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Abstract

Meteorological droughts like those in summer 2003 or spring 2011 in Europe are ex-
pected to become more frequent in the future. Although the spatial extent of these
drought events was large, not all regions were affected in the same way. Many catch-
ments reacted strongly to the meteorological droughts showing low levels of streamflow5

and groundwater, while others hardly reacted. The extent of the hydrological drought for
specific catchments was also different between these two historical events due to dif-
ferent initial conditions and drought propagation processes. This leads to the important
question of how to detect and quantify the sensitivity of a catchment to meteorological
droughts. To assess this question we designed hydrological model experiments using10

a conceptual rainfall–runoff model. Two drought scenarios were constructed by select-
ing precipitation and temperature observations based on certain criteria: one scenario
was a modest but constant progression of drying based on sorting the years of ob-
servations according to annual precipitation amounts. The other scenario was a more
extreme progression of drying based on selecting months from different years, forming15

a year with the wettest months through to a year with the driest months. Both scenarios
retained the typical intra-annual seasonality for the region. The sensitivity of 24 Swiss
catchments to these scenarios was evaluated by analyzing the simulated discharge
time series and modeled storages. Mean catchment elevation, slope and size were
found to be the main controls on the sensitivity of catchment discharge to precipita-20

tion. Generally, catchments at higher elevation and with steeper slopes seemed to be
less sensitive to meteorological droughts than catchments at lower elevations with less
steep slopes.
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1 Introduction

Meteorological droughts such as the summer drought of 2003 (Rebetez et al., 2006)
or the spring drought of 2011 (Kohn et al., 2014) in Europe caused low water levels in
lakes, rivers and groundwater. Generally, a prolonged lack of precipitation (meteorolog-
ical drought), storage of precipitation as snow or a strong deficit in the climatic water5

balance can propagate through the hydrological system causing soil moisture drought
and hydrological drought (Tallaksen and Van Lanen, 2004; Mishra and Singh, 2010).
The consequences of such droughts are challenging: water use restrictions have to be
applied to, for instance, energy production or irrigation. Water quality can be affected by
faster warming of less than usual water and reduced dilution, which in turn becomes10

an issue for ecology, but also for drinking water supply. Droughts like those in 2003
and 2011 are predicted to become more frequent in the future (Solomon, 2007), which
calls for a better understanding of the reaction of different systems to droughts. Focus-
ing on single processes in one catchment allows for a detailed analysis of processes
occurring or not occurring during a individual drought event (Santos et al., 2007; Trigo15

et al., 2010; Li et al., 2010). However, there are not enough observations of historical
drought events to perform such a detailed analysis for several events and catchments
with resulting detailed links between cause and effect. Historical droughts usually dif-
fer in initial conditions regarding the general preceding wetness and often additionally
different occurrences, which makes a spatial and temporal analysis extremely challeng-20

ing. A meteorological drought can develop into a hydrological drought through different
mechanisms that are controlled by catchment characteristics as well as climate (Eltahir
and Yeh, 1999; Peters et al., 2003; Tallaksen and Van Lanen, 2004; Van Loon and
Van Lanen, 2012): several consecutive meteorological droughts can turn into a com-
bined and prolonged hydrological drought and they can be attenuated by the stor-25

ages of a catchment. Further there is often a varying time lag between meteorological,
soil moisture and hydrological drought that involves both streamflow and groundwater
(Van Loon and Van Lanen, 2012). In addition to a deficit in precipitation, droughts can
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also be caused by temporary storage of water as ice or snow (Van Loon et al., 2010).
This diversity is reflected in the observed droughts, where not every region and catch-
ment was affected similarly in severity and manner. Based on the different drought gen-
erating mechanisms, Van Loon et al. (2010) developed a general hydrological drought
typology and distinguished between six different drought types that include the type5

of precipitation and air temperature conditions preceding the drought (classical rainfall
deficit drought, rain-to-snow-season drought, wet-to-dry-season drought, cold-snow-
season drought, warm-snow-season drought, and composite drought).

Previous studies looked at historical droughts and tried to link the occurrence and
temporal development of a drought with climate and catchment characteristics such10

as, for instance, topography or geology (e.g. Stahl and Demuth, 1999; Zaidman et al.,
2002; Fleig et al., 2006). Stahl and Demuth (1999) found that spatial and temporal
variability of streamflow drought was influenced by the geographical and topographi-
cal location and the underlying geology. Periods of prolonged streamflow drought were
found to be caused by the persistent occurrence of specific circulation patterns, how-15

ever no clear link between temporal streamflow drought development and observed
climatic drought was found.

Many studies have used scenarios to estimate the impact of climate change on
streamflow in general and some that focus on droughts in particular (e.g. Wetherald
and Manabe, 1999, 2002; Wang, 2005; Lehner et al., 2006). The usual approach is to20

use simulations of general circulation models or regional climate models (GCM/RCM)
with plausible scenarios of greenhouse gas emissions to drive hydrological models.
However, there are large uncertainties connected to the GCM and RCM simulations
and the choice of bias correction method (Teutschbein and Seibert, 2012, 2013), and
the range of resulting impacts is accordingly high. Wilby and Harris (2006) used differ-25

ent GCMs, emission scenarios, downscaling techniques and hydrological model ver-
sions to assess uncertainties in climate change impacts and found that the resulting
cumulative distribution functions of low flow for the river Thames were most sensitive
to uncertainties in climate change scenarios and downscaling. Instead of dealing with
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these large uncertainties, here we focus on systematic changes. Thus, scenarios that
exclude the large sources of uncertainty (climate change scenarios and downscaling)
are needed to investigate the different reactions of catchments to droughts.

In this study we address how sensitive different catchments are to meteorological
droughts and whether this sensitivity can be linked to a specific type of catchment, clas-5

sified by catchment characteristics. We aim to answer these questions using a model-
ing experiment with two different scenarios of increasingly drier meteorological condi-
tions, based on observations.

2 Methods and data

2.1 Data10

We selected 24 Swiss catchments, which vary in size, mean catchment elevation, land
cover and geology (Table 1). To investigate the main natural underlying processes,
only catchments with minor anthropogenic influence were selected, i.e. no catchments
with dams, major water extractions or inflow of sewage treatment plants. Additionally,
the catchments have, if any, minimal glacier influence and have discharge stations of15

satisfactory precision during low flow. Daily discharge observations were provided by
FOEN (2013a). Gridded temperature [◦C] and precipitation [mm] data (Frei, 2013) avail-
able for Switzerland (MeteoSwiss, 2013) were averaged over each catchment and then
used to force the hydrological model. The observation period for discharge data used
in this study extended from 1993 to 2012, for the meteorological data from 1975 to20

2012. Size, mean catchment elevation, forested land cover, and slope were extracted
from the digital elevation map of Switzerland (25 m resolution). A hydrogeological pro-
ductivity number, which is a measure of hydraulic conductivity and thickness of the
aquifer, was derived from the vulnerability map of Switzerland (Spreafico et al., 1992):
first, features of the aquifers were classified as productivity: high, variable, low, zero.25
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We assigned a numeric value to each of these productivity classes and computed an
area-weighted mean.

2.2 HBV modeling experiment

For the modeling experiment we used the semi-distributed conceptual HBV model
(Bergström , 1995; Lindström et al., 1997) with the version HBV light (Seibert and5

Vis, 2012). In this study the catchments were separated into elevation zones of 100 m.
The model uses different routines (Fig. 1) to simulate catchment discharge based on
time series of daily precipitation and air temperature as well as estimates of long-term
monthly potential evapotranspiration. The routines in HBV include the following:

– Snow routine: snow accumulation and melt are computed by a degree-day10

method including snow water holding capacity as well as potential refreezing of
melt water.

– Soil routine: groundwater recharge and actual evaporation are simulated as func-
tions of the actual water storage in the soil box. The soil moisture storage is called
SM.15

– Response routine: runoff is computed as a function of water storage in an upper
and a lower groundwater box. The groundwater storage (GW) from both ground-
water boxes was summed.

– Routing routine: a triangular weighting function routes the runoff to the outlet of
the catchment.20

Detailed descriptions of the model can be found elsewhere (Bergström , 1995; Lind-
ström et al., 1997; Seibert, 1999). The HBV-light model was calibrated automatically for
each of the catchments over the period 1993 to 2012 using a genetic optimization algo-
rithm with subsequent steepest gradient tuning (Seibert, 2000). Parameter uncertainty
was addressed by performing 100 calibration trials, which resulted in 100 optimized25
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parameter sets according to a combination of Nash Sutcliffe model efficiency and vol-
ume error (FLS, Eq. 1, Lindström et al., 1997), where the weighting factor for the latter
was set to 0.1, as recommended by Lindström et al. (1997) and Lindström (1997). FLS
ranges between minus infinity for poor fits and 1 for a perfect fit,

FLS = 1−
∑

(Qobs −Qsim)2∑
(Qobs −Qobs)2

−0.1

∑
|(Qobs −Qsim)|∑

Qobs
. (1)5

One simulation was run for each of the parameter sets over the entire meteorological
observation period and the simulation results of this ensemble of the 100 selected
parameter sets were averaged at each time step to derive the reference simulation.
The same procedure was performed for the scenarios.10

2.3 Scenario construction

Two precipitation time series were constructed as hypothetical scenarios, over the pe-
riod 1975 to 2012, with progressively drying conditions:

– Scenario with sorted years (SoYe): all years over the meteorological observation
period were sorted from the wettest to the driest year according to the total annual15

precipitation. Thus, a scenario of modest but continuous progression of drying
was constructed.

– Scenario with sorted months (SoMo): for this scenario we shuffled the individual
months, with the wettest January together with the wettest February, and so on
forming the first year. The second wettest individual calendar months composed20

the second year. With this approach a scenario was created with a continuous
progression of drying in a more extreme manner than SoYe, but still keeping the
natural seasonality.

The daily air temperature matching the precipitation from the original time series was
re-arranged in parallel to the precipitation scenarios.25
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2.4 Relative change to long-term conditions

First, we looked at the relative change of each scenario year, xi , to the long-term mean
of the reference simulation, x.

∆x =
xi
x

(2)
5

where x stands for the variable of interest, and i the year. ∆x was calculated for simu-
lated runoff (Qsim), simulated soil moisture storage (SM), and the combined simulated
upper and lower groundwater storages (GW = SUZ+SLZ) (Fig. 1) (Eq. 2). Secondly, to
assess the catchment sensitivity to the progression of drying we calculated the inter-
quartile range (IQR) of ∆x.IQR represents the variability during the drying phase and10

since the scenarios force progressive drying over the course of the years, IQR can be
seen as a measure of sensitivity to droughts: the smaller the value of IQR, the less sen-
sitive a catchment is to droughts, and the higher the value of IQR, the more sensitive
a catchment is to droughts. This sensitivity of course results from both the local climate
variability and modification by specific catchment characteristics. Since the construc-15

tion of the scenarios was based on annual and monthly precipitation differences, we
accounted for the relative influence of the inter-annual variability of precipitation in each
catchment on the scenario. For each year the ratio between mean annual precipitation
P and long-term mean annual precipitation P was calculated (Fig. 2). This precipi-
tation ratio was used in the further analysis to account for the potential influence of20

the inter-annual precipitation variability to enable a comparison between the different
catchments. To minimize the influence of the local precipitation variability each IQR was
divided by the inter-quartile range of these precipitation ratios (Eq. 3). The so modified
IQR is referred to as Irel.

Irel =
∆x75 −∆x25

P
P 75

− P
P 25

(3)25

7666

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/11/7659/2014/hessd-11-7659-2014-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/11/7659/2014/hessd-11-7659-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
11, 7659–7688, 2014

Sensitivity of
catchments to

droughts

M. Staudinger et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

where ∆x75 is the 75th percentile of ∆x and ∆x25 the 25th percentile of ∆x. Even
though this Irel includes both wet and dry years, it gives an overall impression of the re-
action of a catchment to the progression of drying. We also compared the extreme end
of each scenario (driest year of both scenarios) with the long-term mean to account
for drought more specifically. The extreme end of each scenario was additionally com-5

pared to the driest year from the reference simulation in order to determine in which
seasons the strongest effect of drying was found. Further, to find catchment controls on
the sensitivity of catchments to droughts, we analyzed the correlations between specific
catchment characteristics (Table 1) and sensitivities. The correlations were calculated
using the Spearman rank correlation to detect rank correlations between catchment10

characteristics and sensitivities. The significance of the correlations was evaluated us-
ing the p value of the distributions, where correlations with a p value of < 0.05 are
considered significant.

To target drought characteristics more specifically, we counted the days per year that
exceeded the 90th streamflow percentile (Q90) of the respective reference simulation.15

Q90 is a commonly used threshold value to define hydrological drought periods. Again,
we calculated a relative change (Eq. 2), here with the exceedance days of Q90 as x.
Other indices describing the influence of the progression of drying at its extreme dry
end, are the ratios of the mean of the driest year of each scenario and the long-term
mean (∆QDriest SoYe for scenario SoYe; ∆QDriest SoMo for scenario SoMo). The smaller20

these indices are, the more sensitive the respective catchments are to droughts.
Further, we studied the summer of 2003 as one of the historical droughts that falls in

the observation period of this study in another simulation experiment making use of the
scenario SoMo. Here, we used the last years of the scenario SoMo up to the end of May
followed by the actual series of summer 2003 starting from 1 June. In this way for each25

catchment we simulated how much more the catchment would have been affected if the
preceding months to the 2003 drought event would have been drier than in the actual
observation. For all catchments a further index was calculated describing the sensitivity
of the catchments to drier initial conditions and thus also to droughts by dividing the
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mean of the SoMo scenario based simulation with the drier initial conditions for the
summer months of 2003 (June–August) by the mean of the reference simulation for the
same months. This index was called ∆Q2003 for Qsim, ∆SM2003 for SM, and ∆GW2003
for GW. The smaller these indices are, the less sensitive the respective catchments are
to droughts.5

3 Results

3.1 Inter-annual variation

All catchments could be calibrated satisfactorily with median FLS values (Eq. 1) ranging
between 0.73 and 0.92 (Table 1). The relative change of the different variables clearly
indicated a progression of drying of streamflow as well as of the storages, where the10

relative change of the continuous drying for all catchments was smallest for SM for both
scenarios (Fig. 3). The SoMo scenario generally resulted in stronger responses to the
drying and the relative changes specific for the different catchments became more
pronounced than in scenario SoYe. For the catchments located at higher elevations,
larger ∆Qsim

values were found for values greater than one (wetter conditions than the15

longterm mean) compared to lower elevation catchments. During drier conditions than
the long-term mean, the ∆Qsim

values of the catchments with higher elevations were
smaller compared to lower elevation catchments. The same can also be seen for ∆GW
where the change from wetter (above 1) to drier (below 1) relative to the longterm GW
mean shows more variability between the catchments than for ∆Qsim

(Fig. 3).20

The general behavior was shown using four catchments as examples comparing the
long-term mean and the driest year of the reference simulation (Fig. 4). Scenario SoYe
resulted, most of the time, in streamflow values below the long-term mean. However,
the scenario did not always result in lower streamflow values compared to the long-
term mean, but had rather seasons with pronounced lower flows: this was the case25

in fall/winter as well as in summer, where the hydrograph of the SoYe scenario falls
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entirely below the long-term mean for the pluvial Mentue catchment. For the nival catch-
ments (Ilfis, Sitter, Emme) the hydrograph from SoYe was below the long-term mean
streamflow during the spring flood as well as during late summer. However, the differ-
ence between long-term mean streamflow and the streamflow from scenario SoYe var-
ied remarkably between the catchments although the timing of the pronounced lower5

flows appeared to occur simultaneously. The overall difference between the long-term
mean and the scenario SoYe, which can be seen in the cumulative sums, confirms this
variation between the catchments and thus their sensitivity to the continuous drying
(Fig. 4). The difference between the last year SoYe and the driest year of the reference
simulation resulted from the different initial conditions given by the preceding summer10

and was very small. The driest year of scenario SoMo resulted always in streamflow
values below the long-term mean as well as below the driest year of the reference sim-
ulation and of the SoYe scenario for all catchments. For the pluvial Mentue catchment
discharge nearly diminished for the driest year of the scenario. For the catchments
with some snow influence there are periods of higher streamflow in spring and sum-15

mer, however with a very reduced spring flood as compared to the SoYe scenario or the
longterm mean. For the scenario SoMo, the cumulative sums show that the annual dif-
ference between long-term mean and the scenario varies for the different catchments.

3.2 Low flow frequency

The relative difference of the frequency of days that were exceeding the Q90 threshold20

was small for the SoYe scenario (Fig. 3). Even though over the course of the years
a slight decrease of days exceeding the threshold could be noticed, there were still
years at the end of the scenario that had longer durations of exceeding days than
the longterm mean. Note, that the upper boundary is given by the constant days that
are exceeding Q90 per year and the maximum days per year. For the SoMo scenario,25

however, there is a strong decrease in days exceeding the Q90 threshold with the pro-
gression of drying. In this scenario a difference between the catchments also became
apparent: in the relatively wetter years, the lower elevation catchments already start to
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have less days above the threshold, i.e. are more vulnerable to droughts. In the medium
dry years of the scenario the higher elevation catchments also show less days above
the threshold compared to the long-term mean. The highest elevation catchments fol-
low in even drier years of the scenario to show less days above the threshold compared
to the long-term mean. In comparison to scenario SoYe, in scenario SoMo, the highest5

elevation catchments show a clear decrease in days above the Q90 threshold at the dry
end of the scenario.

The historical drought event of the summer 2003 and how it would have changed
with different initial conditions for the different catchments is shown for the four example
catchments (Fig. 5). While for the Mentue, Ilfis and Sitter catchments the influence of10

the drier initial conditions can be seen relatively long into the summer months, for the
Emme catchment, this memory is comparably short. However, looking at the storages
SM and GW for the reference simulation as well as the simulation with drier initial
conditions shows that the causes for longer or shorter influence are not the same for
the different catchments: the important storage for the effect of the initial conditions15

for Mentue and Ilfis is composed of both storages, while for the Sitter and the Emme
catchments SM seems to be stronger and important for longer than GW.

3.3 Importance of catchment characteristics

The comparison of the Irel values, as a measure of sensitivity to droughts, with simple
catchment characteristics showed, for Qsim, significant correlation between the Irel val-20

ues and catchment mean elevation, size and slope, respectively (Fig. 6). Mean catch-
ment elevation and drought sensitivity were correlated with higher mean catchment el-
evations related to lower drought sensitivities. Steeper slopes are also related to lower
drought sensitivities. Even though there was a significant correlation between mean
catchment elevation and slope, the highest elevation catchments do not always have25

the steepest slopes. Hence, it makes sense to look at both slope and mean catchment
elevation individually. For SM the IQR values were significantly correlated with size and
slope, while for GW the IQR values were correlated with mean catchment elevation and
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slope. The variables describing hydrogeology as well as land cover had no significant
influence on the sensitivity of the catchments studied to droughts.

A summary of all indices can be found in Table 2. The drought targeting indices (IQR
of days above the threshold Q90, ∆QDriest SoYe, ∆QDriest SoMo, and changes of summer
2003 with drier initial conditions ∆Q2003, ∆SM2003 and ∆GW2003) could also be related5

to the catchment characteristics (Fig. 7); most of them were correlated with size, el-
evation or slope of the catchment: IQR of days above the threshold, Q90 as well as
∆Q2003, were significantly correlated with size and slope of the catchment. The ratios
of the driest years of the two scenarios ∆QDriest SoYe and ∆QDriest SoMo were significantly
correlated with size and elevation, respectively. ∆SM2003 was correlated with mean el-10

evation, slope and size of the catchment.

4 Discussion

In the analysis of the simulations from the scenarios, which clearly depend on the inter-
annual variability of precipitation for each catchment, we removed the effect of precipi-
tation variability by dividing the IQR values by the inter-quartile range of the precipita-15

tion ratio. Following many studies that document the sensitivity of streamflow to climate
and climate change, Schaake et al. (1990), Dooge (1992), and Sankarasubramanian
et al. (2001) introduced and applied the so called streamflow elasticity, which describes
the sensitivity of streamflow to precipitation. The streamflow elasticity was developed
as a robust, unbiased approach that on average and over many applications might20

discern the true sensitivity of streamflow to climate (Sankarasubramanian et al., 2001).
Similar to our approach, the streamflow elasticity is calculated by taking annual stream-
flow and precipitation into account (Sawicz et al., 2011). For the comparability of the
sensitivity to the drying in our approach instead we ensured that the streamflow elas-
ticity did not influence the results of the scenario simulations in a manner that would25

make it impossible to see any influence due to specific catchment characteristics other
than precipitation.
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The scenarios were constructed by applying sorted annual or monthly precipitation,
while air temperature was not considered explicitly. For example Null et al. (2010) con-
sidered air temperature and analyzed streamflow and particular low flow sensitivities
to climate change by using scenarios with increased temperatures, but constant pre-
cipitation for mountain catchments. However, the results of previous case studies con-5

sidering total streamflow response to changes in precipitation and temperature indi-
cated that future total streamflow is more sensitive to precipitation than to temperature
(Lettenmaier et al., 1999; Nijssen et al., 2001).

Another issue related to the construction of our scenarios is that the preceding wet-
ness of the season was not considered while sorting. This could lead to actual drier10

or wetter initial conditions for the following year than indicated by the annual sum, par-
ticularly for the SoYe scenario. We tried to minimize this effect by using hydrological
years starting on 1 October, and not calendar years. Still, there could have been a dry
summer in an otherwise relatively wet year which then serves as initial conditions for
the following year. However the effect should be low compared to a start in winter with,15

for instance, a large snow cover at the end of an otherwise dry year.
We looked at the effects of the continuous progression of drying on the different

catchments and found that, in general, even modest drying led to a continuous reduc-
tion of streamflow, soil moisture and groundwater storage on the one hand and on the
other hand the moderate scenario already revealed catchments that were more sensi-20

tive to droughts than others. With the more extreme scenario the picture became even
clearer. However, for the drought characteristic duration of days above the Q90 thresh-
old, an effect was only visible after applying the more extreme scenario. The driest year
of the moderate scenario showed seasons with lower than the long-term mean stream-
flow values, that differed for catchments with different streamflow regimes. As soon25

as the snow component needed to be considered, instead of a long dry summer and
fall, there were again higher streamflow values visible in late summer. This could be
explained by a filling of the storages in spring with snow melt water, that kept the stor-
ages at a higher level than would be possible if only rainfed (at least in the temperate
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humid climate of Switzerland). Further differences between the catchments with ni-
val regimes have then to be accounted for by different storage release characteristics.
This could be confirmed by the analysis of the historical drought in the summer of 2003
compared to a scenario with drier initial conditions since the storages for the different
catchments contributed in different proportions to the reduced streamflow under drier5

initial conditions.
Comparing the drought sensitivities to catchment characteristics revealed that for

both streamflow (Irel) as well as duration of days above the Q90 threshold mean catch-
ment elevation, size and slope were the main controls. Kroll et al. (2004), who tested
different catchment characteristics as to their suitability to improve the regionalization10

of low flows in the US, found that signatures describing hydrogeology, slope and size
and also elevation were important. However, while size was an important predictor for
almost every region they investigated, elevation improved low flow prediction only in
a few regions of the US. For soil moisture storage only size and slope control drought
sensitivity and for groundwater storage only elevation and slope control drought sen-15

sitivity. This means that the variability of the storages is not controlled by the same
catchment characteristics as the resulting streamflow. However, streamflow as it in-
tegrates the catchment processes, showed all the controls of the storages. The fact
that mean catchment elevation is important for drought sensitivity in streamflow can
be partly explained by snow in higher elevations. Other reasons like greater storages20

in higher elevation catchments are indicated by the relationship between groundwater
storage and mean catchment elevation.

The catchment characteristic hydrogeology could be expected to be correlated to
a storage dependent drought sensitivity (Stahl and Demuth, 1999; Kroll et al., 2004),
however we could not find any relationship. It could be that the hydrogeological pro-25

ductivity number was not an appropriate measure for storage and release. It could also
be that the other controls dominated and hence secondary effects like geology or land-
use, which are also very diverse and show a high variability among the catchments,
did not show any correlation.
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The results that are derived from the modeling experiment contain potential sources
of uncertainty, i.e. mainly the choice of the hydrological model and its associated struc-
ture and parametrization. The uncertainty from the model parametrization was ad-
dressed by an ensemble approach, which generated a more robust simulation than
would have been the case for single “best” parametrization. Concerning the model5

structure we can assume that the main indication of the results of the streamflow sim-
ulation should be similar for different conceptual hydrological models, whereas we can
expect some differences in the simulated storages.

Clearly it must be stated that the scenarios that were used did not aim to be real-
istic. For instance, the precipitation in the scenarios decreased intentionally over the10

course of the years, which causes unnatural autocorrelations. Other studies that use,
e.g. GCM output extreme climate change scenarios for climate impact studies, keep
the natural variation of precipitation from year to year (e.g. Miller et al., 2003; Burke
et al., 2006). Instead the scenarios in this study were constructed to get an idea of
how strongly a catchment would react to a moderate and to an extreme progression15

of drying in comparison with a sample of other catchments from the temperate humid
climate of Switzerland. The scenarios were also derived in order to better understand
how strongly initial conditions affect hydrological droughts, and were appropriately con-
structed for this purpose.

As a next step it would be interesting to perform an analysis similar to the one in this20

study for other regions as well as to find a system of general drivers that make a specific
catchments vulnerable to droughts or not. A ranking for the different catchments that
could help drought managers as a starting point to decide on which catchments are
more vulnerable to droughts can easily be derived from our results. In addition to the
scenarios used in this study, there is also the possibility to construct scenarios that have25

time fractions for sorting that are in between the yearly and the monthly construction of
this study, for example, scenarios using half a year, a quarter of a year or two months.
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5 Conclusions

This study demonstrates that hypothetical scenarios can be used to evaluate the sen-
sitivity of catchments to droughts. The reaction of streamflow as well as soil moisture
and groundwater storages to a continuous progression of drying was analyzed both
in general as well as focused on drought characteristics and on one historical drought5

event. Our analysis showed that mean catchment elevation, size and slope were the
main controls on the sensitivity of the catchments to drought. The results suggest that
higher elevation catchments with steeper slopes were less sensitive to droughts than
lower elevation catchments with less steep slopes. The soil moisture storage was sig-
nificantly correlated to catchment size, where we found smaller catchments to be less10

sensitive to droughts than larger catchments. We did not find a clear connection be-
tween drought sensitivity and hydrogeology. Generally, for water resource management
it is important to look at both streamflow sensitivity and storage sensitivity to droughts.
With our model-based approach the sensitivity of both can be easily estimated. This
approach can serve as a starting point for water resources managers to understand15

the vulnerability of their catchments.
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Table 1. Catchment characteristics (FOEN, 2013b) and calibration results; the catchments are
sorted by mean catchment elevation. FLS is the model efficiency (Eq. 1).

Number River Area Mean elevation Regime type Productivity∗ Forest Range FLS

[km2] [m. a.s.l.] [–] [–] [%] [–]

1 Aach 48.5 480 pluvial 0.35 0.33 0.79–0.82
2 Ergolz 261 590 pluvial 0.37 0.41 0.84–0.86
3 Aa 55.6 638 pluvial 0.24 0.22 0.82–0.84
4 Murg 78.9 650 pluvial 0.28 0.31 0.81–0.83
5 Mentue 105 679 pluvial 0.15 0.28 0.79–0.82
6 Broye 392 710 pluvial 0.23 0.25 0.80–0.81
7 Langeten 59.9 766 pluvial 0.35 0.19 0.70–0.74
8 Rietholz 3.3 795 pluvial 0.25 0.21 0.72–0.74
9 Goldach 49.8 833 pluvial 0.11 0.31 0.82–0.83

10 Guerbe 117 873 pluvial 0.30 0.33 0.78–0.80
11 Biber 31.9 1009 pluvial 0.22 0.41 0.82–0.84
12 Kleine Emme 477 1050 nivo-pluvial 0.21 0.35 0.82–0.82
13 Ilfis 188 1051 nivo-pluvial 0.24 0.46 0.78–0.81
14 Sense 352 1068 pluvio-nival 0.23 0.33 0.77–0.79
15 Alp 46.6 1155 nivo-pluvial 0.22 0.45 0.76–0.78
16 Emme 124 1189 nival 0.17 0.32 0.74–0.78
17 Sitter 261 1252 nival 0.31 0.22 0.73–0.74
18 Erlenbach 0.64 1300 nivo-pluvial 0.05 0.60 0.75–0.77
19 Luempenen 0.93 1318 nivo-pluvial 0.50 0.35 0.76–0.77
20 Grande Eau 132 1560 nival 0.20 0.33 0.79–0.81
21 Schaechen 109 1717 nival 0.28 0.16 0.90–0.92
22 Allenbach 28.8 1856 nivo-glaciaire 0.12 0.13 0.73–0.76
23 Riale di Calneggia 24 1996 nivo-pluvial 0.26 0.07 0.80–0.82
24 Dischma 43.3 2372 glacio-nival 0.25 0.02 0.77–0.81

∗ Values of area-weighted catchment average assigned to hydrogeological productivity classes: not=0; little=0.25; variable=0.5;
productive=1.
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Table 2. Drought indicators for all catchments. Note that for all indicators the smaller the value
the less sensitive the catchment is to drying, and the smaller the values of ∆QDriest SoYe and
∆QDriest SoMo, the more sensitive the catchment is to drying.

Catchment Irel Qsim
Irel SM Irel GW IQRQ90

∆Q2003 ∆SM2003 ∆GW2003 ∆QDriest SoYe ∆QDriest SoMo

Aach 1.701 0.436 1.499 0.154 0.024 0.510 0.025 0.586 0.022
Ergolz 1.802 0.471 1.588 0.236 0.026 0.314 0.037 0.526 0.020
Aa 1.653 0.493 1.338 0.199 0.015 0.364 0.121 0.745 0.026
Murg 1.558 0.462 1.507 0.207 0.028 0.496 0.031 0.634 0.032
Mentue 1.772 0.521 1.487 0.373 0.037 0.351 0.046 0.353 0.014
Broye 1.675 0.485 1.360 0.386 0.021 0.492 0.036 0.365 0.019
Langeten 1.706 0.515 1.503 0.803 0.057 0.449 0.069 0.532 0.056
Rietholz 1.668 0.198 1.483 0.207 0.001 0.281 0.001 0.596 0.003
Guerbe 1.644 0.488 1.369 0.309 0.022 0.440 0.028 0.604 0.053
Biber 1.516 0.347 1.077 0.143 0.009 0.348 0.018 0.778 0.038
Kleine Emme 1.477 0.397 0.245 0.178 0.045 0.465 0.943 0.617 0.086
Ilfis 1.695 0.446 1.465 0.240 0.193 0.582 0.276 0.568 0.059
Sense 1.572 0.498 1.328 0.208 0.026 0.473 0.043 0.565 0.056
Alp 1.350 0.213 0.861 0.117 0.004 0.288 0.009 0.744 0.055
Emme 1.561 0.357 1.133 0.113 0.272 0.716 0.377 0.643 0.057
Sitter 1.706 0.608 1.392 0.154 0.161 0.477 0.219 0.628 0.048
Erlenbach 1.303 0.211 0.476 0.099 0.006 0.303 0.294 0.744 0.069
Luempenen 1.346 0.280 0.467 0.155 0.017 0.423 0.361 0.768 0.067
Grande Eau 1.522 0.457 0.626 0.376 0.058 0.431 0.687 0.514 0.136
Schaechen 1.417 0.382 1.181 0.146 0.004 0.331 0.006 0.704 0.118
Allenbach 1.480 0.334 1.350 0.105 0.007 0.420 0.008 0.632 0.068
Riale di Calneggia 1.279 0.275 1.005 0.193 0.005 0.382 0.011 0.567 0.012
Ova da Cluozza 1.468 0.587 1.267 0.256 0.048 0.139 0.091 0.465 0.019
Dischma 1.270 0.370 1.196 0.105 0.008 0.055 0.008 0.804 0.110
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Figure 3. Relative change of Qsim, SM and GW and the Q90 exceedance days for the two
scenarios to the longterm reference for all catchments. Each color stands for one catchment
number (Table 1), where the greener colors indicate catchments at lower mean elevation and
the more brownish colors were used for catchments at higher mean elevation.
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19

Figure 4. Qsim and cumulated Qsim for long-term mean, driest year of the reference simulation
as well as the driest years of the two scenarios for four example catchments.
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Fig. 5. Simulation (median of 100 simulations) of the summer drought 2003, original and with drier initial

conditions (IC).
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Figure 5. Simulation (median of 100 simulations) of the summer drought 2003, original and
with drier initial conditions (IC).
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Fig. 6. Irel for Qsim, SM , and GW compared to simple catchment characteristics. The orange background

indicates a significant correlation (5% level) between the respective Irel and catchment characteristic.
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Figure 6. Irel for Qsim, SM, and GW compared to simple catchment characteristics. The or-
ange background indicates a significant correlation (5 % level) between the respective Irel and
catchment characteristic.
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Fig. 7. Indicators to drought sensitivity: days above the threshold Q90, ∆QDriestSoY e, ∆QDriestSoMo, and

changes of summer 2003 with drier initial conditions ∆Q2003, ∆SM2003 and ∆GW2003 compared to simple

catchment characteristics. The orange background indicates a significant correlation (5% level) between the

respective indicator and catchment characteristic.
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Figure 7. Indicators to drought sensitivity: days above the threshold Q90, ∆QDriest SoYe,
∆QDriest SoMo, and changes of summer 2003 with drier initial conditions ∆Q2003, ∆SM2003 and
∆GW2003 compared to simple catchment characteristics. The orange background indicates
a significant correlation (5 % level) between the respective indicator and catchment charac-
teristic.
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