used in the study and present the as-
sessment method. Section 4 presents results that character-
ize the event of 2015 and compare it to the drought event
of 2003 at different spatial and temporal scales, based on
a range of discharge and seasonality indices. We first ana-
lyze the continental-scale footprint of drought events from
maps of annual low flow and drought indices, and then move
to a regional scale in order to elaborate on the specifics of
drought events in more detail. The spatiotemporal develop-
ment is assessed from monthly maps of indices at the pan-
European scale, before analyzing the “local fingerprints” of
the drought from daily hydrographs at the catchment scale.
Functional clustering of hydrographs was employed to put
these local regimes in the pan-European context. Finally, we
generalize our local process understanding using seasonality
as an indicator of governing processes. Section 5 presents an
in-depth discussion of the results, including a comparison of
the hydrological footprint from all analyses with the meteo-
rological footprint from the study by Ionita et al. (2017).

2 Data collation strategy

Severe droughts are characterized by a large spatial extent
and may cover large parts of the European continent (EEA,
2010). Assessing the hydrological characteristics of droughts
therefore requires streamflow data across Europe. However,
there are still major barriers in data exchange, which have
hindered initiatives to build up international data archives
and to perform urgently needed transboundary intercompar-
ison studies (Hannah et al., 2011; Viglione et al., 2010). Ex-
isting data archives such as the FRIEND-Water European
Water Archive (EWA, http://undine.bafg.de/servlet/is/7413)
and the Global Runoff Dataset (http://www.bafg.de/GRDC)
at the Global Runoff Data Centre (GRDC) are precious initia-
tives to make data accessible across Europe. But their content
is still limited with respect to their spatial coverage. More-
over, they are designed as data archives of the past rather
than for monitoring in near-real-time. Keeping the data up
to date is challenging, and the fact that flow records are of-
ten officially released only 2-3 years after recording make
these archives inappropriate for a timely assessment of ex-
treme events.

For collecting hydrological information from different
European countries in near-real-time, a bottom-up strategy
was pursued in this study. Instead of collecting stream-
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flow records, we collect low flow indices for approximately
800 gauges across Europe, which were calculated by part-
ners in the individual countries. It appears easier to do the
data processing in the home country and to exchange only
derived data (indices), rather than the raw flow data. To en-
sure consistent derivation of the low flow and drought in-
dices, we have compiled and distributed low flow software.
Ours is open-source software and consists of two packages
based on the widely used statistical software R.

The first package, termed Ifstat (Koffler et al., 2016), pro-
vides a collection of state-of-the-art functions to compute
a range of low flow characteristics that are fully described
in the WMO manual on low flow estimation and prediction
(Gustard and Demuth, 2008). The package has been recently
extended to perform extreme-value statistics of both low flow
discharges and drought characteristics such as duration and
deficit volume. The package uses a robust approach based on
L-moments to fit extreme-value distributions (Hosking and
Wallis, 2005). It contains approaches for pooling interrupted
events (Hisdal et al., 2004) and for series containing zero
values (Stedinger et al., 1993). The second package, termed
drought 2015 (Gauster and Laaha, 2016), builds on Ifstat and
extends it to perform consistent multi-station analysis. The
package employs literate programming enabling all partners
to generate dynamic reports that are updated automatically if
data or analyses change.

We use a common reference period 1 January 1976-31 De-
cember 2010 to calculate indices and statistics representing
long-term average conditions. The year 2015 is then com-
pared to the characteristics of the reference period and the
year 2003. As the end of available records for the year 2015
differs across countries, a common termination date (31 Oc-
tober 2015) was chosen.

3 Methods
3.1 Low flow characteristics

A comprehensive characterization of hydrological drought
events, such as those of 2015 and 2003, requires a num-
ber of different indices (Tallaksen and Van Lanen, 2004;
Laaha et al., 2013; Smakhtin, 2001; Salinas et al., 2013).
First, the magnitude of the low flow discharge is important;
it may be characterized by annual minimum flows or flow
quantiles with high exceedance probability. Second, the tim-
ing of low flow is important. It may be characterized by a
monthly low flow index, such as the monthly 7-day mini-
mum flow MM(7), or by a seasonality index such as the day
of occurrence for the annual minimum. Third, a character-
ization of drought events when the flow is below a given
threshold is important. These drought events may be char-
acterized by their duration, deficit volume, or similar indices
(Yevjevich, 1967; Hisdal et al., 2004). Each aspect may be
seen as a temporal fingerprint or “signature” of the drought
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event (see Bloschl et al., 2013). From a water management
perspective, these characteristics may be associated with im-
pacts on different water-related sectors. In this study, we cal-
culate the following range of streamflow indices to charac-
terize the various aspects of hydrological drought.

3.1.1 Annual minimum discharge AM(7)

The annual minimum 7-day index, AM(7) represents the
magnitude of the low flow event of a year. It is the annual
minimum of a smoothed hydrograph, obtained by using a
central 7-day moving-average filter. The moving-average fil-
ter is applied to reduce short-term disturbances of the dis-
charge record.

3.1.2 Drought duration (D) and deficit volume (V)

A streamflow drought event is defined as a dry spell in the
flow record when discharge is below some given thresh-
old (Yevjevich, 1967). Depending on the purpose of the
study, different threshold concepts have been proposed.
While seasonally varying thresholds (e.g., Hisdal et al., 2004;
Van Loon and Laaha, 2015) enable a view on seasonal
anomalies (we use them later to investigate the genesis of the
low flow event and details are given in Sect. 4.4), our study
focuses on low flow events to identify the largest absolute dry
state of the system. Hence, we use a constant threshold, given
by the Qgo low flow quantile [P (Q > Qgo) = 0.8] computed
for the entire reference period. The Qg is used in many
drought studies (e.g., Andreadis et al., 2005; Corzo Perez et
al., 2011; Sheffield et al., 2009; Van Huijgevoort et al., 2014;
Van Loon and Van Lanen, 2012).

During a drought event, minor precipitation events or dis-
turbances may separate the drought event into several smaller
events. As a remedy, pooling procedures have been recom-
mended (Tallaksen and Van Lanen, 2004). In this study,
the SPA (sequent peak algorithm, e.g., Vogel and Stedinger,
1987; Tallaksen et al., 1997) is used. The SPA concept is
based on depletion and recovery of the storage required to
sustain the threshold discharge. An uninterrupted sequence
of positive values of required storage defines a period with
catchment storage depletion and a subsequent filling up, and
two droughts are pooled if the catchment store has not totally
recovered from the first drought when the second drought
episode begins.

After the drought event series have been identified, the
event with the largest volume per year is selected. This an-
nual event is described by two characteristics: drought dura-
tion (D, measured in days) and deficit volume (V, m3). As
these indices refer to the most severe event per year, they
represent annual maximum series.

3.1.3 Seasonality

The timing or “seasonality” of the low flow event may be
characterized by various indices, such as onset and termina-
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tion of drought (Parry et al., 2016), date of annual minimum
low flow (Laaha and Bloschl, 2006a, b), and others. We use
here the start date (t) of the event as the most informative
of the conditions leading up to the low flow event. The start
date is expressed as “day-of-year”. To characterize the rela-
tive timing of an event, we compute the difference between
the start date of the event relative to another event, or relative
to the average start date in the reference period. The rela-
tive timing (A;) is expressed in days. We further distinguish
between summer (May—November) and winter (December—
April) low flow season and classify gauges according to their
dominant low flow season into summer and winter regimes.

3.2 Extreme-value analysis

The return period of the low flow and drought characteristics
is used as a measure of their severity for a given event (here
the 2003 and 2015 droughts in Europe). The return periods
are obtained by frequency analysis of extreme event series.
For each gauging station, the estimation of return periods is
performed by the following steps:

1. Sample the annual extreme-value series (AMS) from
daily discharge records of the reference period. Note
that low flow discharges, AM(7), represent annual min-
ima series, whereas drought characteristics of duration
and deficit volume, D and V, represent annual maxima
series.

2. Fit the theoretical extreme-value distribution to the
AMS based on L-moments. For annual minima AM(7)
we use the 3-parameter Weibull distribution and for an-
nual maxima we use the generalized extreme-value dis-
tribution, as recommended in Tallaksen and Van La-
nen (2004). Both series might contain zero values. In
the case of AM(7) series, zero flows may arise due to
drying up of rivers; in the case of drought characteris-
tics (D, V), zero values arise due to “no-drought” years,
i.e., the discharge never goes below the threshold level.
In both cases a conditional probability model (e.g., Ste-
dinger et al., 1993) is employed that takes the proportion
of zero values into account.

3. Check model fit by visual inspection of extreme-value
plots.

4. Calculate the return periods of the events by inversion of
their probabilities obtained from the fitted distribution.

The 2003 and 2015 events are compared using spatial plots
of return periods for each low flow characteristic, and nu-
merical and graphical summaries. The main focus is on
the return period of AM(7), a measure of low flow magni-
tude, but duration and deficit volumes are also investigated.
The spatiotemporal development of each event is assessed
based on monthly magnitudes, MM(7). For comparison, the
MM(7) are expressed as the corresponding return period in

www.hydrol-earth-syst-sci.net/21/3001/2017/

3005

the annual extreme-value distribution of the entire record.
Hence, the maps show in which month low flows with at
least a severity of an annual low flow event occurred. Sim-
ilar methods of display are used by various national and
regional real-time flood and low flow information systems
that label “hazard levels” by return periods or flow quantiles
(e.g., LfU Bayern, 2016).

3.3 Functional clustering

Hydrographs permit the analysis of the catchments’ response
to the atmospheric drought signal and express “local finger-
prints” of events (Sect. 4.4). To identify groups of catch-
ments that show a similar hydrograph response to an event,
we apply a specific form of cluster analysis known as func-
tional clustering, which is appropriate for time graphs (James
and Sugar, 2003). Instead of considering measurements as
multivariate observations, functional clustering accounts for
their autocorrelation structure by considering the temporal
dependency of observations. This is achieved by project-
ing hydrographs on a p-dimensional spline basis, equiva-
lent to finding an adequate set of basis coefficients such that
the shape of hydrographs is well represented. In our case,
a four-dimensional B-spline basis was used for the approx-
imation. Clustering is then performed on the basis coeffi-
cients rather than on multivariate observations, which has
the benefit of temporal structures being conserved. Analyses
are performed using the method fscm from the R-package
funcy (Yassouridis et al., 2016), which applies the functional
mixed mixture model of Jiang and Serban (2012) to perform
the clustering. The 2003 and 2015 events are analyzed sep-
arately, based on monthly mean discharges of the January—
October period. These are converted into a standardized
streamflow index (SSI) for each month (e.g., Staudinger et
al., 2015; Barker et al., 2016) to make low flow hydrographs
comparable across European regimes. For each event, the
method returns a classification of hydrographs into groups
of similar shape, together with an estimation of the mean hy-
drograph of each cluster center.

4 Results
4.1 Continental-scale footprint

Pan-European spatial patterns of low flow magnitude,
AM(7), characterized by return periods Tam(7) are presented
for 2015 and 2003 (Fig. 1, left panels), showing different ex-
tent and severity. The low flows in 2003 covered most of Eu-
rope, from central France to northern Poland and continued
southeast of the Alps, with the lowest flows observed in cen-
tral and eastern France, southeastern Germany and eastern
Austria. Southeastern Europe was also affected (e.g., EEA,
2012, 120-121), but is excluded from our quantitative as-
sessments because of lack of data. The drought of 2015 was,
within the study area, less spatially extensive and showed
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Figure 1. Return periods 7 (in years) of annual low flow discharge AM(7) (left panels), duration D (center panels), and deficit volume V
(right panels) for the drought events of 2015 and 2003. Low flows and drought conditions below average conditions (return period > 2 years)
are indicated by yellow to red colors. Severe events (return periods (20, 50] and > 50 years) are indicated by orange and dark red colors.

a contrasting response: wetter conditions in the north and
south, and drier conditions in a band north of the Alps. The
drought was rather moderate in most parts of this band. How-
ever, drought conditions were more severe than in 2003 in
some areas around the Czech Republic, southeastern Ger-
many and northern Austria. Conditions were less extreme
from eastern France to southern Poland, including southern
Germany and northern Romania. The lack of available hy-
drological data precluded any assessment of the conditions
further east, but the severity of meteorological drought in-
dices at the drought peak in August 2015 (Ionita et al., 2017)
suggests that the area affected by the hydrological drought
may have extended further to the east, to Ukraine, Belarus,
and maybe Russia (flow in the River Don was exception-
ally low; E. Rets and M. Kireeva, personal communication,
2016).

Durations of the two drought events are presented in the
central panels of Fig. 1. For both events, the spatial pat-
terns of drought durations correspond well with the low
flow discharge, AM(7), patterns (left panels), but there is a
clear difference in the spatial variability. Drought duration
exhibits more homogeneous patterns than the magnitude of
low flows in drought-affected regions. The return periods
of duration are overall more moderate than for AM(7). For
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the 2015 event, the longest durations are observed in north-
eastern France and southwestern Germany, whereas the re-
gion around the Czech Republic is characterized by shorter
drought durations. Note, however, that the results are only
preliminary as drought may not have concluded everywhere
by the end of the records (October 2015), as we discuss fur-
ther in Sect. 5.1. For the 2003 event, the longest drought du-
rations are observed for southern Germany and northeastern
Austria, whereas central and eastern France exhibit shorter
durations. Again, the 2015 event appears to cover a smaller
portion of the study area than the 2003 event, but in the af-
fected regions, the return periods of duration are comparable
to those of 2003.

The deficit volume is a cumulative measure of drought that
integrates information on both flow magnitude and duration.
In 2015, deficit volumes with return periods of 50 years and
more occurred (Fig. 1, right panel), with the largest deficits
occurring in southern Germany, west of the area with lowest
flows (Fig. 1, left panels). In regions where the drought event
was short, such as central France and northeastern Austria,
deficit volumes are small regardless of AM(7). For drought-
affected areas, deficit volume exhibits a rather patchy pattern
similar to patterns of low flow discharge AM(7), and thus
reflects local hydrological conditions. Compared to 2003, the
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2015 event covered a smaller part of the study area in terms
of deficit volume, but with high severity within the drought-
affected region.

4.2 Comparison by regions

The severity of the events of 2015 and 2003 is compared
for three contrasting regions: the Czech Republic, which was
the most affected region in 2015; eastern France (Rhine and
Sadne hydrographic regions), which was one of the most
affected regions in 2003; and southern Germany (Baden-
Wiirttemberg and Bavaria south of river Maine), which was
strongly affected in both years. Figure 2 shows the distribu-
tion of annual minima low flow, AM(7), and drought deficit
volume for each event and region. Catchments with a win-
ter low flow regime are presented in separate box plots, as
low flows that occur in winter may be triggered by differ-
ent processes (Van Loon et al., 2015). Overall, the regional
distribution of return periods are broader for AM(7) than for
deficit volume, and AM(7) shows higher return periods in the
most affected catchments.

There is a major difference in the severity of the events
of 2003 and 2015 in the Czech Republic (left panels of
Fig. 2), with moderate return periods in 2003 for both low
flow discharge AM(7) (median Treq = 10 years) and drought
deficit volume (7Tpyeq =21 years). In 2015, deficit volumes
have a slightly higher severity (Tipeq =32 years), whereas
record low values of AM(7) were observed, leading to re-
turn intervals of more than 100 years in more than half of all
catchments (i.e., Tmed > 100 years). Note that due to the lim-
ited record length (around 35 years), estimated return periods
are only indicative and must be interpreted as such.

In eastern France, the 2003 event was characterized by
high return periods for AM(7) (often > 100 years) and mod-
erately high severity in deficit volume (7Tyeq = 27 years). In
the pan-European context, it was one of the most severely
affected regions in 2003. In 2015, however, the drought was
relatively mild in terms of AM(7) (only marginally below
the average summer conditions), but slightly more severe in
terms of volume.

Southern Germany, located between the Czech Republic
and eastern France, experienced similar severity for both
events (summer catchments), with slightly higher return pe-
riods in 2003 than in 2015. Both events were more se-
vere in terms of deficit volumes (7Tmeq = 26 years in 2003,
and Tmeq = 19years in 2015) than in terms of AM(7)
(Tmea = 13 years in 2003, and Teq =9 years in 2015). The
southern Germany region appears to be prone to relatively
long drought periods that let deficits accumulate over a long
time. Note that analysis of catchments with winter low flow
regimes does not show exceptionally dry conditions in the
winter prior to the 2015 summer low flow event.

Finally, when comparing across regions, it can be seen
that the return periods for low flow magnitude associated
with both events vary gradually between the values in east-
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Table 1. Statistical summary of stations under drought for the indi-
vidual months of 2015 (top) and 2003 (bottom). The symbol nq is
the number of stations under drought (i.e., with a severity of an an-
nual low flow event and more). Median and quartiles summarize the
return periods of low flow discharge MM(7) (monthly magnitude)
of these stations (expressed as the corresponding return period in
the annual extreme-value distribution of the entire record).

Jun Jul Aug Sep  Oct

2015

ng 78 261 332 293 227
Lower quartile 2.42  2.58 2.67 283  2.66
Median 286 338 4.3 451 3.87
Upper quartile  8.56 649 11.86 1245 8.75
2003

ng 169 353 527 486 318
Lower quartile 2.32  2.45 3.37 298 262
Median 3.00 343 6.46 493 352

Upper quartile  4.26 631 17.00 9.99 6.26

ern France and those in the Czech Republic, suggesting
a gradient of low flow magnitude increasing from east to
west in 2003, but increasing from west to east in 2015. The
deficit volumes show a similar, but less pronounced gradi-
ent in 2015, and there is almost no gradient for the volumes
in 2003. Again, the less pronounced gradients for deficit vol-
umes are due to the long durations of drought events that
make deficit volumes less dependent on peak magnitude.
Summary statistics of streamflow drought characteristics for
individual countries in Eu