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Abstract

The objective of this paper is to present a new strategy for assessing climate impacts on
low flows and droughts. The strategy is termed a three-pillar approach as it combines
different sources of information. The first pillar, trend extrapolation, exploits the tempo-
ral patterns of observed low flows and extends them into the future. The second pillar,5

rainfall–runoff projections uses precipitation and temperature scenarios from climate
models as an input to rainfall–runoff models to project future low flows. The third pillar,
stochastic projections, exploits the temporal patterns of observed precipitation and air
temperature and extends them into the future to drive rainfall–runoff projections. These
pieces of information are combined by expert judgement based on a synoptic view of10

data and model outputs, taking the respective uncertainties of the methods into ac-
count. The viability of the approach is demonstrated for four example catchments from
Austria that represent typical climate conditions in Central Europe. The projections dif-
fer in terms of their signs and magnitudes. The degree to which the methods agree
depends on the regional climate and the dominant low flow seasonality. In the Alpine15

region where winter low flows dominate, trend projections and climate scenarios yield
consistent projections of increasing low flows, although of different magnitudes. In the
region north of the Alps, consistently small changes are projected by all methods. In the
regions in the South and Southeast, more pronounced and mostly decreasing trends
are projected but there is disagreement in the magnitudes of the projected changes.20

These results suggest that conclusions drawn from only one pillar of information would
be highly uncertain. The three-pillar approach offers a systematic framework of com-
bining different sources of information aiming at more robust projections than obtained
from each pillar alone.
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1 Introduction

Streamflow regimes are changing around the world due to human intervention. Low
flows are often particularly affected. Direct human impacts such as abstractions or
storage effects are not quite easy to quantify. Forecasts of the impacts of a changing
climate are even more difficult (Blöschl and Montanari, 2010). Yet, the quantification of5

future water resources is a key requirement for water management. An increasing num-
ber of studies has therefore been conducted in recent years to assess climate change
impacts on low flows and streamflow droughts. From a modelling perspective, and also
from a systemic one, these studies fall into two groups of approaches (Sivapalan et al.,
2003).10

The first group of studies assesses climate impacts from observed streamflow
records. This is sometimes termed a data-driven or downward approach. As discussed
in Sivapalan et al. (2003) the defining feature of the downward approach to hydrologic
modelling is the attempt of predicting catchment functioning based on an interpreta-
tion of the observed response of the catchment. The approach provides a systematic15

framework of learning from data, including the testing of hypotheses at every step of
analysis. In the context of hydrological change and low flows, the downward approach
usually involves statistical trend analyses of observed low flow characteristics such as
the annual minima. There has been a considerable number of low flow trend stud-
ies across Europe and around the world, including Giuntoli et al. (2013) for France,20

Hannaford and Buys (2012) for UK, Wilson et al. (2010) in Nordic Countries, Lorenzo-
Lacruz et al. (2012) for the Iberian peninsula, and Lins and Slack (1999) and Douglas
et al. (2000) for the US. Trend testing is usually performed on a station-by-station basis.
Often, the studies are therefore not fully conclusive at the larger scale of climate pro-
cesses. Only a few studies tested trends in a regional context, using field significance25

statistics or block-bootstrapping procedures (e.g. Renard et al., 2008; Wilson et al.,
2010), while other studies interpret trend patterns rather than significance levels which
avoids assumptions of spatial correlations but makes the results less comparable with
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other studies (e.g. Stahl et al., 2010). An important step in the downward approach is
the interpretation of detected trends in order to gain an understanding of the processes
giving rise to observed changes. At least some interpretation of low flow trends in the
context of climate variables is usually performed, either relative to observed changes
or to projected changes. Most studies, however, perform trend interpretations in the5

sense of a plausibility control rather than in a deductive way, therefore not exploiting
the full potential of the downward approach.

The second group of studies simulates future changes from climate scenarios. From
a systemic perspective, this may be termed a mechanistic or upward approach, as
physically-based models are used to generate climate projections. When the focus10

is on river flows, model cascades of atmospheric-land surface-catchment models are
usually employed. General Circulation Models (GCMs) simulate the climate system’s
future response to emission scenarios and other human activities that affect the cli-
mate system. The GCM outputs are then downscaled to the scale of the catchment of
interest, and the resulting projections of climate variables such as precipitation and air15

temperature are used as inputs of a hydrological model to project streamflow. Appli-
cations of the upward approach to streamflow projections are numerous, but relatively
few of these studies focus on low flows. These few examples include large river basin
studies such as De Wit et al. (2007) for the Meuse, Hurkmans et al. (2010) for the
Rhine, and Majone et al. (2012) for the Gállego river in Spain. All of these studies20

used distributed or gridded hydrological models to simulate the projected response of
the entire basin. Similar to the downward approach, regional studies are rare. Large
national studies include Wong et al. (2011) for Norway, Prudhomme et al. (2012) for
Britain, Chauveau et al. (2013) for France, and Blöschl et al. (2011) for Austria. These
studies make use of readily available regionalised rainfall–runoff models developed in25

prior studies to assess regional patterns of low flow indices. Often, these models are
not specifically parameterised for low flows, and therefore associated with higher un-
certainty. An alternative approach consists of using global hydrological models instead
of regionalised rainfall–runoff models at the end of the model cascade (Prudhomme
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et al., 2014). Global models make it easier to understand large-scale changes but the
projections are coarser with respect to both spatial scale and the degree of process
realism.

Both approaches have their strengths and weaknesses (see Hall et al., 2014) for
a comparison of the two methods in the context of floods). The downward approach5

is the method with a minimum number of assumptions, since it is directly based on
observations. If the data are reliable, recent changes of the low flow regime can be
related to a changing climate. Recent changes in air temperature have been quite
consistent over time in many parts of the world. In the European Alps, for example,
the increase in air temperature since 1980 has been about 0.5 ◦C decade−1 with little10

variation between the decades (Böhm et al., 2001; Auer et al., 2007). If one assumes
that air temperature is the main driver of low flows and air temperature changes will
persist into the near future in the same way as in the past, one can also assume that
observed low flow changes can be extrapolated into the near future. Of course, such
an extrapolation hinges on the realism of the assumptions and is likely to be applicable15

only to a limited time horizon. Also, reliable runoff data over the past five decades
are needed. In its own right, such low flow extrapolations may therefore not be very
conclusive in terms of future low flow changes.

The alternative, upward approach exploits information from global and regional cli-
mate models to project future low flows as a consequence of climate change. An advan-20

tage of GCMs is their process basis and their ability to perform multiple simulation ex-
periments for different greenhouse gas emissions scenarios or shared socio-economic
pathways. These simulations can be useful for gaining an understanding of the major
controls of climate variables and the range of possible projections. However, their spa-
tial resolution is rather coarse (e.g. 10 km for the dynamically downscaled reclip:century25

simulations used in this study), so small-scale climate features, such as cloud forma-
tion and rainfall generation, cannot be resolved. Also one cannot test such projections
as they extend into the future. The consequence is that air temperature projections
from climate models tend to be robust, while precipitation projections tend to exhibit
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considerable uncertainties. If precipitation is the main driver of low flow changes, these
uncertainties translate into large uncertainties in projected low flows. The uncertainties
may be particularly large in complex terrain, such as Alpine landscapes and adjacent
transition zones, where climate models are least reliable (Field and Intergovernmen-
tal Panel on Climate Change, 2012; Haslinger et al., 2013). Low flow projections may,5

therefore, vary wildly between scenarios and models for the same region so, again,
may not be very conclusive of climate change impacts when taken by itself.

2 Three-pillar approach

The upward and downward approaches have complementary strengths and weak-
nesses. Importantly they use different sources of information. If a single approach is10

used, not the entire spectrum of information that may be available is exploited. Current
trend studies focus on trend tests, on spatial patterns, or on temporal aspects of trends,
but do not combine these aspects with information from climate scenarios. In a similar
way, rainfall–runoff projections typically use climate scenarios, but we are not aware
of any studies that also exploit the information of the observed low flow time series.15

Consequently, there may be substantial value in combining the upward and downward
approaches in order to build on their respective strengths. The value of combining dif-
ferent pieces of information has been demonstrated by Gutknecht et al. (2006), Merz
and Blöschl (2008) and Viglione et al. (2013) in the context of flood estimation.

In this paper we propose combining the most relevant pieces of information con-20

tained in low flow observation, climate observations and climate projections using
a three-pillar approach (Fig. 1). The first pillar is the assessment of trends in the low
flow observations. If observed trends are related to climate, continuing trends may be
a realistic scenario for the near future. The second pillar is rainfall–runoff projections
based on climate scenarios. If the downscaled GCM signal is reliable, the coupled25

model will give projections of future catchments response. As these pillars do not fully
exploit the information of locally observed climate, we add a third pillar of stochastic
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rainfall–runoff projections based on local climate observations. This pillar is anticipated
to facilitate interpretation of past trends and trend-based extrapolations into the future
and assist in linking the other two pillars with each other.

The three-pillar approach allows us to assess climate impacts from independent
sources of information each of which may have different error structures. The combi-5

nation of the individual assessments therefore opens up a number of opportunities.
The first opportunity is to obtain a judgement about the credibility of the individual ap-
proaches. This is achieved by comparing observed and simulated low flow time series.
Low flow observations will generally be most reliable as they provide direct measure-
ments of the variable of interest. Hence, they can be used to assess the performance10

of stochastic projections and climate models for the observation period, i.e. without
assumptions about the future development. This provides insight into the predictive
performance of the rainfall–runoff model during the calibration period and its skill of
tracing changes of the climate signal down to low flows (dynamic performance). On the
other hand, the comparison may yield insight into the GCM performance, as reanalysis15

runs contain all necessary information to get an appreciation of the realism of (down-
scaled) GCM signals, when being compared to observed climate and runoff signals.
However, also low flow observations may be inaccurate and trends may be artefacts
from instrumentation changes or the limited observation window. The mutual compar-
ison of observed low flows with the rainfall–runoff reanalysis offers the opportunity of20

verifying trends in both climate and runoff signals, as a solid basis for future projections.
The second opportunity offered by the three-pillar approach is to better understand

the response of low flow regimes to climate change. This is achieved by comparing
climate signals and runoff signals. Such an analysis may first focus on the observation
period in order to understand observed changes of the low flow regime. In a second25

step, the analysis may be extended to the future, in order to put projected changes into
the context of the past. Low flows are a result of the complex interactions of climate
drivers with catchment processes, so a direct comparison of climate and low flows may
be difficult. A stochastic rainfall–runoff projection method may assist in such a com-

13075

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/12/13069/2015/hessd-12-13069-2015-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/12/13069/2015/hessd-12-13069-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
12, 13069–13122, 2015

A three-pillar
approach to

assessing climate
impacts on low flows

G. Laaha 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
|

parison as it can trace low flow trends back to trends in the meteorological variables.
A stochastic rainfall and temperature model typically decomposes meteorological sig-
nals into components such as linear trends and cyclical fluctuations. The joint analysis
of these components with the low flow signal may yield insight into the co-behaviour
of low flows and climate variables in cases where low flow signals are contaminated5

by noise. From the analysis we can expect a better understanding of climate change
dynamics, and of the resilience and sensitivity of low flow generation processes to
changes in the climate conditions.

Thirdly, the three-pillar approach offers a more complete way of assessing the un-
certainty of projections than each of the pillars alone. This is because one can safely10

assume that the errors are, at least partly, disjoint because of the different data sources.
Given the substantial uncertainty associated with climate impact studies, more detailed
information on the uncertainty is certainly attractive, even though a full assessment is
likely not possible given the partial information available in such studies. For rainfall–
runoff projections the sources of uncertainty include their sensitivity to climate sce-15

narios, climate model and downscaling errors, and the prediction uncertainty of the
rainfall–runoff models themselves which arise from the model structure and parame-
ters. The latter are related to the choice of the objective function and the calibration
period. For trend studies, uncertainty can be assessed by statistical significance tests,
subject to the assumptions made, and by confidence bounds of trends.20

All of the opportunities combine the information of the three pillars in some way.
Of course, the idea of combining different sources information has already often been
used and tested in hydrology. Examples include the combination of local and regional
hydrological information (e.g. Kuczera, 1982; Stedinger and Tasker, 1985), short and
long low flow records (e.g. Laaha and Blöschl, 2007), hard and soft hydrological infor-25

mation (e.g. Winsemius et al., 2009), and uncertainty estimates in ungauged basins
based on the downward and upward approaches (Gupta et al., 2013). The combina-
tion can be based on formal methods (e.g. Viglione et al., 2013) which typically assume
that the different pieces of information are all random samples from the same distribu-
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tion, and they differ only due to their sampling variability. The distribution of the entire
population is then estimated by Bayesian or other methods. As an alternative, expert
judgement can be used to combine the different sources of information (e.g. Merz and
Blöschl, 2008). The disadvantage is that it is less objective but the advantage is its flex-
ibility as it is based on a reasoning on the strengths and weaknesses of the individual5

pillars. In this paper, we use expert judgement to combine the findings from the three
pillars.

In Sects. 4–6 we present the methods and assessments for each pillar separately.
The strategy and application of the synthesis method are presented in Sect. 7, followed
by discussion and conclusions. The three-pillar approach offers a systematic way of10

obtaining an overall assessment of future climate impacts, including an appreciation of
the reliability of each method gleaned from the consistence of the pillars. We illustrate
the viability of the approach for four example regions in Austria and discuss the findings
in the context of hydrological climate impact studies.

3 Example data set15

3.1 Study regions and hydrologic data

The four example regions used here to illustrate the three-pillar approach are represen-
tative of the main climatological units in Austria. In each of them a typical catchment
was selected which are a subset of a classification (“low flow hot-spots”) used in previ-
ous low flow and drought studies (Haslinger et al., 2014; Van Loon and Laaha, 2015).20

Although Austria is highly diverse with respect to climate and physiography, each of the
regions is rather homogeneous in terms of climate and the hydrological regime.

The first region is located in the Alps and exhibits a clear winter low flow regime.
Freezing is the driving factor of low flows in this region, so long-term trends may be
expected to be related to changing air temperatures. The region, termed Hoalp in the25

following (for Hochalpen), is represented by the catchment of the Matreier Tauernhaus
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stream gauge at the Tauernbach (area is 60 km2, altitude is 1502 ma.s.l., observation
period is 1951–2010).

The second region is located north of the Alps with a dominant summer low flow
regime. The region exhibits a quite humid climate as it receives substantial precipitation
from northern and western air masses. Seasonal precipitation deficits are the driving5

forces of low flows so long-term trends are likely related to changes in precipitation and
temperature. The region, termed Muhlv in the following (for Mühlviertel), is represented
by the catchment of the Hartmannsdorf stream gauge at the Steinerne Mühl (area is
138 km2, altitude is 500 ma.s.l., observation period is 1956–2010).

The third region is located south of the Alps, and also exhibits a dominant sum-10

mer low flow regime. Precipitation enters the area from the Northwest through Atlantic
cyclones, although screened to some extent by the Alps, as well as from the South
through Mediterranean cyclones, which is particularly the case in autumn. Again, sea-
sonal precipitation deficits are the driving forces of low flows so long-term trends tend
to be related to changes in precipitation and temperature. The region, termed Gurk in15

the following (for Gurktal), is represented by the catchment of the Zollfeld streamgauge
at the Glan (area is 432 km2, altitude is 453 ma.s.l., observation period is 1965–2010).

The fourth is located in the Southeast of Austria. This region is situated in the lee
of the Alps, at the transition to a Pannonic climate. The precipitation is lowest in this
region, and low flows exhibit a dominant summer low flow regime. Seasonal precipi-20

tation deficits are the driving forces of low flows and so the long-term trends should
be related to changes in precipitation and temperature. The region, termed Buwe in
the following (for Bucklige Welt), is represented by the catchment of the Altschlaining
stream gauge at the Tauchenbach (area is 89 km2, altitude is 316 ma.s.l., observation
period is 1966–2010).25

Climate records were used for two out of the three pillars, i.e. the rainfall–runoff-
projections and the stochastic simulations. They serve for two purposes.

Firstly, climate records are required for calibrating the hydrological model. Gridded
data sets of daily precipitation, air temperature, potential evaporation and snow depth
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were used. These data sets are based on measurements of daily precipitation and
snow depths at 1091 stations and daily air temperature at 212 climatic stations. Poten-
tial evapotranspiration was estimated by a modified Blaney–Criddle method based on
daily air temperature and potential sunshine duration. For details about the estimation
and interpolation methods see Parajka et al. (2007).5

Secondly, climate records provide the main input to the stochastic simulations, which
are used to decompose the signal of climate drivers in the past as the basis for extrap-
olations into the future. For this purpose, one climate station was selected for each
example catchment in their proximity and at similar altitudes. Precipitation and temper-
ature records over the period 1948–2010 were used for the selected stations.10

3.2 Climate simulations

For the rainfall–runoff projections we used four regional climate model (RCM) runs
which were selected from the reclip:century 1 project (Loibl et al., 2011). The variability
of climate projections is represented by COSMO-CLM RCM runs forced by ECHAM5
and HADCM3 global circulation models and three different IPCC emission scenarios15

(A1B, B1 and A2). A simple but effective way to check the realism of the ensemble of cli-
mate simulations with respect to low flows is to use an index that combines temperature
and precipitation signals in a way that represents the climate forcing in low flow gener-
ation. One index commonly used in atmospheric drought studies is the Standardized
Precipitation Evaporation Index, SPEI (Vicente-Serrano et al., 2010), which represents20

the total effect of precipitation and temperature changes on the climatic water balance.
The SPEI is defined as the Gaussian-transformed standardized monthly difference of
precipitation and evapotranspiration based on an accumulation period of one to sev-
eral months. Values below/above zero indicate deficits/surpluses in the climatic water
balance, and values below −1.0 indicate drought conditions. Haslinger et al. (2014)25

demonstrated that the SPEI is well correlated with summer low flows, and indeed more
relevant for low flow generation than precipitation alone.
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Figure 2 shows the evolution of SPEI of the four regions stratified by summer and win-
ter months. Each value corresponds to the seasonal (three-month) average of SPEI(1),
i.e. the Standardized Precipitation Evaporation Index based on an aggregation period
of one month. For the winter months (Fig. 2, lower panels), SPEI remains stable which
is equivalent to a stationary precipitation signal. This is because the projected temper-5

ature increase is not reflected by the SPEI due to the low evaporation rates in winter.
However, the timing of snowmelt is likely to change. For Hoalp and Muhlv, the climate
simulations for the winter month fit well to the observations (light red and red lines). For
Gurk and Buwe, the climate simulations seem to be somewhat less realistic.

For the summer season, the SPEI simulations suggest much dryer atmospheric con-10

ditions in the future, which will decrease the low flows. Overall, the climate simulations
do not fit so well to the observations as for the winter, and the plausibility of the projec-
tions varies between regions. For the Muhlv region, the SPEI signal fits relatively well to
the observations, for Gurk the simulated signal drops somewhat more steeply than ex-
pected, and for Buwe the signal is much steeper than the observed signal, which does15

not show a falling trend over the last 50 years. Interestingly, all summer SPEI graphs
are relatively stable until 2050, and drop in the second half of the 21th century. This is
mainly due to the characteristics of the ECHAM5 simulations which show only minor
precipitation changes until the middle of the century, and after 2050 an enhanced de-
crease in rainfall. Such an effect is not observed in the other models or ECHAM5 runs,20

and contributes to the overall uncertainty of the scenario approach. The extremely
negative trends in the summer SPEI should also be treated with caution because the
potential evapotranspiration calculations within the SPEI algorithm is known to over-
estimate climate change signals expressed by surface temperature trends (Sheffield
et al., 2012). Overall, the SPEI values of climate simulations do suggest decreasing25

low flows in summer and perhaps stable low flows in winter, although SPEI is less well
suited for predicting winter conditions. From the fit to observations, climate simulations
seem more realistic for Hoalp and Muhlv, somewhat less realistic for Gurk, and least
realistic for Buwe.
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4 Observed trends – extrapolation

4.1 Methods

As a starting point, we are interested in evidence for climate change from the low
flow observations. Similar to other studies, we performed trend analyses of annual low
flow series, using the Sen’s slope estimator (e.g. Stahl et al., 2010). Instead of fitting5

a regression line to all data points simultaneously, the trend is estimated as the median
of all slopes between pairs of sample points. This makes the trend estimates insensitive
to outliers and more suitable for heteroscedastic data.

For each station, analyses were performed for annual series of the Q95 low flow
quantile (i.e. the flow that is exceeded 95 % of the time of the respective year). A com-10

mon observation period (1976–2008) was used to make the trend estimates compa-
rable across gauges. Based on autocorrelation analysis, we decided not to prewhiten
the data (remove first order autocorrelation effects from the time series) as proposed
in some studies, because the serial correlations in the annual low flow series were
mostly insignificant. Significance testing of trends was performed using a standard15

Mann–Kendall test. The results were finally compared with significance statistics of
prewhitened series obtained by the Yue Pilon method for trend-free prewhitening (Yue
et al., 2002) but there was almost no difference.

Under the assumption that observed changes are linear and persistent, the trends
may be extrapolated as a simple, observation-based scenario for future low flows. It is20

realised that this is quite a strong assumption, which will be more realistic for the near
future than for a longer time horizon. Both the estimation of trends and their extrapo-
lation into the future are clearly subject to considerable uncertainty that needs to be
considered in the final combination of the three pillars. We therefore estimate expected
low flows together with their confidence bounds. We use a simple linear regression25

estimator of the expected value in a specific year t0:

Q̂95 (t0) = â+ b̂t0. (1)
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Note that in our robust regression framework, â and b̂ are the Sen-slope estimates
of the regression parameters. The uncertainty of the trend estimate is given by the
confidence bound of the regression line:

Q95 ∈

â+ b̂t0 ± zn−2;1−α/2 s

√√√√√1
n
+

(
t0 − t

)2

(n−1)s2
t

 . (2)

Again, â, b̂ are the Sen-slope estimates of the regression parameters, zn−2;1−α/2 is5

the quantile of the Student distribution (zn=33 = 2.04 for a two-sided 95 % confidence
interval), n is the sample size (number of observed years), t and s2

t the mean and the
variance of t.

Making use of the robustness of the Sen-slope estimator, a robust estimate of the
error variance s2 may be obtained from b̂ by:10

s2 =
(n−1)

(n−2)

(
s2
Q − b̂

2s2
t

)
(3)

where s2
Q is the variance of the annual Q95 values. As can be seen from the squared

term
(
t0 − t

)2
in Eq. (2), the uncertainty is lowest at the mid-point of the observation

period and increases as one moves away from it. The confidence bounds therefore re-
flect the increasing uncertainty of extrapolations of the observed trends into the future.15

4.2 Results

Table 1 summarizes the results of the trend analyses. For two catchments, the trends
are significant but with different signs. The Hoalp catchment exhibits a strongly positive
trend indicating that the catchment has become wetter over the observation period.
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A negative trend is observed for the Buwe catchment, which became dryer. Negative
(drying) trends are also observed for the Muhlv and Gurk catchments but these are not
significant at the 0.05 level.

While our focus is on the four example catchments, it is important to put the local
analyses in a regional context to avoid the detection of local effects on the flow regime,5

such as anthropogenic impacts. Figure 3 shows trends of the four example gauges
used in this study, together with trends at 408 stream gauges in Austria and neigh-
bouring regions. The map indicates characteristic patterns for the study area, which
correspond well to the main hydro-climatic units represented by the four catchments.
Significant positive trends (increasing discharges) such as in the Hoalp catchment are10

generally found for the Alpine region. Some negative trends (decreasing discharges)
are found in the southeast of Austria and in Upper Austria in the north of the Alps but,
here, the number of stations with significant trends is low compared to the total number
of stations. Additional regional analyses (not shown here), including field significance
testing, confirm the finding that trends in the Southeast are more significant than in15

the North. The Buwe region appears to be notably affected by climate change as low
flows show a strong decrease at the end of the observation period. Trends in the Muhlv
region north of the Alps are less severe, as they relate to single catchments and do not
show a consistent regional behaviour. Alpine catchments in the Hoalp region, however,
seem to have benefited from atmospheric wetting and this trend seems to persist into20

the future.
Table 2 gives the projections obtained from trend extrapolation for the four catch-

ments together with their confidence bounds. The projections for the period 2021–
2050 indicate an increase of low flows in the Hoalp catchment of 42 % if the present
trend persists until 2050. The uncertainty of this projection is, however, quite large as25

indicated by the range of the confidence interval (−5 to 88 %). For the remaining catch-
ments, a decreasing trend is projected which is lowest in Muhlv (−10 %), moderate in
Gurk (−36 %), and very strong in Buwe (−89 %). Again, there is substantial uncertainty
when extrapolating the trends to the 2050 time horizon. For instance, the confidence
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interval of Muhlv ranges from −51 to +32 %, which is a range eight times the expected
value of the projected changes. Hence, from the available dataset, trend extrapolation
can only provide a very approximate estimate of future low flows. The uncertainty in-
creases when predicting changes for a more distant time horizon of 2080 (Table 2).
The extrapolations result in negative values for the discharge of the Buwe basin, in-5

dicating that the stream may fall dry during the low flow period. Obviously, one would
have very low confidence in the absolute figures of such trend scenarios for the more
distant future.

5 Rainfall–runoff projections based on climate scenarios

5.1 Methods10

A common method for projecting river discharge regime into the future is the delta
change approach (e.g. Hay et al., 2000; Diaz-Nieto and Wilby, 2005). The idea of this
concept is to remove biases of regional climate model (RCM) simulations when using
them as inputs to hydrologic models. First, a hydrologic model is calibrated for the ref-
erence period by using observed climate variables, typically precipitation and air tem-15

perature. In the next step, the differences between RCM simulations of the reference
(control) and future periods are estimated on a monthly basis. These differences (delta
changes) are then added to the observed model inputs and used in the hydrological
modelling for simulating the future. The differences between the discharge simulations
in the reference and future periods are used to assess potential impacts of a changing20

climate on future river flows.
A conceptual rainfall runoff model (TUWmodel, Viglione and Parajka, 2014) is used

here. The model simulates the water balance components with a daily time step based
on precipitation, air temperature and potential evaporation data as inputs. Details on
the model structure and applications are given in Parajka et al. (2007) and (Ceola et25

al. (2015). TUWmodel is calibrated by the SCE-UA automatic calibration procedure
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(Duan et al., 1992). The objective function (ZQ) of the calibration is selected on the
basis of prior analyses performed in different calibration studies in the study region
(see e.g. Parajka and Blöschl, 2008). It consists of two variants of Nash–Sutcliffe Model
efficiency, ME (Eq. 5) and M log

E (Eq. 6) that emphasize high and low flows, respectively.
ZQ is defined as5

ZQ = wQ ·ME + (1−wQ) ·M log
E (4)

where wQ represents the weight on high flows and (1−wQ) the weight on low flows.ME

and M log
E are estimated as

ME = 1−
∑n
i=1

(
Qobs,i −Qsim,i

)2
∑n
i=1

(
Qobs,i −Qobs

)2
(5)

M log
E = 1−

∑n
i=1

(
log
(
Qobs,i

)
− log(Qsim,i )

)2
∑n
i=1

(
log(Qobs,i )− log(Qobs)

)2
(6)10

where Qsim,i is the simulated discharge on day i , Qobs,i is the observed discharge, Qobs
is the average of the observed discharge over the calibration (or verification) period of
n days.

In order to assess the uncertainty of low flow projections from a modelling perspec-
tive, different variants of model calibration were evaluated by varying the weights of15

Eq. (4), following the methodology of Parajka et al. (2015). In order to assess the im-
pact of time stability of model parameters, TUWmodel was calibrated separately for
three different decades (1976–1986, 1987–1997, 1998–2008), following the methodol-
ogy of Merz et al. (2011).
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5.2 Results

Table 3 summarizes the runoff model efficiencies ZQ. The results indicate that the dif-
ferences in runoff model performance between the calibration decades are rather small.
Overall, the largest efficiency is obtained for the Hoalp basin, which is characterised by
a very consistent hydrological regime throughout the years (Fig. 4). Snow accumulation5

and melt have a dominant effect on the hydrologic regime, as they affect the timing of
low flow periods in winter and flood events in summer. In contrast, the lowest model ef-
ficiency is found for Buwe. The shape of most hydrographs is very flashy and thus very
difficult to model on a daily time step. Additionally, there are only two climate stations
in the catchments, which makes it difficult to capture local precipitation events such10

as summer storms. The fast runoff response is caused by shallow soils and efficient
drainage (see Gaál et al., 2012). Both low flow periods and floods mainly occur in sum-
mer. The event variability is large between and within the years (Fig. 4). As compared
to other catchments in Austria (Parajka et al., 2015), the Hoalp and Buwe catchments
represent typical conditions with high and low model performance, respectively.15

Figure 5 shows the results of the model simulations in terms of annual low flow
quantiles Q95 in the reference period 1976–2008. The hydrologic model is calibrated
for a selected decade, but the model simulations are performed for the entire reference
period. The left panels of Fig. 5 show the variability of Q95 estimated from 11 variants of
objective functions. The range of Q95 for the 11 calibration variants is plotted in yellow20

and blue for the calibration periods 1976–1986 and 1998–2008, respectively, and their
overlap is plotted in green.

The right panels show the variability of Q95 due to model parameters obtained from
different decades for two weightings: wQ = 0.5 (light orange) and wQ = 0.0 (red). Al-
though the model has not been calibrated directly to Q95 quantiles, it simulates Q9525

well in the example basins and the differences between the two weighting variants are
small or moderate in absolute terms. The effect of temporal instability of model pa-
rameters is clearly visible in the Buwe and Gurk basins, where the model calibrated
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to the 1976–1986 period tends to overestimate Q95 in the period 1998–2008. The
decade 1976–1986 represents a colder period with less evapotranspiration and rel-
atively higher runoff generation rates which is reflected by lower values of the soil
moisture storage parameter (FC) and lower values of the parameter controlling runoff
generation (BETA). The model therefore overestimates runoff when applied to the drier5

and warmer period 1998–2008.
Figure 5 further shows that the uncertainty of Q95 estimates is the largest in the

Alpine basin with dominant winter low flow regime. Alpine river regimes are charac-
terised by a greater variability of discharges than low-land regimes (Fig. 4). Because
of this, model calibration is more sensitive to the weights assigned to high and low10

flows. The Alpine basin is also more sensitive to the choice of the calibration period.
The strong seasonality of the Alpine regime is a reflection of a high sensitivity of dis-
charge generation to seasonal climate. Decadal climate variation will therefore have
a similarly strong effect on discharges and, through discharges, on model calibration.
The strong sensitivity to weighting and the calibration period are a result of the highly15

seasonal regime and make projections in Alpine catchments more uncertain than in
lowland catchments. In contrast, the uncertainty is smallest in the Gurk and Buwe
basins where, interestingly, the effect of time variability of the model parameters is of
similar magnitude as the effect of the weighting in the objective function.

Scenarios of air temperature and precipitation from the four RCM runs are presented20

in Fig. 6. The largest warming in the four basins is obtained by simulations driven by
HADCM3. An increase of more than 2 ◦C is projected for January and the summer
months. The largest difference between the ECHAM5 scenarios occurs in January.
While the ECHAM5-A2 run simulates a decrease in mean monthly air temperature, the
A1B2 emission scenario projects and increase in monthly air temperature of almost25

2 ◦C in all selected basins. The ECHAM5 scenarios are consistent for the summer
months with an increase in air temperature of about 1 ◦C. The precipitation projec-
tions are regionally less consistent and vary mostly around ±15 %. Exceptions are the
HADCM3 run which simulates a decrease of almost 30 % in the Gurk and Buwe basins
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in August, and the ECHAM5-A1B2 run which simulates an increase of about 30 % in
the Hoalp and Muhlv basins in December.

The delta change projections of low flow quantiles Q95 are finally presented in Fig. 7.
The projections for the period 2021–2050 indicate an increase of low flows (Q95) in the
Alpine Hoalp basin, on average in the range of 15 to 30 % and 20 to 45 % for the differ-5

ent climate projections and calibration weightings, respectively. In the Muhlv basin, no
significant change in Q95 is expected. The median of changes is in the range of ±5 %.
Larger decreases are projected for Gurk (7–13 %) and Buwe (15–20 %). A comparison
of uncertainty and range of future projections indicates that the estimation of Q95 is
sensitive not only to the selection of the climate scenarios, but also to the selection of10

the objective function and the calibration period. The uncertainty is largest in the Hoalp
basin, where the selection of the objective function is more important than the selec-
tion of climate scenarios. The winter mean air temperature in the Hoalp basin is about
−6.0 ◦C and the projected increases range from 2 to 2.5 ◦C depending on the scenario.
These differences are of little relevance for snow storage and snowmelt runoff during15

the winter low flow period. A large uncertainty and sensitivity to the choice of objective
function and calibration period is also obtained for the Muhlv and Buwe basins. Only in
the Gurk basin the sensitivity to the choice of objective function is smaller than the time
stability of model parameters. This is a result of the relatively high sensitivity to the cal-
ibration period (Fig. 5) in combination with relatively small differences between climate20

water balances resulting from different scenarios (as reflected by the small spread of
SPEI projections in Fig. 2). The projections based on the period 1976–1986 tend to
simulate a larger variability of Q95 than those calibrated to the period 1998–2008, how-
ever the variability is similar to Buwe and Muhl basins.
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6 Stochastic projections based on rainfall model extrapolation

6.1 Methods

While in Sect. 4 observed trends of Q95 were extrapolated, and in Sect. 5 RCM scenar-
ios were used to anticipate future low-flows, this section adopts a different approach
which, conceptually, is between the two. We use a stochastic model to investigate5

what would happen if the trend of observed precipitation and temperature in the period
1948–2010 would persist into the future. The stochastic model allows us to simulate fu-
ture time series of climate drivers based on extrapolating components of precipitation
and temperature models. These simulations are then employed to drive the rainfall–
runoff model of Sect. 5.10

The precipitation model used here is the point stochastic model of Sivapalan
et al. (2005). The model consists of discrete rainfall events whose arrival times (or
interstorm periods), duration and average rainfall intensity are all random, governed by
specified distributions whose parameters are seasonally dependent. In this paper, the
model was run on a daily time scale. No fractal temporal-downscaling of within-storm15

rainfall intensities was performed, since the interest was in low flows which are not
expected to depend much on within-storm time patterns.

For air temperature, instead, the 100 possible time series were obtained by ran-
domising the observations in the following way. The time series of daily temperatures
were detrended according to the observed trend of mean annual temperatures, the20

years were randomly mixed (with repetition), and the trend was added to the reshuffled
series. The trend in the temperatures was reflected by an analogous trend in potential
evapotranspiration.

A storm-separation algorithm was applied to the precipitation data of the four sta-
tions, based on a minimum duration of dry periods, in order to isolate precipitation25

events. The temporal trends of three rainfall model parameters (mean annual storm
duration, mean annual inter-storm period and mean annual storm intensity) were then
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estimated from the event time series with the Theil-Sen algorithm, to serve as trend
components in the stochastic precipitation model.

Figure 8 shows that the estimated trend components fit well to the precipitation
statistics. Annual mean storm duration decreases quite strongly for the Alpine Hoalp
catchment (by about −0.8 days/100 years). There is also a slight decrease for the Gurk5

(−0.4 days/100 years) and Buwe catchments (−0.3 days/100 years). Interstorm period
and storm intensity (Fig. 8, centre and right panels) show no significant changes for
most regions, apart from the Gurk catchment where the annual mean interstorm pe-
riod increases by about 1 day/100 years, and annual mean storm intensity increases
by 2 days/100 years. The trends in these precipitation model components were sub-10

sequently extrapolated into the future. The remaining rainfall model parameters were
calibrated to the precipitation data as described in Viglione et al. (2012) and were kept
constant for the entire simulation period. The stochastic rainfall model was finally used
to simulate an ensemble of 100 possible time series of precipitation affected by trends
in the three model parameters for the period 1948–2080.15

6.2 Results

Figure 9 shows the stochastic simulations of mean annual daily precipitation and mean
annual temperature for the four example catchments, together with the observed sig-
nals. No trends of precipitation (left panels) are visible for Muhlv in the North and Gurk
in the South. A drying trend is visible for Buwe in the Southeast and for the Alpine20

Hoalp catchment, but in the latter case the observations exhibit a rather complex sig-
nal which seems not well represented by the model. Temperature simulations (Fig. 9,
right panels) correspond much better to the observations. They consistently show in-
creasing trends for the whole study area. The trend is most pronounced in the Alps
(+4.4 ◦C/100 years), somewhat less pronounced in the South and Southeast (+2.8 and25

+2.6 ◦C/100 years), and there is only a weak trend in the North (+1.7 ◦C/100 years).
Figure 10 shows the stochastic projections of annual runoff and Q95 (red lines) to-

gether with the observations (black line) for part of the period. For the Hoalp region
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(Fig. 10, top row) Q95 decreases only slightly despite the simulated large decrease of
annual runoff and precipitation. This is because winter low flows are more controlled by
air temperature which would be expected to increase the low flows, and the two effects
essentially cancel. For the Muhlv region (second row in Fig. 10), the model extrapolates
a slight reduction of Q95 in the future, even though there is hardly any change in the5

annual precipitation (second row in Fig. 9), which is due to increases in the evapotran-
spiration. For the Gurk region (third row in Fig. 10), the model also extrapolates a slight
decrease in Q95. This change echoes both the increasing trends in evapotranspiration
and in the interstorm period (Fig. 9). For the Buwe region (bottom row in Fig. 10) the
extrapolated reduction of Q95 is quite important. In this case, the annual precipitation10

slight decreases (Fig. 9), which adds to the effect of the increasing evapotranspiration.
The underlying assumption of observed trends in precipitation and temperature to

persist into the future is quite strong. In contrast to Sect. 4, here we do not consider
the uncertainty associated with the estimation (and extrapolation) of the trends. The
confidence bounds in Figs. 10 and 11 are associated with the modelled variability of15

the low-flow producing processes, as represented by the stochastic precipitation and
temperature models, which are assumed to be known both in the present and in the
future. Despite the strong assumption made, it should be noted that the results of this
approach are non-trivial and very interesting in their own right. For instance, the way
trends in precipitation and temperature translate into trends in low-flows differs between20

the catchments because of the nonlinear hydrological processes interactions between
precipitation and temperature.

7 Three-pillar synthesis

7.1 Combination of information

The individual analyses project low flow changes from different sources of informa-25

tion. The first pillar, trend extrapolation, exploits the temporal patterns of observed low
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flows and extrapolates them into the future. The second pillar, rainfall–runoff projec-
tions is based on climate scenarios of precipitation and temperature to drive a rainfall–
runoff model. The third pillar, stochastic projections, exploits the temporal patterns
of observed precipitation and temperature and extrapolates them into the future in
a stochastic way to drive a rainfall–runoff model. From the assessments it is clear that5

the individual projections are rather uncertain because of limited data and uncertain
models or assumptions.

The methods and information used in each pillar are largely independent from each
other, so one would also expect the errors to be close to independent. A combination
of the projections should therefore increase the overall reliability of the projection. The10

combination is achieved here by hydrological reasoning based on a visual compari-
son of synoptic plots of individual estimates and their respective confidence bounds.
The reasoning accounts for the differences in the nature of the uncertainties of the
projections and gives more weight to the more reliable pieces of information.

When combining the projections two cases exist. In the first case, projections are15

consistent within their confidence bounds. This will lend credence to all projections as
they support each other. The confidence one has in the projection will depend on how
strongly the pillars agree, and on their individual uncertainties. The overall uncertainty
will be expressed here as three levels of confidence (high, medium, low), which is in ac-
cordance with the uncertainty concept of the IPCC report (Field and Intergovernmental20

Panel on Climate Change, 2012).
In the second case, the individual projections are not consistent within their uncer-

tainty bounds which will suggest lower confidence in the overall projections. Rather
than simply averaging the individual projections, here, the analysis aims at understand-
ing the reasons for the disagreement, by checking the credibility of each projections25

based on the data used and the assumptions made. The confidence bounds of the
individual projections are a starting point for assessing the credibility of each pillar. Ad-
ditionally, the plausibility of the precipitation and temperature scenarios simulated by
the climate model can be checked by comparing them with the observations. The plau-
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sibility of the trend extrapolations can be checked, at least for the immediate future, by
examining the consistency of the trend within the observations.

7.2 Application to the study area

The synthesis plots for the four regions in Austria are presented in Fig. 11. Each panel
provides a synoptic view of the three pillar projections. Observed annual low flows as5

plotted as black lines. Trend estimates and confidence bounds are plotted as blue lines.
As can be seen, the uncertainties increase drastically with the extrapolation length.

The climate scenario based rainfall–runoff projections are given as box plots repre-
senting the averages of each of the two time horizons, 2021–2050 and 2051–2080.
The ranges of the box plots indicate different parameters of the hydrological model,10

and colours indicate climate scenarios. Model simulations for the observation period
are shown as grey lines. They allow conclusions about the performance of the rainfall–
runoff modelling.

Finally, the red lines represent the stochastic simulation runs for the past and the
future from which confidence bounds (dashed and dotted lines) were calculated.15

For the Hoalp region in the Alps (Fig. 11, top left), both the extrapolation of observed
low flow trends and the climate scenario based rainfall–runoff projections suggest in-
creases in low flows. In this region, low flows occur in winter due to snow storage
processes which are mainly driven by seasonal temperature. This process should be
captured well by the climate scenarios, which tend to simulate temperatures more ac-20

curately than precipitation. In fact, Schöner et al. (2012) showed that the temperature
scenarios correspond well with the observed increase of winter temperature in the
Alpine region since the 1970s. The plot does show that the rainfall–runoff projections
from different parameterisations vary strongly. This uncertainty is mainly due to the
lower low flow performance of rainfall–runoff models in Alpine landscapes. From a re-25

gional perspective, the observed low flow trends are significant, i.e. the percentage of
stations with a trend is significantly greater than expected by chance (Blöschl et al.,
2011; Laaha at al., 2015). This finding adds credence to the low flow trend extrapola-
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tion, as on can assume that the observed air temperature trends will persist into the fu-
ture. The stochastic projections, in contrast, predict a slightly decreasing low flow trend
which is inconsistent with the other two pillars. A closer inspection of the stochastic
model components suggests that the temperature trends in the Alps are not captured
well by the model. This is because the model is based on annual temperature parame-5

ters, but the winter temperature changes do differ from those of the annual means. Of
course, the model could be straightforwardly extended to include seasonal variations
in the changes but, as it is now, it nicely illustrates the case of an inconsistency that
is well understood. Because of this, little weight is given to the stochastic projections
in the overall assessment. From the combined information of observed low flow trends10

and climate projections of low flows one would expect an increase in low flows by at
least 20–40 % for the 2020–2050 period (medium to high confidence) and an increase
by at least 30–50 % for the 2050–2080 period (medium confidence).

For the Muhlv region north of the Alps, the extrapolation of observed low flow trends
corresponds well with the stochastic projections (Fig. 11, top right). Both methods15

project a slightly decreasing trend, corresponding to a reduction of about 5–10 % for
the 2020–2050 period. The rainfall–runoff simulations capture the observed trend well
for the observation period so also the future simulations will likely be reliable in terms of
the hydrological processes. From the climate scenarios a slight increase in Q95 for the
near future would be projected. This is somewhat contradictory to the trend extrapola-20

tion and stochastic projections but still lies in the confidence bounds of these methods.
Low flows in this region occur in summer and are therefore more precipitation-driven
than temperature-driven, so the climate scenario based rainfall–runoff projections are
likely less reliable. On a regional level, Blöschl et al. (2011) and Laaha et al. (2015) re-
ported little significance of the observed low flow trends which fits well into the findings25

of the three-pillar projections. Overall there is perhaps a slight tendency for decreas-
ing discharges in the 2020–2050 period but this trend is not strong. This conclusion is
relatively certain (medium confidence) because of the good agreement of all individual
assessments. For the 2050–2080 period further in the future, the low flow trend extrap-
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olation will be less reliable, as reflected by the wide confidence bounds, but it is consis-
tent with the decreasing trend of the stochastic projections. The climate scenario based
rainfall–runoff projections suggest a stronger drying trend, corresponding to a reduction
of about 50–60 %. The range of different rainfall–runoff projections is outside the con-
fidence bounds of the stochastic projections. Low flows are precipitation-driven in this5

area and so the confidence in the rainfall–runoff projections should be low. Overall, this
suggests a slight drying trend for the 2050–2080 period (low to medium confidence).

The Gurk region south of the Alps (Fig. 11, bottom left) shows a somewhat similar
behaviour to that of Muhlv, although the observed low flow pattern is rather nonlinear.
There is a decrease at the beginning of the observation period followed by a flattening10

out after 1990. The linear trend model does not fit very well to the observed low flows
which reduces the confidence one should have in this pillar. However, the observations
are reproduced quite well by the stochastic projections. The slightly decrease by around
10 to 20 % until 2080. The climate scenario based rainfall runoff projections increase for
the 2020–2050 period and decrease for the 2050–2080 period, the latter by about 50 to15

60 %. However, the performance of the model is low as can be seen by a comparison
of the simulated low flows (grey line) with the observed low flows (thin black line). As
a consequence, the rainfall–runoff projections seem to be less reliable. Nevertheless,
the range of different rainfall–runoff projections is still within the confidence bounds of
the stochastic projections. Combining all pieces of evidences, one would expect no20

significant change for the 2020–2050 period (medium confidence) and a drying trend
of about 20–30 % for the 2050–2080 period (low to medium confidence).

The Buwe region in the South-east gives bigger changes (Fig. 11, bottom right).
The observed low flow trends are strongly influenced by the recent dry years between
2000 and 2005. This behaviour corresponds with the nonlinear, increasingly drying25

trend detected by Blöschl et al. (2011) and Laaha et al. (2015). However, a linear
trend extrapolation of the magnitude as estimated is not very plausible given that the
most recent year in the data set (2008) was less dry. The stochastic projection yields
a moderately decreasing trend, which is more plausible. The change is about 15 and
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25 % for the two projection periods. An examination of the model components suggests
that the predicted changes are due to an increasing trend in temperature (Fig. 9 –
right column, high confidence) and a slightly decreasing trend in precipitation (Fig. 9
– left column, medium to low confidence). The simulated signals correspond well with
observed climate signals in this region. By comparison, climate projections seem to5

overestimate low flows for the nearer future relative to the stochastic simulations, but
correspond well with the projections for 2050–2080. A regional trend analysis (Fig. 3)
shows consistent behaviour in the Buwe region. Overall, there is moderate confidence
in a slight drying trend for the 2020–2050 period, and a stronger drying trend of about
20–30 % for the 2050–2080 period.10

8 Discussion

8.1 Realism of trend scenarios

The trend scenarios are based on the assumption that changes are linear over time.
This is a simplifying view of non-stationarity which, however, is parsimonious. Although
the Earth system is clearly non-linear, the annual temperatures in the European Alps15

have increased linearly since the mid-1970s, so a continuing trend is an obvious as-
sumption. Similar to spatial low flow models (Laaha and Blöschl, 2006), seasonality
plays an important role in the time trends of low flows. In the Alps, low flows occur in
winter as a consequence of frost and snow storage and these processes are closely
related to air temperature. A trend in air temperature would therefore be expected to20

directly translate into low flows (Blöschl and Montanari, 2010). This is borne out for the
Alpine Hoalp catchment (Fig. 11, top left) which exhibits a remarkable co-behaviour
with temperature.

For the other catchments that exhibit a summer low flow regime, the past changes of
low flows are more subtle. Here the flow records seem too short to conclude about low25

flow trends, so we need additional, external information. Haslinger et al. (2014) found
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that the SPEI representing the net precipitation input to the catchment is a good proxy
of summer low flows and this is supported by a comparison of the trends in SPEI for
the summer (Fig. 2, upper panels) with the low flows in the summer dominated regions
(Fig. 11, Muhlv, Gurk, Buwe). Interestingly, projected SPEI signals (Fig. 2) do not flatten
out at the end as it is the case for the SPEI based on observations, and a similar effect5

cam be observed for low flow trends and observations. SPEI of climate scenarios are
in line with low flow trends, and both point to a decrease of low flows that extends to
the future. These trends are rather weak for Muhlv in the North but pronounced in Gurk
in the South. For the Buwe catchment SPEI values suggest a similar decrease as Gurk
basin but here the temporal pattern of low flows is different and not easy to interpret.10

In all cases, the uncertainty of the trend scenarios is large, as indicated by the wide
confidence bounds. It should be noted that the confidence bounds are conditional on
the assumption that the linear trend model applies. If one relaxed this assumption, the
bounds would be even wider. Part of the uncertainty comes from the relatively short
record length (33 years). For example, Hannaford et al. (2013) have shown that low15

flow trends in European regimes are subject to pronounced decadal-scale variability
so that even post-1960 trends (50 years) are often not consistent with the long-term
picture. Laaha et al. (2015) concluded from the magnitude of decadal trend variability
in Austria that more than three decades are needed for recognizing the nature of trends
as a basis for obtaining robust estimates. Overall, the trend scenarios of catchments20

with summer low flow regime are less reliable than those for winter low flow regimes,
but they do constitute a scenario of a possible future.

8.2 Uncertainty of rainfall–runoff projections

The realism of predicted impacts is also a key question for the rainfall–runoff projections
based on climate scenarios. We performed an assessment of uncertainty of low flow25

projections, using a similar ensemble based framework as in the studies of Wong et al.
(2011) for Norway, Majone et al. (2012) for the Gállego river basin in Spain, and De
Wit et al. (2007) for Meuse river in France. We assessed the uncertainty arising from
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the choice of the climate model and the emission scenario by an ensemble of three
equally possible emission scenarios and two different climate models (ECHAM5 and
HADCM3). Unlike De Wit et al. (2007) we did not assess possible downscaling errors
as we believe that RCMs tend to play a minor role when using a delta change approach
which accounts for local effects.5

Uncertainty of the hydrological part of the model cascade may also be assessed by
a model ensemble (e.g. Habets et al., 2013). We have chosen to focus on the param-
eters instead. We show, for the case study, that Q95 projections are sensitive not only
to the selection of climate scenarios, but also to the selection of the objective function
and the calibration period. The calibration uncertainty is the largest in the Alpine Hoalp10

basin, where the winter low flow regime is less sensitive to the projected increase of
air temperature. When comparing results from different calibration periods, the effect of
temporal parameter instability is clearly visible in the Buwe and Gurk basins where pa-
rameters from a colder period with less evapotranspiration tend to overestimate runoff
in warmer periods. A similar effect is expected for a future, warmer climate, so the15

projected low flows may decrease more strongly than the projected average. This find-
ing is in contrast with Hay et al. (2000) who identified a minor role of the hydrological
model. The difference may be related to Hay et al. (2000) only assessing hydrological
model performance of best-fit models and not accounting for uncertainty arising from
calibration variants and time stability of model parameters. On the other hand, the find-20

ing in this paper is in line with Bosshard et al. (2013). The similarity may be due to the
proximity of study areas with similar climate and catchment controls, and the similar
sources of uncertainty accounted for.

Even though the analysis in this paper provides a proxy of uncertainty rather than
a direct statistical measure they are considered very useful in the context of the three-25

pillar framework as they may assist in the process reasoning. For example, because
of the more important role of air temperature in the Alpine catchments one can have
higher confidence in the scenarios than in the lowlands.
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8.3 Potential of stochastic simulations

As opposed to low flow trends and rainfall–runoff projections, which are widely used
in climate impact studies of low flows, stochastic simulations are relatively rare. The
main strength of the stochastic model is that it accounts for the local trends of precipi-
tation and air temperature and captures the stochastic variability of climate. It therefore5

provides information complementary to that of the climate scenarios.
Extrapolating precipitation and air temperature trends involves a similar reasoning

as the extrapolation of low flow trends discussed above and builds on the inertia of the
climate system. Consequently, the extrapolation of temperature may be more appropri-
ate than those of precipitation and the extrapolation into the near future may be more10

appropriate than those into the more distant future.
The model we use (Viglione et al., 2012) makes some simplifying assumptions which

could be easily relaxed. First, the long range dependence of streamflow (Szolgayová
et al., 2014) could be considered by extending the stochastic precipitation model (e.g.
Thyer and Kuczera, 2003). Second, the correlations between precipitation and air tem-15

perature could be accounted for Hundecha and Merz (2012). Third, changes in sea-
sonal temperatures could be incorporated in the model as they do seem to play a role
in some of the catchments.

As the main point of the stochastic model was to illustrate the three-pillar approach,
we believe that it provides an attractive method that complements the traditional climate20

impact studies on hydrology.

8.4 Benefits of the synthesis

The rationale of the three-pillar approach is that different data and methods of the three
pillars will result in errors that are, at least partly, independent. Combining the pillars
therefore involves a number of benefits.25

First, the synthesis framework may assist in obtaining a judgement about the credibil-
ity of the individual approaches and increases the reliability of the overall assessment.
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For the case study catchment Muhlv in the region north of the Alps, consistently small
changes are predicted by all methods. The fact that all methods yield similar results
adds credence to all projections as they support each other.

Second, the synthesis may contribute to a better understanding of the response of
low flow regimes to a future changed climate. For the case study catchment Buwe in5

the Southeast, for example, the observed low flow signal shows a non-linear drying
trend. An examination of the model components of the stochastic projections suggests
that the predicted changes are due to an increasing trend in temperature and a slightly
decreasing trend in precipitation. GCM scenarios correspond well with these trends,
and this in turn lends a relatively high credence to the rainfall–runoff projections of10

climate scenarios.
Third, it is believed that the three pillar approach allows for a more complete way

of assessing the uncertainty of the projections. For the case study catchment Hoalp
in the Alpine region, trend projections and climate scenarios yield consistent projec-
tions of increasing low flows, although of different magnitudes. The inter-comparison15

of all projection methods including process reasoning in every analysis step enables
us to better assess their individual uncertainties. This information is vital for weight-
ing the projections when performing a synthesis, to gain a more informed estimate
of expected changes and their uncertainties. For predicting near-future low flows in
the Hoalp catchment, the trend model appears most reliable and receives most weight.20

From trend predictions alone one would conclude an increase by +42 % but with a very
wide range of uncertainty (about ±100 % of the expected value), so one would have
low confidence in the absolute figures of projected change. Additional information from
rainfall runoff projections (that suggest an increase of about 15 to 30 %) has been useful
to constrain the projected increase to about 20 to 40 %. The more complete information25

reduces the uncertainty of projected changes and this increases our confidence in low
flow projections.

In the context of water resources management, all three benefits are considered
to be relevant. Decision makers are usually reluctant to use the output from black
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box models as the sole basis of their decisions. Just as important as the expected
changes in the water system are the uncertainties associated with the changes as well
as a process reasoning in terms of cause and effect. This is particular the case if robust
drought management strategies, such as the vulnerability approach, are to be adopted.
The vulnerability approach differs from the predictive climate scenario approach in that5

it aims at reducing vulnerability and enhancing resilience of the water system (Wilby
and Dessai, 2010; Blöschl et al., 2013). Typically, the strategies are not optimal from
an economical perspective but they are robust, i.e. they are designed to perform well
over a wide range of assumptions about the future and potentially extremely negative
effects. Central to the approach is an understanding of the cause–effect relationships10

within the water system under a variety of conditions, as well as an appreciation of the
possible uncertainties. For example, Watts et al. (2012) tested the resilience of drought
plans in England to droughts that are outside recent experience using nineteenth cen-
tury drought records. Methods often involve exploratory modelling approaches which
fit well with the three pillar approach proposed here. We therefore believe that the ap-15

proach put forward in this paper can play an important role in assisting risk managers
in developing drought management strategies for the practice.

9 Conclusions

In this paper, we propose a framework that combines low flow projections from dif-
ferent sources of information. These pillars of information are trends in observed low20

flows, rainfall–runoff projections based on climate scenarios, and stochastic projections
based on local hydro-meteorological data. The pillars are either observation-based or
process-based and therefore combine elements of upward and downward approaches
in hydrology.

The methodology is demonstrated for four example catchments in Austria that rep-25

resent typical climate conditions in Central Europe. The results of the individual pro-
jections sometimes differ in terms of their signs and magnitudes, mainly depending on
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the dominant low flow seasonality. For the Alpine region where winter low flows domi-
nate, trend projections and climate scenarios yield consistent projections of a wetting
trend but of different magnitudes. For the region north of the Alps, all methods project
rather small changes. For the regions in the South and Southeast more pronounced
and mostly decreasing trends are projected but there is disagreement in the magnitude5

of the projected changes.
The systematic combination of different sources of information in the framework

of the three-pillar approach offers a number of opportunities for drought projections:
(i) checking the plausibility of individual projections and improving the reliability of
the overall assessment, (ii) understanding the cause–effect relationships involved, and10

(iii) enhancing the understanding of the uncertainties of the assessment based on the
consistency of the individual pillars.

Application to the case study catchments suggest that the approach is viable. As
the methods and information used in each pillar are largely independent from each
other, the combined assessment is likely more accurate than each of the individual15

projections. The synthesis or combination of information may be performed by expert
judgement as shown in this paper. Alternatively, more formal methods exist which could
also be used. In all cases, the confidence in the combined projection will depend on
how closely the pillars agree, and on the individual uncertainties.

Future work may be directed towards adding historic information as an additional20

pillar. Historic information may come from archival data, tree ring analysis and other
sources. They would allow assessment of a still wider spectrum of conditions than
those analysed in this paper and may contribute additional benefits to water manage-
ment decisions.
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Table 1. Trend estimates of observed low flows in the period 1976–2008 (Mann–Kendall test).
Relative trends refer to the trend over the observation period relative to its mean.

Hoalp Muhlv Gurk Buwe

Trend (m3 s−1 per 100 years) +0.24 −0.28 −1.45 −0.34
Relative trend (% per year) +1.21 −0.38 −0.78 −1.88
p value 0.009 0.377 0.053 0.045
p value prewhitened 0.003 0.250 0.178 0.058
Significance ∗∗ ∗

Significance codes: ∗∗ < 0.05; ∗ < 0.01.
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Table 2. Trend predictions of average Q95 low flows (m3 s−1) for the periods 2021–2050 and
2051–2080 based on extending observed trends. Predicted changes (%) relative to average
low flow discharge Q95 of the reference period (1976–2008). Values in parenthesis refer to the
95 % confidence interval.

Hoalp Muhlv Gurk Buwe

2021–2050
Q95 0.28 (0.19, 0.38) 0.67 (0.36, 0.97) 1.17 (0.48, 1.87) 0.02 (−0.10, 0.14)
Change +42 (−5, +88) −10 (−51, +32) −36 (−74, +1) −89 (−156, −21)

2051–2080
Q95 0.35 (0.20, 0.51) 0.58 (0.07, 1.09) 0.74 (−0.42, 1.90) −0.08 (−0.29, 0.12)
Change +78 (+1, +156) −21 (−91, +48) −60 (−123, +3) −145 (−258, −33)
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Table 3. Runoff model efficiency ZQ (Eq. 4) obtained for different weights wQ (Eq. 4) in four
selected basins for three different calibration periods. ZQ are listed in the sequence of the
calibration periods: 1976–1986/1987–1997/1998–2008.

wQ Hoalp Muhlv Gurk Buwe

0.0 0.96/0.95/0.90 0.82/0.84/0.86 0.79/0.73/0.79 0.46/0.52/0.59
0.1 0.95/0.93/0.90 0.81/0.83/0.86 0.79/0.73/0.79 0.37/0.52/0.58
0.2 0.94/0.92/0.90 0.80/0.82/0.86 0.78/0.74/0.79 0.35/0.53/0.58
0.3 0.93/0.90/0.90 0.79/0.81/0.86 0.78/0.74/0.79 0.34/0.54/0.58
0.4 0.92/0.89/0.89 0.79/0.80/0.86 0.78/0.74/0.79 0.40/0.54/0.57
0.5 0.91/0.88/0.89 0.77/0.79/0.86 0.78/0.75/0.78 0.36/0.55/0.56
0.6 0.90/0.86/0.89 0.77/0.78/0.86 0.78/0.75/0.78 0.30/0.56/0.55
0.7 0.89/0.85/0.89 0.76/0.78/0.86 0.78/0.75/0.78 0.30/0.57/0.55
0.8 0.88/0.83/0.75 0.76/0.77/0.81 0.78/0.76/0.80 0.30/0.58/0.49
0.9 0.88/0.82/0.73 0.75/0.76/0.81 0.78/0.76/0.80 0.28/0.59/0.49
1.0 0.87/0.82/0.72 0.75/0.75/0.81 0.78/0.77/0.81 0.29/0.60/0.49
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Figure 1. Three-pillar approach of low flow projection: the first pillar, streamflow trend extrap-
olation, exploits information of the observed low flow signal. The second pillar, rainfall–runoff
projections, exploits information of climate scenarios. The third pillar, stochastic projections,
extrapolates trends of observed climate signals. Intercomparisons (indicated by arrows) allow
interpretation of trends, validation of rainfall–runoff projections, and alternative scenarios. The
combination of the three pieces of information yields estimates consistent with all the informa-
tion, together with an appreciation of their uncertainty.
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Figure 2. Observed (HISTALP, black) and projected (reclip: century ensemble spread, grey)
evolution of the standardized precipitation evaporation index SPEI in summer (upper panels)
and winter (lower panels) for the four example catchments in Austria; the red and light red
lines represent the Gaussian low-pass filter of the observed and projected SPEI time series,
respectively.
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Figure 3. Observed trends of Q95 low flows in Austria in the period 1976–2008. Colours corre-
spond to the sign and the magnitude of the trends (blue= increasing, red=decreasing). Size
indicates significance of trends. Units of the trends are standard deviations per year. Squares
indicate example catchments; West: Tauernbach at Matreier Tauernhaus (Hoalp); North: Stein-
erne Mühl at Harmannsdorf (Muhlv): South: Glan at Zollfeld (Gurk); East: Tauchenbach at
Altschlaining (Buwe) (from Laaha et al., 2015).
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Figure 4. Observed daily discharge for the periods 1976–1986 (blue line) and 1998–2008 (red
line) in the Buwe (upper panel) and Hoalp (bottom panel) basins.
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Figure 5. Annual low flow quantiles Q95 estimated from observed data (black line) and from
hydrologic model simulations (coloured bands). Band widths in the left panels show variability
due to different weights in the objective function for two calibration periods (1976–1986 and
1998–2008). Band widths in the right panels show variability due to different decades used for
model calibration for two sets of weights (wQ = 0.5 and wQ = 0.0).
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Figure 6. Projections of air temperatures and precipitation for four basins in Austria simulated
by regional climate models. Shown are long-term monthly changes of the future period (2021–
2050) relative to the reference period (1976–2008). Shaded area indicates the range of climate
scenarios/models.
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Figure 7. Projections of Q95 low flows for four basins in Austria in terms of the changes of
the future period (2021–2050) relative to the reference period (1976–2008). Band widths in the
left panels show the variability due to 11 calibration variants for HADCM3. Band widths in the
right panels show the variability due to the choice of climate projections for calibration variant
wQ = 0.5. Yellow and blue colours relate to two calibration periods for the hydrological model.
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Figure 8. Observed trend in the precipitation statistics for the climate stations: St. Jakob Def
(Hoalp), Pabneukirchen (Muhlv), Klagenfurt (Gurk), Woerterberg (Buwe). The trend lines have
been fitted with the Theil–Sen method.
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Figure 9. Stochastic simulations of mean annual daily precipitation and mean annual temper-
ature (red lines) for St. Jakob Def (Hoalp), Pabneukirchen (Muhlv), Klagenfurt (Gurk), Woert-
erberg (Buwe). 100 simulated time series for each station. For comparison observations are
shown (black lines).
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Figure 10. Stochastic simulations of mean annual runoff and annual Q95 (red lines) assuming
linear extrapolation of the rainfall model parameters for Tauernbach at Matreier Tauernhaus
(Hoalp), Steinerne Mühl at Harmannsdorf (Muhlv), Glan at Zollfeld (Gurk), and Tauchenbach
at Altschlaining (Buwe). 100 simulated time series for each catchment. For comparison obser-
vations are shown (black lines). Density distributions of Q95 for three periods are shown on the
right.
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Figure 11. Three-pillar projections of low flows Q95 for the four example catchments: Tauern-
bach at Matreier Tauernhaus (Hoalp), Steinerne Mühl at Harmannsdorf (Muhlv), Glan at Zollfeld
(Gurk), and Tauchenbach at Altschlaining (Buwe). Black lines refer to observed annual Q95. Pil-
lar 1: trend line (blue) and 0.95 level confidence bounds (blue curved lines); bold/thin parts refer
to observation/extrapolation period. Pillar 2: simulated Q95 for observation period (gray line) and
climate scenario based average Q95 for 2021–2050 and 2051–2080 (box plots, colours indicate
different climate scenarios, range of box plots indicates different parameters of the hydrological
model) Pillar 3: stochastic simulations of Q95 (100 realisations, red lines) assuming linear ex-
trapolation of rainfall model parameters with 0.50 level confidence bounds (black dashed lines)
and 0.90 level confidence bounds (black dotted lines).
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