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Impacts of a drought are generally dependent on the severity of the hydrological drought event, which can
be expressed by streamflow drought duration or deficit volume. For prediction and the selection of drought
sensitive regions, it is crucial to know how streamflow drought severity relates to climate and catchment
characteristics. In this study we investigated controls on drought severity based on a comprehensive
Austrian dataset consisting of 44 catchments with long time series of hydrometeorological data (on average
around 50 year) and information on a large number of physiographic catchment characteristics. Drought
analysis was performed with the variable threshold level method and various statistical tools were applied,
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controlled by storage, quantified by the Base Flow Index or by a combination of catchment characteristics
related to catchment storage and release, e.g. geology and land use. Additionally, the duration of dry spells
in precipitation is important for streamflow drought duration. Hydrological drought deficit, however, is
governed by average catchment wetness (represented by mean annual precipitation) and elevation
(reflecting seasonal storage in the snow pack and glaciers). Our conclusion is that both drought duration
and deficit are governed by a combination of climate and catchment control, but not in a similar way.
Besides meteorological forcing, storage is important; storage in soils, aquifers, lakes, etc. influences drought
duration and seasonal storage in snow and glaciers influences drought deficit. Consequently, the spatial
variation of hydrological drought severity is highly dependent on terrestrial hydrological processes.
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1. Introduction

Drought is considered one of the most damaging natural disas-
ters in terms of economic costs (e.g. navigation and hydropower
production, Wilhite, 2000; Carroll et al., 2009; Van Vliet et al.,
2012), societal problems (e.g. increased mortality and conflict,
Garcia-Herrera et al., 2010; Hsiang et al.) and ecological impacts
(e.g. forest dieback and impacts on aquatic ecosystems, Lake,
2011; Lewis et al., 2011; Choat et al., 2012). Drought is commonly
defined as a below-normal water availability (Wilhite and Glantz,
1985; Wilhite, 2000; Tallaksen and Van Lanen, 2004; Sheffield
and Wood, 2011; Mishra and Singh, 2010), but there is no real con-
sensus about the application of this definition (Hayes et al., 2010).
In this study we assume that society and the ecosystem are
adapted to the seasonal cycle and we regard drought as a deviation
from this seasonal cycle, which means that droughts also occur in
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the high flow season. Drought is subdivided into different types of
drought related to the variables of the hydrological cycle, precipi-
tation (meteorological drought), soil moisture (soil moisture
drought), and groundwater and streamflow (hydrological drought)
(Tallaksen and Van Lanen, 2004). Almost all drought impacts are
related to soil moisture drought or hydrological drought, since
both the ecosystem and society depend upon water from the
catchment stores (soil, aquifers, lakes, rivers) rather than from pre-
cipitation directly. Hydrological drought is determined by the
propagation of meteorological drought through the terrestrial
hydrological cycle and is therefore influenced by the properties
of the hydrological cycle (Peters et al., 2006; Van Lanen, 2006;
Vidal et al., 2010). For example, drought propagation is different
in an semi-arid climate and a climate with snow accumulation
in winter, and it differs between mountainous catchments,
catchments with many lakes and wetlands, and catchments with
mild slopes and large, porous aquifers (Van Loon, 2013).

Besides drought frequency (how often a drought occurs),
drought severity (the strength of a drought) is an important char-
acteristic of drought events since it is directly related to the
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impacts of drought (Hayes et al., 2010). Drought severity can be
quantified in various ways. In standardised indices (e.g. Standard-
ised Precipitation Index, SPI, McKee et al., 1993), and Standardised
Groundwater level Index, SGI (Bloomfield and Marchant, 2013),
which are increasingly used in scientific drought studies (e.g.
Vicente-Serrano et al., 2009; Mishra et al., 2009; Joetzjer et al., 2013),
drought severity is expressed by the number of standard devia-
tions from the mean. For most impacts, however, more physical
measures of severity are needed (Wong et al.,, 2013). For many
aquatic ecosystems for example the duration of a drought in
streamflow is crucial (Bond et al., 2008), whereas for hydropower
production the missing volume of water compared to normal con-
ditions (deficit volume) is more relevant (Jonsdottir et al., 2005;
Rossi et al.,, 2012; Tsakiris et al., 2013).

Hydrological drought duration and deficit are related since the
deficit accumulates over the duration of the drought event (e.g.
Dracup et al., 1980; Woo and Tariiule, 1994; Shiau and Shen,
2001; Kim et al., 2003; Hisdal et al., 2004; Mishra et al., 2009;
Wong et al,, 2013). Van Lanen et al. (2013) and Van Loon et al.
(2014) have shown that this relation is not linear. It is dependent
on propagation of the drought (Van Loon et al., 2014) and relates
strongly to climate and catchment characteristics (Van Lanen
et al., 2013). Van Lanen et al. (2013) assessed the effect of climate
(Koppen classes), soil and groundwater system on the bivariate
probability distribution of drought duration and deficit. They found
that the responsiveness of the groundwater system is as important
for hydrological drought development as climate.

What is still unclear is how hydrological drought duration and
deficit relate to climate and catchment characteristics and which
factor is dominant. Tallaksen and Hisdal (1997) speculated that
“The distribution of drought duration is primarily thought to be
governed by climate. However deficit volume is expected to be
more related to catchment characteristics” (Tallaksen and Hisdal,
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1997). More recent studies however have shown convincingly that
in a given climate hydrological drought duration is strongly related
to the responsiveness of the groundwater system, both in a theo-
retical analysis and in a real world example (Peters et al., 2003;
Peters et al., 2005). On the other hand, there are indications of an
effect of climate on drought deficit, because in many studies the
deficit volume of hydrological drought is standardised by dividing
by mean discharge to be able to compare catchments with differ-
ent wetness (Clausen and Pearson, 1995; Kjeldsen et al., 2000;
Van Lanen et al., 2013). A quantitative analysis of the effects of cli-
mate and catchment control on drought duration and deficit has, to
our knowledge, never been done.

We intend to fill that gap and investigate the relative effects of
climate and catchment on hydrological drought duration and def-
icit volume. For this study we used an extensive Austrian dataset,
that contains observations of precipitation, temperature and dis-
charge for a high number of catchments and includes thematic
information for each catchment, e.g. climate, elevation, geology,
land use (Laaha and Bloschl, 2006; Gaal et al., 2012; Haslinger
et al., 2014). By combining different types of analysis we hope to
prove whether climate or catchment properties are more
important in determining both drought duration and deficit. In
Section 2, we will first describe the study area and data availability.
Sections 3.1 and 4.1 deal with the drought analysis methods and its
results and Sections 3.2 and 4.2 with the statistical analysis
methods and its results. Finally, discussion and conclusions are
given in Sections 5 and 6.

2. Study areas

The study has been conducted on a comprehensive Austrian
dataset consisting of 44 catchments which are free from major
disturbances. The study area is quite divers and the catchments
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Fig. 1. Some characteristics of the study area: (a) clusters, (b) topography, (c) geology (all from Gaal et al. (2012), reprinted with permission from the publisher Wiley), and (d)

mean annual precipitation (from ZAMG).
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reflect a broad range of hydrological regimes. The catchments are
pooled into 13 clusters which are homogeneous in terms of climate
conditions and hydrological processes (Fig. 1a). The pooling is
based on the work of Gaal et al. (2012) on flood time scales which
have been shown to be a rich fingerprint of the hydrological
processes in a catchment. In fact, the spatial pattern of the
‘hotspots’ (as they were termed in Gaal et al. (2012)) is very similar
to that of the low-flow regions of Laaha and Bloschl (2006),
discerned from seasonality analysis. The hotspots are on average
smaller and, hence, likely more homogeneous. They obviously rep-
resent major climate and geological units of Austria (Fig. 1c and d)
which are indeed also relevant for hydrological droughts
(Haslinger et al., 2014).

Some clusters belong to regions where minimum flows typi-
cally occur in summer in consequence of low seasonal precipita-
tion and high seasonal evaporation. These are Innviertel (Innv),
Miihlviertel (Muhlv), Waldviertel (Waldv), Weinviertel (Weinv),
Flysch, and Leitha. The catchments in the Alps, i.e. Oztal (Ozt), High
Alps (Hoalp), and to some degree Bregenzerwald (Brewa) and
Dachstein (Dachst), are situated at altitudes where snow storage
processes have a major influence on the flow regime (Fig. 1b). They
give rise to highly seasonal regimes with minimum flows in winter
and high discharges in summer. Catchments in the south also
belong to summer low flow type, but exhibit a particular climate
as they are situated leeward of the Alps and are screened from
moist Atlantic air masses. This yields lower amounts of precipita-
tion then in the north, and often longer dry spells. As can be seen
from Fig. 1d, clusters in the south (Gail, Gurk) and southeast
(Buwe), but also in southern High Alps (Ozt) are affected by this
particular climate. North of the Alps a precipitation gradient can
be observed, reflecting increasing aridity towards Eastern Europe.

For each catchment, discharge time series were available from
the Hydrographical Service of Austria (HZB) in daily resolution for
different periods between 1951 and 2010. The length of the dis-
charge series was on average 47 year with minimum 27 year and
maximum 60 year. A linear interpolation was applied to fill a small
number of gaps of a few days. We used the total length of the dis-
charge time series to calculate hydrological drought characteristics
duration and deficit (Section 3.1), which are the target variables of
this study. For each cluster, one close-by meteorological station
was selected which seems representative for its climatic conditions.
In case multiple stations were present within or in the vicinity of the
cluster, we chose the station that was most representative in terms
of topographical factors such as elevation and exposition, since both
precipitation and temperature are dependent on these factors. Con-
sidering exposition is notably important for Alpine catchments as
there are major climatic differences between northern and southern
slopes of the Alpine divide. For the selected stations daily tempera-
ture and precipitation data were available from the Central Institute
for Meteorology and Geodynamics (ZAMG) for a period of on aver-
age 60 year (ranging from 46 to 62 year per station). Daily precipi-
tation data of these stations were then used to calculate the
meteorological drought characteristics per cluster.

For analysing the effect of catchment characteristics on hydro-
logical drought we used the catchment dataset of Laaha and
Bloschl (2006), consisting of 31 physiographic catchment charac-
teristics (Table 1). They relate to catchment area (SUM.AREA),
topographic elevation (H), topographic slope (SL), precipitation
(N), geological classes (GEOL), land use classes (BONU), and stream
network density (SDENS). In addition, the Base Flow Index (BFI)
and Recession coefficient (Rec) were calculated by aid of the
R-package ‘Ifstat’ (Koffler and Laaha, 2013), based on the WMO
Manual on Low-flow Estimation and Prediction (WMO, 2008). BFI
and Rec have been shown to reflect storage and release properties
of the catchments (e.g. Salinas et al., 2013) and are therefore used
as catchment characteristics in this study.

Table 1

Catchment characteristics (based on Laaha and Bloschl (2006)).
Name Variable Unit
SUM.AREA Subcatchment area 10! km?
H.MIN Altitude of stream gauge 10° m
H.MAX Maximum altitude 102 m
H.DIFF Range of altitude 10° m
H.MEAN Mean altitude 10°m
M.NEIG Mean slope %
SL.FL Slight slope %
SLMG Moderate slope %
SL.ST Steep slope %
N.GES Average annual precipitation 102 mm
N.SOM Average summer precipitation 102 mm
N.WIN Average winter precipitation 102 mm
GEOL.BM Bohemian Massif %
GEOL.QUA Quaternary sediments %
GEOL.TER Tertiary sediments %
GEOL.FLY Flysch %
GEOL.KAL Limestone %
GEOL.KRI Crystalline rock %
GEOL.SHAL Shallow groundwater table %
GEOL.DEEP Deep groundwater table %
GEOL.QUELL Source region %
BONU.URB Urban %
BONU.ACK Agriculture %
BONU.DAU Permanent crop %
BONU.GRU Grassland %
BONU.WAL Forest %
BONU.FEU Wetland %
BONU.LOS Wasteland (rocks) %
BONU.WAS Water surfaces %
BONU.EIS Glacier %
SDENS Stream network density 102 mkm™!
BFI Baseflow index -
Rec Recession coefficient day

3. Methodology
3.1. Drought analysis

Droughts were identified from the time series of precipitation
and discharge with the widely-used threshold level approach
(Zelenhasi¢ and Salvai, 1987; Hisdal et al., 2004; Fleig et al.,
2006; Van Loon, 2013), defining a drought when a variable falls
below a pre-defined threshold. To reflect seasonality we used a
variable threshold based on the 80th percentile of the flow dura-
tion curves of a 30 days moving window (Beyene et al., 2014).
This means that every day in the year has a different threshold
level based on the 80th percentile of the flow duration curve of
the discharge/precipitation measured on that day, the 15 days
before that day, and the 15 days after that day, for all years in
the time series. This method has proven to be most robust in
catchments with pronounced seasonality, for example catchments
dominated by snow accumulation and melt (Beyene et al., 2014).
We applied a pooling procedure to both time series of precipita-
tion and discharge to pool dependent drought events, namely a
30-day moving average (Tallaksen and Hisdal, 1997; Hisdal
et al.,, 2004; Fleig et al., 2006). The duration of a drought event
was determined by calculating the total number of consecutive
days that the variable was below the threshold and the deficit
volume is the sum of the deviations from the threshold times
the number of days (so the area between the two curves when
the variable is below the threshold). Minor droughts with a dura-
tion of less than 3 days were removed. Subsequently, the statistics
mean, maximum and standard deviation were calculated for both
drought duration and deficit.
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3.2. Statistical analysis

We investigated the effects of climate and catchment charac-
teristics on discharge drought duration and deficit by statistical
analysis. In the first part of the investigation we analysed the
strength of the relationships between discharge drought and
the individual climate and catchment characteristics using bivariate
correlation analysis. We calculated the correlation matrix of pair-
wise combinations of all variables based on Pearson correlation
coefficients. The correlation matrix allowed us to find important
relationships between discharge drought characteristics and the
various climate and catchment characteristics. As relationships
could be non-linear, we also computed Spearman correlation
coefficients and studied correlation plots to verify the results.
Correlation analysis is limited by the fact that catchment charac-
teristics are likely not independent, due to co-evolution of
landscape, climate and geology. To explore intercorrelations of
catchment characteristics, we analysed the correlation structure
using heatmaps as implemented in the R software package ‘stats’.
Heatmaps employ an appropriate colour-coding to visualise sign
and strength of relationships from the correlation matrix.
Moreover, the algorithm performs a clustering of the pairwise
correlations in order to find groups of variables which are depen-
dent on each other. After rows and columns are arranged
according to similarity, previously undetectable patterns can
become obvious. The analysis is therefore useful for finding
groups of climate and catchment characteristics which have a
joint effect on drought characteristics. Based on hydrological
reasoning, we aim to identify key variables of each group which
appear as the most important physical factors in drought
generation.

In the second step we extended the scope of analysis to
interactions of key variables in drought generation. For this we
applied linear models with multiple regression and interaction
terms, which make the linear model more flexible to represent
possible non-linear relationships. We also applied varying slope
models to perform fitting individually for different climatological
regions. We tested important combinations of predictor variables
as suggested by correlation analysis and compared them with
automatic stepwise (combined forward and backward) regression
analysis based on the Akaike Information Criterion (Akaike,
1974). If the model appears well representative (from residual
statistics and in terms of model assumptions) it can be used to
analyse the effects of a predictor on the drought characteristic.
By ‘effect’” we denote the change in a response variable produced
by a change in one or more explanatory or factor variables,
adjusted for the other variables in the model. In case of more
than one predictor, the effect of one explanatory variable (regres-
sion line) is adjusted for the other variables in the model. This is
similar to partial correlation analysis where the correlation
between two variables is adjusted for the effect of a confounding
variable. Linear model effects, however, are more general than
partial correlations, since the method allows a simultaneous
consideration of a number of predictors including possible
interactions. The computation and visualisation of the effects of
the regression terms is conducted using the R-package ‘effects’
(Fox, 2003).

4. Results
4.1. Drought analysis
Drought analysis on the precipitation data (Tables 2 and 3)

shows that there is little difference between clusters in the number
(around 4.8 per year) and average duration (around 15 days) of

meteorological droughts. The largest difference is found between
Gail and Inn (Gail: 4.5 droughts per year with an average duration
of 16.2 days and Inn: 5.2 droughts per year with an average dura-
tion of 13.4 days). This difference is related to the variability in pre-
cipitation described in Section 2. In Gail there are less, but longer
dry spells, whereas in Inn the higher number of short dry spells
points to a larger variability in precipitation. The deficit volume
of droughts in precipitation is more variable with 3.9 mm for
Weinv and 13.3 mm for Brewa. This difference is due to differences
in mean annual precipitation, which amounts to 500 mm per year
for Weinv and 1900 mm per year for Brewa. A higher mean annual
precipitation results in a higher threshold, which produces higher
deficit volumes.

In all catchments we see a clear propagation of the drought sig-
nal from meteorological to hydrological drought (Tables 2 and 3):
there are fewer but longer droughts in discharge than in precipita-
tion (on average 2.2 droughts per year with an average duration of
35 days in discharge vs. 4.8 droughts per year with an average
duration of 15 days in precipitation). There is much more variabil-
ity between the clusters in hydrological drought characteristics
than in meteorological drought characteristics. The number of
discharge droughts varies between 1.4 and 3.2 and average dura-
tion ranges from 23 to 54 days. Gurk has fewest and longest
droughts and Brewa has most and shortest droughts. The average
deficit volume of droughts in discharge is comparable with that
of droughts in precipitation, but the ranges are even larger
(0.5-18 mm per cluster and 0.3-22 mm per catchment). Some
clusters are homogeneous in terms of discharge drought

Table 2

General drought characteristics using a 80% variable threshold (based on a moving
window of 30days), the moving average method for pooling, and a minimum
duration of 3 days for the hydrometeorological variables of all clusters.

Station No. of Mean Max Mean Max
droughts  duration duration deficit deficit
[per [day] [day] [mm]  [mm]
year]
Brewa Precipitation 4.8 15.1 85 133 133
200154 3.1 24 144 17 284
200204 35 21 130 16 226
200287 3.1 23 128 22 398
Average Q 3.2 23 134 18 303
Buwe  Precipitation 4.8 15.0 95 6.8 57
208827 1.4 53 409 52 51
208835 1.5 48 321 49 47
210245 14 53 437 3.0 48
208835 1.6 45 311 3.2 42
208827 1.9 40 426 3.8 92
Average Q 1.6 48 381 4.0 56
Dachst  Precipitation 4.7 14.8 73 125 99
205799 2.8 26 143 14 186
205831 2.6 28 143 13 138
205856 2.7 27 122 8.2 89
210583 2.8 26 142 17 223
Average Q 2.7 27 138 13 159
Gail Precipitation 4.5 16.2 150 10.7 113
212613 1.8 42 301 14 166
212647 1.4 53 293 18 123
212670 1.6 46 213 15 117
212753 1.7 42 216 13 115
Average Q 1.6 46 256 15 130
Gurk Precipitation 4.9 14.7 76 9.1 78
212860 1.7 43 254 8.9 70
212951 1.1 66 379 6.4 42
Average Q 14 54 317 7.6 56
Hoalp  Precipitation 4.9 141 92 7.4 81
212068 29 25 147 19 174
212076 29 25 141 16 175
Average Q 29 25 144 17 175
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Table 3

Continuation - General drought characteristics using a 80% variable threshold (based
on a moving window of 30 days), the moving average method for pooling, and a
minimum duration of 3 days for the hydrometeorological variables of all clusters.

Station No. of Mean Max Mean  Max
droughts  duration duration deficit deficit
[per year] [day] [day] [mm]  [mm]
Innviertel  Precipitation 5.2 134 79 5.6 57
204768 2.8 26 202 3.8 47
204784 2.5 29 285 4.9 66
204834 2.7 27 180 3.5 27
204859 2.7 26 181 3.7 31
204958 24 31 158 3.2 32
205047 24 30 149 35 34
Average Q 2.6 28 193 3.8 40
Leitha Precipitation 5.0 14.4 90 4.6 40.9
208413 1.6 46 286 4.7 32
209007 2.0 38 256 1.9 20
210013 1.9 42 245 1.6 20
Average Q 1.8 42 262 2.8 24
Mubhlviertel Precipitation 4.6 15.2 91 6.7 60
204875 2.2 34 234 6.7 78
204891 2.1 35 242 8.3 66
204917 2.1 34 186 7.1 70
204925 1.8 40 205 5.7 40
Average Q 2.0 36 217 7.0 64
Ozt Precipitation 5.0 13.9 161 6.0 94
201350 2.3 28 222 14.0 203
201376 24 26 161 14.3 205
201392 2.5 25 205 9.3 120
201418 24 24 193 7.0 99
201434 2.7 24 192 6.5 92
Average Q 24 25 195 10.2 144
Waldviertel Precipitation 4.9 14.8 80 4.6 64
205997 2.1 31.2 246 4.5 44.2
207944 2.2 275 256 2.6 35.1
Average Q 2.1 29 251 4 40
Weinviertel Precipitation 4.8 15.1 76 3.9 28
208041 1.8 42 352 0.59 6.7
208058 1.5 48 391 0.53 74
208447 2.5 29 133 0.37 2.5
208637 2.0 36 348 0.36 5.0
208678 2.0 39 295 0.71 11.2
209189 2.2 33 198 0.32 2.6
Average Q 2.0 38 286 0.5 6

characteristics, others are quite heterogeneous. Most variability is
visible in the Weinv cluster. The longest drought occurs in Buwe
(437 days, more than 14 months) and the maximum deficit occurs
in Brewa (398 mm). The different values for average drought dura-
tion and deficit in Tables 2 and 3 are a first indication that drought
duration and deficit might have different governing factors.

This is even more apparent from the spatial distribution of
mean duration and deficit of both precipitation and discharge
droughts (Fig. 2). We can see that:

o the average duration of precipitation droughts (P_meandur) is
high in the East and South;

o the average deficit volume of precipitation droughts (P_mean-
def) is highest in the northern Alps;

o the average duration of discharge droughts (Q_meandur) is high
in the East and South, but more scattered than P_meandur;

o the average deficit volume of discharge droughts (Q_meandef)
is high in the southern Alps.

When comparing Fig. 2 with Fig. 1, some of the patterns can be
explained. The general patterns of both P_meandur and Q_mean-
dur reflect the influence of climate: in the Alps, precipitation
events are more frequent than in the lowlands, so droughts in
the Alpine region have the lowest duration. In the region north

of the Alps, the patterns reflect increasing drought duration from
west to east which is obviously related to decline in annual precip-
itation and increasing aridity (Fig. 1d). South and southeast of the
Alps longer dry spells are observed, because the catchments there
are screened by the Alps (Section 2). Overall, Q_meandur has
longer time scales than P_meandur, reflecting drought propaga-
tion, i.e. pooling of shorter meteorological drought events into
longer streamflow droughts as a result of catchment storage pro-
cesses. Differences between catchments in the same cluster are
likely the effect of geology (storage, Fig. 1c), which is most
pronounced in the eastern (Weinv) and southern clusters (Gail
and Gurk). This would indicate a combined effect of climate and
catchment control on hydrological drought duration.

It is interesting to see that the patterns of drought deficit in
precipitation and discharge (P_meandef and Q_meandef) are very
different from the patterns of drought duration (Fig. 2). Highest
deficit volumes are found in the Alpine region. High deficit
volumes in the northern Alps are expected because of the high
catchment wetness (Fig. 1d) resulting in higher threshold values,
but the high deficit volumes in discharge (Q_meandef) seem to
reflect more the spatial distribution of altitude (Fig. 1b) than that
of precipitation (Fig. 1d). So, the question arises whether there is
an additional effect of catchment properties related to elevation
on deficit volume of hydrological droughts.

For a selection of clusters, we studied some catchment charac-
teristics that were assumed to influence drought duration and def-
icit (i.e. area, elevation, BFI and recession constant) in more detail
(Table 4). Some conclusions can be drawn:

e All Brewa catchments have many droughts with short dura-
tion and high deficit (Table 2), they also have a small area,
high elevation, low BFIs and low recession constants. The
geology of the Brewa catchments is characterised as Flysch.
According to Gaal et al. (2012) “Flysch tends to produce very
flashy response as the flow paths are at the surface or very
near the surface with little infiltration.” This has important
implications for floods (short flood time scales, Gaal et al.
(2012)), but also for drought.

e All Muhlv catchments have few droughts with long duration
and average deficit (Table 3), they also have a large area, low
elevation, high BFIs and high recession constants.

e The Innv and Weinv catchments show high variation in area,
BFI and recession constant, whereas elevation is comparable.
This offers the possibility to separate the effect of storage
from climate and elevation effects. For Innv, catchments with
a high BFI, also have longer drought events and lower deficit
volume (Table 3). For Weinv the relation is less clear.

4.2. Statistical analysis

Statistical analysis allows for a quantitative investigation of
relations between hydrological drought duration and deficit and
possible governing factors (climate and catchment characteristics).
The heatmap in Fig. 3 shows the correlation structure between
average duration and deficit of droughts in discharge (Q_meandur
and Q_meandef), average duration and deficit of droughts in pre-
cipitation (P_meandur and P_meandef) and a selection of climate
and catchment characteristics from Table 1. We did not include
all variables because some are interchangeable in the sense that
they correlate the same way with other variables, for example
the variables related to altitude (H.MIN, H.MAX, H.MEAN) and pre-
cipitation (N.GES, N.SOM, N.WIN).

In Fig. 3 red squares indicate high positive correlation, blue
squares indicate high negative correlation. These correlations are
based on Pearson correlation. The heatmap based on Spearman
correlation coefficients to test for non-linearity showed a similar
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Fig. 2. Drought duration and deficit in precipitation and discharge. (a) P_meandur [days], (b) P_meandef [mm], (c) Q_meandur [days], (d) Q_meandef [mm]. Note the different

colour scales.

Table 4
Selected catchment characteristics per catchment for a subset of clusters (variable
names see Table 1).

SUM.AREA H.MEAN BFI Rec
[10" km?] [10? m] [-] [-]
Brewa 200154 33 1472 0.54 10
200204 54 1159 0.30 6.7
200287 31 1510 0.43 11
Innviertel 204768 70 456 0.45 20
204784 60 460 0.42 13
204834 81 486 0.67 16
204859 303 443 0.52 11
204958 66 460 0.74 17
205047 29 420 0.49 16
Muhlviertel 204875 135 693 0.69 19
204891 123 790 0.67 19
204917 255 763 0.68 18
204925 139 759 0.68 19
Weinviertel 208041 213 337 0.72 16
208058 380 285 0.77 19
208447 130 273 0.69 18
208637 370 321 0.60 10
208678 69 232 0.79 -
209189 515 260 0.77 -

pattern. This indicates that we can assume that in our case linear
models are also suited to represent monotonic relationships even
if they are not perfectly linear. The ordering of variables is the
result of hierarchical cluster analysis using Euclidean distance. This
yields that variables with similar correlation patterns are grouped
together. An example is the high correlation and close clustering
between SL.FL, BONU.ACK, GEOL.TER and BONU.URB, which indi-
cates that urban area and agriculture are present in regions with

a slight slope and tertiary sediments. This is not surprising and
does not give any information explaining drought characteristics.
In the following paragraphs we only focus on factors that relate
to the duration and deficit volume of discharge droughts.

4.2.1. Drought duration

The average duration of droughts in discharge (Q_meandur)
shows highest correlation (Fig. 3) with the baseflow index (BFI).
From the scatterplot (Fig. 4a) this relation is obvious. BFI itself is
not a catchment characteristic but it integrates the effect of storage
and response times of a catchment (Section 2). The same is true for
the recession constant (Rec), but Rec has a lower correlation with
Q_meandur.

It is also interesting that Q_meandur has a much lower correla-
tion with catchment characteristics indicative of catchment stor-
age, such as area percentages of geological classes (GEOL.QUA,
GEOL.KRI), aquifers (GEOL.SHAL, GEOL.DEEP), lakes and wetlands
(BONU.WAS, BONU.FEU), and catchment area (SUM.AREA), than
with BFI (Fig. 3). Although all these correlations are plausible
regarding their sign (characteristics reflecting high storage are pos-
itively correlated), not one of them seems dominant. One of the
reasons for that is that not all catchments have data for all vari-
ables. In Fig. 4a, for example, all catchments with some degree of
GEOL.DEEP and GEOL.SHAL are indicated. These correspond to high
BFI, but the low number of catchments with GEOL.DEEP or
GEOL.SHAL makes finding a quantitative relation difficult.

After BFI, the highest correlation of Q_meandur is with P_mean-
dur, and there is also a strong negative correlation with mean
annual precipitation (N.GES) (Fig. 3). This points at an effect of
climate on the duration of droughts in discharge. In the drier catch-
ments with longer dry spells the duration of discharge droughts is
longer (Fig. 4b), but the relation is less clear than with BFI
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To investigate the effects of climate and catchment characteris-
tics on drought duration in more detail, we studied a number of
linear regression models. In Table 5 the three best models are
described. The model with only BFI is highly significant (model
1) and the model with only P_meandur is also significant (model
2). P_meandur also adds information to the model with BFI (model
3) and so much that this combined model is the best model to
explain Q_meandur. Adding more complex interactions or adding
other variables did not improve the model.

With the same analysis we can find out if any combination of
catchment characteristics can replace BFI to explain Q_meandur.
In Table 5 we see that only using catchment characteristics does
not yield a significant model (model 4). Adding P_meandur to
model 4 does yield a significant model (model 5). There are differ-
ences in significance between the different catchment characteris-
tics, but again no factor seems dominant. All variables are needed
to yield a model that is comparable to the model with BFI and
P_meandur (model 3), excluding one of the variables from model
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Linear models tested to explain the average duration of discharge droughts
(Q_meandur), with multiple regression and interaction terms, including their

statistical significance.

Model 1 Model 2 Model 3
BFI 1.33e-07 (***) - 5.27e—08 (***)
P_meandur - 0.00103 (**) 0.0277 (*)

Comparing models

1.001e—06 (***)

Model 3 Model 4 Model 5
BFI 5.27e—08 (**) - -
P_meandur 0.0277 (%) - 7.14e—-05 (***)
GEOL.SHAL - 0.1618 0.20327
GEOL.DEEP - 0.0172 (*) 0.00629 (**)
GEOL.QUA - 0.0857 (.) 0.04168 (*)
GEOL.KRI - 0.0926 (.) 0.00613 (**)
BONU.WAL - 0.0152 (%) 0.66517
BONU.WAS - 0.0813 (.) 0.02959 (*)
BONU.FEU - 0.6750 0.12049
SDENS - 0.3715 0.03521 (%)
SUM.AREA - 0.6193 0.79736

Comparing models

7.281e—06 (")

0.0001672 ()

Signif. codes: 0 “*** 0.001 *

**0.01 % 0.05°0.1 " 1.

5 did not yield a significant model (not shown). In the stepwise
regression analysis adding the variables of model 5 one-by-one
resulted in a decreasing Akaike Information Criterion, so increasing
model performance. We can conclude that in our study area BFI is
made up of a combination of catchment characteristics related to
geology, land use and area. However, the information content of

(a)

each of these characteristics alone is rather low as compared
to BFI, which is highly informative for streamflow drought
duration.

4.2.2. Drought deficit

The average deficit of droughts in discharge (Q_meandef) shows
high correlation (Fig. 3) with variables related to climate (N.GES
and P_meandef) and catchment characteristics (H.MEAN, M.NEIG,
SL.ST, BONU.EIS, BONU.LOS, GEOL.KAL). These variables are not
independent: precipitation generally increases with altitude,
slopes are higher in the Alps, glaciers are present only above
2500 m, and calcareous rocks are found in the northern Alps
(Fig. 1). All these characteristics are finally related to catchment
altitude. To disentangle the effects of climate and altitude we stud-
ied the relation of Q _meandef with mean annual precipitation
(N.GES) and mean elevation (H.MEAN). Both show a positive rela-
tion (Fig. 5a and b). The relation with N.GES was expected; high
average precipitation results in high average discharge and there-
fore a high threshold. Fluctuations around the threshold then
result in high deficit volumes, as can be seen in Fig. 6a, in which
the hydrographs of two catchments in the same cluster are com-
pared. The catchments show similar drought periods but deficit
volumes are different, i.e. the upper (208413) and lower
(209007) catchment have an average discharge of 1.4 and
0.5 mm/d and an average deficit of 4.7 and 1.9 mm, respectively
(Table 3). Hence, catchments with higher mean discharge have
higher deficit volumes. This wetness effect was also concluded in
Section 4.1 and hypothesised in Section 1.

In Section 4.1 the ambiguous relation between N.GES and
H.MEAN was already noted, but with statistical analysis we can

(b)
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Fig. 5. Relation between the average deficit of droughts in discharge (Q_meandef) and (a) mean annual precipitation (N.GES), and (b) average elevation (H.MEAN), and (c) the
relation between N.GES and H.MEAN; colour coded per cluster.
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Brewa and one in the Otz cluster.

Table 6

Linear models tested to explain the average deficit volume of discharge droughts
(Q_meandef), with multiple regression and interaction terms, including their
statistical significance.

Model 1 Model 2 Model 3 Model 4
N.GES 5.54e—10 - <2e-16 <2e-16
) ) ")
H.MEAN - 2.72e—-08 3.64e-11 1.08e—-11
) ) )
Interaction (N.GES, - - - 0.0243 ()
H.MEAN)
Comparing models - - 1.904e-12  0.028516

) )

Signif. codes: 0 “*** 0.001 “** 0.01 ** 0.05 ‘.’ 0.1 *’ 1.

study if there is any additional information in H.MEAN. Linear
regressions models (Table 6) prove that both N.GES and H.MEAN
are important in modelling Q_meandef (models 1-3). The interac-
tion between both is also significant (model 4), but it does not
result in a better model (p =0.029 instead of 1.9e—12). Since a
bimodal distribution is visible between N.GES and H.MEAN
(Fig. 5¢), i.e. in some clusters precipitation does not increase with
altitude, we need a varying slope model to account for the con-
founding effects of altitude and precipitation. We grouped the
catchments in the southern Alps region that have a deviating
relation of precipitation with altitude (Ozt, Hoalp, Gail and Gurk;
Figs. 1 and 5c¢) and fitted a different relation between Q_meandef
and N.GES for this selection and for the remaining catchments.
In Fig. 7 we see a clear effect of HIMEAN on Q_meandef (after
adjusting for precipitation effects). We also tried a model that
differentiates between the southern Alpine catchments and the
rest in terms of H.MEAN, but that did not give satisfactory results
(not shown).

From this analysis we can conclude that, additional to the pre-
cipitation effect mentioned above, the elevation of a catchment
plays a large role in determining the average drought deficit. The
higher the catchment, the larger is the deficit volume. This can

be explained by the stronger seasonality of flows in higher alti-
tudes, i.e. alpine areas have stronger seasonal regimes compared
to lowland areas (Weingartner et al., 2013). Due to snow accumu-
lation in winter and snow melt and glacier melt in summer,
streamflow is concentrated in a short season. This results in sea-
sonally high thresholds and hence high deficit volumes. In the
example in Fig. 6b, the hydrographs of two catchments with simi-
lar deficit volume (on average 16 and 14 mm; see Tables 2 and 3)
show very different drought behaviour. In Brewa severe droughts
can occur in any season and deficit volumes are high because of
the overall high threshold (caused by high precipitation on the
north side of the Alps), whereas in Otz severe droughts only occur
in the summer half year because of zero flows in winter and deficit
volumes are high because of the seasonally high threshold (caused
by concentration of streamflow in a short season in the highest
part of the Alps, Weingartner et al., 2013). According to the hydro-
logical drought typology, the most severe droughts in Brewa are
classical rainfall deficit droughts (Van Loon and Van Lanen, 2012)
and the most severe droughts in Otz are rain-to-snow-season
droughts, snowmelt droughts and glaciermelt droughts (Van Loon
and Van Lanen, 2012; Van Loon et al., 2014). This example under-
lines the fact that precipitation and altitude are different effects in
generating high deficit volumes. The higher the precipitation, the
larger the possible deviations from normal, and therefore the
higher the deficit volumes. And the higher the elevation, the more
the flow is concentrated in a short season and the higher the deficit
volumes.

From this statistical analysis we can conclude that for hydrolog-
ical drought duration catchment storage (various catchment vari-
ables with a combined effect represented by BFI) is dominant
and climate plays a role through the duration of dry spells. For
hydrological drought deficit we found that catchment wetness
(depending on mean annual precipitation) and seasonality of the
regime (depending on elevation) are of equal importance. We did
the same analysis on the maximum and standard deviation of
drought duration and deficit, but that did not change our
conclusions.
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5. Discussion
5.1. Data and methods

In this study, the variable threshold level method was used for
drought analysis. As mentioned before (Section 1) standardised
indices like SPI were not applied because they cannot provide
information on drought deficit volumes. Instead of using a variable
threshold we could also have chosen a fixed threshold, but
the yearly recurring winter low flows in the Alpine catchments
(Section 2) should not be reported as drought because they are
not a deviation from normal conditions (Van Loon and Van
Lanen, 2012; Van Loon, 2013). Anomalies in the high flow season
can be important in water resources management (hydropower
production), so therefore we decided to use a variable threshold
level, as was done previously in many other studies (e.g. Stahl,
2001; Nyabeze, 2004; Hirabayashi et al., 2008; Vidal et al., 2010;
Hannaford et al., 2011; Prudhomme et al., 2011; Van Huijgevoort
et al., 2013; Parry et al., 2012).

Pooling with a 30-days moving average was done to merge
dependent drought events. This pooling allowed us to focus on
the longer-term water shortages. We estimate the effect of the
pooling method on our conclusions to be negligible, because we
performed the same correlation analysis on drought events with-
out pooling and obtained the same results. Also for the non-pooled
drought events catchment storage was most important for drought
duration, whereas mean annual precipitation and elevation played
a major role for drought deficit. The statistical relations were only
slightly weaker.

5.2. Drought duration and deficit

The relation between hydrological drought duration and BFI
(baseflow index) is confirmed in earlier studies (Clausen and
Pearson, 1995; Zaidman et al., 2002; Fendekova and Fendek,
2012; Van Huijgevoort, 2014). In our study we found BFI to be a
proxy for the combination of a number of catchment characteris-
tics indicative of storage. This is in accordance with Peters et al.

(2003), Peters et al. (2005), Bloomfield et al. (2009) and Salinas
et al. (2013). Bloomfield et al. (2009) showed that geology is a
key determinant of BFI. Although other factors play a role as well
(Tetzlaff et al., 2008), it is not possible to say that one parameter
(e.g. a soil index or the catchment area) is responsible for all the
variation in BFI (Bloomfield et al., 2009). The statistical analysis
presented in this paper confirmed that a combination of a high
number of catchment characteristics is needed to obtain the same
effect on drought duration as BFL

The governing factors of drought deficit are investigated in
some studies (Clausen and Pearson, 1995; Kjeldsen et al., 2000;
Van Lanen et al., 2013) and in all of those the deficit was standard-
ised to remove the effect of differences in catchment wetness. So,
although the relationship between drought deficit and mean
annual precipitation was never investigated explicitly, the stan-
dardisation is an indication that mean annual precipitation does
play an important role. We also tested the relation between stand-
ardised deficit and climate and catchment characteristics and
found that the effect of climate was completely removed by the
standardisation and only catchment control (BFI) remained.

5.3. General applicability of the results

Since this research is based on a specific study area, its conclu-
sions might not be valid for other regions. The Greater Alpine
Region was chosen because of, on the one hand, the wealth of
hydrometeorological data and catchment descriptors available
and, on the other hand, the large variability in climate and catch-
ment characteristics.

Within our study region differences in temperature and precip-
itation can be found related to the presence of mountains (decreas-
ing temperature with altitude, increasing precipitation with
altitude except in the rain shadow, and increasing aridity towards
the east), influencing also the accumulation of snow. However,
these differences are relatively minor as almost the entire study
region has a continental climate type and is governed by the
same weather pattern with large scale depressions moving in from
the north-west creating comparable meteorological drought
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conditions. If we would compare this region to a region with a
completely different climate, for example much drier and governed
by multi-year weather patterns like in Australia, then we would
expect differences in drought duration to be more determined by
these differences in climate. However, when comparing catch-
ments within that drier climate region again catchment character-
istics will be dominant in determining hydrological drought
duration. Hence, our results are assumed to be applicable to
regions that are relatively uniform in climate. This reconciles our
results with the hypothesis of Tallaksen and Hisdal (1997) men-
tioned in Section 1, because in that paper the authors are probably
referring to the effects of climate at a larger scale.

The effect of elevation is not purely catchment control,
because it is actually related to mean annual temperature, i.e.
the lower the temperature, the higher the glacier cover and snow
accumulation, the higher the seasonality, the higher the deficit
volume. Because it is related to temperature, the effect of altitude
is different in different climates. For example, in warmer climates
(e.g. in the tropics) the relation with altitude is different since
snow and glaciers generally occur at higher altitudes than in tem-
perate and continental climates. In regions without snow and gla-
ciers this effect of altitude might be totally absent, because the
concentration of streamflow in a short season does not occur
(Weingartner et al., 2013). The effect of temperature also means
that on a cross-section from south to north on the Northern
Hemisphere there might be a relation between drought deficit
and latitude.

Consequently, the conclusion of what is the dominant factor in
determining hydrological drought duration and deficit is highly
dependent on scale. On a global scale, drought duration might be
more related to climate than to catchment control and the effect
of altitude on drought deficit might not be obvious. However, on
the scale that water resources management takes place, namely a
regional to national scale, the climate is assumed to be governed
by the same weather generating mechanism and therefore rela-
tively uniform, while geology, soil, land use and other catchment
characteristics vary more on these smaller scales.

Climate change may lead to non-stationary relationships
between hydrological variables. In this paper, we analysed average
relationships over a standard period as is common for low flow
regionalisation studies. This allows comparison between stations
even in case of weak non-stationarity. An analysis of possible
future changes in the found relationships would be a logical next
step after this research. This would, however, require much longer
records than usually available.

6. Conclusions

Drought analysis and statistical analysis on an extensive
Austrian dataset, combining hydrometeorological data from a high
number of catchments with thematic data on climate and catch-
ment characteristics, prove that hydrological drought duration
and deficit do not have the same governing factors. Hydrological
drought duration is determined by BFI (combining information
on storage in the catchment related to a number of different catch-
ment characteristics) and the duration of dry spells in precipitation
(that increases with increasing aridity). BFI is most important, so
catchment control on drought duration is dominant. Hydrological
drought deficit is determined by mean annual precipitation and
elevation, which both are related to climate control. The additional
effect of elevation is attributed to the concentration of discharge in
a short season (summer) with rainfall, snow melt and glacier melt
in highly seasonal regimes.

This information is relevant for sectors that experience different
drought impacts. Based on their climate and catchment character-
istics catchments can be selected that are more sensitive to severe

drought in terms of drought duration and catchments that are
more sensitive to severe drought in terms of drought deficit.
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