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Abstract In this paper we combined a multimodel ensemble based on 15 regional climate models with
a multicatchment approach to explore the hydrologic sensitivity of 14 neighboring and rather similar catch-
ments to changing climate conditions. Current (1982–2010) and future (2062–2090) streamflow was simu-
lated with the HBV model. A diagnostic approach was used, which considered major behavioral catchment
functions by using hydrologically relevant signatures related to overall water balance, flow duration curves
and hydrograph attributes. Projected increases in temperature and precipitation resulted in increased total
available streamflow, with lower spring and summer flows, but substantially higher winter streamflow.
Furthermore, significant changes in flow durations with lower chances of both high and low flows can be
expected in boreal Sweden in the future. This overall trend in projected streamflow pattern changes was
comparable among the analyzed catchments but the magnitude of change differed considerably. This sug-
gests that catchments belonging to the same region can show distinctly different degrees of hydrological
responses to the same external climate change signal. We reason that differences in spatially distributed
physical catchment properties within catchments are not only of great importance for current streamflow
behavior, but also play a major role in the sensitivity of catchments to changing climate conditions.

1. Introduction

Observations of the global climate system show a considerable shift in air temperature and precipitation
throughout the last century: atmosphere and oceans have warmed at an unprecedented rate, while precipi-
tation has shown a tendency toward wetter conditions [Alexander et al., 2006; IPCC, 2014]. In a future cli-
mate, these trends are expected to continue or even amplify, and we can expect considerable alterations to
the intrinsically related hydrologic cycle. The literature is full of studies analyzing these future climate
change impacts on global, regional and local hydrology. Searching the keywords ‘‘climate change’’ and
‘‘hydrology’’ in the Scopus bibliographic database of academic journal articles (www.scopus.com) results in
more than 2000 articles published in the most recent five years (2010–2014) alone. Some of the highest-
cited articles include - amongst others - the evaluation of climate change impacts on streamflow dynamics
[e.g., Stahl et al., 2010], flood frequencies [e.g., Pall et al., 2011], droughts [e.g., Trenberth et al., 2014], ground-
water resources [e.g., Taylor et al., 2013], soil moisture [e.g., Seneviratne et al., 2010], water quality [e.g., Paerl
and Paul, 2012] and evapotranspiration [e.g., Donohue et al., 2010].

Most of the available studies either focus on an individual catchment or the comparison of several catch-
ments located in different climatic regions. Thus, a feature common to much of the current literature is that
it neglects intra-catchment variability (i.e., the variability within a catchment) in a climate change context. In
the hydrologic literature [e.g., Dunne, 1978; Buttle, 1998; Beven, 2002], however, it has long been recognized
that streamflow-generating processes are not only dependent on climatic conditions, but also affected by
physical characteristics. It is, therefore, essential to increase our knowledge of such present global, regional
and local system characteristics, behavior and interactions [Bl€oschl and Montanari, 2010; Wagener et al.,
2010; Lall, 2014]. At a time of rapid change in spatiotemporal dimensions of climate, weather, hydrology,
vegetation and human actions, more emphasis needs to be put on phenomenological research, pattern dis-
covery and analysis of system evolution [Lall, 2014], in order to evaluate holistic systems, but also to explore
the functioning of specific hydrological system components [Wagener et al., 2010]. For example, a recent
observational study by Karlsen et al. [2014] explored the intra-catchment variability of specific discharge in
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several partly nested catchments in Northern Sweden during five years of hourly observations. The authors
found that the hydrologic behavior of neighboring and rather similar catchments is highly variable under
current climate conditions, despite the fact that other studies found spatial proximity to be a good indicator
of hydrologic similarity [Carey et al., 2010; Sawicz et al., 2011]. Similarly, Oudin et al. [2010] found that an
apparent similarity of physical catchment descriptors does not necessarily imply similar hydrological behav-
ior. Large hydrological variability, and a relationship to physical properties has been demonstrated in sev-
eral earlier studies: Lyon et al. [2012] analyzed three ‘‘snapshot’’ surveys of almost 100 points within a
67 km2 catchment and found great variability with regards to specific discharge and related this to catch-
ment size as well as land cover. During summer, forested areas were found to dry out quicker, while wet-
lands tended to maintain prolonged saturated conditions. Seyfried and Wilcox [1995] examined the
hydrologic response in a 234 km2 catchment (and its associated subcatchments) in Idaho, north-western
USA. They highlight the importance of vegetation cover, geology, soils and topography for surface runoff,
infiltration and snowmelt dynamics. Tetzlaff et al. [2007] demonstrated that specific discharge variability in a
233 km2 catchment in north-eastern Scotland is strongly related to soil types. Kokkonen and Jakeman [2002]
suggest that elevation and slope have a strong influence on the streamflow responses within a 16 km2

catchment in North Carolina, south-eastern USA.

According to these studies, hydrological behavior of catchments belonging to the same region with the
same stationary climate conditions varies considerably and this variability can be related to catchment-
specific landscape characteristics. But the value of these presently observed relationships is less clear when
dealing with the issue of change, which implies that the critical assumption of stationarity can no longer be
justified [Sivapalan et al., 2003; Wagener et al., 2010]. Depending on catchment features such as geology,
topography, soil, land use and vegetation, a changing climate will affect local weather and hydrology differ-
ently [Bl€oschl and Montanari, 2010]. Therefore, the effects of future climatological changes on streamflow
will most likely not be consistent and hence less predictable, even in nearby and seemingly similar catch-
ments. Consequently, we argue that analyzing future climate change impacts on one catchment to general-
ize potential effects over a larger region will inevitably lead to overly simplistic projections and can turn
hydrological impact studies into gambling ‘‘just like throwing a dice’’ [Bl€oschl and Montanari, 2010]. There-
fore we hypothesize in this paper that the hydrological responses of similar catchments to changing climate
conditions is also highly variable and that physical catchment characteristics play a fundamental role in this
variation. To test this hypothesis, the present study therefore aims to:

1. Simulate hydrological behavior of a meso-scale low-land catchment and its associated subcatchments in
the boreal region in Northern Sweden under current and future climate conditions

2. Compare a number of hydrologically relevant streamflow signatures that reflect functional catchment
behavior under current and future climate conditions

3. Identify basic relationships between physical catchment properties and behavioral catchment functions
represented by the overall water balance, flow durations and the annual hydrograph.

2. Study Area

The study was conducted for the 68 km2 Krycklan catchment (64814’N, 19846’E), which is part of an experi-
mental forest located in the boreal region of Northern Sweden (Figure 1). Forest hydrology research in the
area began already about a century ago [e.g., Hesselman, 1929]. Since the 1980s, the catchment has served
as the basis for an increasing amount of water-related research. For a detailed description of the Krycklan
Catchment Study (KCS) we refer the reader to Laudon et al. [2013].

The Krycklan catchment climate is according to the K€oppen-Geiger classification [Kottek et al., 2006] charac-
terized as subarctic (also called boreal) with persistent seasonal snow cover and soil frost during winters.
During the period 1981–2010, the annual mean temperature was 1.88C while the annual precipitation aver-
aged 640 mm. The study catchment has 14 gauged, partly nested subcatchments (Figure 1a). The soils in
the catchment are dominated by till and sediment (Figure 1b) with some patches of peat at generally
higher elevations (Figure 1c). 87% of Krycklan is covered by forest (Figure 1d) consisting of Scots pine (Pinus
sylvestris) (63%), Norway spruce (Picea abies) (26%) and Birch (Betula pubescens) (10%) [Laudon et al., 2013].
Other land covers include wetlands (9%), open and arable land (3%) as well as lakes (1%). The elevation
ranges from 127 to 373 m.a.s.l.
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3. Methodology

3.1. Observed Data
Daily air temperature and precipitation data from 1981 to present have been monitored as part of a refer-
ence monitoring program directly in the Krycklan catchment following the recommendations from the
World Meteorological Organization (WMO). Potential evapotranspiration was calculated within the monitor-
ing program based on the Penman-Monteith model [Monteith, 1965] using air temperature, humidity, net
radiation and wind speed that were measured at one station centrally located within the catchment. The
Penman-Monteith model was calibrated to the site using measurements of actual evapotranspiration with a
weighing lysimeter (1 m3) during the period 1981–1984.

Observed daily streamflow from 2008 to 2013 for each of the 14 catchments were used in this study. Water
levels were measured continuously during the ice-free season using pressure transducers (Campbell Scien-
tific Inc., USA), capacitance rods (TruTrack Inc., New Zealand) and radar level sensors (RLS OTT, Germany). In
addition, heated housing installed at subcatchments C02 (since winter 2011/2012), C04 (since winter 2011/
2012), C05 (since winter 2012/2013) and C07 (since 1981) made observations possible throughout the year
for these sites. Most gauging stations are equipped with V-notch weirs, flumes or located at road culverts
allowing for fixed and well defined cross sections, apart from the larger sites C14, C15 and C16 which have
well defined natural cross sections. Rating curves were evaluated annually, with more intense gauging dur-
ing extreme high and low flows occurring during spring and summer respectively. Manual water height
readings for correction of logger offsets were performed at regular intervals throughout the year. The aver-
age period with observations was 210 days of the year, during which about 80% of the flow occurred.

3.2. Climate Data
To model future streamflow, reliable information on climatological variables (e.g., temperature, precipita-
tion, evapotranspiration, etc.) and their distribution in space and time is required. At a coarse scale, this

Figure 1. Location of the Krycklan study catchment in Sweden and its spatial characteristics (source: Swedish National Land Survey): (a) location of the investigated subcatchments, (b)
geological classifications, (c) elevation and (d) land use types within the area.

Water Resources Research 10.1002/2015WR017337

TEUTSCHBEIN ET AL. HYDROLOGICAL RESPONSE TO CHANGING CLIMATE CONDITIONS 3



information can be provided by global climate models (GCMs) that simulate complex climate processes
with grid resolutions commonly in the range of 100–250 km. A much finer scale is needed though to resolve
climate processes relevant to hydrology. For this purpose, regional climate models (RCMs) are typically used
to transfer the coarse-resolution GCM data to finer resolutions. RCM output data contain highly resolved
spatial and temporal climate information [Mearns et al., 2003], commonly with grid resolutions of 25–50 km.

In the present study, we applied daily temperature and precipitation simulations from different GCM-driven
RCMs for a reference control period (1981–2010) and a future scenario period (2061–2090) that were down-
loaded at no cost from the public web portal of the ENSEMBLES EU project [Van der Linden and Mitchell,
2009]. Teutschbein and Seibert [2010] found that values of one RCM grid cell did not differ considerably from
the average over nine grid cells (i.e., over one grid cell and its eight neighboring cells). Therefore, RCM pre-
cipitation and temperature values were taken from the grid cell with center coordinates closest to the cen-
ter of the Krycklan catchment. From the 31 available transient RCM simulations provided on that website,
we chose only those 15 that were run at a resolution of 25 km 3 25 km and had simulations available until
2100. The chosen RCM simulations assume the Special Report on Emissions Scenarios (SRES) A1B scenario,
which assumes very rapid economic growth and a balance between fossil and nonfossil energy sources
[Nakicenovic et al., 2000]. Although we chose only RCMs with a resolution of 25 km 3 25 km, a single RCM
grid cell was clearly larger than the entire Krycklan catchment. This spatial mismatch and the often debated
issue of systematic errors (so-called biases) in RCMs can heavily influence subsequent hydrological model-
ing results [Teutschbein and Seibert, 2010, 2012, 2013; Ehret et al., 2012; Muerth et al., 2013] and, therefore,
require postprocessing of the RCM data (i.e., bias correction).

3.3. Postprocessing of Climate Data: Bias Correction
Bias correction is based on the underlying idea to identify differences between observations and RCM simu-
lations for a control period. A correction algorithm is calibrated based on these differences and is then
applied to both the control and the future period of the RCM simulations.

To adjust RCM-simulated temperature and precipitation on a monthly basis, we here employed a method
called distribution mapping [Ines and Hansen, 2006; Boe et al., 2007; D�equ�e et al., 2007], which has proven to
be the best for meso-scale catchments in Sweden under current and future climate conditions [Teutschbein
and Seibert, 2012, 2013]. The distribution mapping procedure corrects the theoretical cumulative distribu-
tion function (CDF) of RCM-simulated daily climate values so that it matches the observed CDF. A short
description of our procedure follows hereafter. For a more detailed mathematical description we refer the
reader to Teutschbein and Seibert [2012]:

1. In the first step, an RCM-specific precipitation threshold was introduced to avoid substantial distortion of
the distribution by ‘‘drizzle’’ days (some RCMs tend to simulate too many days with low precipitation).

2. In the second step, the distribution parameters (p1 and p2) were computed for both the observations
(obs) as well as the RCM-simulated control run (contr) for the period 1981–2010. They were then used to
adjust the RCM-simulated daily control run climate variables (Ccontr) according to

C�contr5F21 F Ccontr jp1
contr ; p2

contr

� �
jp1

obs; p2
obs

� �
; (1)

where C is the daily climate variable of interest (precipitation or temperature) within a given month, C*
represents the bias-corrected climate variable, F stands for the theoretical CDF (e.g., Gamma for precipi-
tation or Gaussian for temperature data) and F21 for its inverse, p1 and p2 are the distribution parameters
(a and b for Gamma distribution, l and r2 for Gaussian distribution), the subscripted expression obs indi-
cates observations and contr stands for the RCM-simulated reference control run (1981–2010).

3. In the third and final step, the same distribution parameters (p1
obs, p2

obs, p1
contr and p2

contr ) were applied to
adjust the RCM-simulated future run (2061–2090) climate variables (Cscen) according to

C�scen5F21 F Cscenjp1
contr ; p2

contr

� �
jp1

obs; p2
obs

� �
; (2)

where the subscripted expression scen indicates the RCM-simulated future scenario run (2061–2090).
This final step highlights the underlying assumption of this procedure: the biases are assumed to be

Water Resources Research 10.1002/2015WR017337

TEUTSCHBEIN ET AL. HYDROLOGICAL RESPONSE TO CHANGING CLIMATE CONDITIONS 4



stationary and to not change over time, i.e., the same correction algorithm (i.e., distribution parameters)
applies to both current and future climate conditions.

3.4. Hydrological Modeling
3.4.1. The HBV Model
To simulate daily streamflow in each individual (sub)catchment, we employed the conceptual rainfall-runoff
model HBV [Bergstr€om, 1976], which consists of several subroutines to calculate snow, soil moisture, evapo-
transpiration, groundwater and channel routing, respectively. Further information about HBV can be found
in papers on its model structure and parameter uncertainty [Bergstr€om, 1976, 1992; Harlin and Kung, 1992;
Lindstr€om et al., 1997; Seibert, 1999; Bergstr€om and Lindstr€om, 2015]. The HBV model has been applied in var-
ious versions in the past. In this study the HBV-light software package [Seibert and Vis, 2012] was used,
which requires daily temperature, precipitation and potential evapotranspiration values as driving variables.
Twelve lumped parameters controlling the different subroutines needed to be calibrated and model com-
putations were performed separately for each catchment.
3.4.2. Model Calibration and Validation
The HBV model was first calibrated to the entire observed streamflow record (2008–2013) separately for
each catchment, using the same observed temperature, precipitation and potential evapotranspiration data
from the reference monitoring program for each catchment. Lower and upper limits of the twelve parame-
ter ranges were defined based on earlier model applications [Seibert, 1999; Seibert et al., 2000; Seibert and
McDonnell, 2010]. To account for parameter uncertainty, the model was calibrated 100 times with the built-
in Genetic Algorithm and Powell’s Method Optimization (GAP) function as described by Seibert [2000],
which, due to its stochastic components, resulted in an ensemble of 100 different optimal parameter sets.
Instead of using only a single objective function to evaluate the goodness of fit, a fuzzy measure (X) was
applied by combining three differently weighted objective functions (Table 1) as proposed by Seibert
[1997].

Due to the relatively short available observed streamflow records (2008–2013), a true split-sample validation
[Kleme�s, 1986] of the calibrated model parameters was only performed for site C07, for which continuous
streamflow measurements were available since 1981. For this specific site, HBV was calibrated as described
above for the period 2008–2013 and validated for the arbitrarily chosen 10-yr period 1991–2000. Since both
periods exhibited markedly different observed climate conditions (with differences of 10% in precipitation
and 0.78C in temperature), the test automatically transformed into a differential split-sample test, which
Kleme�s [1983] recommends for modeling streamflow in a given catchment under nonstationary climate
conditions.

For both periods, Nash-Sutcliffe efficiency (Reff) [Nash and Sutcliffe, 1970], Nash-Sutcliffe efficiency with loga-
rithmic values (Leff), volume error (VE) and the combined fuzzy measure (X) were computed at daily time
steps (Table 1). However, a good streamflow model should not only be able to satisfy specified objective
functions, but should simultaneously also be capable of resembling functional catchment behavior and sta-
tistical streamflow properties [Hrachowitz et al., 2013]. This is also highlighted by Gupta et al. [2008], who
emphasize the importance of signature-based model evaluation for a better alignment of hydrological

Table 1. Objective Functions Used for Hydrological Model Calibration/Validation Together With Their Corresponding Ranges During
Calibration for All 14 Sites as Well as Their Values for Calibration and Validation Period for Site C07

Objective Function Equation
Weight

(%)
Calibration
(all Sites)

Calibration
(Site C07)

Validation (Site
C07)

Nash-Sutcliffe efficiency Reff 512

P
Qobs 2Qsimð Þ2P

Qobs2mean Qobsð Þð Þ2 75 0.906 max

0.786 med

0.706 min

0.759 0.731

Nash-Sutcliffe efficiency
with log. values

Leff 512

P
lnQobs2lnQsimð Þ2P

lnQobs 2mean lnQobsð Þð Þ2 20 0.833 max

0.742 med

0.616 min

0.740 0.622

Volume error VE5max 0; 125 �
����
P

Qobs 2Qsimð ÞP
Qobs

����
� �� �

5 1.000 max

0.998 med

0.984 min

0.999 0.744

Fuzzy measure X5Reff � 0:751Leff � 0:21VE � 0:05 100 0.898 max

0.788 med

0.710 min

0.767 0.710
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theory with observed data. Therefore, the HBV model was further validated at site C07 by calculating
streamflow signatures (as described further below in section 3.5.1) for both calibration and validation
period. Hrachowitz et al. [2013] argue that this type of model validation matches observed and simulated
catchment behavior in a more meaningful way and that it can reduce the consequences of erroneous input
data.
3.4.3. Streamflow Simulations
The calibrated parameter sets were then used to simulate daily streamflow in each catchment for the refer-
ence control period (1981–2010) and the future scenario period (2061–2090) using the bias-corrected pre-
cipitation and temperature series from 15 RCMs as input. Potential evapotranspiration, which is also a
required input variable to HBV, was calculated for each RCM with the temperature-based Hamon equation
[Xu and Singh, 2001]:

pET5c1 �
ld

12

� �
� qt � 25:4 with qt5

4:95
100
� e c2�Tð Þ; c150:69; c250:055 (3)

where pET is potential evapotranspiration in mm/d, c1 and c2 are calibrated constants, ld is the daily daylight
length in hours, 25.4 is a factor to convert pET from inch/d to mm/d, qt is a saturated water vapor density
term based on RCM-simulated air temperature T. Constants c1 and c2 were calibrated so that RCM-specific
pET calculated based on equation (3) matched the available site-specific Penman-Monteith potential evapo-
transpiration (see section 3.1).

Because we combined an ensemble of 100 optimal HBV parameter sets with an ensemble of 15 RCMs, the
resulting 1500 streamflow simulations for each 30-yr time period (1981–2010 versus 2061–2090) cover a
wide range of possible outcomes and the ensemble median may fit observations better [Teutschbein and
Seibert, 2010]. To additionally check the reliability of RCM-simulated climatology as input to the HBV model,
streamflow signatures (as described further below in section 3.5.1) for simulations driven with RCM-
climatology were compared to simulations driven with observed climate for all 14 sites during the reference
period and evaluated in terms of their percentage bias.

The first year of each 30-yr period was considered as warm-up time of the HBV model and therefore disre-
garded. This means, we ended up with 1500 streamflow simulations of 29 years each, which gave us 43,500
annual streamflow series for the reference period and 43,500 for the future period (in total 87,000 stream-
flow series) for each catchment.

3.5. Streamflow Analysis
3.5.1. Streamflow Signatures
To allow a better understanding of functional catchment behavior and to quantify the hydrological
responses under current and future climate conditions in the different study catchments, a number of
streamflow signatures (Table 2) were calculated to provide information on seasonal patterns, frequency/tim-
ing/duration of extreme flows as well as seasonal and annual flow variability [Olden and Poff, 2003]. Such
signatures act as a mirror of a catchment’s dynamic response behavior and patterns [Gupta et al., 2008] and
they are typically indicative for a specific catchment and how it differs from others [Yadav et al., 2007]. While
streamflow signatures have initially rather been used for model testing and improvement [Yilmaz et al.,
2008], they have also proven to be suitable for assessing the reliability of hydrological change projections
[Stahl et al., 2011; Mendoza et al., 2015].

In this particular study, the chosen signatures (Table 2) were for the most part based on much larger sig-
nature lists provided by Clausen and Biggs [2000], Shamir et al. [2005], Yadav et al. [2007], Yilmaz et al.
[2008] and Ley et al. [2011], but we limited ourselves to signatures that could easily be derived from
available observed and simulated streamflow and precipitation time series. Furthermore, suitable signa-
tures had to be sensitive and interpretable [Casper et al., 2012], and had to offer valuable insight into
the three key features (1) water balances, (2) flow durations and (3) annual hydrographs. For an
overview of the computed streamflow signatures, the reader is referred to the supporting information
Table S1.
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3.5.2. Automatic Detection and Separation of Streamflow Signatures
In order to analyze the simulated 87,000 streamflow series, a procedure was developed to automatically
identify certain streamflow signatures such as spring flood peak magnitude and timing, starting and ending
points of spring flood events as well as base flow. The following steps (see also Figure 2) were applied to
each of the 87,000 annual streamflow series individually:

1. The spring flood peak was defined as the maximum streamflow value within the first 6 months of the
year (Figure 2a).

2. The base flow (Figure 2b) was separated with a recursive digital filter originally proposed by Lyne and Hol-
lick [1979] as described in section 3.5.2 below.

3. The starting and ending points of the spring flood were estimated as follows: All sequences with 3 or
more consecutive days with original streamflow Q(t) less than base flow Qb(t) times a predefined thresh-
old value c were identified (Figure 2c) according to:

Q tð Þ < Qb tð Þ � c with threshold c52 predefined based on visual inspectionð Þ (4)

The two sequences located just before and after the spring flood peak were chosen as bounds for the
spring flood to clearly separate it from the rest of the streamflow series. The last day of the sequence
before the spring flood peak and the first day of the sequence after the spring flood peak were used as
the starting and ending points of the spring flood (Figure 2c).

4. Spring flood length and volume (Figure 2d) were calculated based on the previously calculated starting
and ending points.

Table 2. Grouping and Definitions of Streamflow Signatures Used in This Study, Which are Largely Based on Signature Listings by Clausen and Biggs [2000], Shamir et al. [2005], Yadav
et al. [2007], Yilmaz et al. [2008], and Ley et al. [2011]

Group Signature Calculation

Water balance Runoff coefficient
RR5100 �

PN

i51
QiPN

i51
Pi

where Qi is daily streamflow and Pi is daily precipitation

for days i5 1, 2, . . .N.
Hydrograph STREAMFLOW Mean streamflow

(annual or seasonal) FMeanANN=DJF=MAM=JJA=SON5mean Qð Þ5
PN

i51
Qi

N ,
where Qi is daily streamflow for days i5 1, 2, . . .N
within a specific year (ANN) or a specific season (DJF 5 winter,
MAM 5 spring, JJA 5 summer, SON 5 autumn).

BASE FLOW Mean base flow
(annual or seasonal)

BMeanANN=DJF=MAM=JJA=SON5mean Qbð Þ5
PN

i51
Qb;i

N ,
where Qb;i is daily base flow for days i5 1, 2, . . .N
within a specific year (ANN)
or a specific season (see definition above).

Base flow index, BFI
(annual or seasonal)

BFI5100 � BMeanANN=DJF=MAM=JJA=SON

FMeanANN=DJF=MAM=JJA=SON

SPRING FLOOD (SF) Magnitude of the peak SFPmag5max Qð Þ within the first 6 months of the year
Timing of the peak SFPtime5day i on which SFPmag occurs; with 1 � i � 365
Duration SFD5no: of days (between starting (SFstart) and

ending (SFend) point of the spring flood)
Total flood volume SFV5

PSFend
i5SFstart Qi

Flow duration curve (FDC) HIGH FLOW High-segment flow
FHS5

PH

h51
Qh

H

where h 5 1, 2, . . . H are the flow indices for flows with exceedance
probabilities lower than 0.02, H being the maximum flow.

MEDIAN FLOW Median streamflow FMed5median Qð Þ
Streamflow skewness FSkew5FMean=FMed
Streamflow variability CV5std Qð Þ=mean Qð Þ where std is the standard deviation.
Midsegment slope FMS5log Qm1ð Þ2log Qm2ð Þ where m1 and m2 are the lowest and

highest flow exceedance probabilities
(0.33 and 0.66 respectively) within the midsegment.

LOW FLOW Low-segment flow
FLS5

PL

l51
Ql

L where l 5 1, 2, . . . L are the flow indices for flows with
exceedance probabilities between 0.7 and 0.9, L being the
minimum flow in the interval.
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3.5.3. Base Flow Separation
Separating base flow from the original streamflow hydrograph is a common method to identify the contri-
butions from groundwater return flow. In the present study, base flow separation was employed to identify
and isolate spring flood events in the streamflow hydrograph. We used the Lyne and Hollick filter [Lyne and
Hollick, 1979], which is shortly described below. For more information, we refer the reader to Ladson et al.
[2013].

The Lyne and Hollick filter is an easy to implement recursive digital filter for signal analysis [Nathan and
McMahon, 1990], which provides an objective and repeatable base flow estimate [Nathan and McMahon,
1990; Ladson et al., 2013]. The corresponding equations are given as:

Qf tð Þ5
a � Qf t21ð Þ1 11a

2
� Q tð Þ2Q t21ð Þð Þ for Qf tð Þ > 0

0; otherwise

8<
: (5)

where Q(t) is the original streamflow at time step t, Q(t21) is the original streamflow at the previous time
step, Qf(t) is the (filtered) high flow (i.e., fast flow response) at time step t, Qf(t21) is the (filtered) high flow
at the previous time step and a is the filter parameter that influences the shape of the separation.

The base flow Qb(t) at time step t is therefore defined as:

Qb tð Þ5Q tð Þ2Qf tð Þ (6)

In the present study, we followed the standard procedure for the application of the Lyne and Hollick filter that
is provided by Ladson et al. [2013]. When applying this procedure it is suggested to mirror 30 days of stream-
flow at each end of the data series to avoid issues of ‘‘warm up’’ and ‘‘cool down’’. Furthermore, Ladson et al.
[2013] clearly describe how to specify initial values to be used for each pass of the filter. They recommend
three passes of the filter in the order forward, backward and forward for daily data. The authors also found an
a value of 0.98 (adopted in our study) to give best results, but they point out that - whenever possible - a
should be calibrated based on tracer experiments. Finally, Ladson et al. [2013] also describe when base flow
should be constrained so that it does not exceed the original flow or becomes less than zero. A worked exam-
ple as well as R code is provided on the authors’ website (https://tonyladson.wordpress.com/2013/10/01/a-
standard-approach-to-baseflow-separation-using-the-lyne-and-hollick-filter/). Even though the filter is widely
used in the literature to quantify base flow and has also been implemented into some software packages
[Li et al., 2013], it should be noted that this one-parameter filter has its limitations due to the fact that it merely

Figure 2. Procedure for automatic identification of streamflow characteristics: (a) original daily streamflow for one year (separated into first and second half) with spring flood peak
occurring in the first half of the year, (b) original streamflow and Lyne-Hollick base flow for the first half of the year, (c) identification of spring flood starting and ending points with help
of a base flow threshold, and (d) identified spring flood duration and volume.
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filters out high-frequency signals, which lacks any physical basis [Nathan and McMahon, 1990; Ladson et al.,
2013; Chapman, 1991].

4. Results

4.1. Model Performance
Our performance analysis of the calibrated HBV model for each individual catchment confirms that the
model is generally capable of providing sufficiently accurate simulations during the calibration period
(2008–2013) with the fuzzy measure X ranging from 0.7 to 0.9 (where 1.0 specifies a perfect fit) combined
with high Reff, Leff and VE values (Table 1) for the different catchments.

For site C07, a fuzzy measure value of almost 0.8 during the calibration period (Table 1) indicates a good
model performance, but some deviations can be observed for peak flows influenced by snowmelt and
heavy autumn rains (Figure 3a). For the validation period, the model performance decreases to a value of
0.7 (Table 1), but streamflow simulations still match the observations well, except for some underestimated
flood peaks and a few overestimated recession curves (Figure 3b).

The calculated signatures for simulated streamflow during calibration and validation period at site C07 dem-
onstrate that the HBV model is generally able to resemble functional catchment behavior and statistical
streamflow properties (Figure 3c). Signatures exhibiting large biases are almost exclusively related to low
flow conditions (e.g., FMeanDJF, BMean, BFI or FLS). This can be explained by the fact that biases are calcu-
lated as percentages, which disproportionally exaggerates the apparent deviation at low flows. Considering
only those signatures not related to low flow conditions, merely spring flood peak magnitude (SFPmag) and
spring flood duration (SFD) show rather larger percentage deviations during calibration (Figure 3c, red
bars), which are, however, considerably smaller during the validation period (Figure 3c, blue bars).

The comparison of streamflow signatures computed for simulations driven with RCM-climatology and
streamflow signatures based on simulations driven with observed climatology confirms that the RCMs are
suitable as driving input variables for the HBV model: only three RCM-based signatures related to low flows
(FMeanDJF, BMeanDJF and FLS) deviate considerably from the observation-driven signatures (Figure 3d).

4.2. Changes in Climate Conditions
The RCM ensemble projects a consistent increase in both precipitation and temperature (Figure 4). Until the
end of this century, annual precipitation is expected to rise on average by 110 mm (117%), annual potential
evapotranspiration by 76 mm (115%) and annual mean temperature by 3.748C, leading to an average
41 mm (13%) increase of annual actual evapotranspiration. In terms of seasonal changes, precipitation and
temperature are projected to increase and to lead to wetter and warmer conditions for all months of the
year (Figure 4c), but to a varying degree: Precipitation (Figure 4a) increases between 17% and 26% for all
seasons except summer (1 6%). Temperature changes are most pronounced during colder months in
autumn and winter (Figure 4b). The rising temperatures in the catchment push the spring thaw earlier and
directly influence the start of seasons. The Swedish Meteorological and Hydrological Institute (SMHI) defines
the beginning of spring season as the first day on which the average temperature is between 08C and 108C
for at least seven consecutive days. According to this definition, spring starts on average on day 102 (12
April) during the control period. In the future, spring will begin 21 days (3 weeks) earlier, which implies that
the period with temperatures below 08C is projected to shorten considerably.

4.3. Current Hydrological Behavior
4.3.1. Current Streamflow Signatures at Catchment Outlet C16
During the reference control period 1982–2010, the calculated streamflow signatures (supporting informa-
tion Table S1) indicate that annual streamflow at the catchment outlet C16 adds up to 312 mm of which
129 mm (41%) are base flow. During summer and autumn, base flow constitutes a larger relative portion
(60–67%) than in winter (45%) and spring (18%). About 41% of the total annual streamflow are registered in
spring (MAM), 25% in summer (JJA), 24% in autumn (SON) and only 10% in winter (DJF). Thus, the annual
hydrograph is characterized by a large flood peak in spring and noticeably lower streamflow during the rest
of the year. The average spring flood reaches its maximum (6.07 mm�d21) on 2 May, lasts on average 46
days (�1.5 months) with a flood volume of 112 mm.
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Figure 3. Performance of the HBV model: (a) daily observed (black circles) and simulated (red) streamflow during the calibration period
(2008–2013) at site C07, (b) daily observed (black circles) and simulated (blue) streamflow during the validation period (1991–2000) at site
C07, (c) absolute percentage biases between simulated and observed streamflow signatures for calibration (red) and validation (blue)
period at site C07, (d) absolute percentage biases between RCM-driven and observed-climatology-driven simulated streamflow signatures
for all sites during the reference period (1982–2010).
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4.3.2. Current Streamflow Signatures of Subcatchments
Even though the general pattern of streamflow distribution throughout the year is fairly similar among
the studied, partly nested catchments, there is large spatiotemporal variability in their hydrological behav-
ior (cf. supporting information Table S1). Based on the RCM-driven simulations for the reference period,
spring streamflow contributes between 40% and 58% to the total annual streamflow in the different
catchments, while summer streamflow contributes between 14% and 27%, streamflow in autumn
between 17% and 24% and in winter only between 4% and 15%. The total annual streamflow of the indi-
vidual catchments varies between 238 and 406 mm�yr21, which implies that the subcatchments deviate
between 224% and 130% from the catchment outlet C16. Streamflow during the summer months
ranges from 0.56 to 1.06 mm�d21 and is thereby higher than winter streamflow, which varies between
0.19 mm�d21 and 0.62 mm�d21. Annual base flow ranges from 56 to 184 mm�yr21, which equals devia-
tions between 257% and 143% from the outlet. The annual base flow makes up between 23% and 48%
of the total streamflow (measured as BFI) in the individual catchments (supporting information Table S1).
In summer, base flow constitutes a larger relative portion of the streamflow (46–76%) than in winter (31–
45%). Compared to the catchment outlet C16 with an annual BFI of 42%, most catchments have a lower
contribution of base flow.

The average spring flood reaches its maximum between 28 April and 7 May, which implies that spring
floods in the subcatchments peak between 4 days earlier and 5 days later and deviate 23% to 1102% from
the outlet’s spring flood peak (supporting information Table S1). Spring flood duration varies between 42
and 64 days and is, therefore, between half a week shorter and two and a half weeks longer than at the
catchment outlet. Spring flood volume ranges from 101 to 204 mm, which equals about 210% to 182% of
the outlet volume.

Figure 4. Overview of seasonal climate patterns in the Krycklan study catchment for (a) monthly mean precipitation and (b) monthly
mean temperature as simulated for the reference period (narrow blue bars) and for future climate conditions (wide orange bars). (c)
Monthly precipitation-temperature relationships are shown for reference (blue) and future (orange) period. Observations are displayed as
black dots connected with a continuous line.
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Extreme high and low flows calculated for each individual catchment feature also distinct differences during
the reference period: FHS ranges from 5.57 to 11.11 mm�d21 (28% to 183% deviation from outlet),
whereas FLS ranges from 0.07 to 0.45 mm�d21 (270% to 196% deviation from outlet).

4.4. Future Hydrological Behavior
4.4.1. Future Streamflow Signatures at Catchment Outlet C16
Simulations of the future period 2062–2090 indicate clear changes to the long-term average streamflow
regimes of all 14 catchments (Figure 5). The most obvious changes are the earlier initiation and peaking of
the spring flood, the lower magnitude of the spring flood peak and higher winter base flows. At the
Krycklan catchment outlet C16, projections point toward 20% more streamflow per year. 5% less summer
streamflow (with 4% more base flow) and 125% more winter streamflow (with 100% more base flow) can
be expected. This leads to a higher annual base flow to streamflow ratio (BFI) of 48% (formerly 42%), a

Figure 5. Simulated streamflow regimes in the 14 catchments of the Krycklan catchment. Projections of 15 RCMs and 100 HBV parameter
sets were combined to simulate annual hydrographs for 29 years, which resulted in 43,500 simulations for the reference period (blue) and
43,500 simulations for future (orange) climate conditions. The shaded area shows the most likely simulations within the 25th and 75th
percentile (interquartile range), the solid lines show the median of all simulations.
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higher summer BFI of 74% (formerly 67%) and a lower winter BFI of 39% (formerly 45%) in a future climate.
The spring flood at the catchment outlet is projected to be less severe in a future climate: the peak occurs
29 days (roughly four weeks) earlier with a 16% reduction in magnitude. The spring flood will last 10 days
(1.5 weeks) less and carry about 23% less water volume. All of these features lead to a lower amplitude and
a phase shift of the future annual hydrograph. But the changing climate also affects the simulated flow
durations (Figure 6), with decreasing flows within the high-flow segment (212%) and increasing flows
within the low-flow segment (191%).
4.4.2. Future Streamflow Signatures of Subcatchments
Despite the rather similar overall regime shift in all catchments (Figure 5), there are distinctly different
dimensions in their hydrological responses to the same future climate conditions (supporting information
Table S1 and Figure 7). This is reflected (1) in the variability of the projected median signature changes of

Figure 6. Flow duration curves for the 14 catchments of the Krycklan catchment for reference period 1981–2010 (blue) and for future cli-
mate conditions (orange). The shaded area shows the most likely simulations within the 25th and 75th percentile (interquartile range), the
solid lines show the median of all 43,500 simulations.
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the different catchments (Figure 7a) and (2) in the large catchment-specific uncertainty ranges of projected
possible changes of individual signatures (Figures 7b–7d).

The inter-catchment variability in the projected responses is relatively large (Figure 7a), but relative changes

are particularly widespread for signatures related to low flow conditions (FMeanDJF, BMean, BFI or FLS).

Nonetheless, most of the projected median signature changes of the subcatchments fall within the central

80% range of the projected changes of the outlet (Figure 7a, gray shaded area). Thus, the question arises as

to whether our hypothesis (i.e., catchments react differently to the same external changes in climate condi-

tions) should be rejected. Therefore, a two-sample t-test was performed for each subcatchment and each

streamflow signature separately, with the null hypothesis being that mean and variance of the projected

changes in the individual catchment are equal to mean and variance of the projected changes in the catch-

ment outlet C16. For each streamflow signature, the test rejects the null hypothesis at a 5% significance

level for 77–100% of all subcatchments (Figure 7a), indicating that the majority of the catchments react sig-

nificantly different than the Krycklan outlet.

The uncertainty in the projected responses caused by using different climate model combinations and

different hydrological model parameter sets is relatively large for each individual catchment, but also

varies considerably from catchment to catchment, which becomes even more clear when looking at the

projected changes for only one streamflow signature (e.g., Figures 7b–7d). For example, catchments C02

and C14 feature the largest spread considering the central 80% range of annual streamflow projections,

which ranges from 27% to 38% (C02) and from 21% to 42% (C14) more streamflow in the future,

respectively (Figure 7b). Similarly, C2 and C14 also show the largest variability in projected annual base

Figure 7. Inter-catchment variability of projected future changes in streamflow signatures. (a) For catchment outlet (C16), the central 80% range (light gray shaded), the central 50%
range (dark gray shaded) and the median (dark gray line) of all 43,500 simulations are shown, while only the median is plotted for the individual subcatchments (black circles). The t-test
results indicates how many of the subcatchments will change significantly different from the outlet C16 (5% significance). (b–d) For three signatures (FMeanANN, BMeanANN and SFPmag),
uncertainties in the 43,500 simulations are displayed separately for each subcatchment (boxplots show central 80% range, 50% range and median).

Water Resources Research 10.1002/2015WR017337

TEUTSCHBEIN ET AL. HYDROLOGICAL RESPONSE TO CHANGING CLIMATE CONDITIONS 14



flow changes (Figure 7c). Some catchments with lower variability in annual stream- and base flow

(e.g., C05 and C06) show much larger variability in the projected spring flood peak magnitude changes

(Figure 7d).

Changes in the overall flow regime also affect the flow duration curves (Figure 6). Reduced high flows and
increased low flow values lead to a reduced slope of the flow duration curves indicating less variability in
the streamflow (lower CV) and less ‘‘flashy’’ behavior. This also leads to a counterclockwise ‘‘pseudo-
rotation’’ of the flow duration curves with a rotation point close to 5th percentile streamflow values. There-
fore, the upper end of the flow duration curves measured by FHS, which is indicative for a catchment’s
response to large precipitation and snowmelt events, is projected to decrease by 4% to 24%. The lower

Figure 8. Relationships between catchment characteristics and projected changes in streamflow signatures. (a) Correlation matrix showing
all Spearman’s rank correlations (rs) between the future hydrological responses (i.e., projected changes in streamflow signatures) and
catchment characteristics of the analyzed study sites. (b–e) Relationships between percent change in selected signatures and catchment
characteristics. Dots indicate the values of the catchments in this study, lines display the fitted trends.
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ends of the flow duration curves (related to long-term flow sustainability) show a consistent trend toward
higher values with FLS increasing between 38% and 180%.

4.5. Relationship to Physical Catchment Descriptors
A simple Spearman rank correlation matrix (computed using 14 pairs of points based on the 14 catchments)
highlights relationships between projected future changes in streamflow signatures and catchment specific
landscape traits (Figure 8a). Among the land cover types, especially forest and wetlands seem to have the
largest influence on future hydrological responses of a catchment, but it should be noted, that both are in
turn strongly negatively correlated in this study (rs 5 20.96). Forest cover shows significant relationships
with FMeanANN, BMeanSON, BFIJJA, CV, and all spring-flood-related signatures (Figure 8a). Catchments with
more forest will experience a stronger increase in annual mean streamflow (Figure 8b) and a weaker
decrease in the spring flood peak (Figure 8c). The opposite relationship is true for wetlands (Figures 8b
and 8c).

In the present study, peat soils are strongly correlated with wetlands (rs 5 0.99) and till soils with forests
(rs 5 0.85). Both peat and till soils, which are negatively correlated with each other (rs 5 20.80), have a
strong relationship with summer BFIJJA (Figure 8d). This indicates that the summer base flow to streamflow
ratio will change less severely in catchments with more peat soils (i.e., more wetlands) and more severely in
catchments with more till soils (i.e., more forest).

The catchment area also seems to have an influence on several streamflow signatures, especially those
related to low flows, such as seasonal BMean and FLS. The catchment area is strongly positively correlated
with FLS (Figure 8e), which implies that larger catchments will experience a stronger increase in low flows,
but also a more pronounced increase in FMS (Figure 8e).

5. Discussion

5.1. Modeling Approach, Performance, and Uncertainties
Assessments of changing climate conditions and their effects on streamflow regimes are typically affected
by a variety of uncertainties, such as (1) future greenhouse-gas emission scenarios, (2) climate model struc-
ture, parameterization and initial set-up, (3) downscaling techniques and (4) hydrological model structure
and parameter sets [Wilby and Harris, 2006; Kay et al., 2009; Wilby and Dessai, 2010; Teutschbein et al., 2011].
In the present study, an ensemble approach was employed, which considered not only multiple climate
models, but also multiple catchments. The analysis of current and future hydrological behavior within the
Krycklan catchment in Northern Sweden and its associated subcatchments was based on 43,500 streamflow
time series simulated with the HBV model for both the reference control period 1982–2010 and the future
period 2062–2090. Such a large streamflow ensemble for each of the 14 catchments provided a wide variety
of possible outcomes, but also more robust results [cf. Teutschbein et al., 2011], because we considered
uncertainties in climate model data by employing 15 different RCM-GCM projections, and uncertainties in
hydrological model parameters by using 100 optimal parameter sets. The chosen ensemble approach did,
however, not sufficiently consider the role of hydrological model structure uncertainty (i.e., discrepancies
between different hydrologic models), although hydrological inter-model differences can substantially influ-
ence future streamflow simulations [Jones et al., 2006; Jiang et al., 2007; Surfleet et al., 2012; Mendoza et al.,
2015] and the associated uncertainty envelopes [Bastola et al., 2011; Poulin et al., 2011]. Using only a single
hydrologic model structure (in our case the HBV model) in the assessment of climate change impacts seems
to have particularly large implications for the simulation of soil-/vegetation-dependent low flows as
opposed to precipitation-/snowmelt-driven high flows [Najafi et al., 2011; Mizukami et al., 2015]. In our
study, large biases in low flow conditions indicate that either the base flow parameterization used in the
HBV model or the calibration procedure may be inadequate for the catchments of interest.

In addition to the neglected hydrological model structure uncertainty and to largely unknown natural cli-
mate variability, observed data used for calibration should also be considered error-prone [Beven, 2002;
Beven and Westerberg, 2011], which can lead to potentially large uncertainties. In this study, this is especially
true for precipitation, which cannot be measured accurately over the entire catchment area [Beven and
Westerberg, 2011], and streamflow, which is estimated from logger measurements with associated rating
curves and which features gaps in the cold season when the streams were covered with ice. Taking into
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account that errors in streamflow measurements can easily add up to 10–30% [Pappenberger et al., 2006; Di
Baldassarre and Montanari, 2009; Di Baldassarre et al., 2012], we conclude (based on our evaluation of the
model simulations during calibration and validation period) that the HBV model applied here effectively
simulated the three key features (1) water balances, (2) flow durations and (3) annual hydrographs for each
individual catchment when driven with observed climate data. When forced with climate data provided by
RCMs during the reference period, the relatively good performance was successfully validated, which
enabled us to draw robust conclusions about potential future streamflow changes from the subsequent
analyses.

We would like to emphasize that the results presented are mostly based on median values of the ensemble
simulations, which are considered statistically to be the most likely future outcomes as they attach reduced
importance to outliers.

5.2. Changes in Climate Conditions
In this study, climate data were provided by an ensemble of 15 RCM-GCM combinations under GHG emis-
sion scenario A1B provided by the ENSEMBLES project [Van der Linden and Mitchell, 2009]. By incorporating
simulations of 15 climate model combinations, a wide range of possible future outcomes is already consid-
ered in the analysis. A1B, however, is only one of six scenario groups [Nakicenovic et al., 2000], which are all
considered equally likely and valid. Thus, the present study does not cover the full spectrum of realistic
uncertainties, but such a full ensemble approach is currently simply not feasible due to the lack of publicly
available data. Furthermore, it should be noted that the rather simple temperature-based pET estimate
(equation (3)) used in the analysis is overly sensitive to temperature, which could result in unrealistic drying
and excessive hydrologic sensitivity. Shaw and Riha [2011] point out that the successful use of temperature-
based pET models on historical data does not guarantee future accuracy under nonstationary climate condi-
tions, and thus, this should be considered a limitation of our study.

The climate projections pointed toward increasing precipitation, temperature and potential evapotranspira-
tion for all months of the year until the end of this century. The changed signals in our study were plausible
as they were comparable to other recent climate change impact studies over Scandinavia [Koca et al., 2006;
Beldring et al., 2008; Moore et al., 2008; Teutschbein et al., 2011; Arheimer and Lindstr€om, 2015] and also simi-
lar to changes summarized by the ClimateCost project [Christensen et al., 2011] and the Fifth Assessment
Report (AR5) of the United Nations Intergovernmental Panel on Climate Change [IPCC, 2014].

In the future, increasing temperatures in the studied Krycklan catchment will likely cause the spring thaw to
occur about 3 weeks earlier, which implies that the winter period with temperatures below 08C will shorten
considerably. This in turn will have substantial consequences for snow accumulation, soil frost and vegeta-
tion. But, especially in combination with higher future precipitation, this will also strongly influence the
catchment’s hydrology through changes in water storage, spring floods and aquifer recharge.

5.3. Current Hydrological Behavior
Current simulated streamflow regimes within the Krycklan catchment in Northern Sweden were consistent
with regimes in other high-latitude cold-climate catchments that typically show a distinct snowmelt pattern
[Haines et al., 1988]. The studied catchments were dominated by a snowmelt-driven spring flood peak in
April or May, which began very abruptly after low flow values in the beginning of spring. The longer the
cold period and the higher the accumulated snow water equivalent over a catchment in winter, the higher
the flood in spring. In such streams, water ‘‘carried’’ during spring typically accounts for about half of the
total annual flow [Haines et al., 1988; Krasovskaia, 1997], which agreed with the 40 to 58% spring portion
obtained in our study. Summer and autumn streamflow were considerably lower in these catchments, but
still account for about a quarter of annual streamflow each with slightly more streamflow in autumn due to
higher precipitation combined with lower temperatures causing less evapotranspiration. Winter flow was
typically very low due to consistent temperatures below freezing and accounts only for a tenth of the total
annual streamflow.

Despite the fact that all catchments in this study generally followed the same snowmelt-driven streamflow
regime as described above, there was large inter-catchment variability in streamflow signatures simulated
for the reference period, even though the catchments were spatially proximate and were considered to be
subject to the same meteorological conditions. Our results confirmed recent findings by Karlsen et al.
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[2014], who were able to link hydrological behavior to various spatially organized landscape characteristics
such as topography, land cover, size and geology. For example, wetlands have the ability to keep parts of a
catchments wet during warm and dry periods, while other parts are dried out due to the presence of forest
[Lyon et al., 2012]. Furthermore, vegetation cover, soil type, geology and topography play a major role for
infiltration, generation of surface runoff, snowmelt dynamics and associated streamflow responses [Seyfried
and Wilcox, 1995; Kokkonen and Jakeman, 2002; Tetzlaff et al., 2007]. While these landscape traits influence
the spatial spread of both storage as well as predominant streamflow generating processes within a catch-
ment, climate conditions usually regulate the overall amount of water held, and the predominant mecha-
nisms of streamflow generation that can occur within a catchment. Thus, changing climate conditions are
expected to considerably affect the total amount of available streamflow as well as the distribution of
streamflow in time.

5.4. Future Hydrological Behavior
Our modeling study confirmed the previous assumption that changing climate conditions will disturb cur-
rent annual and seasonal streamflow in the study area. The overall streamflow regimes in the catchments
were projected to change from regimes with very low winter flow and a dominant spring flood peak to
regimes with a much lower amplitude and an earlier initiation and peak in the spring flood. Such changes
of the annual hydrograph typically reflect changes in the annual cycle of input, storage and release of water
[Arora and Boer, 2001]. An increase in precipitation will lead to more available annual streamflow in the
catchment. At the same time, an increased rain-to-snow ratio will reduce the storage [Arora and Boer, 2001],
which will ultimately lead to more uniform flow conditions throughout the year. This is also reflected in
alterations of the simulated flow duration curves, which indicated lower frequencies of both high and low
flows in a future warmer climate. Overall, these results were in line with earlier hydrological climate change
impact studies for Sweden [Bergstr€om et al., 2001; Andr�easson et al., 2004; Graham et al., 2007a,b; Beldring
et al., 2008; Teutschbein et al., 2011; Teutschbein and Seibert, 2012; Arheimer and Lindstr€om, 2015]. Future
flow regimes in boreal Sweden are likely to resemble today’s streamflow regimes of lower latitude catch-
ments (e.g., central Sweden). Such vigorous streamflow shifts will potentially impact stream water levels
and velocities, which in turn are important for riparian zone processes, stream bed erosion, water quality,
aquatic ecology and sediment transport. Spring floods will be less severe due to a shorter duration and a
reduced peak flow, while winter streamflow will play a larger role. This will have substantial consequences
for stream water chemistry, for example dissolved organic carbon (DOC) and nitrogen concentrations that
are both strongly correlated with seasonal cycles of streamflow and air temperature in this part of Sweden
[Sponseller et al., 2014; Winterdahl et al., 2014].

Although the direction of change in flow signatures was relatively similar for all streams in our nested catch-
ment study, there was large spatial variability in the magnitude of projected changes. These results support
our hypothesis that nearby catchments show highly variable hydrological responses to the same external
climate change signal and that one simply cannot assume that catchments belonging to the same region
will all react in the same way.

5.5. Relationship to Physical Catchment Descriptors
Landscape traits appear to predetermine the catchment-specific streamflow responses to changing climate
conditions. In the present study, both land cover, soil type and topographic characteristics had an influence
on the projected changes of streamflow signatures. Catchments with more forest and fewer wetlands
exhibited a stronger increase in annual streamflow and summer base flow, but showed less severe effects
on spring flood events. On the contrary, wetland-dominated catchments showed much stronger changes in
the spring flood peak magnitude and timing, but were less strongly affected in terms of stream- and base
flow. This links back to present streamflow behavior under current climate conditions and its relation to
landscape characteristics. Forested areas typically accumulate less snow during the winter and are, there-
fore, characterized by lower spring flood peaks than open areas such as wetlands or agricultural areas [e.g.,
Hundecha and B�ardossy, 2004; Fitzpatrick et al., 1999]. Warmer future temperature combined with more pre-
cipitation in winter will most likely drastically reduce the snowpack, which will thus have a stronger effect
on open areas such as wetlands. Furthermore, an increase in precipitation falling as rain instead of snow
during winter generates more winter base flow. This would lead to mostly recharged aquifers after the win-
ter, by which the streamflow is fed in summer [de Wit et al., 2007; Huang et al., 2013], and potentially causes
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higher summer base flow. This effect seems to be less pronounced in areas with wetlands, possibly because
they might already be close to the saturation limit under present conditions.

Overall, rain/snow partitioning plays an important role in the response of the studied catchments and the
relationship to physical catchment descriptors seems to mainly be a manifestation of an increasing rain-to-
snow ratio. Thus, our findings are only representative for high-latitude cold-climate catchments that typi-
cally show a distinct snowmelt pattern.

6. Conclusions

In this paper, we explored the responses of streamflow regimes to projected changes in climate. We ana-
lyzed current (1982–2010) and future (2062–2090) hydrological behavior of 14 partly nested catchments in
Northern Sweden. Even though all of these study catchments are part of the boreal landscape in Sweden
and look rather similar at first sight, our results suggest large spatiotemporal variability of streamflow within
the Krycklan catchment under current conditions, which is of a comparable magnitude as the projected
climate-change-induced streamflow changes. Furthermore, we demonstrated that the analyzed catchments
have a significantly different hydrological response to the same changes in external climate conditions. We
conclude that differences in spatially distributed physical catchment characteristics are not only of great
importance for current streamflow behavior [Seyfried and Wilcox, 1995; Kokkonen and Jakeman, 2002;
Tetzlaff et al., 2007; Karlsen et al., 2014], but also play a major role as first-order controls for the sensitivity of
catchments to changing climate conditions in the boreal zone. These findings remain to be confirmed for
other catchments and other geographic regions, but based on the present results we question the reliability
of studies relying on ‘‘representative’’ catchments to generalize potential effects over a larger region. To
gain realistic future hydrological projections, even more research is needed to better understand how and
why streamflow regimes of nearby catchments vary, and how their hydrological behavior is linked to land-
scape traits under present and changing climate conditions. Such research can provide an essential scien-
tific foundation for future management of water resources as well as projections of water quantity and
quality into the future.
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hydrologique, Hydrol. Sci. J., 31(1), 13–24, doi:10.1080/02626668609491024.
Koca, D., B. Smith, and M. Sykes (2006), Modelling regional climate change effects on potential natural ecosystems in Sweden, Clim.

Change, 78(2–4), 381–406, doi:10.1007/s10584-005-9030-1.
Kokkonen, T. S., and A. J. Jakeman (2002), Chapter 14: Structural effects of landscape and land use on streamflow response, in Environmen-

tal foresight and models: a manifesto, edited by M. B. Beck, pp. 303–321, Elsevier, Oxford, U. K.
Kottek, M., J. Grieser, C. Beck, B. Rudolf, and F. Rubel (2006), World map of the Koppen-Geiger climate classification updated, Meteorol. Z.,

15(3), 259–264, doi:10.1127/0941-2948/2006/0130.
Krasovskaia, I. (1997), Entropy-based grouping of river flow regimes, J. Hydrol., 202(1–4), 173–191, doi:10.1016/S0022-1694(97)00065-6.
Ladson, A. R., R. Brown, B. Neal, and R. Nathan (2013), A standard approach to baseflow separation using the Lyne and Hollick filter, Aust. J.

Water Res., 17(1), 25, doi:10.7158/W12-028.2013.17.1.
Lall, U. (2014), Debates—The future of hydrological sciences: A (common) path forward? One water. One world. Many climes. Many souls,

Water Resour. Res., 50, 5335–5341, doi:10.1002/2014WR015402.

Water Resources Research 10.1002/2015WR017337

TEUTSCHBEIN ET AL. HYDROLOGICAL RESPONSE TO CHANGING CLIMATE CONDITIONS 20

http://dx.doi.org/10.5194/hess-16-409-2012
http://dx.doi.org/10.1029/91WR01007
http://dx.doi.org/10.1016/S0022-1694(00)00306-1
http://dx.doi.org/10.1007/s10584-006-9228-x
http://dx.doi.org/10.1007/s10584-006-9195-2
http://dx.doi.org/10.5194/hess-13-913-2009
http://dx.doi.org/10.1016/j.pce.2011.05.001
http://dx.doi.org/10.1016/j.jhydrol.2010.03.020
http://dx.doi.org/10.5194/hess-16-3391-2012
http://dx.doi.org/10.1007/s10584-006-9215-2
http://dx.doi.org/10.1007/s10584-006-9215-2
http://dx.doi.org/10.1007/s10584-006-9217-0
http://dx.doi.org/10.1002/hyp.6989
http://dx.doi.org/10.1016/0143-6228(88)90035-5
http://dx.doi.org/10.1016/0143-6228(88)90035-5
http://dx.doi.org/10.1016/0022-1694(92)90057-3
http://dx.doi.org/10.1016/0022-1694(92)90057-3
http://dx.doi.org/10.1080/02626667.2013.803183
http://dx.doi.org/10.1080/02626667.2013.803183
http://dx.doi.org/10.2478/s11600-012-0065-1
http://dx.doi.org/10.1016/j.jhydrol.2004.01.002
http://dx.doi.org/10.1016/j.agrformet.2006.03.009
http://dx.doi.org/10.1016/j.jhydrol.2007.01.010
http://dx.doi.org/10.1016/j.advwatres.2005.11.001
http://adsabs.harvard.edu/abs/2014AGUFM.H52B.07K
http://adsabs.harvard.edu/abs/2014AGUFM.H52B.07K
http://dx.doi.org/10.1007/s10584-008-9471-4
http://dx.doi.org/10.1016/0022-1694(83)90208-1
http://dx.doi.org/10.1080/02626668609491024
http://dx.doi.org/10.1007/s10584-005-9030-1
http://dx.doi.org/10.1127/0941-2948/2006/0130
http://dx.doi.org/10.1016/S0022-1694(97)00065-6
http://dx.doi.org/10.7158/W12-028.2013.17.1
http://dx.doi.org/10.1002/2014WR015402


Laudon, H., I. Taberman, A. Ågren, M. Futter, M. Ottosson-L€ofvenius, and K. Bishop (2013), The Krycklan Catchment Study—A flagship infra-
structure for hydrology, biogeochemistry, and climate research in the boreal landscape, Water Resour. Res., 49, 7154–7158, doi:10.1002/
wrcr.20520.

Ley, R., M. C. Casper, H. Hellebrand, and R. Merz (2011), Catchment classification by runoff behaviour with self-organizing maps (SOM),
Hydrol. Earth Syst. Sci., 15(9), 2947–2962, doi:10.5194/hess-15-2947-2011.

Li, L., H. R. Maier, M. F. Lambert, C. T. Simmons, and D. Partington (2013), Framework for assessing and improving the performance of recur-
sive digital filters for baseflow estimation with application to the Lyne and Hollick filter, Environ. Modell. Software, 41, 163–175, doi:
10.1016/j.envsoft.2012.11.009.

Lindstr€om, G., B. Johansson, M. Persson, M. Gardelin, and S. Bergstr€om (1997), Development and test of the distributed HBV-96 hydrologi-
cal model, J. Hydrol., 201(1–4), 272–288, doi:10.1016/S0022-1694(97)00041-3.

Lyne, V., and M. Hollick (1979), Stochastic time-variable rainfall-runoff modelling, in Proceedings of the Hydrology and Water Resources Sym-
posium, vol. 79/10, pp. 89–92, Inst. of Eng. Natl. Conference Publ., Perth, Australia.

Lyon, S. W., M. Nathanson, A. Spans, T. Grabs, H. Laudon, J. Temnerud, K. H. Bishop, and J. Seibert (2012), Specific discharge variability in a
boreal landscape, Water Resour. Res., 48, W08506, doi:10.1029/2011WR011073.

Mearns, L. O., F. Giorgi, P. Whetton, D. Pabon, M. Hulme, and M. Lal (2003), Guidelines for Use of Climate Scenarios Developed From Regional
Climate Model Experiments, DDC of IPCC TGCIA, Data Distrib. Cent. of the Intergov. Panel on Clim. Change, Switzerland.

Mendoza, P. A., M. P. Clark, N. Mizukami, A. J. Newman, M. Barlage, E. D. Gutmann, R. M. Rasmussen, B. Rajagopalan, L. D. Brekke, and J. R.
Arnold (2015), Effects of hydrologic model choice and calibration on the portrayal of climate change impacts, J. Hydrometeorol., 16(2),
762–780, doi:10.1175/JHM-D-14-0104.1.

Mizukami, N., M. Clark, E. Gutmann, P. Mendoza, A. Newman, B. Nijssen, B. Livneh, L. Hay, J. Arnold, and L. Brekke (2015), Implications of
the methodological choices for hydrologic portrayals of climate change over the Contiguous United States: Statistically downscaled
forcing data and hydrologic models, J. Hydrometeorol., in press, doi:10.1175/JHM-D-14-0187.1.

Monteith, J. L. (1965), Evaporation and environment, Symp. Soc. Exp. Biol., 19, 205–234.
Moore, K., D. Pierson, K. Pettersson, E. Schneiderman, and P. Samuelsson (2008), Effects of warmer world scenarios on hydrologic inputs to

Lake M€alaren, Sweden and implications for nutrient loads, Hydrobiologia, 599(1), 191–199, doi:10.1007/s10750-007-9197-8.
Muerth, M. J., B. Gauvin St-Denis, S. Ricard, J. A. Vel~A¡zquez, J. Schmid, M. Minville, D. Caya, D. Chaumont, R. Ludwig, and R. Turcotte (2013),

On the need for bias correction in regional climate scenarios to assess climate change impacts on river runoff, Hydrol. Earth Syst. Sci.,
17(3), 1189–1204, doi:10.5194/hess-17-1189-2013.

Najafi, M. R., H. Moradkhani, and I. W. Jung (2011), Assessing the uncertainties of hydrologic model selection in climate change impact
studies, Hydrol. Processes, 25(18), 2814–2826, doi:10.1002/hyp.8043.

Nakicenovic, N., J. Alcamo, G. Davis, B. de Vries, J. Fenhann, S. Gaffin, K. Gregory, A. Grubler, T. Y. Jung, and T. Kram (2000), Special Report on
Emissions Scenarios: A Special report of Working Group III of the Intergovernmental Panel on Climate Change, IPCC Special Reports on Cli-
mate Change, Pac. Northwest Natl. Lab., Richland, Wash.

Nash, J. E., and J. V. Sutcliffe (1970), River flow forecasting through conceptual models part I––A discussion of principles, J. Hydrol., 10(3),
282–290, doi:10.1016/0022-1694(70)90255-6.

Nathan, R. J., and T. A. McMahon (1990), Evaluation of automated techniques for base flow and recession analyses, Water Resour. Res.,
26(7), 1465–1473, doi:10.1029/WR026i007p01465.

Olden, J. D., and N. L. Poff (2003), Redundancy and the choice of hydrologic indices for characterizing streamflow regimes, River Res. Appl.,
19(2), 101–121, doi:10.1002/rra.700.

Oudin, L., A. Kay, V. Andr�eassian, and C. Perrin (2010), Are seemingly physically similar catchments truly hydrologically similar?, Water
Resour. Res., 46, W11558, doi:10.1029/2009WR008887.

Paerl, H. W., and V. J. Paul (2012), Climate change: Links to global expansion of harmful cyanobacteria, Water Res., 46(5), 1349–1363, doi:
10.1016/j.watres.2011.08.002.

Pall, P., T. Aina, D. A. Stone, P. A. Stott, T. Nozawa, A. G. J. Hilberts, D. Lohmann, and M. R. Allen (2011), Anthropogenic greenhouse gas con-
tribution to flood risk in England and Wales in autumn 2000, Nature, 470(7334), 382–385, doi:10.1038/nature09762.

Pappenberger, F., P. Matgen, K. J. Beven, J.-B. Henry, L. Pfister, and P. Fraipont de (2006), Influence of uncertain boundary conditions and
model structure on flood inundation predictions, Adv. Water Resour., 29(10), 1430–1449, doi:10.1016/j.advwatres.2005.11.012.

Poulin, A., F. Brissette, R. Leconte, R. Arsenault, and J.-S. Malo (2011), Uncertainty of hydrological modelling in climate change impact stud-
ies in a Canadian, snow-dominated river basin, J. Hydrol., 409(3–4), 626–636, doi:10.1016/j.jhydrol.2011.08.057.

Sawicz, K., T. Wagener, M. Sivapalan, P. A. Troch, and G. Carrillo (2011), Catchment classification: Empirical analysis of hydrologic similarity
based on catchment function in the eastern USA, Hydrol. Earth Syst. Sci., 15(9), 2895–2911, doi:10.5194/hess-15-2895-2011.

Seibert, J. (1997), Estimation of parameter uncertainty in the HBV model, Nord. Hydrol., 28(4), 247–262, doi:10.2166/nh.1997.015.
Seibert, J. (1999), Regionalisation of parameters for a conceptual rainfall-runoff model, Agric. For. Meteorol., 98-99, 279–293, doi:10.1016/

S0168-1923(99)00105-7.
Seibert, J. (2000), Multi-criteria calibration of a conceptual runoff model using a genetic algorithm, Hydrol. Earth Syst. Sci., 4(2), 215–224,

doi:10.5194/hess-4-215-2000.
Seibert, J., and J. J. McDonnell (2010), Land-cover impacts on streamflow: A change-detection modelling approach that incorporates

parameter uncertainty, Hydrol. Sci. J., 55(3), 316–332, doi:10.1080/02626661003683264.
Seibert, J., and M. J. P. Vis (2012), Teaching hydrological modeling with a user-friendly catchment-runoff-model software package, Hydrol.

Earth Syst. Sci., 16(9), 3315–3325, doi:10.5194/hess-16-3315-2012.
Seibert, J., S. Uhlenbrook, C. Leibundgut, and S. Halldin (2000), Multiscale calibration and validation of a conceptual rainfall-runoff model,

Phys. Chem. Earth B, 25(1), 59–64, doi:10.1016/S1464-1909(99)00121-5.
Seneviratne, S. I., T. Corti, E. L. Davin, M. Hirschi, E. B. Jaeger, I. Lehner, B. Orlowsky, and A. J. Teuling (2010), Investigating soil moisture–

climate interactions in a changing climate: A review, Earth Sci. Rev., 99(3–4), 125–161, doi:10.1016/j.earscirev.2010.02.004.
Seyfried, M. S., and B. P. Wilcox (1995), Scale and the nature of spatial variability: Field examples having implications for hydrologic model-

ing, Water Resour. Res., 31(1), 173–184, doi:10.1029/94WR02025.
Shamir, E., B. Imam, H. V. Gupta, and S. Sorooshian (2005), Application of temporal streamflow descriptors in hydrologic model parameter

estimation, Water Resour. Res., 41, W06021, doi:10.1029/2004WR003409.
Shaw, S. B., and S. J. Riha (2011), Assessing temperature-based PET equations under a changing climate in temperate, deciduous forests,

Hydrol. Processes, 25(9), 1466–1478, doi:10.1002/hyp.7913.
Sivapalan, M., et al. (2003), IAHS Decade on Predictions in Ungauged Basins (PUB), 2003–2012: Shaping an exciting future for the hydrolog-

ical sciences, Hydrol. Sci. J., 48(6), 857–880, doi:10.1623/hysj.48.6.857.51421.

Water Resources Research 10.1002/2015WR017337

TEUTSCHBEIN ET AL. HYDROLOGICAL RESPONSE TO CHANGING CLIMATE CONDITIONS 21

http://dx.doi.org/10.1002/wrcr.20520
http://dx.doi.org/10.1002/wrcr.20520
http://dx.doi.org/10.5194/hess-15-2947-2011
http://dx.doi.org/10.1016/j.envsoft.2012.11.009
http://dx.doi.org/10.1016/S0022-1694(97)00041-3
http://dx.doi.org/10.1029/2011WR011073
http://dx.doi.org/10.1175/JHM-D-14-0104.1
http://dx.doi.org/10.1175/JHM-D-14-0187.1
http://dx.doi.org/10.1007/s10750-007-9197-8
http://dx.doi.org/10.5194/hess-17-1189-2013
http://dx.doi.org/10.1002/hyp.8043
http://dx.doi.org/10.1016/0022-1694(70)90255-6
http://dx.doi.org/10.1029/WR026i007p01465
http://dx.doi.org/10.1002/rra.700
http://dx.doi.org/10.1029/2009WR008887
http://dx.doi.org/10.1016/j.watres.2011.08.002
http://dx.doi.org/10.1038/nature09762
http://dx.doi.org/10.1016/j.advwatres.2005.11.012
http://dx.doi.org/10.1016/j.jhydrol.2011.08.057
http://dx.doi.org/10.5194/hess-15-2895-2011
http://dx.doi.org/10.2166/nh.1997.015
http://dx.doi.org/10.1016/S0168-1923(99)00105-7
http://dx.doi.org/10.1016/S0168-1923(99)00105-7
http://dx.doi.org/10.5194/hess-4-215-2000
http://dx.doi.org/10.1080/02626661003683264
http://dx.doi.org/10.5194/hess-16-3315-2012
http://dx.doi.org/10.1016/S1464-1909(99)00121-5
http://dx.doi.org/10.1016/j.earscirev.2010.02.004
http://dx.doi.org/10.1029/94WR02025
http://dx.doi.org/10.1029/2004WR003409
http://dx.doi.org/10.1002/hyp.7913
http://dx.doi.org/10.1623/hysj.48.6.857.51421


Sponseller, R., J. Temnerud, K. Bishop, and H. Laudon (2014), Patterns and drivers of riverine nitrogen (N) across alpine, subarctic, and
boreal Sweden, Biogeochemistry, 120(1–3), 105–120, doi:10.1007/s10533-014-9984-z.

Stahl, K., H. Hisdal, J. Hannaford, L. Tallaksen, H. Van Lanen, E. Sauquet, S. Demuth, M. Fendekova, and J. Jordar (2010), Streamflow trends
in Europe: Evidence from a dataset of near-natural catchments, Hydrol. Earth Syst. Sci., 14, 2367–2382, doi:10.5194/hess-14-2367-2010.

Stahl, K., L. M. Tallaksen, L. Gudmundsson, and J. H. Christensen (2011), Streamflow data from small basins: A challenging test to high-
resolution regional climate modeling, J. Hydrometeorol., 12(5), 900–912, doi:10.1175/2011JHM1356.1.

Surfleet, C. G., D. Tullos, H. Chang, and I.-W. Jung (2012), Selection of hydrologic modeling approaches for climate change assessment: A
comparison of model scale and structures, J. Hydrol., 464–465, 233–248, doi:10.1016/j.jhydrol.2012.07.012.

Taylor, R. G., et al. (2013), Ground water and climate change, Nat. Clim. Change, 3(4), 322–329, doi:10.1038/nclimate1744.
Tetzlaff, D., S. Waldron, M. J. Brewer, and C. Soulsby (2007), Assessing nested hydrological and hydrochemical behaviour of a mesoscale

catchment using continuous tracer data, J. Hydrol., 336(3–4), 430–443, doi:10.1016/j.jhydrol.2007.01.020.
Teutschbein, C., and J. Seibert (2010), Regional climate models for hydrological impact studies at the catchment scale: A review of recent

modeling strategies, Geogr. Compass, 4(7), 834–860, doi:10.1111/j.1749-8198.2010.00357.x.
Teutschbein, C., and J. Seibert (2012), Bias correction of regional climate model simulations for hydrological climate-change impact studies:

Review and evaluation of different methods, J. Hydrol., 456–457, 12–29, doi:10.1016/j.jhydrol.2012.05.052.
Teutschbein, C., and J. Seibert (2013), Is bias correction of regional climate model (RCM) simulations possible for non-stationary condi-

tions?, Hydrol. Earth Syst. Sci., 17(12), 5061–5077, doi:10.5194/hess-17-5061-2013.
Teutschbein, C., F. Wetterhall, and J. Seibert (2011), Evaluation of different downscaling techniques for hydrological climate-change impact

studies at the catchment scale, Clim. Dyn., 37(9-10), 2087–2105, doi:10.1007/s00382-010-0979-8.
Trenberth, K. E., A. Dai, G. van der Schrier, P. D. Jones, J. Barichivich, K. R. Briffa, and J. Sheffield (2014), Global warming and changes in

drought, Nat. Clim. Change, 4(1), 17–22, doi:10.1038/nclimate2067.
Van der Linden, P., and J. F. B. Mitchell (2009), ENSEMBLES: Climate Change and its Impacts: Summary of Research and Results From the

ENSEMBLES Project, Met Off. Hadley Cent., U. K.
Wagener, T., M. Sivapalan, P. A. Troch, B. L. McGlynn, C. J. Harman, H. V. Gupta, P. Kumar, P. S. C. Rao, N. B. Basu, and J. S. Wilson (2010), The

future of hydrology: An evolving science for a changing world, Water Resour. Res., 46, W05301, doi:10.1029/2009WR008906.
Wilby, R. L., and S. Dessai (2010), Robust adaptation to climate change, Weather, 65(7), 180–185, doi:10.1002/wea.543.
Wilby, R. L., and I. Harris (2006), A framework for assessing uncertainties in climate change impacts: Low-flow scenarios for the River

Thames, UK, Water Resour. Res., 42, W02419, doi:10.1029/2005WR004065.
Winterdahl, M., M. Erlandsson, M. N. Futter, G. A. Weyhenmeyer, and K. Bishop (2014), Intra-annual variability of organic carbon concentra-

tions in running waters: Drivers along a climatic gradient, Global Biogeochem. Cycles, 28, 451–464, doi:10.1002/2013GB004770.
Xu, C. Y., and V. P. Singh (2001), Evaluation and generalization of temperature-based methods for calculating evaporation, Hydrol Processes,

15(2), 305–319, doi:10.1002/hyp.119.
Yadav, M., T. Wagener, and H. Gupta (2007), Regionalization of constraints on expected watershed response behavior for improved predic-

tions in ungauged basins, Adv. Water Resour., 30(8), 1756–1774, doi:10.1016/j.advwatres.2007.01.005.
Yilmaz, K. K., H. V. Gupta, and T. Wagener (2008), A process-based diagnostic approach to model evaluation: Application to the NWS dis-

tributed hydrologic model, Water Resour. Res., 44, W09417, doi:10.1029/2007WR006716.

Water Resources Research 10.1002/2015WR017337

TEUTSCHBEIN ET AL. HYDROLOGICAL RESPONSE TO CHANGING CLIMATE CONDITIONS 22

http://dx.doi.org/10.1007/s10533-014-9984-z
http://dx.doi.org/10.5194/hess-14-2367-2010
http://dx.doi.org/10.1175/2011JHM1356.1
http://dx.doi.org/10.1016/j.jhydrol.2012.07.012
http://dx.doi.org/10.1038/nclimate1744
http://dx.doi.org/10.1016/j.jhydrol.2007.01.020
http://dx.doi.org/10.1111/j.1749-8198.2010.00357.x
http://dx.doi.org/10.1016/j.jhydrol.2012.05.052
http://dx.doi.org/10.5194/hess-17-5061-2013
http://dx.doi.org/10.1007/s00382-010-0979-8
http://dx.doi.org/10.1038/nclimate2067
http://dx.doi.org/10.1029/2009WR008906
http://dx.doi.org/10.1002/wea.543
http://dx.doi.org/10.1029/2005WR004065
http://dx.doi.org/10.1002/2013GB004770
http://dx.doi.org/10.1002/hyp.119
http://dx.doi.org/10.1016/j.advwatres.2007.01.005
http://dx.doi.org/10.1029/2007WR006716

	l
	l
	l
	l

