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Editor D. Koutsoyiannis

Abstract The ability of hydrological models to deal with changing conditions should not be taken for granted: it
is an unfortunate but well-known problem of hydrology that the model structure and/or parameters optimized for
certain conditions may not be transferable in time. Consequently, it is essential that, for application under
changing conditions (e.g. in climate change impact studies), models be thoroughly assessed for their extrapolation
capacity using adequate protocols. This editorial provides an overview of the Special Issue of Hydrological
Sciences Journal compiled after a workshop on this theme held during the General Assembly of the International
Association of Hydrological Sciences (IAHS) in Gothenburg (Sweden) in 2013. The Workshop participants had
been invited to apply a calibration and evaluation protocol to their own models on a given set of changing basins.
The results show that this protocol is an appropriate and instructive way of assessing the suitability of hydro-
logical models to be applied under changing conditions. This special issue also includes papers following
alternative testing methodologies, as well as an opinion paper on the definition of non-stationarity.

Key words calibration protocol; hydrology under change; hydrological models; comparison; evaluation

De la nécessité de tester les modeles hydrologiques sous des conditions changeantes

Résumé La capacité des modeles hydrologiques a traiter des conditions changeantes ne devrait pas étre considérée
comme garantie : ¢’est un inconvénient bien connu en hydrologie que les modéles (leurs structures et/ou parameétres)
optimisés pour certaines conditions peuvent ne pas étre transférables dans le temps. Par conséquent, il est essentiel que,
pour une application dans des conditions changeantes (par erxemple dans des études d’impact du changement
climatique), les modéles soient consciencieusement évalués avec des protocoles adéquats en ce qui concerne leur
capacité d’extrapolation. Cet éditorial présente un numéro spécial du Journal des Sciences Hydrologiques organisé
aprés un atelier qui s’est tenu a Goteborg (Suede) lors de I’ Assemblée générale de 1’ Association Internationale des
Sciences Hydrologiques (AISH) en 2013. Pour cet atelier, les participants avaient ét¢ invités a appliquer un protocole
de calage et d’évaluation de leurs propres modeéles sur un échantillon de bassins changeants qui leur avait été fourni.
Les résultats montrent que ce protocole est une maniére appropriée et instructive d’évaluer la pertinence de mod¢les
hydrologiques appliqués dans des conditions changeantes. Ce numéro spécial inclut aussi des articles suivant des
protocoles alternatifs ainsi qu’un papier d’opinion sur la définition de la (non-)stationnarité.

Mots clefs protocole de calage ; hydrologie sous conditions changeantes ; modé¢les hydrologiques ; comparaison ; évaluation

1 INTRODUCTION

1.1 The need for enhanced evaluation of
hydrological models under change

Predicting the impact of environmental changes on
basins has become a widespread activity for hydrol-
ogists, who are, however, increasingly concerned by
the fact that the models they use for simulation,
forecasting, or projection in impact assessment and
as decision-support tools, might not be well suited to
deal with change.

© 2015 IAHS

The meaning of the word “change” in hydrology
is rather imprecise. Here, for river basins, change
refers to significant modifications of land cover, or
of the statistical characteristics of the climatic condi-
tions of the basin, potentially resulting in modifica-
tion of catchment behaviour (i.e. in the ability of the
catchment to transform precipitation into stream-
flow). The construction of water management infra-
structure, such as storage reservoirs, can also
significantly change the streamflow regime and
should be included, as well as surface water and
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groundwater water withdrawal. Obviously, changes
occur over various time scales, as discussed by
Koutsoyiannis (2013).

We are concerned by change because it may
have  detrimental consequences on  floods
(Kundzewicz et al. 2013), droughts, and the design,
planning and management of water resources sys-
tems. Obviously, our models should be able to deal
with change consistently. If our models were “per-
fect” physical representations of complex hydrologi-
cal systems, changes should not be a problem for
them, since known physical laws do not change.
However, in essence, a model is an imperfect and
simplified representation of a natural system, what-
ever label we give it (conceptual, black-box, process-
oriented) and regardless of whether we have cali-
brated it “empirically” or assigned its parameter
values in a “physical” manner. Thus, models always
carry the risk of not reacting to change in an accurate
way. This seems particularly obvious when the model
does not explicitly account for a given change,
though, unfortunately, explicit accounting is not a
sufficient guarantee against possible problems with-
out appropriate testing.

1.2 Organization of the workshop

During the 2013 General Assembly of the
International Association of Hydrological Sciences
(IAHS) in Gothenburg, the Workshop: Testing simu-
lation and forecasting models in non-stationary con-
ditions was organized to encourage collaborative
work on hydrology under changing conditions. To
foster a common reflection on this issue, a dataset
of 14 catchments and a modelling protocol were
proposed to participants for their model applications,
but contributions not based on this common material
were also welcomed.

The modellers were invited to apply a calibra-
tion and evaluation modelling protocol of their
models to the given dataset. Contrasting periods
(one complete period and five sub-periods) were
selected, on which the models had to be calibrated
(Thirel et al. 2015). After each calibration, the
model had to be run in simulation on each of the
other periods. Through the computation of adapted
metrics, and plots highlighting the performance and
robustness of the models, this protocol intended to
provide a framework within which modellers

would be able to efficiently test the ability of the
modelling options they had chosen to better handle
changes.

The modellers were then invited to submit the
results of their work to this Special Issue of
Hydrological Sciences Journal (HSJ). Eighteen
papers were peer-reviewed and, after revision,
accepted for publication, 16 of them presenting mod-
elling results. Among these, 13 papers make use of
the proposed dataset and three present modelling
results obtained from different basins. More general
issues are discussed in an opinion paper
(Koutsoyiannis and Montanari 2015) and in the
paper presenting the protocols and dataset (Thirel
et al. 2015).

1.3 Key questions

By proposing a calibration and evaluation protocol
on a dataset of catchments for which changes in
climate or land use were documented, the aim was
to provide a playground for scientists to address the
following questions (Thirel et al. 2015):

— Can changes in model parameters calibrated over
different periods tell us whether a catchment is
changing, or are there too many numerical arte-
facts to answer this question (due to poor para-
meter identifiability, model overparameterization,
etc.)?

— Are our models robust and/or flexible enough to
be used under changing conditions?

— What approaches should be tried in the future to
better handle hydrological modelling under
change?

In the next section, we first present a brief
review of studies on hydrology under change, fol-
lowed by an overview of the Workshop and the
papers in this Special Issue of HSJ. Lastly, conclu-
sions and perspectives are given.

2 HYDROLOGICAL MODELS UNDER
CHANGE: A SHORT OVERVIEW

2.1 What is a good model?

Given the diversity of existing hydrological mod-
els, recurrent questions asked by practitioners are:
What is the best model for a given objective?
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Which model should we rely upon when making
decisions?

Coron et al. (2011) listed three model para-
meter “pathologies” that may prevent a model from
performing well: dependency on the input data
quality and availability (Oudin et al. 2006Db,
Perrin et al. 2007), dependency on statistical char-
acteristics of the hydroclimatic data used in cali-
bration (Klemes 1986, Merz et al. 2011), and low
identifiability (Abebe et al. 2010). These three
limitations may be particularly acute when dealing
with climate change studies or with historical
hydrological reconstructions.

Bearing these elements in mind, it is easier to
understand that, in addition to having precision (i.e.
closeness of simulations to observations), hydrologi-
cal models need to be transferable. This transferabil-
ity (Klemes§ 1986) is necessary to ensure that the
hydrological models do not overfit the specific con-
ditions of a calibration period (Andréassian et al.
2012). The generalization of results is a necessary
condition for applying models to climate change
applications.

2.2 Model intercomparison as a tool for
improvement

Kundzewicz and Gerten (2014) recently pointed out
that hydrologic model intercomparisons are an
important challenge in the assessment of the impact
of climate change. A few such intercomparisons have
already been carried out with global hydrological
models (GHMs). Haddeland et al. (2011) made a
comparison between several land surface models
and global hydrological models (WaterMIP project).
Schewe et al. (2014) applied 11 GHMs and five
global circulation models (GCMs; ISI-MIP project).
Both studies showed that the spread (i.e. uncertainty)
of hydrological projections due to GHMs is a bit
larger than that due to GCMs.

Comparative studies have also been carried out
with catchment-based hydrological models, ranging
from the pioneering work led by the World
Meteorological Organization (WMO 1975, 1986,
1992) to the more recent comprehensive analyses
proposed by Smith et al. (2004, 2012), or Nicolle
et al. (2014). The high dependency of models on
the climate of the calibration period was observed
by Viney et al. (2009) with several hydrological
models. Model intercomparisons are definitely an
efficient way to identify model flaws, to understand

them and to propose improvements based on these
observations.

2.3 Preliminary solutions for evaluating or
improving models for application in
changing conditions

To better handle the modelling issues highlighted
above, several options are possible: improving data
quality, improving the hydrological models and their
parameterization, performing post-treatment on the
hydrological outputs, developing multi-model
approaches, or combinations of these. Quantifying
the dependency of models on the climate conditions
of the calibration period, or on the land-use condi-
tions, and subsequently evaluating innovative solu-
tions to reduce these dependencies requires adequate
calibration and evaluation protocols.

Although this assertion may seem obvious, only
a few studies have described such protocols (WMO
1975, Smith et al. 2004). Others, like the study by
Seiller et al. (2012), assessed the temporal transposa-
bility of 20 hydrological models under contrasting
climate conditions with the differential split-sample
test (DSST; Klemes 1986). The models were assessed
separately and together. The transposability of mod-
els over contrasting periods was often rather poor.
However, the average simulation of the 20-model
ensemble was shown to be more transposable.
Some models outperformed this average, but only
for one transposition between two periods, or only
for a single catchment, meaning that single models
were actually less robust. Even badly performing
single models were shown to be able to positively
contribute to the ensemble’s quality. This work
showed two things: solutions exist to overcome the
limitations of models, and it is necessary to continue
improving our models. Similarly, Nicolle ef al.
(2014) used five hydrological models following an
evaluation framework for low-flow simulation and
forecasting purposes. They showed that no model
outperformed the others, and that a multi-model aver-
aging provides more robust results and better
performance.

Different options are currently being explored to
improve the applicability of hydrological models to
changing conditions. First, better identification of the
optimum values of parameters should allow better
transfer to contrasting periods (Gupta et al. 1998,
2009). Multi-objective calibration is a possible solu-
tion to transferability issues, because it allows one to
take into account the hydrological response regarding
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different aspects at the same time (Efstratiadis and
Koutsoyiannis 2010). Another path investigated in
recent years consists in combining hydrological mod-
els that are optimized for opposite/complementary
objectives. This represents a kind of selective ensem-
ble approach, which we could expect to perform
better than classic averaging ensemble methods.
Both Kayastha et al. (2013) and Oudin et al.
(2006a) calibrated a single model twice: once on
low flows, and then on high flows. Then, according
to the given regime, one model or the other, or a
combination of both, was chosen for flow simulation.
Both studies showed that this method yields better
results than those obtained by individual models.

3 OVERVIEW OF THE HSJ SPECIAL ISSUE
3.1 The general papers

In their opinion paper, Koutsoyiannis and Montanari
(2015) point out the misuse of the expression “non-
stationarity”, which is very often wrongly understood
as a synonym of change. They state that “stationarity
and nonstationarity apply only to models, not to the
real world, and are defined within stochastics”, and
that non-stationarity should be used only to describe
a future that can be predicted in deterministic terms.
The paper by Thirel et al. (2015) presents the
detailed objectives of the workshop, the calibration
and evaluation protocol and the graphical tools pro-
posed to evaluate the model performances. A detailed
description of the dataset is also given in the
Supplementary material of Thirel et al. (2015).

3.2 The 16 papers presenting modelling results

Most participants used lumped models (see Table 1),
and only a few are sub-basin-based or grid-based
models. The number of free parameters varies greatly
between models, ranging from 1 to 95. All models
but three were used at a daily time step, which
corresponds to the data time step provided to the
modellers. The monthly, annual and multi-annual
time steps chosen for three of the studies are of
interest for water balance questions, and were mainly
chosen, unsurprisingly, for basins facing a decrease
in rainfall and, consequently, streamflow. Regarding
the modelling choices, conceptual models dominate,
followed by stochastic models, process-oriented
models, artificial neural networks, water balance
models and kinematic wave models. These choices
reflect the diversity of modelling approaches in

hydrology. A summary of the key points of the
papers included in this special issue is presented in
Table 1.

3.3 Exposing the models to new conditions

While the general aim of the modellers was to expose
their model to changing conditions and to assess its
transferability to contrasting periods, some modellers
fulfilled a second aim: applying their favourite model
under conditions they generally do not face, typically
in basins from different countries. Indeed, basins
from six countries and four continents were proposed
to the modellers. For example, Hughes (2015)
applied the Pitman model to Australian and
Sahelian basins, although it is mostly applied to
South African basins (Hughes 2013). Yu and Zhu
(2015) applied two models (AWBM and SimHyd),
usually employed in Australia, to basins from France
and the USA. Tanaka and Tachikawa (2015) applied
the DHM-KWMSS model to two basins from France
and Australia, although it is generally applied to
Japanese basins.

This spatial transferability of the models, while
representing here an extreme view of the application
of the proxy-basin test of Klemes (1986), can be seen
as a further validation of the modelling choices made
by the hydrologists.

3.4 Original calibration protocols

While the calibration and evaluation protocol pro-
posed for the workshop (Thirel et al. 2015) was
generally used, some modellers used other protocols.
Magand et al. (2015) modified the periods of calibra-
tion and evaluation to run the distributed CLSM
model because of computer time constraints.
Brigode et al. (2015) used a block boot-strapping
method in addition to the proposed protocol. This
method, by generating more variability among cali-
bration periods, is interesting for obtaining more
robust parameters (Ebtehaj et al. 2010, Li et al.
2010, Brigode et al. 2014). Gelfan et al. (2015)
applied a protocol originally proposed by Kuchment
and Gelfan (2009) that makes use of periods of
increasing lengths. The objective is to identify a
period length for which there is no more improve-
ment when adding data during the calibration pro-
cess. Coron et al. (2015) chose a visualization of
their results on sliding windows. This way of viewing
results can be connected to the calibration protocol
introduced by Coron et al. (2012) on sliding
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windows, which was used by Folton et al. (2015).
This methodology enables one to visualize long-term
evolutions. Osuch et al. (2015) similarly chose to use
calibration moving windows.

3.5 Giving physical meaning to parameter values

Even with conceptual models, trying to link para-
meter values with meteorological or physical basin
characteristics is tempting, and is often seen as an
opportunity to improve the consistency of models.
Having basins with significant changes was a good
opportunity for modellers to perform such an analy-
sis. Unfortunately, it is generally difficult to under-
stand these relationships because of the interactions
between model parameters, or equifinality (Gelfan
et al. 2015, Hughes 2015, Yu and Zhu 2015, Zhou
et al. 2015). However, Magand et a/. (2015) mana-
ged to link the snow-related parameters of their
model to the actual snow conditions on the specific
contrasting period for the mountainous Durance
catchment. More specifically, the parameter used in
the model snow depletion curve (with larger values
indicating a more heterogeneous snow cover during
ablation) was found to be higher during the coldest
and snowiest sub-period, resulting in a longer snow
cover being simulated by the model. Osuch et al.
(2015) tried to link the parameters of the HBV
model with climatic indices. They showed that the
FC parameter (i.e. the maximum soil moisture sto-
rage) could be significantly correlated with tempera-
ture-based indices, whereas the S parameter (the
nonlinear runoff parameter) could be correlated with
precipitation-related indices, the other HBV para-
meters showing no strong correlation. Semenova
et al. (2015) did not automatically calibrate their
model parameters, but used instead parameter values
from the literature corresponding to post-fire
conditions.

Introducing prior knowledge into model parame-
terization could also lead to great improvement in the
identification of parameters (Gelfan et al. 2015).

3.6 Comparing different models

Several modellers performed their own model com-
parisons: Yu and Zhu (2015) compared AWBM and
SimHyd; Li et al. (2015) compared SimHyd, HBV
and Xinanjiang; Kling et al. (2015) compared
COSERO and MORDORG6; and Zhou et al. (2015)
compared AWRA-L, XAJ and GR4J. Even though
some models exhibited better (or worse) performance

than others (see Li et al. 2015), the main factor
influencing the performance and robustness of a
model was the studied basin rather than the selected
model.

Moreover, two papers compared different mod-
elling options in order to assess the choices made and
to answer the following question: If the model is
“improved”, does its robustness increase? Taver
et al. (2015) chose an original approach using artifi-
cial neural networks (ANN). They tested different
options specifically designed to better handle change
(adaptivity and data assimilation) and compared them
with classical ANN approaches, confirming their bet-
ter performance. Efstratiadis et al. (2015) tried to
make the most of a combination of a deterministic
approach, parameterized to take into account the
growing urbanization of the basin, and a stochastic
approach. They showed that the proposed framework
can effectively account for systematic changes in
water resources systems and help to better represent
the variability of the catchment response.

3.7 The case of semi-arid catchments

Among all the proposed catchments, the semi-arid
catchments, namely the Australian basins that faced
the “Millennium Drought”, or the Sahelian River
Bani that faced a severe drought, were probably the
most challenging for modellers. These basins repre-
sent areas among the most affected by climate change
and human activities (He and Hogue 2012, Yang
et al. 2013, Zeroual et al. 2013). However, it is
known that the model parameters are usually over-
sensitive to the choice of calibration period: a model
calibrated over a wet period usually overestimates
discharge during a drier period (e.g. Hughes 2015,
Kling et al. 2015, Osuch et al. 2015).

Such model failures may come from a modifica-
tion of the processes involved in discharge genera-
tion. As a consequence, a solution could be to adapt
the models to these different conditions by including
different processes in the model implementation. For
example, Kling ef al. (2015) tried an alternative ver-
sion of the COSERO model, removing the distinction
between surface flow and interflow while adding
routing, in order to better take into account the spe-
cificities of such basins. For another type of change
—urbanization—Efstratiadis et al. (2015) directly
took the urbanization rate into account in their mod-
elling. The difficulty in accurately dealing with semi-
arid catchments could also be related to the absence
of water abstraction data, which consequently could
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not be taken into account, as noted by Hughes
(2015).

3.8 Models as tools for understanding
hydrological changes

Baahmed et al. (2015) applied an annual water bal-
ance model to an arid Algerian basin facing decreas-
ing rainfall and discharge since the mid-1970s. They
showed that, although a simple water balance model
facilitates the understanding of the decrease in dis-
charge, other factors, such as water withdrawals,
could induce the decrease in discharge. Zhou et al.
(2015) applied three conceptual models to three
Australian catchments affected by bushfires. This
type of change is present in the Workshop dataset
with the Rimbaud catchment (see the Supplementary
materials of Thirel et al. 2015). Zhou et al. (2015)
used two periods: before the bushfires, and after.
They showed that the discharge variations could be
explained by the bushfires up to 15 years after their
occurrence and by the climate afterwards. Semenova
et al. (2015) worked on a Russian basin also affected
by both wildfire and permafrost. The study revealed
an increase in summer flows from the upstream part
of the basin that was not observed in the downstream
part, as well as an increase in thaw depth and surface
flow, and a decrease in total evapotranspiration dur-
ing summer. Folton ez al. (2015) used two alternative
methods to try to disentangle the causes of apparent
changes: with a rainfall-runoff model, they
accounted for climatic variability only, while with
the paired-catchment model, they accounted for
both climatic and catchment behaviour changes.
The results are rather surprising and showed that
the prolonged drought experienced by the Rimbaud
catchment had a more significant hydrological impact
than the wildfire (at least on daily discharge values).

4 CONCLUSIONS AND PERSPECTIVES

A calibration and evaluation protocol based on con-
trasting periods was proposed to modellers on a set of
catchments during a Workshop held during the 2013
IAHS General Assembly. A number of papers related
to this Workshop (one presentation paper, one opi-
nion paper about the definition of non-stationarity
and 16 modelling papers) are presented in this
Special Issue of HSJ. The need for protocols was
highlighted by the wide use of the proposed protocol
to compare models or to confront them with new and
changing conditions, but also by the fact that

additional protocols were proposed by the partici-
pants. Understanding hydrological change or giving
physical meaning to parameter values seem to be
eased by adequate protocols. However, this set of
papers shows that efforts are still needed to properly
undertake hydrological modelling under changing
conditions, especially under semi-arid conditions.

During the Workshop, four working groups were
organized. Several issues and ways forward were
discussed regarding hydrological modelling under
change. First, the issue of model calibration and
ways to improve it were mentioned, including:

— the use of data with multiple spatial and temporal
scales to perform calibration;

— the use of approaches other than the differential
split-sample test to split the observation data ser-
ies (e.g. the application of bootstrapping techni-
ques to obtain multiple test sub-periods);

— the use of diverse sets of parameters adapted to
different hydrological answers;

— the importance of adding further constraints for
model calibration; and

— the use of adequate protocols and visual tools to
calibrate and validate models.

All the above solutions follow one main goal:
increasing the model robustness.

A second major concern involves the improve-
ment of our process understanding. It is clear that a
more explicit accounting of groundwater would
improve the surface model performances. Similarly
to groundwater, evapotranspiration is a second limit-
ing condition strongly affecting flow generation.
Constraining the actual evapotranspiration by catch-
ment water balance methods and using additional
data sources (fluxnet point data, satellite data, bio-
mass) may bring more robustness. Robustness and
accuracy are two expected model qualities. Their
improvement should logically positively influence
the reliability of models under change and the con-
fidence we have in them. Better exploiting extreme
climate conditions could also help to define model
limitations. The use of large-sample hydrology is one
research area to be explored for advancing these
topics (Gupta et al. 2014).

Despite the obvious positive impact brought by a
better process understanding of basins, and its sub-
sequent better representation, the more accurate
representation of two sources of change have to be
considered as the major challenge for improving
model predictions under changing conditions. First,
accounting for human influences in hydrological



1172 Guillaume Thirel et al.

models is still a real challenge: human influences are
not well-documented, access to data—when available
—is often a problem, and modelling these influences
is not straightforward. Second, natural variations and
changes in climate conditions are still difficult to
anticipate and, as such, they represent a major source
of uncertainty for hydrological predictions or

projections.
Lastly, handling hydrological processes within
stochastic frameworks and better representing

sources of uncertainty are likely to be key approaches
to further improve hydrological models in the future.
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