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Abstract. Hydrological models are often used to evaluate future changes in streamflow. Despite the strong aware-
ness of non-stationarity in hydrological system characteristics, model parameters are often assumed stationary and
obtained through calibration on past conditions. The representation of system change in hydrological models is
challenging, as a lot of uncertainty abounds on changes in future climate and ecosystems. However, it is shown
that ecosystems co-evolve with the prevailing climate conditions. There is increasing evidence that vegetation
adapts its root zone storage capacity - considered as a key parameter in any hydrological model - corresponding
to moisture deficits in the root zone. This is the main assumption underlying the water balance method. In
combination with long-term water budget estimates from the Budyko framework, this method has the potential
to meaningfully describe future climate-vegetation interactions within the context of process-based hydrological
models. Accordingly, this study provides an exploratory analysis for six catchments in the Austrian Alps to in-
vestigate future changes in root zone storage capacity and their impact on modelled streamflow in the past and
under two emission scenarios in the future. Our findings show that, although parameter ranges of the root zone
storage capacity significantly narrow-down for climate-based estimates, modelling performance on past streamflow
is similar when using the calibrated and climate-based parameter sets. Following climate projections from 14 cli-
mate models, adaptive climate-based parameter estimates are predicted to increase by 10-100% in all catchments
in the future. However, little to no dissimilarity in modelled future streamflow is found when adaptation in root
zone storage capacity is included in the hydrological model. Modelled differences in annual mean, maximum, and
minimum flows remain within 5%, with slight increases for monthly streamflow and runoff coefficients. Thereby,
little to no evidence is found that time-dynamic representation of root zone storage capacity significantly alters
modelled future streamflow and suggests limited necessity for its inclusion in hydrological models to obtain rea-
sonable descriptions of future streamflow in the investigated Alpine catchments.

1 Introduction

Climate change is expected to further increase global
temperature and precipitation extremes in the future and
thereby cause the hydrological cycle to accelerate (IPCC,
2021). Additionally, land cover is affected, amongst oth-
ers through adjustments in plant biomass, species distri-
bution, water use efficiency, photosynthesis and respira-
tion rates (Stephens, Lall, Johnson, & Marshall, 2021).
In turn, changes in land cover also impact the hydro-
logical response, in some cases even more than climate
change (Seibert & van Meerveld, 2016; Savenije & Hra-
chowitz, 2017). However, little is known about how
ecosystems will change, due to the complex feedbacks
between soils, vegetation and climate (Stephens et al.,
2021). This complicates the modelling of emerging fu-
ture hydrological processes under change, which is rec-
ognized as a major challenge in hydrology (Boschl, 2010;
Berghuijs, Gnann, & Woods, 2020).

Hydrological models are often employed in change im-
pact studies on both short- and long-term hydrological
responses. These models link forcing (input) to stream-
flow (output) and can be distributed with regard to
different hydrological response units (Savenije, 2010).
The processes occurring in and between these units are
largely represented through equations of physics. But,
as data of sufficient detail and coverage is unavailable
for several system properties, parameterization is com-
monly applied to complete the equations and thereby
approximate system conditions. The required param-
eter values often result from calibration to streamflow
observations or from literature (Boschl, 2010; Coron et
al., 2012; Seibert & van Meerveld, 2016).
Despite the context of a changing climate, many models
work with stationary system parameters. Although this
assumption holds for predictions on shorter timescales,
assuming long-term system stationarity under a chang-
ing climate is incorrect. Not the least, because ecosys-
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tems can adapt towards prevailing climate conditions
and thereby drastically alter a catchment water bal-
ance (Fenicia, Savenije, & Avdeeva, 2009; Jaramillo &
Destouni, 2014; Nijzink et al., 2016; Savenije & Hra-
chowitz, 2017; Hrachowitz et al., 2020; Levia et al.,
2020).
There is increasing evidence that vegetation dynamically
adapts its root systems to the prevailing climate in order
to guarantee water supply to the canopy (Schenk, 2002;
Jochen Schenk, 2005). This is inherent to changes in
the root zone storage capacity, which is the amount of
water within reach of the root zone that can be used by
vegetation to bridge droughts. As sub-surface water flow
is mainly gravity-induced outside the root zone area, the
root zone storage capacity is determining in the parti-
tioning of water fluxes, i.e. the ratio between drainage
and transpiration water fluxes, and an important regula-
tor in runoff dynamics (Hrachowitz et al., 2020; de Boer-
Euser, McMillan, Hrachowitz, Winsemius, & Savenije,
2016; Hrachowitz et al., 2020; de Boer-Euser et al.,
2016). Therefore, changes in the root zone storage ca-
pacity are also reflected in transpiration and runoff rates
and thus in the hydrological cycle (H. Gao et al., 2014;
Zhang, Dawes, & Walker, 2001; Bouaziz et al., 2021).
In current hydrological models, the root zone storage
capacity is represented by model parameter (SR). Its
value is traditionally based on soil characteristics and
root zone estimates or determined through calibration
(Andréassian, Parent, & Michel, 2003). However, re-
quired observations of soil characteristics and the root-
ing system are scarce in both space and time and are
difficult to extrapolate to the catchment scale, due to
heterogeneity of the landscape (Wagener, 2007; Dueth-
mann, Bloschl, & Parajka, 2020). Alternatively, the pa-
rameter can be calibrated on past streamflow. Still, none
of these methods considers the dynamic nature of the
root zone and its dependency on climate, ecosystems
and land cover change. Hence, a better understand-
ing and representation of vegetation responses towards
changing climate conditions are needed to make more
robust simulations of hydrological runoff evolution in the
future. (Coron et al., 2012; Keenan et al., 2013).
The importance of including hydrological system
changes, and hence non-stationarity, in hydrological
models has been increasingly recognized over the past
years (P. C. Milly et al., 2008; Merz, Parajka, & Blöschl,
2011; Bouaziz et al., 2021). Yet, the underlying in-
teractions and feedback mechanisms between climate,
vegetation, soils, ecosystems and humans are complex,
not entirely understood and hence hard to represent.
Besides that, changes often occur gradually and simul-
taneously with other changes (Seibert & van Meerveld,
2016; Stephens, Marshall, & Johnson, 2019; Bouaziz et
al., 2021). The main methods to explain the relationship

between catchment change and hydrological functioning
are based on paired watershed methods and hydrologi-
cal modelling studies (Andréassian et al., 2003). In hy-
drological modelling, system evolution is often reflected
by changing one or more parameters values based on a
combination of literature with adapted land-cover maps
(Buytaert & Beven, 2009; J. Gao, Holden, & Kirkby,
2015). Although this is valuable for testing the sensitiv-
ity of hydrological response towards change (Seibert &
van Meerveld, 2016), these approaches require an un-
derstanding of how catchment characteristics relate to
model parameters. As such, a-priori estimations and
regionalization approaches of catchment characteristics
face considerable uncertainty (Wagener, 2007). The re-
quired data (e.g. future land-use maps or vegetation
indices) may also be unavailable in the context of a
changing climate (Duethmann et al., 2020).
This illustrates the need for an alternative approach that
could rigorously upscale or downscale soil-vegetation hy-
drological interactions, whilst accounting not only for
spatial heterogeneity but also for temporal dynamics
(Stephens et al., 2021).
A solution can be found in approaches that are based
on large-scale optimality principles and consider the co-
evolution of climate, soil and vegetation in a holistic
way (Boschl, 2010). Accordingly, several studies ev-
idenced that the root zone storage capacity - a key
parameter in any hydrological model - can be derived
from annual water deficits (H. Gao et al., 2014; de
Boer-Euser et al., 2016; Wang-Erlandsson et al., 2016;
Nijzink et al., 2016; Bouaziz et al., 2021). Following
the water balance method, the root zone storage capac-
ity of vegetation is estimated based on the assumption
that vegetation adapts its root zone in order to bridge
droughts. Thereby vegetation maximizes water accessi-
bility and minimizes waste of water resources (H. Gao
et al., 2014; Gentine, D’Odorico, Lintner, Sivandran,
& Salvucci, 2012). The water-balance method requires
only precipitation and evaporation data, which are avail-
able for the past. However, evaporation time-series are
subjective to complex climate-vegetation interaction,
which makes them subjective to uncertainty and hard
to predict (P. C. D. Milly & Dunne, 2011).
However, despite the complexity and heterogeneity of
landscapes in different climates, the Budyko framework
manages to reasonably describe the long-term (»1 year)
mean partitioning of water fluxes at the catchment scale.
According to this framework, the proportion of precipi-
tation that evaporates, defined as the evaporative index
(Ea

P ), is mainly controlled by climate, expressed in the
aridity index (Ep

P ). Changes in climate are reflected by
horizontal shifts in the Budyko space, along the Budyko
curve. In addition, the influence of catchment charac-
teristics, including topography, vegetation and soils, is
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reflected by vertical shifts in the Budyko space. This
results in a systemic scatter around the curve, which
could mean that partitioning of water fluxes is not
solely climate-controlled, but instead results from the
co-evolution of catchment properties and climate char-
acteristics. Troch, Carrillo, Sivapalan, Wagener, and
Sawicz (2013) further evidence this hypothesis, show-
ing catchment to deviate from the Budyko curve when
exchanging climates across different catchments in a
modelling experiment. Parametric Budyko equations
combined these other influences in a catchment specific
parameter and hence a catchment specific Budyko curve
(Fu, 1981; Zhang et al., 2004). As such, both changes
in future climate and vegetation can be accounted for
in the partitioning of water fluxes.

1.1 Case study description
Hence, combining the water balance method with long-
term water budget estimates of a parameterized Budyko
framework could serve as a robust way to investigate
how climate change influences hydrological system char-
acteristics and, as a result, streamflow (Zhang et al.,
2001; Bouaziz et al., 2021). This approach answers the
need of adopting a process-based method, that accounts
for the inter-dependency of climate, soil and landscape,
whilst requiring only little, but available, input data.
This study provides an exploratory analysis of the
method first proposed by Bouaziz et al. (2021), in six
catchments in the Austrian Alps. The main aim is to (i)
gain a broader and more robust understanding of how
climate change induces dynamics in the root zone stor-
age capacity and (ii) investigate how model response
changes accordingly in the past and (iii) in the future.
To answer these research objectives, three successive
phases are conducted. Firstly climate-based estimates
of the root zone storage capacity for the past and future
are derived through complimentary use of the Budyko
framework and the water balance method. Next, the
use of climate-based parameter values is validated based
on model performance on observed streamflow using the
FLEX-topo model, as proposed by Hanus (2020). Lastly,
this model, using either stationary or adaptive climate-
based parameters root zone storage capacity, is deployed
to investigate the effect on future runoff predictions.

2 Study Area & Data
This study aims to predict past and future streamflow for
six catchments in the Austrian Alps. The therefore de-
ployed catchment and climate data are elaborated upon
in this section.

2.1 Study Area
The six selected catchments in the Austrian Alpine re-
gion (Figure 1) are of additional relevance as high eleva-
tion areas are particularly vulnerable to climate change
(IPCC, 2019). Together, the study areas cover a broad
spectrum of climates, sizes, environments and topogra-
phy (Table 1).
The Pitztal has the highest mean altitude of 2558m and
features a nivo-glacial discharge regime. It is located in
the center of Austria and is largely bare (70%, with 18%
glacial coverage). The lowest catchment is the Feistritz-
tal, with a mean altitude of 917m. It is located in the
east of Austria, features a nivo-pluvial discharge regime
and a relatively dense vegetation cover (72% forest and
25% grass). All other catchments have a nival regime
but differ in mean elevation between 1315m (Paltental)
and 2233m (Defreggental). The land cover varies in
correspondence with altitude: The dominant land cover
in high altitude catchments is bare rock and grassland,
whereas lower elevation catchments are mainly covered
by forest. The most west located catchment is the Sil-
bertal, whereas the Feistritztal has the most easterly
location.

2.2 Data
This study provides a past-future analysis for modelled
streamflow, using different models. The past and future
time frames cover a period of 30 years, respectively be-
tween 1981-2010 and 2071-2100. The deployed datasets
are elaborated upon below.

2.2.1 Historical data

Firstly, historical discharge, land cover and topogra-
phy data were used to set up the hydrological model.
Daily discharge sums are used from the Hydrographic
Service Austria (https://ehyd.gv.at). Land cover
data of the catchments is derived from observations
of the CORINE Land Cover dataset ( https://
land.copernicus.eu/pan-european-corine-land
-cover, 2018) (Table 1). The riparian zone was de-
termined based on a 10 × 10 height-above-nearest-
drainage map (HAND) (Prenner, Hrachowitz, & Kaitna,
2019). Topographic information is derived from a 10 ×
10 digital elevation model (DEM) of Austria (https://
www.data.gv.at/katalog/dataset/dgm). Daily
gridded snow cover data from satellites (MOD10A1)
was utilized for the calibration (Hall & Riggs, 2016).
Historic glacier outlines between 1997-2006 were avail-
able at the Austrian Glacier Inventory (https://www
.uibk.ac.at/acinn/research/ice-and-climate/
projects/austrian-glacier-inventory.html.en)
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Figure 1: (a) Location of the catchments in Austria. (b) Catchment outlines indicating altitude, different pre-
cipitation zones and the location and number of Precipitation Gauges and Temperature Stations (Right) (Hanus,
2020)

Table 1: Catchment characteristics, land cover data & discharge regimes based on Mader et al. (1996)

Feistritztal Gailtal Paltental Silbertal Defreggental Pitztal
Characteristics
Mean Altitude [m] 917 1476 1315 1776 2233 2558
Elevation [m] 449-1595 596-2778 633-2447 671-2764 1096-3763 1339-3763
Area [km2] 116 587 370 100 267 166
Prec. Gauges [#] 1 4 3 1 2 2
Discharge Regime Nivo-pluvial Autumn Moderate Nival Nival Nivo-glacial

nival nival
Land cover
Bare (Glacier) [%] 0 (0) 8 (0) 4 (0) 20 (0) 43 (1.5) 70 (18)
Grass [%] 25 33.5 32 46 32 23
Forest [%] 72 56.6 61 32 23 6
Riparian [%] 3 2 3 2 2 1

(Lambrecht & Kuhn, 2007; Abermann, Fischer, Lam-
brecht, & Geist, 2010). Linear interpolation between ob-
servation years has been applied to extrapolate changes
in glacier outlines up to 2015.

Subsequently, to simulate past streamflow the model is
forced with observed climate data. Temperature and
precipitation data is retrieved from the Austrian Cen-
tral Institute for Meteorology and Geodynamics (ZAMG)
and the Hydrographic Service Austria. The location of
the consulted precipitation and temperature stations is
indicated in Figure 1. All data has been normalized
to daily resolution. For each catchment, the plausi-
bility of the datasets was checked according to corre-
spondence with the long-term water balance. A mis-
match was found for the Defreggental and Silbertal,
where long-term precipitation exceeded long-term dis-
charge. Hence, past discharge measurements of these
catchments are scaled to match long-term water bal-

ance estimates of the Budyko framework.

2.2.2 Projected data

The prediction of future streamflow requires time-series
of climate data, snow cover and glacier outlines. Fu-
ture precipitation and temperature data are generated
from 14 high-resolution climate projections, based on
the EURO-CORDEX data (Table 2). Each regional cli-
mate model employs two emission scenarios, respectively
RCP 4.5 and RCP 8.5 (Switanek et al., 2017). All fu-
ture climate datasets are retrieved at the station scale
and cover the period from 1950-2100.
The future evolution of glaciers in the Pitztal under
different emission scenarios is represented by model
outputs of Zekollari, Huss, and Farinotti (2019).
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Table 2: EURO-CORDEX projections used in this study
ID GCM RCM
1 CNRM-CM5 r1i1p1 CCLM4-8-17
2 ALADIN53
3 RCA4
4 EC-EARTH r1i1p1 RACMO22E
5 EC-EARTH r3i1p1 HIRHAM5
6 EC-EARTH r12i1p1 CCLM4-8-17
7 RCA4
8 CM5A-MR r1i1p1 WRF361H
9 RCA4
10 HadGEM2-ES r1i1p1 CCLM4-8-17
11 RCA4
12 RACMO22E
13 MPI-ESM-LR r1i1p1 CCLM4-8-17
14 RCA4

Figure 2: Process scheme of step wise approach. Steps
followed are (3.1.2) Estimate long term runoff coeffi-
cient from the Budyko framework. (3.1.1) Determine
climate-based root zone storage capacity values. (3.2)
Implement climate-based and calibrated SR to predict
past and future streamflow. Respective indices refer to
sections numbers.

3 Methods
This study adopts the top-down and process-based ap-
proach as is shown in Figure 2, with the main aim to de-
scribe the interactions between changes in climate and
vegetation (3.1) and the potential impacts thereof on
streamflow in the past and future (3.2). Therefore, the
following step-wise approach is adopted: Firstly, short-
term water balances (3.1.1) are combined with long-
term water balance estimates (3.1.2) to describe cor-
responding developments in the root zone storage ca-
pacity of vegetation (3.1.3). This results in climate-
based estimates of root zone storage capacity SR,clim,

that are subsequently verified by implementation in a
FLEX-topo hydrological model (3.2.2). On the condi-
tion that the climate-based parameter model can reason-
ably describe past streamflow signatures, the model is
subsequently deployed to investigate potential changes
in future streamflow characteristics (3.2.3).

3.1 Climate change induced adaptation
of the root zone storage capacity of
vegetation

The root zone storage capacity is the amount of water
stored in the unsaturated zone that can be held against
gravity, which is accessible to the roots of vegetation
for transpiration. Hence, it is a key controlling factor in
the partitioning of precipitation into evapotranspiration
and runoff in a catchment. Since vegetation co-evolves
with a changing climate, the partitioning of water fluxes
alters accordingly. This dynamic should hence be consid-
ered to match long-term future evaporation and runoff
in a changing climate. To describe future adapted root
zone storage capacities in a changing climate, this study
combines short-term and long-term runoff estimates, re-
spectively derived from the water balance method and
the Budyko framework.

3.1.1 Using short-term water balances to quantify
vegetation root-zone storage capacity

The water balance method describes climate-induced
dynamics in the root zone of vegetation, based on the
assumption that vegetation adapts its root-zone stor-
age capacity to offset future hydroclimatic seasonality,
by building a buffer large enough to bridge dry spells
(Gentine et al., 2012; Donohue, Roderick, & McVicar,
2012; H. Gao et al., 2014). Hence, the water bal-
ance method estimates the amount of excess transpi-
ration over effective precipitation ((PE − ER), which is
assumed to originate only from the water stored in the
unsaturated zone. Daily deficits are then accumulated
over the total the period of water shortage (T0 − T1),
to estimate the total water buffer stored in the root
zone (Equation 1). Thereby, T0 marks the first day
at which transpiration exceeds effective precipitation
((PE − ER) < 0) and T1 represents the day at which the
root zone storage deficit is restored to zero (SR,def = 0).
Previous studies have shown that different vegetation
types develop root systems that can bridge droughts of
different return periods. Following this assumption, the
root zone storage capacity of grass and forest would
develop to endure droughts with a return period of re-
spectively 2 and 20 years (H. Gao et al., 2014; Nijzink et
al., 2016; de Boer-Euser et al., 2016; Wang-Erlandsson
et al., 2016; Hrachowitz et al., 2014). As the rooting
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depth of riparian vegetation is limited by high ground-
water levels, the root zone storage capacity is assumed
to equal that of grass. Corresponding root zone storage
capacities for grass, forest and riparian vegetation can be
retrieved from the Gumbel extreme value (GEV) distri-
bution, using a time series of annual maximum deficits.

SR,def(t) = min

∫ T1

T0

(
PE(t)− ER(t)

)
dt (1)

To determine yearly maximum storage deficits, daily
time series of transpiration and effective precipitation
are required. Daily transpiration series are obtained
from daily time series of precipitation, potential evap-
oration, and a long-term runoff coefficient. Effective
precipitation, defined as the liquid water input from
snowmelt (M) and remaining precipitation after inter-
ception (− dSI(t)

dt − EI), is estimated from the water bal-
ance of the canopy storage (Equation 2). To minimize
the influence of the unknown interception storage ca-
pacity (Imax) of the interception storage (SI), a random
sample of 300 different Imax values, ranging between 1-
3mm has been used. A set of 300 values showed to be
the threshold for obtaining a stable range in effective
precipitation values (PE) and hence root zone storage
deficits (SR,def) (Appendix A.2).

PE(t) = P(t) +M(t)− EI(t)−
dSI(t)

dt
(2)

The long term transpiration (ER) is derived from
the long-term water balance (Equation 3, all in
mmyr−1), under the assumption that the long-term
inter-catchment groundwater flows and storage changes
are negligible (EA = P− Q < EP). The long-term tran-
spiration is subsequently scaled to daily transpiration es-
timates, using the daily signal of potential evaporation
minus interception evaporation (Equation 4). Note that
this transpiration estimate also includes soil evaporation,
as these fluxes could not be separated using the available
data.

Er ≈ PE − Q (3)

ER(t) = (EP(t)− EI(t)) ·
ER

(EP − EI)
(4)

However, to complete the water balance method for the
future, a long-term mean runoff coefficient is required
and obtained from the Budyko framework.

3.1.2 Long term water balance framework for es-
timating changes in future runoff

The Budyko framework is consulted to obtain a well-
founded estimate of the long-term mean runoff coef-

ficient. This relationship describes how climate - ex-
pressed as the aridity index (EP

P
) controls the long term

partitioning of precipitation (P) into evaporation (Ea)
and runoff (Q). Thereby, the Budyko space is bounded
by the (i) supply limit, as no more water can evaporate
than is available, and the (ii) demand limit, as long-
term evaporation cannot exceed potential evaporation.
(Zhang et al., 2001; Xing, Wang, Zou, & Deng, 2018;
Mianabadi, Davary, & Pourreza-bilondi, 2020; Berghuijs
et al., 2020). Despite its relatively simple outlook and
low requirement for input data, the Budyko curve man-
ages to reasonably capture the partitioning of water
fluxes in virtually every catchment around the world
(Berghuijs et al., 2020).
However, the original Budyko relationship does not ex-
plicitly consider the combined influence of soil, topogra-
phy and vegetation. This is an likely explanation for
the systemic scatter found around the Budyko curve
(Troch et al., 2013). In response, parameterized Budyko
equations, such as the Fu equation, account for catch-
ment biophysical features through the catchment spe-
cific parameter(ω) (Equation 5) (Fu, 1981).

EA

P
= 1−

(
Q

P

)
= 1+

(
EP

P

)
−

(
1+

(
EP

P

)ω) 1
ω

(5)
Despite several attempts, it remains difficult to consti-
tute a value for ω from individual influencing factors, due
to the heterogeneity and interdependency of catchment-
specific influences. Therefore the relationship be-
tween changing vegetation dynamics and changed catch-
ment specific parameter is likely also catchment spe-
cific (Dwarakish & Ganasri, 2015; Sankarasubramanian,
Wang, Archfield, Reitz, & Vogel, 2020; Jaramillo et
al., 2018; Berghuijs et al., 2020; Jaramillo & Destouni,
2014; Jaramillo et al., 2018; Van der Velde et al., 2014).
Alternatively, the value of ω can be determined by solv-
ing Equation 5, using observed climate and discharge
data, averaged over a 30-year time period (1981-2010),
(Pobs, Tobs,Qobs). The resulting parameter value (ωobs)
hence represents historical catchment conditions.
To investigate how solely changes in climate influence
the future long-term mean runoff in the catchment,
it is assumed that soil, topographic and vegetative
conditions remain unchanged over time. Hence, the
ωobs-parameterized Budyko curve can be used to de-
rive changes in the future partitioning of water fluxes in
response to the changing climate.
Thereby, future changes in climate reflect in an altered
aridity index, as a consequence of changed precipitation
rates (∆P = Pfut − Pobs), temperature and hence po-
tential evapotranspiration (∆EP = EP,fut − EP,obs) (Fig-
ure 3a). Here, the Thornthwaite formula is adopted
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to calculate potential evaporation from temperature in-
put, as several studies declare adequate performance in
humid regions (Yates, 1994; Li, Yang, Kan, & Hong,
2018). Changes in climate cause a horizontal shift in
the Budyko space, moving a catchment from initial po-
sition (pobs), along the ωobs-parameterized Budyko curve
to a new position (pfut) (Equation 6). The new location
thereby indicates the future evaporative index and hence
runoff coefficient (Qfut).

(
EP

Pfut
=
EP,obs+∆EP

Pobs +∆P

)
(6)

(
Q

P

)

fut

=

(
Qobs +∆Q

Pobs +∆P

)

= −
((

EP

P

)

fut

−
(
1+

(
EP

P

)ω) 1
ω
) (7)

3.1.3 Combining the long- and short-term water
balances to describe future changes in the
root zone storage capacity

By combining the Budyko framework and the water bal-
ance method, future changes in root zone storage capac-
ity can be quantified. Drawing upon the Budyko frame-
work, runoff coefficients are estimated for the past and
future. Thereby respectively observed meteorological
data (1981-2010) and future climate projections (2071-
2100) of 14 RCMs and 2 different RCPs are used to
estimate a total of 29 runoff coefficients per catchment.
Through implementation in the water balance equations,
29 root-zone storage capacity estimates were derived for
each vegetation type. Note that the use of a range of
300 values of Imax values results in parameter ranges
instead of single parameter values.
To account for potential biases in the projected climate
data, the respective modelled future (SR,clim,fut) values
are scaled to the difference between observed and mod-
elled past root zone storage parameters, according to
Appendix A.3 (Bouaziz et al., 2021). A second correc-
tion is applied to account for the respective area share of
vegetation. Initially, the found SR,clim,fut values represent
root zone storages in a catchment entirely covered by
either forest, grass or riparian vegetation, which results
in too large estimates of the actual root zone storage
capacity of the vegetation types in the catchment.

3.2 Hydrological model
The influence of a climate-based root zone storage ca-
pacity parameter on modelled streamflow is tested using
a process-based, semi-distributed hydrological model,
as utilized and employed by Hanus (2020). This hy-
drological model represents the dominant rainfall-runoff

processes in the catchments based on topography and
land cover classes. It thereby acknowledges the impor-
tance of landscape on runoff behavior, whilst retain-
ing a simplistic model approach (Savenije, 2010). The
model structure is depicted in Figure 4, and consid-
ers four hydrological response units (HRUs): bare rock,
forested hillslope, grassland hillslope and riparian zone.
In each timestep, all units are first run separately. Af-
terward, the total runoff is generated as the weighted
sum of the runoffs of the individual units. The model
includes the storage components of interception, unsat-
urated root zone and a fast and slow storage compo-
nent, i.e. groundwater. All relevant equations are dis-
played in Table 3, whereas a more detailed model de-
scription is provided in Hanus (2020). The model code is
written in Julia (https://julialang.org/) and avail-
able on GitHub (https://github.com/magaliponds/
Thesis-model).

3.2.1 Calibration & Evaluation

In total, the model features 20 parameters that are ini-
tially calibrated on observed streamflow data and are
hereafter referred to as the stationary parameter set.
For the Pitztal an additional loss parameter was included
that accounts for water divergence from the catchment.
Following the work of Hanus (2020, Appendix B), all
parameters have been constrained a-priori based on lit-
erature (Prenner et al., 2019; H. Gao et al., 2014). Addi-
tional constraints are provided to ensure that parameter
combinations match the perceptions of the system, e.g.
the interception capacity of forest is larger than that of
grass (Gharari, Hrachowitz, Fenicia, Gao, & Savenije,
2014).
The model has been calibrated using 8 objective func-
tions to ensure correct process representation (Table 4),
(Efstratiadis & Koutsoyiannis, 2010). These functions
cover the timing of high and low flows, the magnitude of
flows, the memory of the catchment and the partition-
ing between evaporation and runoff. All functions are
equally weighted, as the calibrated model aims to repre-
sent overall system dynamics. The overall model perfor-
mance was assessed using the Euclidian Distance (DE)
from the perfect model fit (Hrachowitz et al., 2014).
For each catchment, a random Monte Carlo Sampling
of 1.000.000 realizations was performed, resulting in
the same amount of possible parameter combinations.
These are subsequently called parameter sets. Calibra-
tion was run for each parameter set over 20 years (Oct
1985 - Oct 2005), with a 3-year warm-up period. Only
the best performing 0.01% has been selected, corre-
sponding to a Euclidean Distance equal to or below 0.2.
Thereby ill-performing parameter combinations are ex-
cluded and constraints parameter uncertainty due to the
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(a)

(b)

Figure 3: (a) Representation of the Budyko space, showing the Evaporative Index EA
P and the Aridity Index EP

P

and the energy and water limit. Using observed climate data, EA
P obs

and EP
P obs

respectively, a catchment plots on
position pobs on the parametric Budyko curve with parameter ωobs. A changed climate, and hence altered input
data, results in an altered Aridity Index (EP

P fut
). This causes the catchment to move along the Budyko curve (EP

P ∆
)

towards position pfut, that corresponds with a future Evaporative Index (EA
P fut

). (b) Cumulative storage deficits
(SR,def), derived from effective precipitation (PE) and transpiration (ER) using the observed past data and climate
projections for RCP 4.5 and RCP 8.5

Figure 4: Schematization of model structure per precipitation zone. Based on topography, the model is distributed
with regard to four Hydrological Response Units. Boxes represent states, black arrows are fluxes and Red indicates
parameter

concept of equifinality - the phenomenon that different
combinations of parameters can acceptably reproduce
observed runoff (Beven & Binley, 1992). The selected
300 parameter sets are subsequently evaluated using the

same objective functions as described before (Table 4)
over a period of 8 to 10 years, from 2005 to 2013 (2015),
depending on data availability. Subsequently, these 300
parameter sets are called calibration parameter sets. The

8



Table 3: List of equations used in the hydrological model. An more extensive description can be found in Hanus
(2020)

Reservoir Water balance Equation Constitutive functions
Interception dSint

dt = Prain − Eint − Peff Peff = max(Sint − Imax, 0)
Eint = min(0.5 · Epot, Sint)

Snow dSsnow
dt = Psnow −Msnow M = Fmelt ·MM

(
T−Ttresh

MM
+ ln

(
1+ exp

(
−T−Ttresh

MM

)))

Msnow = min(M, Ssnow)
Mglacier = M
Mtot = Msnow · (1− Agl) +Mglacier + Agl

Peff,tot =
∑Elevations

i=1 Peff +
∑Elevations

i=1 Mtot

Unsaturated Zone dSsoil
dt = Pe − Esoil − R qsoil,rip = Peff + Qrip − R

dSsoil,rip

dt = PeQrip − Esoil − R qsoil = Peff + Qrip − R

SR,m = (1+β)SR,max

(
1−

(
1− SR

SR,max

)1/(1+β))

R = Peff − SR,max + SR + SR,max ·
(
1− Peff+SR,m

(1+β)SR,max
1+β

)

Perc = Percmax
SR

SR,max

Esoil = (Epot − Eint) ·min
(

SSoil
Ssoil,max·Fevap

, 1
)

Ssoil = SSoil + Peff − ESoil − R
Ssoil,rip = SSoil + Peff − Esoil − R

Fast Reservoir dSfast
dt = qoverland − qfast qoverland = (Peff,tot − qsoil)·ρp

qoverland,rip = Peff,tot + qrip − qsoil,rip
qfast = kfast · Sfast

Slow reservoir dSslow
dt =

∑HRU
i=i qpref − qslow qpref = (Peff,tot − qsoil) · (1−ρp) + R

qslow = kslow · Sslow

depending on data availability. Subsequently, these 300
parameter sets are called calibration parameter sets. The
main focus of this study is the catchment average root
zone storage capacity parameter.

3.2.2 Testing climate-based root zone storage pa-
rameters for modelling past streamflow

To test the influence of inclusion of non-stationarity in
the root zone on, streamflow predictions, modelled using
climate-based and calibration parameter sets, are com-
pared.
The climate-based parameter sets are constructed from
the ensemble of calibration parameter sets. Thereby
the calibration parameters SR,cal,forest, SR,cal,grass and
SR,cal,rip are replaced with a climate-based formulation,
respectively SR,clim,forest, SR,clim,grass and SR,clim,rip. To
include a certain level of equifinality in the climate-based
parameter sets, for every calibration parameter set, 10
random samples have been taken from the water balance
ranges. Hence, the ensemble of 300 calibrated param-
eter sets results in 3000 climate-based equivalents, for

both past conditions as well as the two emission scenar-
ios in the future. After implementation, models using
calibration and climate-based parametersets are respec-
tively referred to with subscription cal and clim.
The model performance of the climate-based model is
tested and compared to results of the calibrated model
based on the eight objective functions (Table 4).

3.2.3 Comparing the influence of future root zone
development on streamflow

To investigate the influence of future dynamics of the
root zone storage development on streamflow, a sec-
ond analysis is made, comparing modelled future stream-
flow including SR,climate,past and SR,clim,fut. The respec-
tive parameter sets hence represent climate-based sta-
tionary and climate-based adaptive model conditions.
Thereby, hydrological change is evaluated over 30 years
to decrease noise and allow for a robust comparison
of streamflow. The analysis covers different stream-
flow characteristics and assesses changes in timing and
magnitude. This includes changes in mean annual dis-
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Table 4: Objective functions used for calibration

Signature Symbol Reference
Timeseries of flow NSE (Nash & Sutcliffe, 1970)

NSElog (Nash & Sutcliffe, 1970)
VE (Criss & Winston, 2008)

Flow Duration Curve FDC (Euser et al., 2013)
Autocorrelation Curve AC1 (Euser et al., 2013)

AC90 (Hrachowitz et al., 2014)
Monthly Runoff Coefficient RC (Hrachowitz et al., 2014)
Snow Cover Snow (Finger, Vis, Huss, & Seibert, 2015)

charge, which indicates future water availability, mean
monthly discharge and both annual and seasonal runoff
coefficients. Furthermore, changes in extreme hydro-
logical events are analyzed according to (Blöschl et al.,
2017, 2019). As such, changes in the magnitude of high
flows are assessed using a time series of Annual Maxi-
mum Flows (AMF). Changes in AMF are also analyzed
in the context of different return periods, that are ob-
tained through ranking average annual maximum flows.
Changes in timing are assessed based on the method
of circular statistics (Young, Round, & Gustard, 2000;
Blöschl et al., 2017). This method provides correct tim-
ings of extreme events despite the turns of the year.
However, a bi-model flood season would be hidden, as
the average date of occurrence would be located in the
middle of the flood season. For this case, also the rela-
tive frequency of AMF occurring in 15 days is studied. A
15day time frame allows for the co-occurrence of differ-
ent events, whilst providing insight into relatively small
changes in AMF over time.
Changes in low flows are assessed using a similar ap-
proach and are based on the annual minimum runoff
throughout 7 consecutive days. As low flows mainly oc-
cur in winter, a moving average from June to May is
used, to avoid complications with the turn of the year.
Low flows are also analyzed in terms of Q90/P, which
indicates the ratio of low flows, exceeded 90% of the
time, to precipitation. Furthermore, droughts are as-
sessed, which are defined as the summed deficit volume
of days with streamflow under the Q90 threshold. This
metric hence provides information on both the frequency
and magnitude of low flows. Timings of low flows are
again assessed using the method of circular statistics.

4 Results & Discussion
Temperature and precipitation are projected to increase
in all catchments in the future, especially under RCP 8.5
(subsubsection 4.1.1). This is inherent to higher catch-
ment dryness and evapotranspiration rates (subsubsec-
tion 4.1.2). Hence, when using climate data to estimate

SR, SR,clim,past parameter ranges are found to differ sig-
nificantly per catchment, although parameter ranges sig-
nificantly narrow-down for the climate-based estimates
compared to calibration values. The implementation in
the FLEX-topo model reveals that both calibration and
climate-based parameters result in a reasonably good
performance on modelling past streamflow (subsubsec-
tion 4.3.1). According to the increase in catchment
dryness and evaporative index, higher climate-based SR
values are estimates for all catchments in the future
(subsection 4.2). However, only a limited difference is
found in modelled future streamflow, when accounting
for climate-induced changes in SR (subsection 4.4).

Figure 5: Mean location of the study catchments in the
Budyko space in the past and under two emission sce-
narios at the end of the 21st century, averaged over 14
climate models. Dashed lines represent the Fu curves.
For the Pitztal the position is indicated before and after
correction of observed streamflow data.

4.1 Projected changes in climate
4.1.1 Hydroclimatic Change

Annual median temperature and precipitation, averaged
over 30 years, are projected to increase in the future
(Figure 6).
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Similar temperature changes were found across all catch-
ments, with median increases around 2-3 °C for RCP 4.5
and 4-5 °C for RCP 8.5. The highest median increases
are found in the Defreggental and Pitztal.
Median precipitation increases for all catchments in the
future and are most pronounced for RCP 8.5, where
changes range between 4% in the Gailtal and 9% in the
Defreggental. However, the sign of change depends on
the climate model used as the spread in projected change
ranges between -10% decrease and 20% increase.

4.1.2 Future changes in the long-term water bal-
ance

Figure 5 shows the changes in aridity and evaporative
index of all catchments in the Budyko space, for the
past and for two emission scenarios in the future. In
the past, the Feistritztal and Silbertal show the highest
and lowest aridity indices (AI) of respectively 0.691 and
0.231 (Table 5). This is likely related to their respec-
tive most west and east location, since climate dryness
increases for more land inward catchments, resulting in
higher aridity indices and vice versa.
The evaporative index (EI) ranges between 0.284 in the
Gailtal and 0.593 in the Feistritztal. The higher evapora-
tive indices can be explained by higher vegetation cover.
The opposite applies to the runoff coefficients (1− Ea

P
).

It can be seen that the Pitztal plots outside the energy
limit, suggesting too little runoff. This likely results from
water abstraction for hydropower uses in the area, which
is corrected for in further calculations (Figure 5).
By solving the Budyko equation, using past aridity and
evaporative indices as input, catchment-specific param-
eters ( ω) are obtained for each catchment. Values for
ω are found to range between 1.72 in the Defreggen-
tal and 3.025 in the Feistritztal. Higher values for ω
for the same aridity index indicate more water use for
evaporation and could be related to the increased wa-
ter use by young vegetation as opposed to older forest
(Fenicia et al., 2009), (Table 1 & 5). The second-lowest
ω value of 1.834 is found in the Gailtal, which explains
its lower evaporative index, despite relatively high vege-
tation cover.
As a result of increased aridity and evaporative indices in
the future, all catchments move to the top right of the
Budyko framework. This indicates that the catchments
become dryer and have more available energy for evap-
oration. Hence, evaporation rates increase and runoff
coefficients reduce in the future. On average, median
aridity indices increase with ca. 0.03 in all catchments
and increase up to twice as much for RCP 8.5 (Figure
S5). However, the magnitude of change depends on the
climate model, as is shown in Figure S4. In accordance
with previous results, future lowest and highest aridity

indices are found in the Silbertal (0.351) and Feistritz-
tal (0.712), which further increase to 0.379 and 0.787
for RCP 8.5. The largest change is found in the De-
freggental (0.1, RCP 8.5), corresponding to increases
in temperature (Figure 6). In the Silbertal, the least
change in AI is found (0.04, RCP 8.5), which is po-
tentially caused by the offsetting effect of increases in
precipitation rates, higher temperatures and hence in-
creased potential evaporation.
Future evaporative indices increase with ca. 0.02 in
all catchments for RCP 4.5 and range between 0.297
(Feistritztal) and 0.604 (Gailtal), with further increases
for RCP 8.5. Only in the Pitztal, the evaporative index
decreases in the future. This is especially pronounced
for RCP 4.5, where the EI changes with -0.04. Changes
in the evaporative index result from the combined in-
fluence of hydroclimatic changes and catchment char-
acteristics, represented by ω, that can both amplify or
offset each other’s effect on evapotranspiration. Cor-
responding to changed evaporative indices, the highest
and lowest runoff coefficients are found in the Gailtal
(0.396, RCP 4.5) and Feistritztal respectively (0.296,
RCP 4.5). The absolute long-term mean runoff is the
lowest for the Feistritztal (0.993), which is likely the re-
sult of the high vegetation coverage, decreasing runoff
and increasing evaporation. The highest runoff is found
in the Silbertal (2.935), likely as a result of a more hu-
mid climate, corresponding to its relatively west loca-
tion. As evaporation rates are relatively low, long-term
mean runoff values are relatively high.

4.2 Climate based estimates of root zone
storage capacity in the past and fu-
ture

Figure 7 shows root zone storage capacity estimates de-
rived with observed historical data and modelled future
data of 14 climate models. Median values for the past
climate based root zone storage capacity parameters are
found to range between 5-27mm for SR,clim,2years and 5-
155mm for SR,clim,20years. For both grass and forest the
respective lowest and highest SR,clim are found in the
Pitztal and Feistritztal and show a relationship with the
vegetation cover in the catchments. The low root zone
storage capacities in the Pitztal are associated with shal-
low hydrologically active soil depths, which is realistic as
bare rock covers a substantial portion of the catchment
area. The opposite applies to the Feistritzal, where grass
and forest are the dominant land cover types. Similar
regional patterns in soil moisture storage capacities are
demonstrated by Merz and Blöschl (2004) in a calibra-
tion experiment for 308 catchments in Austria. The
spread in SR,clim,past is below 5mm in all catchments
and directly results from the 300 different interception
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Figure 6: Absolute changes in mean annual temperature and relative changes in mean annual precipitation for all
14 climate simulations and two RCPs. RCP 4.5 is coloured in red and RCP 8.5 in blue.

Table 5: Derivation of Aridity Index, Evaporative Index and catchment specific parameter ω from mean observed
climate data for all catchments. Subsequent calculation of future Aridity and Evaporative Indices, runoff coeffi-
cients and long term runoff estimates. All displayed values are averaged over 30 years and 14 climate projections
for each emission scenario.

Catchment EP

Pobs

EA

Pobs
ω EP

Prcp45

EP

Prcp85

EA

Prcp45

EA

Prcp85

Q
Prcp45

Q
Prcp85

Qrcp45 Qrcp85

[-] [-] [-] [-] [-] [-] [-] [-] [-] [mm] [mm]
Feistritztal 0.691 0.593 3.026 0.712 0.787 0.604 0.645 0.396 0.355 0.983 0.876
Paltental 0.425 0.319 1.851 0.449 0.484 0.332 0.35 0.668 0.65 2.326 2.272
Gailtal 0.368 0.284 1.834 0.392 0.435 0.297 0.321 0.703 0.679 2.622 2.474
Silbertal 0.329 0.302 2.445 0.351 0.379 0.32 0.341 0.68 0.659 2.837 2.787
Defreggental 0.419 0.295 1.723 0.474 0.522 0.322 0.343 0.678 0.657 1.814 1.778
Pitztal 0.408 0.42 3.863 0.454 0.496 0.373 0.398 0.627 0.602 1.655 1.597

capacities applied in the water balance method.

SR,clim, estimated using modelled past data, are on aver-
age higher due to overestimation of precipitation in mod-
elled climate data. This bias has been corrected for in
the estimation of future climate-based parameters (Ap-
pendix A.3). Moisture deficits in the rootzone increase
in the future as a result of increased dryness indices,
higher evapotranspiration rates and decreased long-term
mean runoff and hence increased SR,clim (Equation 1 &
4, Figure 5). SR,clim,forest increases with at least 10mm
(100%, Defreggental) and maximum 30mm (75% Pitz-
tal) for RCP 4.5, with further increases for RCP 8.5.
Only in the Pitztal little to no increase is found in the
future, which corresponds to the slight decrease in EI
(Figure 3a & Appendix B.1). These results reveal a re-
lationship between the magnitude of changes in the root
zone and the area share of forest, which is resp. 6% and
61% in the Pitztal and Paltental. Plausibly, the applied
correction for area share of forest and grass contributes
to this, as increments in SR,clim,forest in low forested areas
are significantly reduced and vice versa.
SR,clim,grass increases with 4-20mm (6-32mm, RCP 8.5)
in all catchments in the future. This translates to rel-

ative changes of 14-125%, with the lowest increases in
the Feistritztal and Pitztal and the largest increase in
SR,clim,grass in the Silbertal. A similar pattern is found in
grassland coverage, which is the lowest in the Feistritz-
tal (25%) and Pitztal (23%) and increases up to 46%
in the Silbertal.
The spread in SR,clim increases in the future for all veg-
etation types, mostly for RCP 8.5 and likely relates to
uncertainty in the used climate models. In the past, pa-
rameter spread is limited to approximately 5-10mm for
forest and 2-8mm for grass. The Silbertal shows the
largest spread for both vegetation types. In the future,
spread in SR,clim,forest ranges between 30-110mm (45-
160mm, RCP 8.5), with respective minimum and max-
imum spread found in the Defreggental and Feistritz-
tal. The Pitztal is an exception to this, as it shows
almost no spread in SR,clim,forest. The absolute spread in
SR,clim,grass is relatively lower and lies between 18-60mm
(28-36mm, RCP 8.5), with respective lowest and highest
spread found in the Defreggental and Silbertal. Again a
plausible explanation for the variety in the model spread
is the coherence with the areal reduction factor applied,
reducing spread for sparser vegetated areas. Still, the

12



spread in SR,clim is much smaller compared to the spread
found in calibration parameters (Appendix B.2).

4.3 Modelled Hydrological Response
The found calibration and climate-based parameters are
subsequently implemented in the FLEX-topo model to
test the influence on modelled streamflow in the past
and future.

4.3.1 Calibration & Evaluation

Figure 8 shows that both the calibrated and climate
based models reproduce the main features of the ob-
served hydrological response reasonably well in all study
catchments. Overall model performance ranges between
Objcal,tot = 0.81-0.88 and Objclim,tot = 0.80-0.87 during
the calibration period (Figure 8, top row) and remains
stable for the evaluation period, where Objcal,tot = 0.78-
0.89 and Objclim,tot = 0.80-0.85 (Figure 8, middle row).
Also for individual objective functions both models show
an overall good performance during both the calibra-
tion and evaluation period. Thereby, the differences in
model performance between the two models are close
to zero (Figure 8, bottom row). For the calibration pe-
riod ∆Objtot ranges between -0.002 (Defreggental) and
-0.056 (Silbertal), in favour of the model using the cal-
ibration parameter SR,cal. For the evaluation period dif-
ferences in model performance range between ∆Objtot
= -0.068 (Silbertal) and ∆Objtot = 0.038 (Pitztal) in
favor of the calibrated and climate based model respec-
tively.
Likewise, the modelled hydrographs show that the short-
term flow dynamics are generally adequately captured by
the models, regardless of the used parameter set (Fig-
ure 9 & Appendix B.3.). In some cases, peak flows re-
main underestimated. This is likely associated with un-

certainties in observations in very localized high-intensity
convective rainfall events (Hrachowitz & Weiler, 2011).
Likewise, the mean regime curves of flow show that the
model matches observations rather well during both cal-
ibration and evaluation period (Figure 10).
Hence it can be concluded that both the calibrated
and climate-based models adequately capture the gen-
eral magnitudes and seasonality in all study catchments.
The overall good model performance implies that the
retained climate-based parameter sets can be used for
modelling future streamflow.

4.4 Future streamflow predictions
The analysis of future streamflow predictions describes
the found changes in streamflow between past and fu-
ture. In this section the main focus lies on the com-
parison of models, which respectively use the climate-
based stationary (SR,clim,stat) and climate-based adap-
tive (SR,clim,adapt) parameters (Figure 11. Hence, both
models are climate-based and will be referred to as the
stationary and adaptive model hereafter.

4.4.1 Annual discharges

In general, an increase in discharge is projected in all
catchments in the future (Figure 11, Figure S18), es-
pecially for RCP 8.5. However, the direction of change
depends on the catchment, hydrological model and cli-
mate projection used. For RCP 4.5, the stationary model
predicts changes in discharge between -4% (Feistritztal)
and 10% (Pitztal) for RCP 4.5. Hence, discharge is
projected to increase in the future in all high elevation
catchments, whereas the sign of change is less certain
for the three lower elevation catchments. In comparison,
discharges are 2-6% higher in all catchments for RCP
8.5. Only in the Feistritztal a larger difference is found,

Figure 7: climate-based parameter ranges derived from observed past climate data and corrected future climate
data. Results include 14 RCMs. RCP 4.5 is depicted in red and RCP 8.5 in blue.
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Figure 8: Mean model performance of best 300 calibration (top) and 3000 climate based parametersets (middle)
during calibration (left) and evaluation (right) period. Objtot shows the overall model fit. The bottom row indi-
cates relative model performance of climate based compared to calibration parameter sets in the respective periods,
defined as ∆Objtot = Objclim,tot − Objcal,tot. Hence, positive values indicate a better performance of climate based
Parameter sets. 3 provides a description of objective functions. Catchments marked with an aterisk (*) use an
evaluation period of 8 years instead of 10 years.
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Figure 9: Comparison of measured (black) and calibrated (grey) and climate based (orange) modelled runoff for
a year during calibration period (1990) and a year during the evaluation period (2010). The solid lines indicate
mean modelled runoff using best parameter sets and the shaded area corresponds to the range of best parameter
sets

Figure 10: Annual mean regime curves for the six study catchments over a 30 year period in the past (1981-2010).
Observed discharges are depicted in black, modelled discharge results from the calibrated model and the climate
based model in grey and orange respectively. Solid lines represent mean runoff and shaded bands indicate ±1 std.
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where changes in discharge alter from -4% (RCP 4.5) to
10%. The Pitztal shows lower increases in discharge for
RCP 8.5. Increases in discharge are likely the result of
increasing annual precipitation in the future. However,
this can be offset by higher future runoff coefficients as
a consequence of increased evaporation (Figure 5).
The differences between median modelled discharge
change using the climate-based stationary and adaptive
model are close to zero, which is in line with findings
of Bouaziz et al. (2021). All modelled discharges show
relatively high uncertainty. For the stationary model,
the spread varies between 30% (Paltental) 100% (Pitz-
tal) for RCP 4.5 and even more for RCP 8.5. For the
adaptive model, uncertainty ranges are between 50%
(Paltental) and 120% (Pitztal), with higher increases in
the negative direction of change.

4.4.2 Monthly Discharges

Changes in future monthly discharges reveal subtle
differences between both the stationary and adaptive
model (Figure 12 & S19). The stationary model predicts
monthly discharge to increase by 20-90% (0-1mm, RCP
4.5) in the winter and spring months in all catchments,
whereas a decrease of -10 to -20% (0 to -1mm) is pro-
jected in monthly summer discharges. An explanation
for this is the projected future temperature increase, re-
sulting in decreased snow storage and an earlier onset of
the melting season. This increases discharges in winter
and spring but results in decreases afterward. Summer
discharges are further reduced by increased evaporation

rates under higher summer temperatures. For RCP 8.5
changes are in general up to twice as high and plausibly
relates to the projected higher mean increase in precip-
itation, temperature and therefore also snowmelt. Only
the Feistritztal shows an increase in discharge of approx-
imately 0.2 mm/day in summer for RCP 4.5, likely as
increasing precipitation rates are dominant over temper-
ature changes in these catchments. The opposite applies
for RCP 8.5, as slightly negative changes are projected.
Winter increases are similar under both scenarios, which
could be due to the minor role of snow dynamics in the
discharge regime.
The highest change in discharge is found in the Silber-
tal and Pitztal, where mean discharge changes with +
1.5mm/d in summer and - 1.5mm/d in winter (25%,
RCP 8.5). The Feistritztal experiences the least change
of 0.2mm/d (20%). An explanation for the larger
changes encountered in higher elevation catchments
could be the higher absolute increases in temperature.
Additionally, a decrease in snow storage under higher
emission scenarios leads to lower contributions of snow
and glacier melt to discharge, further reducing summer
flows.
The timing of the largest flow increase in winter occurs
between February (0.4-0.6 mm/day, Gailtal) and May
(1.0-1.4 mm/day, Pitztal) for all catchments. Only the
Feistritztal and Paltental show no distinctive month with
maximum change. A similar shift in timing is found for
summer decreases in monthly discharge. The first low
flows occur in May in the Feistritztal, Paltental, and Sil-
bertal. Flow reductions are experienced the latest in July

Figure 11: Relative changes in mean annual discharge for all catchments, using models featuring SR,clim,stat (light)
and SR,clim,adapt (dark), for all 14 climate simulations and RCPs. RCP 4.5 is coloured in red and RCP 8.5 in blue.
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in the Pitztal, whereas winter increases and summer de-
creases are experienced later. The difference in timings
between catchments of different altitudes probably re-
lates to the altitude-temperature gradient. Namely, the
relatively lower temperatures at higher elevations lead to
a postponement of the melting season and hence later
timings for both changes in summer and winter (Bavay,
Grünewald, & Lehning, 2013).
The absolute spread in monthly changes is the smallest
in the Feistritztal (3mm, 90%), and increases for catch-
ments that are subject to larger changes. The maximum
model spread of 2.4mm is found in June and August in
the Pitztal. The largest relative change is found in the
Pitztal in March (180%). Uncertainty bands increase
further for RCP 8.5, which corresponds to increased un-
certainty in climate projections and SR,clim parameters.
The climate-based adaptive model shows a similar pat-
tern in monthly discharge changes, although projected
changes are around 0.1mm (10%) lower for all catch-
ments year-round. Differences in model predictions
slightly increase for the second half of the year, for higher
altitude catchments and RCP 8.5. The maximum devi-
ation is found in the Pitztal, where the adaptive model
predicts 0.4mm/d (15%) lower summer reductions in
July. This could relate to the higher storage capacities,
leading to decreased runoff and decreased changes in
runoff (Figure 13 & S20). In the Feistritztal almost no
change (0-5%) between models is found. In all other
catchments, the difference lies between 10-15%, with
the largest differences occurring in the second half of

the year. As compared to the stationary model, the
spread in model results from the adaptive model is 0-
8mm larger for RCP 4.5 and 0.2-14mm for RCP 8.5.
Hence, estimates of changes can significantly differ de-
pending on the climate model used.

4.4.3 Runoff Coefficient

Median annual runoff coefficients are predicted to in-
crease for both models in all catchments for RCP 4.5,
with further increases for RCP 8.5 (Figure 13). Accord-
ing to the stationary model, the maximum change of ca.
0.2 is experienced in the Pitztal and Defreggental under
RCP 8.5, which corresponds to 12%, resp. 14%, change.
The sign of change is highly dependent on the climate
projection used. The model spread ranges between 0.3
(Paltental) and 1.1 (Pitztal) for RCP 4.5, with on av-
erage larger spread for the higher elevated catchments
and the RCP 8.5 scenario.
The adaptive model predicts a similar pattern of change
in annual runoff coefficients. However median estimates
are around 0.05 (5%) smaller for RCP 4.5 and increase
for RCP 8.5. This supports findings from Bouaziz et
al. (2021) and could result from the relatively higher
root zone storage capacities in the future and a related
increased threshold for runoff activation. Also, evapora-
tion rates, that increase due to reduced moisture stress,
can contribute to lower runoff coefficients. The largest
difference between adaptive and stationary model pre-
dictions is 0.1 (10%) difference in the Paltental (RCP

Figure 12: Absolute changes in mean monthly discharge, using data of 14 climate models and two RCPs of 30
years in the future (2071-2100). Results obtained from models featuring SR,clim,stat and SR,clim,adapt are respectively
depicted in pink and red for RCP 4.5 and light blue and blue for RCP 8.5.
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8.5), which is also the catchment showing the largest
relative change in SR,clim between past and future.
Predictions of the absolute seasonal runoff coefficient
correspond to predicted changes in monthly discharge.
Especially in higher elevation catchments, runoff coeffi-
cients increase in the winter and spring and decrease in
summer months, conceivably as a result of seasonality
in snowmelt contributions. Lower elevation catchments
show only limited change throughout the entire year.
Increased runoff coefficients in winter range between -
0.02 in the Feistritztal and 0.32 in the Pitztal. Sum-
mer reductions are between 0.0 and 0.15 for these same
catchments. In autumn only limited changes in runoff
coefficient are encountered in all catchments. Changes
in runoff coefficient become more pronounced for RCP
8.5, as temperatures and consequently snowmelt further
increase. A similar pattern is found for relative changes
(Figure S20). The spread in model results differs per
season and increases for higher estimates of change. On
average the largest model spread is found in winter and
ranges between 0.35 (70%, Silbertal) and 0.75 (65%,
Gailtal).
The adaptive model results show similar seasonality as
predicted by the stationary model, with again a slightly
smaller magnitude of change in all catchments for both
absolute and relative changes. The least difference in
model results is found in the Feistritztal, where model
predictions are 0.01 apart throughout the entire year.
The largest offset is found in the Paltental, showing dif-
ferences of 0.1 (12%) in Autumn for RCP 4.5 and in-

creases up to 0.15 (16%) under scenario RCP 8.5. The
model spread in the adaptive model is the same size
or up to 0.3 (Pitztal) smaller than the stationary model.
The maximum difference in relative model spread of 50%
is found in the Defreggental. Hence, predictions of sea-
sonal runoff coefficients can differ vastly depending on
the time of the year and used climate model, although
mean seasonal runoff coefficients are broadly consistent.

4.4.4 Timing of High Flows

The timing of Annual Maximum Flows (AMF) shifts
substantially towards earlier occurrences in the future
for all catchments except for the Gailtal (Figure 14, Ta-
ble S1). This likely results from an earlier onset of the
melting season. In the past, annual maximum flows oc-
cur on average in the summer, with an average timing
in the first half of July for higher elevation catchments
and in the second half of June for lower elevation catch-
ments. The Gailtal experiences annual maximum flows
on average at the end of September. For RCP 4.5, the
stationary model results show timings of AMF to shift
on average by +1 and -16 days in the Feistritztal and Sil-
bertal respectively. The shifts become more pronounced
for RCP 8.5 and range between -6 days in the Paltental
and -23 days in the Silbertal. Only in the Defreggental,
an opposite trend is encountered for RCP 8.5, predicting
a change in timing of +2 days, in contrast to the -5 days
predicted shift for RCP 4.5. On the contrary, the Gailtal
shows substantial shifts towards later occurrences of on

Figure 13: Absolute changes in 30 years average seasonal runoff coefficient, for 14 climate scenarios and 2 RCPs,
using the climate based stationary and adaptive model. Results obtained from models featuring SR,clim,stat and
SR,clim,adapt are respectively depicted in pink and red for RCP 4.5 and light blue and blue for RCP 8.5.
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average +21 days and further increase to +35 days for
RCP 8.5.
The climate-based adaptive model predicts slightly more
pronounced shifts in timings in the same direction of
change as the stationary model. The Defreggental is
an exception to this, where the direction of change is
reversed for the RCP 8.5 scenario. The magnitude of
change in timing is in general 2-3 days larger (RCP 4.5)
for the adaptive model for all catchments. For RCP 8.5
timings change in between 1-8 days, indicating a larger
spread between model predictions. Only in the Paltental
projected changes in timing are larger and shift with re-
spectively -6 and -17 days for RCP 4.5 and RCP 8.5.
To account for a potential bimodal timing in Annual
Maximum Flows, also the fraction of timing of occur-
rences within 30 years time period is investigated as it
provides additional information on the intensity of sea-
sonality.
Figure 15 reveals a bimodal seasonality of AMF for the
Gailtal, that experiences AMF in the middle of May and
end of September. This is characteristic for the autumn-

nival flow regime, where a first flow maximum occurs in
late spring due to snowmelt and a second maximum re-
sult from intensive precipitation in autumn (Mader et
al., 1996; Blöschl et al., 2011).
Furthermore, a clear relationship between seasonality
and altitude can be deducted (Figure S20). The lowest
catchment (Feistritztal) shows widely spread AMF over
the year and experiences maximum incidents in May,
whereas the higher elevation catchments show the most
pronounced seasonality and experience most incidents in
the period from June to July, probably because snowmelt
has a dominant role in flood generating processes.
In the future, the stationary model predicts a shift to-
wards earlier timings for the three higher elevation catch-
ments, with further advancements for RCP 8.5. Likely,
this is related to the earlier onset of the snowmelt sea-
son in the future, as is shown in more detail by Hanus
(2020). In the Feistritztal and Paltental, the first preva-
lence of AMF is shifted to half a month earlier for RCP
8.5. Hence, maximum discharges increase in January
and February in the Feistritztal and in March in the

Figure 14: Simulation of mean occurrence of average timing of AMF over 30years, for 14 climate scenarios and
2 RCPs, using the climate-based stationary and adaptive model. Error bands indicate ±1 std. Results obtained
from models featuring SR,clim,stat and SR,clim,adapt are respectively depicted in pink and red for RCP 4.5 and light
blue and blue for RCP 8.5. Uncertainty bands of ±1 std are shaded and lines connecting 15 day periods are used
to allow for better visualization.
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Paltental. A possible explanation for this can be the
unchanged precipitation rates for RCP 8.5 compared to
RCP 4.5. This results in relatively lower summer dis-
charges compared to other seasons, thereby reducing
the fraction of occurrences of AMF in summer. Only in
the Gailtal occurrences of AMF are delayed to Novem-
ber in the future, which could relate to a shift of flood
generating processes from snowmelt to precipitation in
the future(Vormoor, Lawrence, Heistermann, & Bron-
stert, 2015; Brunner, Melsen, Newman, Wood, & Clark,
2020; Hanus, 2020). The increased role of precipitation
in flood generating processes, causes the flood season
to move to the season with the highest precipitation
and a decrease in AMF events during the snowmelt sea-
son. A shift in maximum precipitation from October to
November, hence explains the shift in AMF timings in
the Gailtal.
Also, the seasonality of AMF becomes less pronounced
in the future and goes with an increased length of the
potential flood season. Shifts are in between 0.5 to 1

month in the Paltental to 2-3 months in the Silbertal
and Defreggental. Decreased seasonality in combina-
tion with an increased length of the flood season again
points at the more dominant role of precipitation in flood
generation processes in the future.

Concerning both magnitude and timing, no clear dif-
ferences are found with predictions from the adaptive
model. Hence timings of AMF in the future will continue
to depend on snowmelt. As such, shifts in the timing
of snowmelt will translate into shifts of AMF events.
This illustrates the influence of temperature changes on
alpine runoff dynamics. In lower elevation catchments
with less pronounced seasonality, shifts in timing mainly
occur due to the combination of changes in precipita-
tion patterns, decreased flows in summer months and in-
creased flows in winter months. However, these changes
in timing are less clear than for high elevation catch-
ments.

Figure 15: Simulated mean fraction of occurrences of AMF in 30 years, using a time window of 15 days, for 14
climate scenarios and 2 RCPs, using the climate based stationary and adaptive model. Results obtained from
models featuring SR,clim,stat and SR,clim,adapt are respectively depicted in pink and red for RCP 4.5 and light blue
and blue for RCP 8.5. Uncertainty bands of ±1 std are shaded and lines connecting 15 day periods are used to
allow for better visualisation.
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Figure 16: Relative change in average magnitude of AMF, averaged over 30 years, using 14 climate scenarios
and two RCPs, for respectively the climate based stationary and adaptive model. Results obtained from models
featuring SR,clim,stat and SR,clim,adapt are respectively depicted in pink and red for RCP 4.5 and light blue and blue
for RCP 8.5.

Figure 17: Simulated absolute mean change in magnitude of AMF in relation to return period, for 14 climate
scenarios and 2 RCPs, using the climate-based stationary and adaptive model. Results obtained from models
featuring SR,clim,stat and SR,clim,adapt are respectively depicted in pink and red for RCP 4.5 and light blue and blue
for RCP 8.5. Uncertainty bands of ±1 std are shaded and mean lines are used to allow for better visualization.
Note the difference in scale for the Gailtal.
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4.4.5 Magnitude of High Flows

The stationary model predicts the annual average mag-
nitude of AMF to increase by around 10% for all catch-
ments in the future for RCP 4.5 (Figure 16). Increases in
mean annual AMF are similar to increases in precipita-
tion, which therefore suggest a causal link with precipi-
tation. In the Paltental and Gailtal, the increase is in an-
nual average magnitude is slightly smaller and changes
with ca. 4%. These small increments in AMF magnitude
can result from a strong decrease in snowmelt in May
and June, which compensates for the effect of increased
precipitation. For RCP 8.5 slightly smaller changes in
the magnitude of AMF are encountered. This can plau-
sibly be explained by lower snowmelt volumes, higher
evaporation and increased soil storage deficits, that are
associated with higher temperatures. Only in the Pitz-
tal AMF remain stable under RCP 8.5. Likely, the max-
imum snowmelt contribution remains unchanged under
both emission scenarios, due to the high altitude of this
catchment. However, model uncertainty is rather large,
with notably upward peaks, which further increases for
RCP 8.5. The respective lowest (37%) and highest
(93%) uncertainty bands are found in the Silbertal and
the Feistritztal (RCP 4.5).
Compared to the stationary model, the adaptive model
shows on average 5% lower changes in the average mag-
nitude of AMF for both RCP-scenarios. Lower annual
mean AMF magnitude likely relates to higher storage
capacities and hence lower runoff during extreme events
in the future. Only in the Gailtal 15% larger changes in
magnitude are predicted by the adaptive model. How-
ever, results from the adaptive model show a larger
spread in predicted changes in AMF, especially in the
Pitztal and Silbertal where the ranges of change increase
with 90% and 65% respectively for RCP 4.5. The spread
is similar for RCP 8.5.
Figure 17 provides an analysis of changes in the future
magnitude of Annual Maximum Flows in relation to dif-
ferent return periods. The stationary model shows that
in general, the absolute magnitude of AMF increases
consistently with higher return periods for all catch-
ments. For relative changes, a similar pattern is found
(Figure S22). For RCP 4.5, larger changes in flows
with lower return periods are predicted than for RCP
8.5 and vice versa. An explanation for this could be the
increase of rare but more extreme precipitation events
in comparison to more frequent but less extreme events.
Only in the Pitztal, a reversed pattern is observed. The
most pronounced increase is predicted for the Gailtal,
where flows with a return period of 30 years increase
with ca. 7mm-9mm. Thereafter, the highest increases
of 3.8mm are predicted in the Pitztal. On the contrary,
the Feistritztal shows decreasing magnitudes for flows
with a return period higher than 15 years. High flows

with a return period of 30 years are predicted to decrease
-0.55mm in absolute magnitude. Hence, the lower ele-
vation catchments show smaller increases in AMF mag-
nitude compared to the higher elevation catchments.
Furthermore, it can be seen that larger return periods
go with increased uncertainty intervals. Standard devia-
tions range between 0.5-2mm/d for yearly return periods
and increase to 1.7-9mm/d for the 30 year return period,
with the largest ranges of change found in the Pitztal.
A similar pattern holds for relative changes. These un-
certainties can be partially explained by the dependency
of the evaluation of extreme events on the chosen pe-
riod. Uncertainties are further increased by the natural
variability in the magnitude of high flows that exceed
the effects of climate change on AMF magnitude as is
shown in research by Blöschl et al. (2011) and Dobler,
Bürger, and Stötter (2012).
The predicted changes by the adaptive model show high
similarity to the stationary model results. The adap-
tive model predicts consistently ca. 0.4mm (RCP 4.5)
to 0.6mm (RCP 8.5) lower changes for all catchments,
which corresponds to the predicted differences in mean
annual AMF. Only for the Feistritztal and Silbertal, the
two models show very limited differences.

4.4.6 Timing of Low Flows

Figure 18 shows the year-round distribution of timings
of 7day consecutive low flows. Higher elevation catch-
ments show a distinct maximum of low flows in winter
months in the past. For lower elevation catchments the
distribution in low flow events is more equally spread
over the year. Hence, the maximum fraction of occur-
rences increases with altitude and ranges between 17%
in the Feistritztal and 47% in the Gailtal. This peak in
low flow occurs in between February in lower elevation
catchments (Feistritztal) and March for higher elevation
catchments (Pitztal).
According to the stationary model, the fraction of oc-
currences in winter months decreases significantly in
the future, especially for RCP 8.5. On average, a 10%
reduction is predicted in all catchments but the Pal-
tental and Silbertal, where reductions equal 18% and
22% respectively. As a result, factions of occurrences
become more spread out over the year, with the most
decreased seasonality in the Feistritztal. In higher el-
evation catchments (Silbertal, Defreggental, Pitztal)
the fraction of occurrences tends to move towards ear-
lier moments in the year, and thereby the number of
months experiencing substantial low flows increases. In
the past, the largest fraction of low flows occurs in
February and March. In the future, this moves from
January to March, which is possibly related to the ear-
lier onset of the snowmelt season, shifting the start of
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minimum flows from February to January. In lower el-
evation catchments an increase in low flow incidents is
predicted in the autumn. The highest increase is found
in the Paltental, where 13% of the low flow events are
experienced in autumn. Likely this relates to decreased
summer precipitation and increased evaporation rates.
Hence, deficits in the root zone increase, resulting in a
longer storage duration and later discharge release.
The adaptive model shows a very close resemblance to
the stationary model concerning timing, magnitude and
spread. This corresponds to findings of Bouaziz et al.
(2021) that also found model-induced changes in 7 day
low flows close to zero.

4.4.7 Magnitude of Low Flows

Figure 19 shows a remarkable positive change in an-
nual lowest flows as predicted by the stationary model.
This translates to an increased magnitude of median low

flows. Increases become more pronounced for RCP 8.5
in high elevation catchments. In low elevation catch-
ments, the change in low flows is either stable or reduces
slightly in comparison to RCP 4.5. Overall, the largest
change occurs in the Defreggental, where the median
magnitude of low flows experience a 35% change for
RCP 4.5 and 62% for RCP 8.5. In the Feistritztal, the
change is below 10% for RCP 4.5 and 0% for RCP 8.5.
The spread in magnitude of low flows reveals that the
direction of change is uncertain for low flows in the
Feistritztal, Paltental and Gailtal. The spread further
increases for RCP 8.5, which ranges between 80% (Pal-
tental) and 240% (Pitztal). The adaptive model re-
sults show a high resemblance with the stationary model
predictions. However, predictions are on average 1-5%
lower for RCP 4.5, and differences increase further for
RCP 8.5. Hence future low flows, as predicted by the
adaptive model, are smaller in magnitude. This could
be related to increased values of the climate-based adap-
tive root zone storage capacity parameters, resulting in

Figure 18: Simulated mean fraction of occurrences of yearly lowest 7day consecutive flow in 30 years, using time
windows of 15 days, for 14 climate scenarios and 2 RCPs, using the climate-based stationary and adaptive model.
Results obtained from models featuring SR,clim,stat and SR,clim,stat are respectively depicted in pink and red for RCP
4.5 and light blue and blue for RCP 8.5. Uncertainty bands of ±1 std are shaded and lines in between 15 day
periods are used to allow for better visualization.
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slightly higher water retention in the root zone and a de-
crease in runoff volumes. Also for the adaptive model,
the Defreggental shows the highest flow increase of 30%
and 55% for the respective emission scenarios. In the
Feistritztal the least change is encountered of 10% and
-5% respectively. For all catchments the range of model
results increases compared to the stationary model, re-
sulting in ranges between 110% and 240% for RCP 8.5.
Therefore the sign and magnitude of change are highly
dependent on the climate projection used.
As a second analysis, the influence of changes in precip-
itation on low flows is examined using the Q90 to pre-
cipitation ratio. This is the discharge that is exceeded
90% of the time over precipitation and is depicted in the
bottom row of Figure 19. It can be seen that the pattern
of changes in the Q90/P ratio is broadly consistent with
the changes in the magnitude of low flows for the differ-
ent emission scenarios. The Q90 to P ratio increases in
the future, with more pronounced changes for RCP 8.5
in high elevation catchments and similar or slightly re-
duced changes in lower elevation catchments. This pat-
tern corresponds to changes in annual 7day low flows.
However, the relative increase in Q90/P is smaller com-
pared to the relative increase in yearly minimum flows.
The Pitztal shows the highest increase in Q90/P (55%,
RCP 8.5), whilst in both the Feistritztal and Gailtal neg-
ative changes of respectively -4% and -1% in Q90/P are
predicted for RCP 8.5. This corresponds to a decrease
of 8% resp. 4% in Q90/P compared to RCP 4.5 and
is likely caused by an annual increase of precipitation,

whilst the magnitude of Q90 flow remains stable. The
latter can result from increased evaporation rates and
decreased summer precipitation, resulting in a higher
dependency on summer Q90 flows in the future. Un-
certainty bands increase for RCP 8.5 and range between
60% (Paltental) and 225% (Pitztal). A similar pattern
is found for absolute changes (Figure S23)
The adaptive model predicts a lower median change in
Q90/P. Differences with the stationary model are in be-
tween 0% and 6% for RCP 4.5, which are experienced in
the Feistritztal and Paltental respectively. For RCP 8.5
modelled spread increases up to 10% in the Paltental.
The adaptive model shows a slightly higher spread com-
pared to the stationary model, with uncertainty bands
of RCP 8.5 predictions ranging between 82% (Paltental)
and 225% (Pitztal). However, for both models, the
spread in Q90/P is smaller than the spread in the pre-
dicted change of magnitude of low flows.
Thirdly, the severity of low flows in the future is ex-
amined based on the monthly deficit in flows, using
Q90 as a threshold for the past and future. Figure 20
shows a clear relationship between monthly deficits and
altitude. The higher elevation catchments experience
hardly any deficits from May to November, both for
the Past and Future. This can relate to both a de-
creased snow storage volume and higher precipitation
amounts experienced in future winters, with increasing
winter discharges and decreased deficits as a result. For
the lower elevation catchments, however, the number
of months with deficits increases. The Feistritztal even

Figure 19: Relative change in average magnitude of low flows (1st row) and in ratio of Q90 to precipitation (2nd
row). Results obtained from models featuring SR,clim,stat and SR,clim,adapt are respectively depicted in pink and red
for RCP 4.5 and light blue and blue for RCP 8.5. Note the different scales for low and high elevation catchments.
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Figure 20: Monthly deficits based on the Q90 threshold for the past and under 2 emission scenarios in the future,
using the climate based stationary and adaptive model. Results obtained from models featuring SR,clim,stat and
SR,clim,stat are respectively depicted in pink and red for RCP 4.5 and light blue and blue for RCP 8.5.

experiences deficits every month. The stationary model
predicts decreases in the magnitude of monthly deficits
in the winter months for all catchments. This effect is
especially pronounced for RCP 8.5. The maximum in-
crease of drought in the winter occurs in the Gailtal and
(1.4 mm/d), contrasting to only 0.2mm/d increase in
the Pitztal. Thereby deficits increase in later months
for catchments at higher mean elevation. Overall the
number of months with an increasing deficit is largest
for lower elevation catchments, in which deficits increase
every month. For higher elevation catchments season-
ality increases, with peak increases in deficits occurring
in November to May.
The adaptive model shows higher changes in deficit com-
pared to the stationary model. The difference in model
results is persistent throughout the entire year and in-
creases with the magnitude of drought. For RCP 8.5
this difference is larger, with maximum offset found in
February in the Gailtal (1.4mm), coinciding with the
highest predicted drought increase. The least difference
is encountered in January in the Feistritztal (0.4mm).
In other months the model projections are rather con-

sistent, except for a remarkable higher estimation of
drought by the stationary model occurring in June to
December in the Gailtal. Higher median annual deficit
volumes were also found by Bouaziz et al. (2021), albeit
that the found changes in this study are smaller. Likely
increases in deficit are the result of an increased length
of low flow period under root zone adaption, as minimal
streamflow remains similar.
Apart from higher drought predictions, the adaptive
model also predicts an increase in model spread. This
is most pronounced at the peak droughts and can range
up to a 1.8mm difference in drought projection in the
Gailtal, depending on the climate model used.

5 Broader Implications
Our results show broadly consistent model predictions
for the climate-based stationary and adaptive model.
Although the root zone storage capacity of both forest
and grass changes significantly in the future, respectively
with 0-100% and 25-45%, accounting for this in model
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parameters only results in a limited decrease of predicted
streamflow. The adaptive model shows differences in an-
nual mean streamflow close to zero. Monthly discharges
can differ up to -10% depending on the season. A similar
pattern is found for seasonal runoff coefficients, whereas
changes in the annual runoff coefficient lie around -5%.
Annual maximum flows are predicted -5% lower, whereas
changes in 7day consecutive low flows and fractions of
occurrences of respectively high and low flows remain
close to zero for all catchments.
The found differences are in general slightly smaller in
the Feistritztal (1-2%), but larger in the higher elevation
catchments. This pattern corresponds to the predicted
magnitude of change between past and future stream-
flow in these catchments.
Although less pronounced, our findings point in the same
direction of change as previously conducted studies that
implemented vegetation dynamics in hydrological mod-
els. Bouaziz et al. (2021) found reductions in annual
mean (-7%), annual maximum (-5%) and 7day low (0%)
flows when exchanging calibrated root zone storage ca-
pacity parameters for climate-based adaptive estimates.
Also, Merz et al. showed the static parameter model to
overestimate mean annual and maximum streamflow by
respectively +15% and +35%. Similarly, Duethmann et
al. and Speich, Lischke, and Zappa showed static model
overestimation to reduce by roughly a third, resp. 6x,
when accounting for vegetation dynamics. According to
changes in vegetation, evaporation rates were found to
increase with +4% (Bouaziz et al., 2021) and +70%
Merz et al. (2011), which shows that vast disagreement
can occur in model representation of relevant processes
in the future. Although no such disagreement was found
in this study, a similar pattern of change could be dis-
tinguished: Runoff coefficients were found to decrease,
inferring higher evaporation rates.
The results of this study suggest that the estimated
change in root zone storage capacity is small enough
to have only a limited influence on future streamflow
in the selected study catchments. This is plausible as
past and future climate-based parameters are covered
within the range of calibration parameters (Appendix
B.2), which are used as the basis for the climate-based
parameter sets and also showed to reasonably describe
past streamflow with only limited spread.
However, larger increments in future root zone stor-
age capacity are likely to induce a higher offset be-
tween adaptive and stationary model results. At these
locations, accounting for future changes in SR would
still be relevant for more reliable streamflow predictions.
To illustrate, the Paltental shows the most pronounced
changes in the root zone storage capacity between past
and future, which results in relatively high differences in
predicted stationary and adapted model results. Sim-

ilarly, more pronounced differences in streamflow are
found by Bouaziz et al. and (Merz et al., 2011) in re-
sponse to larger increases in root zone storage capac-
ity of +34% and +67% under a 2K warming scenario.
However, it should be noted that both studies apply to
average over multiple catchments with a large climatic
gradient, which influences the magnitude of change in
root zone storage capacity. This also becomes evident
from Merz et al. (2011), who showed that averaging over
only the relatively humid catchments results in lower in-
creases of +46%.
The six studied catchments are all relatively humid (Fig-
ure 5) and are therefore characterized by shallow hy-
drologically active root zones (Merz & Blöschl, 2004).
Also, the potentially adverse effects of increased precip-
itation and temperature limit the increments in the root
zone storage capacity. Hence, to obtain a more general
conclusion of the advantages and limitations of this ap-
proach, the methodology should be further explored in
the context of arid catchments, with potentially higher
increases in root zone storage capacity and a more pro-
nounced impact on streamflow under climate change.
In addition, other factors could contribute to the only
limited difference found in model results. First of all, this
study focuses on the isolated development of the root
zone storage capacity. It is, however, likely that changes
in root zone storage capacity will influence other system
characteristics, that alter the liquid water input and in
turn the root zone storage capacity. Merz et al. account
for this in a coupled simulation of a land surface and
hydrological model, partially explaining the higher dif-
ferences in modelled streamflow. In further research, it
would hence be interesting to investigate the effect of
changes in SR on other model parameter dynamics and
hence on future predictions of streamflow. The same
applies to the use of the Budyko framework. Several
iterations could be applied to account for the influence
of root-zone storage dynamics on long-term streamflow.
Thirdly, this study determines increases in the root zone
storage capacity averaged over 30 years. Thereby, a po-
tential weakening of the increasing trend over time is
disregarded, which would be interesting to look into for
further research.
Finally, it should be reminded that this study is an ex-
ploratory analysis of the potential impacts of including
non-stationarity in the root-zone storage capacity pa-
rameter on hydrological model results. The findings of
this study suggest that the changes in root zone stor-
age capacity, following the assumptions that vegetation
adapts its root zone to water deficits of certain return
periods, are small enough to have very little influence
on streamflow predictions. This indicates that changes
in the root zone are not necessary to account for in
the representative model parameter to reasonably de-
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scribe streamflow. However, the results only count for
the studied areas, under the stated assumptions and in
careful consideration of uncertainties and limitations.

5.1 Uncertainty & Limitations
The main uncertainties in this study originate from the
used approach, applied scope and advised climate data.
Firstly, this study quantifies changes in modelled hydro-
logical response, whilst relying on the combined use of
the water balance method and a parameterized Budyko
framework. As both methods face several assumptions,
deliberate application is required.
Namely, the water balance method is founded on the as-
sumptions that vegetation adapts its root-zone storage
capacity towards changes in climate. In addition, future
changes in long-term mean runoff are estimated from
a parameterized Budyko equation, which assumes that
the catchment specific parameter ω represents biophys-
ical features of the catchments and changes in response
to changed aridity. However, recent work of Reaver,
Kaplan, Klammler, and Jawitz (2020) and Berghuijs et
al. (2020) illustrates the need for careful and consider-
ate application of the parameterized Budyko equation in
changing systems. Furthermore, our study builds upon
the assumption that vegetation will - and has had the
time to - adapt towards prevailing climate conditions
and does so in compliance with the dynamic equilib-
rium described by the Budyko framework. Credence to
this approach is lent since Gentine et al. (2012) showed
that vegetation eventually adapts to suffice water needs,
which is likely reflected in the scattered pattern of
catchments worldwide plotting around the Budyko curve
(Troch et al., 2013). Yet, considering the unprecedented
scale and rate of current climate change (Gleeson et al.,
2020), it is unclear how ecosystems will cope with these
changed conditions. In line with this, the assumed re-
turn period of droughts that can be bridged through root
zone adaptation in the future, faces uncertainty and can
have a considerable effect on the calculated future root
zone storage capacity. The severity of influence depends
on the magnitude of the used return period, as follows
from the logarithmic shape of the GEV distribution.
Secondly, the focus of this study is limited to climate-
induced changes in the root-zone storage capacity. How-
ever, climate change is likely to impact other aspects of
catchment functioning (Seibert & van Meerveld, 2016).
Firstly, ecosystems might be reducing or increasing their
water use to water availability (Zhang et al., 2001). Sec-
ondly, increased CO2 concentrations are likely to induce
vegetation water-saving responses and increased produc-
tivity through fertilization (Keenan et al., 2013; Van der
Velde et al., 2014; Ukkola et al., 2016; Jaramillo et al.,
2018).

Additionally, changes in maximum interception storage
(Calder, Reid, Nisbet, & Green, 2003) are not explic-
itly considered in the estimation of the adapted root-
zone storage capacities. However, Bouaziz et al. (2020)
showed impacts to be relatively minor, which is in line
with the sensitivity analysis presented in Appendix A.2.
Furthermore, both natural and human-induced Land Use
and Land Cover (LULC) changes have been disregarded
in the study. Although LULC processes are slow and
current changes will only become apparent in decades
and centuries to come, they can have a significant influ-
ence on hydrological responses (Jaramillo & Destouni,
2014) and reflect in vertical movements in the Budyko
space (Bouaziz et al., 2018). However, future LULC de-
velopments face uncertainty and remain problematic to
quantify in a meaningful way.
For this reason, long-term observed climate data is used
to determine the ω-parameter. This parameter repre-
sents catchment conditions in the past and is in turn
used to estimate the partitioning of water fluxes in
the future. Due to time constraints, the Fu-curves
are currently estimated based on one data point. In
future research, a more robust estimate could be ob-
tained by using multiple long-term climate indices as
input. Furthermore the plausibility of an observation-
based ω-parameter that is used to represent future con-
ditions, could be checked and improved through itera-
tion. Thereby a climate adapted Fu-curve can be es-
timated from the runoff coefficient obtained from the
climate based adaptive hydrological model.
Thirdly, this study faces uncertainties of climate projec-
tions and observation data.
The results of this study rely on climate projections that
invoke a large spread in modelled parameter estimates
and streamflow predictions. Depending on the climate
projection used, differences in projected streamflow can
range up to 50%. Previous studies identify the use
of multi-GCM projection as the main driver of spread
in future hydrological runoff predictions (Addor et al.,
2014; Her et al., 2019). Thereby the spread resulting
form multi-GCM projections is commonly an order of
magnitude larger than spread invoked by hydrological
model uncertainties. This is in line with the signifi-
cantly smaller spread in SR,clim estimates that is found
when using observed instead of modelled climate data.
Therefore, uncertainty in predicted runoff behaviour is
inherent to the use of climate projections and further
stresses the need to use an ensemble of climate projec-
tions in order to quantify the uncertainty introduced by
climate change and limit the potential for misinterpre-
tation.
Secondly, Hanus (2020) shows that the used projected
past temperatures are lower in comparison to observed
temperatures in higher elevation catchments, although
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observed and modelled datasets originate from the same
location. To account for this, a bias correction has been
performed for the calculation of future SR,clim. However,
no correction has been applied when forcing the model
with future data. Thereby the lower projected temper-
atures can result in increased snow accumulation and
decreased runoff. Since model calibration relies on mea-
sured data and simulation data is used to predict future
streamflow, this could result in larger modelled changes
for both the adaptive and stationary models.
Furthermore, observed precipitation data is influenced
by the limited amount of precipitation gauges used and
could therefore be subject to precipitation undercatch.
Possibly this contributes to the error in the position of
the Pitztal in the Budyko framework and could explain
precipitation and discharge mismatches in the Silbertal
and Defreggental. Likely also SR,clim estimates for the
past, and indirectly for the future, are influenced.
In addition, the choice of calculation method of poten-
tial evaporation can also reasonably influence the model
results (Seiller & Anctil, 2016) and SR,clim estimates.
Due to constraints in time and data, only the Thornth-
waite method has been used. However, Li et al. (2018)
advocate higher applicability of the Hargreaves method
under climate change.
Lastly, the climate based parameters are inserted in ex-
isting calibration sets. This allows for baseline compari-
son, whilst simultaneously including some level of equifi-
nality in the model. However, renewed model calibration
will tune the ensemble of climate based parameter sets
and thereby possibly result in better description stream-
flow and a change in future predictions.
Uncertainty during calibration is further increased
through the inclusion of a loss term as a calibration
parameter in the Pitztal. This parameter is required
to account for the unknown amount of water that is
diverted for hydropower uses but increases equifinality
and hence model uncertainty. Application of the loss
term also influences long-term mean runoff estimates
from the Budyko framework, which reflects in root zone
storage estimates.

6 Conclusion
Understanding the non-stationarity of hydrological sys-
tems in a changing climate is acknowledged as a major
challenge in hydrology (Boschl, 2010). Still, a knowl-
edge gap exists concerning the meaningful implementa-
tion of system changes in hydrological models. Process-
based approaches could serve as a solution to this, due
to the holistic consideration of the co-evolution of soil,
climate and vegetation. Accordingly, this study pro-
vides an exploratory analysis of a top-down approach

to describe non-stationarity in the root zone capacity
parameter within process-based hydrological models for
six catchments in the Austrian Alps. This method relies
on a combination of long- and short-term water bud-
gets and uses solely climate data to describe vegetation-
climate interactions. Accordingly, root zone storage ca-
pacity parameters are estimated for the past and under 2
emission scenarios, generated from 14 different climate
models, in the future.
The projected future increases in temperature and pre-
cipitation, which are particularly pronounced for high
emissions (RCP 8.5), result in an increased catchment
dryness and evapotranspiration. Although, climate-
based (SR,clim) parameter ranges show vast differences
per catchment, root zone storage capacities are found
to increase for all catchments in the future. Changes
are more pronounced for forest (0-100%) than for grass
(25-45%).
The climate-based parameters are subsequently imple-
mented in a FLEX-topo hydrological model to test the
plausibility of climate-based estimates by modeling past
streamflow. Findings indicate that both climate-based
and calibration parameter sets describe observed stream-
flow equally well, notwithstanding the significant reduc-
tion of parameter space for climate-based estimates.
Subsequently, the verified parameter sets can be used
to predict future streamflow. Here, two different models
are used, which respectively use past and future climate
data to establish root zone storage capacity parameters
(SR,clim). The model results are compared to investi-
gate the effect of root zone storage adaptation on mod-
elled streamflow. Findings show that the adaptive model
results in slightly lower streamflow predictions. Differ-
ences in annual mean and extreme flows are found to be
-5%, but can vary up to -10% for runoff coefficients and
monthly discharges. However, the found dissimilarity is
highly dependent on the catchment, time of the year,
used climate model simulation and emission scenario.
Thereby, no or very little evidence is found that vege-
tation adaptation, following the assumptions underlying
the water balance method, significantly alters the hydro-
logical response in the studied catchments. Exchang-
ing calibrated root zone storage capacity parameters for
climate-based adaptive estimates generates broadly con-
sistent model results in the investigated regions. This
implies a low necessity to include non-stationarity in the
root zone storage capacity parameter of process-based
hydrological models to plausibly project streamflow in
the future at the studies locations. However, more
prominent differences in streamflow are expected as a
result of larger increments in root zone storage capac-
ity. Thus, to draw a broader conclusion, further research
that explores this concept in different climatic regions is
recommended.
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aR9



h�#H2 aR, aBKmH�iBQM K2�M Q++m`�M+2 Q7 �p2`�;2 iBKBM; Q7 �J6 Qp2` jyv2�`b-ǬR bi/- /�i2b `272` iQ K2�M /�i2
BM i?2 T�bi

*?�M;2 *?�M;2
JQ/2H S�bi .�i2 _*S 9X8 _*S 3X8 _*S 9X8 _*S 3X8

62Bbi`Bixi�H +HBK-bi�i RekǬRy CmM2 RR RejǬR8 R98Ǭjy YR /�vb @Rd/�vb
62Bbi`Bixi�H +HBK-�/�Ti RekǬRy CmM2 RR Re8ǬR8 R8RǬke Yj /�vb @RR/�vb
S�Hi2Mi�H +HBK-bi�i Rd9ǬN CmM2 kjX RdjǬRN Re3Ǭke @R /�vb @e /�vb
S�Hi2Mi�H +HBK-�/�Ti Rd9ǬN CmM2 kjX RedǬky R8RǬk8 @d /�vb @kj /�vb
:�BHi�H +HBK-bi�i kdjǬkk a2Ti2K#2` jyX kN9ǬR8 jy3ǬRd YkR /�vb Yj8 /�vb
:�BHi�H +HBK-�/�Ti kdjǬkR a2Ti2K#2` jyX kNeǬRN jydǬ9d Ykj /�vb Yj9 /�vb

aBH#2`i�H +HBK-bi�i RNjǬN CmHv RRX RddǬRR RdyǬRe @Re /�vb @kj /�vb
aBH#2`i�H +HBK-�/�Ti RNjǬN CmHv RRX Rd9ǬRj RekǬRN @RN /�vb @jR /�vb

.27`2;;2Mi�H +HBK-bi�i RNeǬRy CmHv R9X RNRǬRe RN3Ǭky @8 /�vb Yk /�vb

.27`2;;2Mi�H +HBK-�/�Ti RNeǬRy CmHv R9X R33ǬRe RNjǬkR @3 /�vb @j /�vb
SBixi�H +HBK-bi�i R3NǬd CmHv dX RdNǬRR Rd8ǬR9 @Ry /�vb @R9 /�vb
SBixi�H +HBK-�/�Ti R3NǬd CmHv dX RddǬRR RdkǬR9 @Rk /�vb @Rd /�vb

6B;m`2 aky, _2H�iBp2 +?�M;2b BM jy v2�`b �p2`�;2 b2�bQM�H `mMQz +Q2{+B2Mi- 7Q` R9 +HBK�i2 b+2M�`BQb �M/ k _*Sb-
mbBM; i?2 +HBK�i2@#�b2/ bi�iBQM�`v �M/ �/�TiBp2 KQ/2HX _2bmHib Q#i�BM2/ 7`QK KQ/2Hb 72�im`BM; SR,clim,stat �M/
SR,clim,stat �`2 `2bT2+iBp2Hv /2TB+i2/ BM TBMF �M/ `2/ 7Q` _*S 9X8 �M/ HB;?i #Hm2 �M/ #Hm2 7Q` _*S 3X8X

aR8



6B;m`2 akR, �#bQHmi2 +?�M;2 Q7 �p2`�;2 K�;MBim/2 Q7 �J6 Qp2` � jy v2�` iBK2 T2`BQ/- 7Q` R9 +HBK�i2 b+2M�`BQb
�M/ k _*Sb- mbBM; i?2 +HBK�i2@#�b2/ bi�iBQM�`v �M/ �/�TiBp2 KQ/2HX _2bmHib Q#i�BM2/ 7`QK KQ/2Hb 72�im`BM;
SR,clim,stat �M/ SR,clim,stat �`2 `2bT2+iBp2Hv /2TB+i2/ BM TBMF �M/ `2/ 7Q` _*S 9X8 �M/ HB;?i #Hm2 �M/ #Hm2 7Q` _*S
3X8X

6B;m`2 akk, aBKmH�i2/ K2�M `2H�iBp2 +?�M;2 BM K�;MBim/2b Q7 �J6 BM `2H�iBQM iQ i?2 `2im`M T2`BQ/- 7Q` R9 +HBK�i2
b+2M�`BQb �M/ k _*Sb- mbBM; i?2 +HBK�i2@#�b2/ bi�iBQM�`v �M/ �/�TiBp2 KQ/2HX _2bmHib Q#i�BM2/ 7`QK KQ/2Hb
72�im`BM; SR,clim,stat �M/ SR,clim,stat �`2 `2bT2+iBp2Hv /2TB+i2/ BM TBMF �M/ `2/ 7Q` _*S 9X8 �M/ HB;?i #Hm2 �M/ #Hm2
7Q` _*S 3X8XlM+2`i�BMiv #�M/b Q7 R bi/ �`2 b?�/2/ �M/ K2�M HBM2b �`2 mb2/ iQ �HHQr 7Q` #2ii2` pBbm�HBb�iBQMX LQi2
i?2 /Bz2`2M+2 BM b+�H2 7Q` i?2 :�BHi�HX

aRe



6B;m`2 akj, �#bQHmi2 +?�M;2 Q7 �p2`�;2 +?�M;2b BM d /�v +QMb2+miBp2 HQr ~Qrb �M/ ZNy iQ S `�iBQX _2bmHib �`2
�p2`�;2/ Qp2` R9 +HBK�i2 b+2M�`BQb �M/ k _*SbX _2bmHib Q#i�BM2/ 7`QK KQ/2Hb 72�im`BM; SR,clim,stat �M/ SR,clim,stat

�`2 `2bT2+iBp2Hv /2TB+i2/ BM TBMF �M/ `2/ 7Q` _*S 9X8 �M/ HB;?i #Hm2 �M/ #Hm2 7Q` _*S 3X8X

aRd


	Introduction
	Case study description

	Study Area & Data
	Study Area
	Data
	Historical data
	Projected data


	Methods
	Climate change induced adaptation of the root zone storage capacity of vegetation
	Using short-term water balances to quantify vegetation root-zone storage capacity
	Long term water balance framework for estimating changes in future runoff
	Combining the long- and short-term water balances to describe future changes in the root zone storage capacity

	Hydrological model
	Calibration & Evaluation
	Testing climate-based root zone storage parameters for modelling past streamflow
	Comparing the influence of future root zone development on streamflow


	Results & Discussion
	Projected changes in climate
	Hydroclimatic Change
	Future changes in the long-term water balance

	Climate based estimates of root zone storage capacity in the past and future
	Modelled Hydrological Response
	Calibration & Evaluation

	Future streamflow predictions
	Annual discharges
	Monthly Discharges
	Runoff Coefficient
	Timing of High Flows
	Magnitude of High Flows
	Timing of Low Flows
	Magnitude of Low Flows


	Broader Implications
	Uncertainty & Limitations

	Conclusion
	References

