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Abstract. This paper investigates the robustness of rainfall-1 Introduction
runoff models when their parameters are transferred in time.
Mqre speC|f|caIIy, We propose an approach to dlagnosg the'&.l Confidence and evaluation of rainfall-runoff
ability to simulate water balance on periods with differ-
ent hydroclimatic characteristics. The testing procedure con-
sists in a series of parameter calibrations over 10 yr periods
and the systematic analysis of mean flow volume errors orWhether or not climate stationarity is an appropriate concept,
long records. This procedure was applied to three conceptudt is becoming increasingly difficult to consider that catch-
models of increasing structural complexity over 20 moun-ments are static environmental systervilly et al., 2008
tainous catchments in southern France. The results showedoutsoyiannis2011;, Matalas 2012 Mufiz et al, 2013. The
that robustness problems are common. Errors on 10 yr meahydroclimatic conditions observed during historical periods
flow volume were significant for all calibration periods and cannot be easily considered as representative of other periods
model structures. Various graphical and numerical tools werdhistorical or future). At the same time, hydrological mod-
used to investigate these errors and unexpectedly strong sin®ls are increasingly used for water resources management or
ilarities were found in the temporal evolutions of these vol- risk assessment, often for future, and different, climatic con-
ume errors. We indeed showed that relative changes in simditions. To date, many unknowns remain concerning the ro-
ulated mean flow between 10yr periods can remain similarpustness of conceptual models in a changing climate.
regardless of the calibration period or the conceptual model The question of hydrological models’ abilities in chang-
used. Surprisingly, using longer records for parameters oping conditions has recently gained much interest, as demon-
timisation or using a semi-distributed 19-parameter dailystrated by the new IAHS Scientific Decade: “Panta Rhei”
model instead of a simple 1-parameter annual formula did(Montanari et al. 2013. The temporal and climatic trans-
not provide significant improvements regarding these simuferability of model parameters has been increasingly stud-
lation errors on flow volumes. While the actual causes foried over the past few years, using the test procedures sug-
these robustness problems can be manifold and are difficulgested byKleme§(1989. Itis now clear that a rainfall-runoff
to identify in each case, this work highlights that the trans-(RR) model calibrated on a given period will generally not
ferability of water balance adjustments made during calibra-be able to simulate flows with a similar efficiency on an-
tion can be poor, with potentially huge impacts in the case ofother period, especially when it differs climatically. Various
studies in non-stationary conditions. research teams throughout the world have documented this
(seeRosero et a).201Q Vaze et al.201Q Merz et al, 2017%,
Coron et al. 2012 Seifert et al. 2012 Seiller et al, 2012
Brigode et al. 2013 Gharari et al.2013. They agree that

modelling in a changing climate
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conceptual models lack robustness when used in contrasted This paper is organised as follows: the catchment set and

climate conditions. models used are presented in the next section; the testing
Long historical records that include contrasted sub-periodgnethodology and analysis techniques are discussed in&Sect.

are needed for evaluating models robustness. Indeed, pr@and the corresponding results provided in Sdgtand a

jections of future discharges under a changed climate cangeneral discussion and the overall conclusions are given in

not be compared to observations, by definition. The lack ofSects5 and6, respectively.

model robustness is often measured through changes in root

mean square error, Nash—Sutcliffe (NS) efficieridgagh and

Sutcliffe, 1970 or similar quadratic error criteria, between

d|ffe_rent periods. Th_es_e criteria ha_ve the ad_vantage of €5 1 Set of 20 French catchments

flecting the model efficiency on all simulated time steps and

can even be used to build “model robustness criteria”, as disy 1 1 pata description

cussed byCoron et al(2012. In several publications exam-

ining this issue, the authors showed the existence of almosh set of 20 catchments was used to evaluate the robustness
systematic biases on simulated volumes, depending on thgf hydrological models in their ability to simulate water bal-
transfer conditions for model parameters (&&e et al.  ances. These 20 catchments are located in southern France,
201Q Merz et al, 201 Coron et al. 2012 Seiller et al.  mostly in mountainous areas (Massif Central, Pyrenees and
2012). Solving the problems of incorrect water balance, sim- French Alps, see Fidl). They cover a relatively wide range
ulation requires further investigations and has motivated thexf characteristics, in terms of size, mean elevation, snow in-
study reported herein. They are particularly relevant in thefluence and aridity index (see Tabid. The hydrological
context of climate change impact studies, where conditionsegimes are largely influenced by the processes of snow accu-
are known to evolve but biases on simulated volumes argnulation and melt for the most elevated catchments, and only
commonly considered constant for lack of true robustnesgyoverned by rainfall and evapotranspiration variations for the
assessment. lowest ones. Three case studies were chosen to provide ex-
Moreover, in conceptual modelling, failure situations of amples of detailed results: the Ubaye River at Barcelonnette
parameter transfer often seem to be blamed for the Over|)(case Study 1), the Lot River at Barnassac (Case Study 2) and
simplistic model used or the inadequate calibration periodithe Drac River at Pont de la Guinguette (case study 3). Case
chosen, without proper checking. However, schemes for sysstudies 1 and 3 are medium-size, high-elevation catchments
tematic model testing and comparison are valuable toolsjocated in the Alps. They have quite similar characteristics
They allow progress to be made on the evaluation of the modhut marked differences in terms of precipitation. Case study 2
els’ suitability and also on the understanding of real-world js a larger catchment in the Massif Central, with lower eleva-
hydrological system functioninggibert 2001 Andréassian  tion and consequently a much more limited snow influence.
et al, 2009 Clark et al, 201:0 International initiatives such Climate forcings and flow records were at least 40 yr,
as the Distributed Model Intercomparison Project (DMIP) which cover a wide range of hydrometeorological conditions.
(Smith et al, 2004 2012, Model Parameter Estimation Ex- Daily flow data were extracted from the HYDRO national
periment (MOPEX) $chaake et 312006 Chahinian etal.  archive ww.hydro.eaufrance)r They were checked for
2009 and Hydrological Ensemble Prediction Experiment errors (by visual inspection and double mass curves analysis
(HEPEX) (Schaake et gl.2007 Thielen et al. 2008 are  with neighbouring stations) and erroneous data were consid-
good examples of the use of these testing schemes. We thinkred as gaps. Total precipitation and air temperature series
that these types of evaluation approaches must be generalis@gere extracted from the SPAZM reanalysis, which is based
and innovative strategies should be devised to make the begh ground network data and weather patterns. Developed by
use of the long time series now available. Gottardi et al(2012), this reanalysis is available ond1 km
cells at a daily time step from 1948 to 2010 for the main
mountainous areas in France. These forcings can be consid-
This paper deals with the evaluation of model robustness an red high—quz_ality data. Finally, pote_ntial_evapotranspi_ration
E) time series were computed using eith@harnthwaite

was motivated by the recent findings on the difficulties l‘orcg1948 or Oudin et al.(2009 formula, depending on the
RR model parameters to reproduce water balances. We pra:- ) i
model considered. In both cases, PE series were computed

pose a S|mpl_e diagnostic apprpach to further investigate thlsusing air temperature from the SPAZM reanalysis.
question. Using long hydrological records, we tested the ca-
pacity of three different models to simulate mean flows over, 1 5 comments on the catchment selection process

series of successive 10yr periods different from the calibra-

tion one. Specifically, we aimed at evaluating the influence ofThe impact of the case studies’ particularities on the inter-

the model complexity or the period used for parameter cali-pretations drawn is always subject to discussion.
bration on their capacity to simulate water balances.

2 Catchments and models

1.2 Scope of the paper
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Table 1. Characteristics of the 20-catchment set and the three case studies.

Set of 20 catchments Case studies
min 25th  median 75th  max case case case
percentile percentile study1 study2 study 3

Catchment surfac[é<m2] 24 170 490 1000 3600 540 1160 510
Mean elevationm] 520 1100 1650 2180 2440 2270 1050 1700
Mean annual total precipP() [mm] 880 1180 1320 1460 2260 1210 990 1620
Psolig/ P ratio (annual mean)-] 4% 11% 38% 46 % 59% 47% 11% 42%
Mean annual pot. evap. (Rggin) [mm] 330 430 470 560 640 410 560 460
Mean annual discharge( [mm] 370 550 710 980 1720 600 440 860
P /PE ratio (annual mearf}-] 155 1.98 2.97 3.23 5.23 2.94 1.78 3.51
Q/ P ratio (annual mear{)}-] 0.36 0.48 0.54 0.63 0.85 0.49 0.44 0.53
Available time series lengttyr] 40 47 51 57 62 52 62 42
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Fig. 1. Locations of the 20 catchments used in this study.

When the catchment set used in this work was built, weof 365 catchments was used to apply our testing procedure
attempted to neither exclude nor over-represent problematigvith the two simpler models, so as to confirm the findings
situations. The availability of records of sufficient length and presented here (the results can be found in the Appendix).
quality for our diagnostic approach mostly governed the se-
lection procedure. Suspicious records were not kept and th€-2 Three rainfall-runoff models of increasing
catchments used here should be free of obvious quality prob- ~ complexity —a “modelling transect”

lems. Moreover, all the selected catchments are unregulated . .
and are not particularly known for changes in their hydrolog-Three conceptual hydrological models were considered for

ical functioning for other reasons than climate variability.  thiS study and were chosen in order to cover a relatively wide
The size of the catchment set was largely impacted by thdange of structu.ral cpmplexny. Schematic diagrams of their

demanding computation times for the calibration of the mostStructures are given in Fig.

complex model used in this work. From the initial database2 21 Mouelhi formula

of 365 eligible catchments, 20 catchments were kept to pro-

ceed with the full diagnostic approach. These catchmentSe formula proposed bilouelhi et al.(2006 is a simple

were also selected to be roughly representative of the vagnnyal model with a single calibrated parameter. It origi-

riety of conditions in the initial database (although SNow- \5ias from the well-known Turc—Mezentsev formurair,

dominated catchments are slightly over represented). The sqlgs4 Mezentsey1955 Lebecherel et al2013. Its inputs
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a) Mouelhi formula b) GR4J-CemaNeige model C) Cequeau model
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Fig. 2. Structural schemes of the three models tegthe Mouelhi formula(b) GR4J-CemaNeige ar(d) Cequeau (optimised parameters
are in red bold characters).

are cumulated annual precipitation and PE data (computegvhich is a lumped model. The snow module has two free pa-
using Oudin’s formula). The model can be described using aameters, which are optimised together with the four GR4J
non-linear equation: parameters.

0.7 Pajy +03- P 1\2]>° 2.2.3 Cequeau model
Qu(j) = Pajy - (1 -1/ [l+ ( w0 i D) } (1) a

@ - PEyj
! Cequeau is a daily semi-distributed conceptual model, ini-
where Qq(j), Paj) and PE;, are the annual discharge, pre- tially developed at INRS-Eau (research centre on wa-
cipitation and PE, respectively, for a given yeay, (while ter, earth, and the environment, Llinstitut national de la
Pyj—1) is the annual precipitation for the previous year recherche scientifiquelbharbonneau et all977). Here we

(j—1). used a modified version described in detail by Moine
and Monteil (2012. The model inputs are daily series for
2.2.2 GR4J-CemaNeige model min/mean/max air temperature and precipitation. Cequeau

includes a snow module and a parameterised function to ad-
GRA4J is a parsimonious daily model with four calibrated pa-just PE amounts (based on the Thornthwaite formula). These
rameters, as described Berrin et al(2003. For this study,  functions are included in the soil moisture accounting (SMA)
itis used with the CemaNeige degree-day type snow modulgart of the model, which complies with a topography-based
developed byaléry (2010. The required inputs for GR4J-  mesh. The number of cells in this mesh is adjusted to the
CemaNeige are da.||y SerieS fOI’ min/mean/max air temperacatchment Size and topography (for the ZO_Catchment set
ture, precipitation and PE (computed using Oudin’s formula).ysed in this work, this number ranges from 10 to 30). Con-
Both CemaNeige and GR4J are run at a daily time step. Th&jdering the entire model structure, a total of 19 parameters
snow module is computed over five elevation layers of equalmyst be optimised.
surface and its outputs are then aggregated to feed GR4J,
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Fig. 3. Sub-period (SP) calibration procedure and simulation over the total period (TP) (example of 5yr sub-periods within an 18 yr total
period).

2.2.4 Calibration procedure 3 Robustness testing procedure

Model parameters were calibrated by maximising the Kling—3.1 Subperiod calibration procedure

Gupta efficiency (KGE), proposed Bgupta et al.(2009.

This criterion is given by In a previous article, we proposed a testing methodol-
ogy based on multiple transfer tests: the Generalised Split-

2 ~ 2
KGE — 1 J (010, 31— 12+ (o[Q] 1) N (M[Q] ~ 1) @ Sample Test (GSST) procedur@dron et al, 2012). It con-

(01 wlQl sists of a series of calibration-validation tests on indepen-

dent sub-periods of equal length, considering all possible

whereQ andQ are the time series of observed and simulatedsub-period pairs. This testing procedure has been simplified
flow, respectively, at an annual time step for the Mouelhi for- for this study. The calibration sub-periods are built as in the
mula and a daily time step for the GR4J-CemaNeige and CeGSST, i.e. using a sliding window that is moved by one hy-
queau modelsy, o andu are the Pearson correlation coeffi- drological year between two neighbouring sub-periods (over-
cient, the standard deviation and the mean, respectively.  |ap is allowed). However, we considered for this study a
Given the small number of free parameters for the Mouelhiynique simulation period corresponding to the entire avail-
formula and the GR4J-CemaNeige model, we used a simable time series, contrary to what was done in the GSST. As
ple two-step calibration procedure: first the parameter spacg result, the calibration and simulation periods were not in-

was screened using a gross predefined grid and the best pgependent and the transfer tests presented here should not be
rameter set was then used as a starting point for a simpléghterpreted as strict split-sample tests. This testing procedure

steepest ascent local search algorithm. This approach proved illustrated in Fig:3, wheret; is the optimal parameter set
efficient for such parsimonious models compared to moreidentified on the sub-periad

complex search algorithm&(ijatno et al. 1999 Mathevet  The testing procedure implemented in this work is highly
2009. The parameters from Cequeau were optimised usingjependent on the length of the sliding window used to
a more complex procedure developedl®yMoine (2009,  build the calibration sub-periods. This length is chosen as

which combines the multi-objective evolutionary annealing- a compromise, simultaneously allowing for correct parame-
simplex (MEAS) algorithm proposed bEfstratiadis and  ter determination and a sufficient number of contrasted sub-
Koutsoyiannis(2009 and the multi-objective genetic algo- periods. Here, we considered 10yr calibration sub-periods
rithm, e-NSGA-II, detailed byReed and Deviredd{2004.  (SP), while the available total periods (TP) were at least 40 yr
This procedure has proved to be efficient in past applicationsind at most 62 yr for the catchment set (i.e. the number of
of the Cequeau model for water resources assessment ar@b-periods built per catchment ranged from 31 to 53).

dam management in FrancBdurqui et al, 2011 Francois Hydrological years starting on October 1st from calendar
etal, 2013. yearj and ending on 30 September from calendar yearl
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Table 2. Model efficiencies computed over the total available records, considering sub-period calibrated parameter setigdKGE

Set of 20 catchments Case studies
min 25th median 75th max case case case

percentile percentile study 1 study?2 study3

KGE at the annual Mouelhi 0.048 0.572 0.760 0.883 0.942 0.899 0.713 0.919
time ste GR4J-CemaNeige 0.497 0.814 0.871 0.905 0.968 0.868 0.883 0.896
P Cequeau 0.277 0.810 0.881 0.921 0.971 0.884 0.898 0.901
KGE at the daily GR4J-CemaNeige 0.670 0.828 0.866 0.899 0.943 0.864 0.848 0.838
time step Cequeau 0.724 0.845 0.878 0.902 0.943 0.890 0.881 0.876

were used for the time series split. Using hydrological insteadwith the example of the Ubaye River at Barcelonnette (case
of calendar years is important since some of the catchmentstudy 1 in Fig.1), using the GR4J-CemaNeige model. Fig-
considered in this work are snow-dominated (i.e. precipita-ure 4 shows the successive steps followed to plot the varia-
tions are stored as snow during the winter and only becomeions of mean flow volume errors.

runoff when spring arrives). Here, time series of precipitation, temperature and dis-
charges were available over the 1959-2009 period. We built a
3.2 Model efficiencies total of 41 continuous sub-periods using a 10 yr sliding win-

_ dow following the procedure presented in F3gThese sub-
An overview of the model performances over the CatChmentperiodS were used to calibrate models and to Compute vol-

set is provided in Tabl@. For each catchment, KGE val- yme errors. The building procedure is explained is the next
ues were computed over the total available record, considihree subsections.

ering the various parameter sets stemming from our sub-

period calibration procedure (see FB). For each model, 3.3.1 First step: using a single calibration period

the efficiencies were computed at the time step used to run (Fig. 4a)

the model, i.e. annual for the Mouelhi formula and daily for

the GR4J-CemaNeige and Cequeau models. Additional KGE-€t us consider the example of sub-period SP[08] and plot

were computed at the annual time step for GR4J-CemaNeigthe point corresponding to the errors in calibration (large cir-

and Cequeau (after series aggregation). cle). Since volume errors are an important component of the
For these tests, the calibration periods (SP) are includedalibration criteria (KGE), the mean flow volume error ob-

in the simulation period (TP). The KGE values in TaBlere  tained for SP[08] was small (i.6€010yr/ Q10yr~ 1). Then,

therefore not exactly “validation” efficiencies. Still, they give from the simulated flows over the whole record using the cal-

a good idea of the models’ performances over the catchmeribrated parameter set, we could compute the mean flow vol-

set. On average, high efficiencies are reached for the dailyime error for each of the 40 remaining sub-periods and plot

models. Cequeau shows the highest criteria computed at botthese errors for each of them (small dots). Note that there

annual and daily time steps. The Mouelhi formula providesis an overlap between the calibration period and the neigh-

the lowest performances, but they remain acceptable on awouring evaluation periods (for which the time lapse between

erage over the set. starting years is less than nine years), but that the calibration
and evaluation periods are independent in the other cases.
3.3 Visual tools for robustness analysis All 41 points were joined to form a curve, which is specific

_ _ to the parameter set. This curve, noiggdy g , corresponds to
Previous studies on the temporal robustness of conceptughe 10yr moving average of mean flow volume errors when
hydrological models have shown that volume errors can behe model calibrated on SP[08] is used. One can note signif-
significant as a result of parameter transhe(z etal, 2011 jcant simulation errors for this example, the range of volume
Coron et al.2012. To further investigate this issue, we stud- error variations being 17.7 %, with a standard deviation of
ied the temporal variations of medium-term flow volume er- 4.7 9. This indicates that it is difficult for the model to re-
rors over the available records for different calibration CON-produce observed 10yr mean flows on this catchment over
figurations. These errors were expressed as a dimensionlegse whole period. Phases of mean flow overestimation and
bias given by@loyr/QToy,, in which Qloy, andQioyrare the  underestimation are observed, but because of the sub-periods
10yr mean simulated and observed flows, respectively. Theverlap, there is a smoothing effect on these variations.
results obtained with different parameter sets can be super-
imposed on the same graph. Thus, we built visual tools for
analysing model behaviours. We illustrate their construction

Hydrol. Earth Syst. Sci., 18, 727446, 2014 www.hydrol-earth-syst-sci.net/18/727/2014/



L. Coron et al.: On the lack of robustness of hydrologic models regarding water balance simulation

Q 10 yr

/

Q 10 yr

a) calibration on sub-period 08

simulation of all sub-periods

b) calibration on sub-period 25

simulation of all sub-periods

c) calibration on all sub-periods

simulation of all sub-periods

1.2

114

1.2

114

1.24

1.0

0.9

1.0

o
©
!

o
©
!

M)
)/
)/
)/
)/
)/
)/
)/
)/
I
4
4
)/
)/
)/
)/
)/
)/
)/
)/
)/
)/

YY -MMYY

59-09)
73-09,
83-09)
'91-09
97-09
59-09
69-09)
79-09
83-09/
'93-09/
'99-09)

10/61-09/
10/63-09/
10/65-09
10/67-09/
10/69-09
10/71-09/
10/

10/75-09
10/77-09
10/79-09/
10/81-09/
10/

10/85-09
10/87-09)
10/89-09/
10/

10/93-09/
10/95-09/
10/

10/99-09/
10/61-09/
10/63-09/
10/65-09
10/67-09/
10/

10/71-09/
10/73-09
10/75-09
10/77-09/
10/85-09/
10/87-09
10/89-09/
10/91-09/
10/

10/
10/81-09/

10/
MM
10/
10/
10/95-09
10/97-09

1

-year moving average

moving avi

e
<
@
I
=
@
=
o
Q
¢}
—
e
<
@
o
=
@
=
I3
09
[}
—
o

moving avi

Fig. 4. Construction of the graphical representation of the series of 10 yr mean flow volume errors.

— We observed behavioural similarities between differ-
ent parameter sets on the Ubaye River at Barcelon-
nette. Are these similarities observed for other catch-
ments from the set?

3.3.2 Second step: adding another calibration period
(Fig. 4b)

The previous step was repeated with a second calibration
sub-period SP[25]. Again, mean flow volume errors were
small for the calibration sub-period, but increased when the
parameter set was transferred to simulate other parts of the
time series. Interestingly, the shapes ofdhg, s andwsgg,s,
curves are similar, although their vertical positioning on the
graph differs.

— Behavioural similarities were observed for GR4J-
CemaNeige. Are these similarities observed for sim-
pler or more complex conceptual models?

3.4 Numerical criteria for analysis

Numerical criteria were built to measure the parameter trans-
ferability issues in terms of volume errors and to assess the
degree of similarity between series of mean flow volume er-
This plotting procedure was used with all available parameterrors obtained with different parameter sets. These criteria en-
sets, i.e. considering all sub-periods as parameter “donors’abled us to generalise our analyses over multiple catchments
In each case, the entire time series was simulated and errognd models.

were computed on the 10 yr sub-periods. It can be noted that

mean flow volume errors remain small during calibration in 3-4.1 Measures of transferability

all cases and that the shapes of all the curves are simila
showing a “parallelism effect”.

3.3.3 Last step: combining all calibration periods
(Fig. 4c)

l..
Since the focus here was on mean flow volume errors

(élOyr/QlOyr) and their temporal variations, we defined se-

3.3.4 Key questions ries ofwy curves as

Numerous questions arose from the results obtained in the [QSF[k]]
example of Fig4. First, each of the parallel curves illustrates Wosmy = Wike[rp): Uk = ﬂ’ (3)
a lack of robustness. A perfectly robust model would resultin Qs

flat curves, i.e. the mean flow volume error would not depend . .
on the period considered. Beyond noting alternating phase\évhere SPil and SPY] are theith andkth 10yr sub-periods

of 10yr mean flow over- and underestimation, we then fo-chosen among the possible onesPspy is the mean ob-
cused on the following questions: served flow on SR] and[ Ospqklosy;, IS the mean simulated
flow on SPk] using the parameter set optimised on &P[

— The various parameter sets used to build Bgwere Computable for each hydrological model, thesg;,
optimised over 10 yr. Are these calibration periods too curves reflect the extent of mean flow volume errors. They
short for the model to capture long-term dynamic pro- can be compared to assess the impact of changing the cali-
cesses? Would a calibration over the full record lead tobration sub-period on these errors (as shown in the example
correct volume simulations over the different parts of from Fig. 4). An wy,, curve can be additionally considered
the time series? in the comparison. It indicates the mean flow volume errors

under calibration conditions, when both the calibration and
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simulation period correspond to the total period (TP). Be-p; is a “noise-to-signal ratio” that highlights how similag
cause volume errors are an important component of the KGEurves are:
calibration criterion, we expeeby,, to be the flattest of all
thewy curves. For this reason, we chose to considetihge 0 = o [wosn — ‘Uf?w]‘ ®)
as a reference in the comparison criteria proposed hereafter. o [weTp]
In order to measure the magnitude of the volume error o . )
temporal variations, we used the standard deviation opera- Similarly, a criterion was built for inter-model compar-
tor (o) on thewy curves. An example for they,, curve is  1SONS where the “degree of parallelism” on volume error vari-

given in Eq. (4): ations is measured between two modelf @nd M), both
calibrated over the entire time series. Nojgd ,, , this ra-
12 12 2 tio, is described in Eq. (7) and corresponds to the compari-
o [worp] = = Z w?) - (= Z I E son between differenby,, curves. The choi_ce for the mo_del
D= P serving as reference, whose corresponditigg,,] consti-
= tutes the denominator, is made arbitrarily:
(@),
Uy = ———="10 (4) o [wM2 _ M
Oshik] ; Dorp — Porp
; . . Pymim, = M : (7)
with the same notations as in Eqg. (3). o [‘Ueﬂi]

This criterion reveals the overall ability for a model to re-
produce 10yr mean flow on various sub-periods when it isAs for o[wgsg;, — wsrpl, the criteria detailed in Egs. (6)
calibrated on the full available record. It varies between Oand (7) range between 0 arebo. The smaller thep; value,
(optimal situation with no errors) angtco. The larger the  the stronger the similarities between theg,,, and wep
values, the smaller the model transferability in time (at leastcurves for the model considered. Similarly, the smaller the
with respect to mean flow volume errors). Py, m, Value, the stronger the similarities between &g,

curves from the models compared{ and M>).
3.4.2 Measures of behavioural similarity

Other criteria were designed to specifically address the ques4 Results
tion of behavioural similarity highlighted in Figc.
In line with the criterion of Eq. (4), the standard deviation 4.1 Case studies: graphical analyses on three
operator was used again, but with a different objective this catchments
time: measuring the similarity betweep obtained from dif-

ferent parameter sets. The corresponding criterion is given if '€ graphical procedure illustrated in Fig. was ap-
Eq. (5): plied to the 20 catchments and three hydrological mod-

els described in SecR.2 (the 1l-parameter Mouelhi for-

mula, the 6-parameter GR4J-CemaNeige model and the 19-

2
)4 )4
o [a)()SFm - a)gTP] = J (1 Z (vk)z) — <l Z (vk)> ; pgrameter Cequeau model). Examples of r.esults are given in
P Pz Fig. 5 for three catchments: the Ubaye River at Barcelon-

[ 0 ] . [ 0 ] nette (540krA, case study 1), the Lot River at Barnassac
_ SRkl Osmi) SHE] 61p (5) (1160 knt, case study 2) and the Drac River at Pont de la
Uk = OsAx] Guinguette (510 ki case study 3). This figure is composed

of 12 graphs, where the results obtained on the same catch-

with the same notations as for Eq. (3). ment are in columns, while data and simulations with the

As opposed to the previous one, this criterion is not infor- same model are in rows. In all cases, we plotted the 10-yr
mative on the tranSferability level of a mOdel, but meaSUreSrnoving average of the variables considered. For each graph
the degree of “parallelism” between twig curves. It takes  showing simulation results, the grey curves correspond to the
values between O (situation where the shapes ot#ig,  sub-period calibration procedure previously introduced (see
andwyy, curves are rigorously identical) arebo. We note  Figs. 3 and 4), while the single black curve corresponds to
that, by Construction, the mean ﬂOW V0|ume error over thethe calibration over the entire record.
entire record [QTP]QSH”/ﬁ) has no impact on this second  The graphs from Fig5 provide useful elements that help
criterion. In other words, only the shape similarities betweendetermine the impact of the calibration period on model
thewy curves are analysed, while their vertical spacing is leftrobustness.
out of consideration. First of all, let us analyse each graph independently. The

This measure of similarity was then normalised by the “parallelism effect” observed in Figl is again visible here.
magnitude of volume error variations [wy,]) to build a  Indeed, the model calibration on different sub-periods lead
non-dimensional criteriongf), given in Eq. (6). In a way, to errors on 10 yr mean flows, which vary similarly over time
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Case study 1: Case study 2: Case study 3:
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Fig. 5. Examples of behavioural similarities observed for three catchments with the three models tested [ftie variousvygy,, curves
are in grey and the singley,, curve is in black).

(cf. similarly shaped grewy, curves in graphs 5d to 5l). variations are clearly visible on model volume errors, with
Concerning the cases where parameter sets were optimisednplitudes often around 20 %. This is the case for the Ubaye
on the full record, the corresponding,, curves are (as ex- River at Barcelonnette (already discussed) and also for the
pected) not randomly vertically placed. Logically the mean Lot River at Barnassac (Fi¢, case study 2), where an in-
flow volume ratio of the entire period remains close to 1. creasing trend is observed on the mean flow volume error
However, we surprisingly did not obtained flattes curves  (from underestimation to overestimation). Conversely, these
(cf. black curves on graphs 5d to 5l). This shows that evenerrors are almost invariant on other catchments, for exam-
when they are calibrated over the full records, the modelgple the Drac River at Pont de la Guinguette (Fig.case
tested are unable to provide a better simulation of 10 yr mearstudy 3). Explaining why these errors occur is complex.
flows than when only a small part of the information is used Some causal links may be inferred from these examples, re-
for parameters optimisation. lated to changes in climate forcings (e.g. changes in mean air
Secondly, we observe different behaviours, depending ortemperature for the Lot River). However, our recent inves-
the catchment considered. On some catchments, temporéations on this topic showed that if such correlations can
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be establish in numerous cases, they are not systematic and 1206 |
their significance greatly varies from one catchment to an-
other Coron 2013. To date, we remain unable to draw gen- 1o% 7

eral conclusions regarding the spatial similarities in model
volume error variations and can only acknowledge the need
to further investigate this complex question.

Additionally, for these three illustrative examples, we note
that the available period for analysis is shorter for the Drac
River than for the other two catchments, but the magnitude 2%
of the changes on observed data (precipitation, temperature,
discharges) is similar for the three catchments over the com-
mon period. Therefore, the smaller range of volume error Mouelhi  GR4J-CemaNeige Cequeau

variations obtained for the Drac River catchment truly re- _ -
y Fig. 6. Standard deviations of the 10 yr mean flow volume errors ob-

flects better model per.formance in this case. tained during calibration over the full record (distribution for each
From these comparisons, we note that the greater the anp;

. o . nodel over 20 catchments).
plitude of volume error variations, the more vertically spaced
the wygp curves are in these graphs. This is a consequence
of the calibration criterion used (KGE), where volume er-
rors are explicitly targeted. The various,,,, curves are identical, and differ from the results obtained with the Ce-
gueau model, whose errors on simulated mean flows are less
yariable in time (as shown by smallefws, ] values). There-
fore, it seems that Cequeau is slightly more robust than the

positioned” above or below the other, curves, respec- other two models, at least with regard to its ability to simu-
tively. This can be seen in Figl, with the curves whose late water balances simultaneously on various periods. The

corresponding calibration sub-periods are October 1968-Small number of available points (20) limits the possibilities

September 1978 and October 1981-September 1991. Likdo perform relevant statistical tests to confirm these qualita-
wise. for catchments where model errors on mean flow VO|_tive assessments. However, we can note that these results are

in accordance with the model efficiencies presented in Ta-
ble 2 — the Mouelhi formula and Cequeau being, on average,
the worst and best performing models during the transferabil-
ity tests on the catchment set, respectively. Possible explana-

els tested on each catchment. The, curve shapes (and tions for this might be the differences in structural complex-
indirectly thewsg, curve shapes) are not strictly identical be- ' (In terms of conceptualisation, parametrisation and spa-

tween the three models. Still, the overall shapes of the 1Oy;ial distribution). Other reasons for Cequeau’s better robust-
moving average curves look alike, in spite of the large dif- N€SS might be related to the different ways snow storage and

ferences in complexity between the models used (structurd?E data are computed, but further tests focused on these as-

time step, number of optimised parameters). pects are necessary to provide a better understanding of these

8%

6% —

o [worp]

4%

0% —

]
indeed “positioned” to ensureésﬂk]]esmzk]/QSHk] ~ 1.
When the sub-period used for calibration corresponds to
lower or upper extreme of thegg, curves, it is “vertically

umes are almost time-invariant, all;, curves are nearly flat
and thus superimposed.

Thirdly, the graphs placed in columns (F&).show strong
similarities, indicating similar behaviours of the three mod-

differences.
4.2 Generalisation of the results (three models over The p; ratio was then used to measure the significance
20 catchments) of behavioural similarities on these volume errors over the

catchment set (see Eg. 6). We reiterate that only “relative”

The criteria introduced in SecB8.4 were used to measure variations are considered in this criterion and that the over-
these behavioural similarities systematically over a largerall volume error (i.e. thevy curves’ vertical positioning) is
number of tests: we tested the three models over 20 catchaot measured. The “parallelism imperfections” between var-
ments (see characteristics in Sexfl). ious wy curves are compared to the scale of the temporal

First, we computed the standard deviation on #e, variations of volume errors shown in Fi§. Since numer-
curves, which measures the scale of the volume error various sub-period calibrations were made for each catchment, a
ations with time (see Eqg. 4). These results are summarised itarge number op; can be computed over the 20 catchments
Fig. 6. For each model, the box plot provides the 5th, 25th,considered. The distributions of the values obtained for each
50th, 75th and 95th percentile values of they,,] distribu- model are given in Fig7, using a box plot representation
tion over the catchment set (one value per catchment). Relath, 25th, 50th, 75th and 95th percentiles).
tively similar medians are obtained for all three models, with  Values ofp; obtained for the Mouelhi formula and GR4J-
values around 4 %. Yet, small differences can be noted beCemaNeige model are small, with more than 95 % of them
tween the distributions. The distributions obtained for the smaller than 0.25. The median value of 0.1 means that, on
Mouelhi formula and GR4J-CemaNeige model are almostaverage and for both models, the “parallelism imperfections”
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Fig. 8. Behavioural similarities observed between different models

Fig. 7. Behavioural similarities observed between sub-period andin terms of 10-yr mean flow volume errors. Calibrations over the
full record calibrations in terms of 10 yr mean flow volume errors full record (distributions over 20 catchments).
(distribution for each model over 20 catchments).

) . . for p}, ,,, COMputations (here, either the simplest or the most
betweenwy curves (i.e. the “noise”) are 10 times smaller than compli’-zxzof the three models is useds).

the temporal variations observed (i.e. the “signal”). The re-
Sl.!|tS are dn‘f_erent fo.r the CqueaL_J model but the valuei ob- Mle are below 1, with median values ranging from 0.4
tained remain small: the median is around 0.3 and 75% 045 (8. It shows that behavioural similarities exist between

them are smaller than 0.5 gvalue for which the noise’s sig-gjfferent models and that the scale of the differences remains
nificance is half the signal's). Because the referemgg  smaller than the scale of temporal variations of the 10yr
curves differ between models, we must add that any intermean flow volume errors (1.25 to 2.5 times smaller on av-
model comparison based on Fig.should be analysed to- erage) o’ values are higher when the Cequeau model is
gether with the distributions shown in Fi§. However, the MMy ; ;
! ' - MY ' used as a reference than when the Mouelhi formula plays this
smallero [wgrp] values obtained with Cequeau in some casesygle (see right versus left parts of Fig), likely because Ce-
are likely not the only explanation for the greajerval-  queau is more robust on the catchment set (see higher KGE
ues observed. They may also result from the larger differ-, Tapje2 and lowero [wg,p] in Fig. 6).
ences betwe?a)g curves with this _mod”el (see Fig for Differences on mean flow volume errors could be expected
examples of pgrallehsm imperfections”). The reasons for ¢,om 3 change of hydrological model, especially consider-
these grgater differences could stem from Cequeau’s greate;‘,lgg the large complexity gaps between the model structures
complexity compared to the Mouelhi formula and GR4J- sed here. Nevertheless, it is surprising that they remain lim-

CemaNeige. Because a larger number of parameters had {g.q, although the shape similarities betwegfi, curves are
be optimised, some 10yr sub-periods may not have been ingo¢ a5 strong as the ones betweey, curves (see Fig7
formative enough to allow their optimisation. This could ex- ¢ Fig.6).

plain the fewer similarities betweesy trajectories.

In the vast majority of situations, the values taken by

4.3 Direct comparison of the three models’ behaviours 4.4 Alternative graphical representation

The issues discussed in this paper have been broken dowfYe have shown the existence of a “parallelism effect” in the
into three questions (see Sedt3.4. The distributions ob- previous evaluation of the models’ ability to reproduce water
tained for the catchment set according to theriterion are balance over time. The behavioural similarities observed in
quite informative with respect to the first two questions on OUr t€sts can be viewed in another (maybe simpler) way.
the volume error similarities between sub-period and total- L€t us startagain with the sub-periods built for each catch-
period calibration for each model over different catchments.MeNt using a 10yr sliding window. For each catchment, we
Analysing the distributions of), ,,, should provide insights considered all possible pairs of sub-periatisand B and
into the question of inter-model similarities. we compared the relative changes in mean flow, either ob-
For each catchment, we consider the simulations obtaine§€rved or simulated. Because they are expressed in a relative
with the models for a full-record calibration. The three corre- W& (€:9-2014/5)= Osra)/ @sra)), values from different
spondingws» curves (one per model) are compared throughSUb'pe”Od pairs anq different catchments can be analysed to-
a ratio of standard deviation similar t (see Egs. 6 and 7). 9&ther. For each palm(andf), we computed thes Q4,5
p;Wle values can be interpreted like thevalues. These dis-  observed and the variousQ;,,5; simulated using the pa-
tributions are presented in Fig.where two pairs of compar- rameter set optimised over the full recotdg) and the nu-
isons are made, depending on the model used as a referenogerous parameter set¥fy;1) obtained from the sub-period
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Fig. 9. Comparisons of relative changes in 10 yr mean flow, observed and simulated (aggregation of results from 20 catchments, considering
any possible pair of 10 yr sub-periodsand B).

calibrations (see Fig3). These changes were then used as Comparing mean flow changes simulated by the same
coordinates to build large scatter plots. model but with different parameter sets reveals how the
Comparing observed and simulated changes provides inehoice of the calibration period affects the model outputs.
formation on the models’ abilities to reproduce the varia- Every 65p[;) parameter set was considered together with
tions in water balance equilibrium over different periods. the 6rp. The corresponding simulations were analysed to
We only considered here the parameter set obtained fronaxiract I:A@[A/B]]GSF{‘] and [A’Q‘[A/B]LTP for all the sub-

the calibration on the entire record and therefore com—period pairs 4 and'B). These values were used as co
pared [AQ[A/B]LTP with AQ1/p- Aggregat(?d over the_ ordinates to build clouds of points and aggregated over
20 catchments, the results of these comparisons are givefhe 20 catchments. The corresponding results are given in
in Fig. 9a—c for the three models considered in this study. g gq-f. These graphical representations provide another
To extract the information contained in the graphs, the pomtWay to measure behavioural similarities on medium-term
clouds are divided into vertical slices and the distributions,,;|ume errors between sub-period and total-period calibra-
of | AQ4/p Pvalues are summarised by box plots (Show- (iqn The conclusions inferred from Fig. are confirmed.
ing the 5th, 25th, 50th, 75th and 95th percentiles). We seélhe choice of the calibration period has very little impact
how these models face difficulties to reproduce the climateon the simulated changes of 10 yr mean flow between peri-
elasticity of 10 yr mean flows; i.e. larger changes are under-ods. Similarities are the strongest for the Mouelhi formula
estimated, be they positive or negative. Cequeau shows thaend the GR4J-CemaNeige model, with &% coefficient
best ability and the Mouelhi formula the worst, which is in of 0.997 (Pearson coefficient). For the Cequeau model, a
accordance with the[wg,,] previously obtained (see Fif). larger number of cases where simulated changes are dif-
ferent between sub-period and total-period calibrations can
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be seen. Nevertheless, behavioural similarities remain stronghodel structure to ground realities in karstic zones. Simple or
on average over the 20 catchments, withRhcoefficient ~ complex approaches can be used to investigate this question.

around 0.95. For several examples, s8aitts et al.(2004, Bulygina and
Gupta(2009, Reusser and Ze2011), Lin and Beck(2012
4.5 Possible implications for climate change impact and Seiller et al.(2012. Here, we investigated this issue
studies through a comparison between three models of increasing

] o ) complexity. The results suggest that the structures of all three
The models” behaviours highlighted throughout this work o dels may not be suitable to allow for water balance adjust-
are quite remarkable. If a study was to be conducted on theénents simultaneously on various periods. This comparison
impact of the calibration period over the 10yr mean flow cqid be extended to other model structures, although a rela-
volume errors, we would probably rate the uncertainties asjyely large complexity range was considered: from an annual
“high” for some catchments. Indeed, for a catchment where|_narameter formula to a semi-distributed daily model with
the wg curves are not flat, choosing one calibration period 19 optimised parameters.
or another determines the vertical positioning of the corre-  proplems of miscalibration or overcalibration of model
sponding curve, which impacts the absolute errors on evyarameters may also cause robustness problems. A review
ery sub-period taken_mdependently (see Ridor example).  of the authors discussing this issue in hydrology includes
However, when the simulated 10 yr mean flows are expresseg\,agener et al(2003, Hartmann and Bardosgg009, Son
relatively to the 10yr mean flow simulated during calibra- 5,4 Sivapalarf2007), Bai et al.(2009, Gupta et al(2009,
tion, the same analysis would conclude that these uncertainge \ps et al(2010, Ebtehaj et al(2010, Efstratiadis and
ties are “Ipw", especially forthe'MoyeIhi formula and GR4J- Koutsoyiannis(2010, Pechlivanidis et al(2010, Zhang
CemaNeige model (as shown in Figsand9). People who ¢ 51 (2011), Andréassian et a{2012, Gharari et al(2013
are both optimistic and familiar with climate change impact 5,4 zhan et al.(2013. Some of these studies present
studies might see this as good news, because it advocatggyy calibration criteria better balancing the weight of dif-
for the va_I|d|ty of the_delta.—change approagh u;e_d to presenfarent error types (e.g. wrong volume, wrong variability,
changes in hydrological simulations, in which itis hypothe- g(c ) Other studies propose optimisation strategies involv-
sised that the mean flow volume error remains constant. Yet-rng multi-period calibration, these sub-periods being selected
this is not entirely satisfactory and we would strongly prefer 5ccording to their relevance with respect to the calibration
to understand and thus avoid these parameter transferabilitgbjectives (e.g. informative content, hydroclimatic charac-
problems from the start. teristics, etc.). For the work reported here, different calibra-
tion criteria were tested, including the well-known NSE and
a modified KGE where the weight of volume error within
the formula was reduced. We also attempted to calibrate the
Series of simulations from three models calibrated on dif- GR4J-CemaNeige model on the total records with the exclu-

ferent periods have been compared in this work. Differences$ivé @im of minimising the standard deviation on the 10yr
were expected between their accuracy regarding the simynean flow volume errorss{wer]). None of these criteria
lation of water balances. However, it was surprising to see_COUl_d significantly reduce the robustness problems observed
how limited these differences were in practice on the catch-n this study. _ o
ment set used here (see results of similarity measurements in Other tests could be made to determine the potential im-
Sect.4). Yet, we must acknowledge that after these tests weP@ct of the sub-period length in the calibration procedure.
still do not know whether the three models share the samé&lOWever, as we have shown in this paper, a significant part

deficiency or suffer from the same external factors. of the efficiency loss during parameters transfer is caused by
As a result, this work may appear incomplete to somethe models’ difficulties to reproduce mean flow volumes on

readers who expected more explanations or even solutiond€ calibration period and other periods simultaneously. In-
to the modelling deficiencies presented here. We agree th&€@sing the sub-period length in our procedure mechanically
the diagnosis should ideally be followed by solutions put decreases the contrast between the conditions under which
our attempts to diagnose these problems, including analysdf® model is tested. Although smaller contrast may lead to
of model parameters, remained unsuccessful. The possibgmaller efficiency loss during the transfer tests, the corre-
causes for the lack of temporal robustness are numerous artPOnding flattening of they, curves nonetheless remains a

5 Discussion

hard to distinguish from one another. mechanical effect, similar to changing the lens of a magni-
fying glass. The absence of true improvement from using
5.1 Robustness and modelling choices a longer calibration period was proved in our work when

parameter sets optimised on the full records were used. In-
The role of inappropriate model structure must of coursedeed, we showed how theggr could not allow a reduction
be questioned regarding robustness problems. For instanca) the mean flow volume error variations (see Hy.Con-
Hartmann et al(2013 showed the need for adaptation of a cerning now the impact of reducing the sub-period length,
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it is logically different. Indeed, below a certain length, the and the Thornthwaite formulaincluded in the Cequeau model
parameters would be optimised on insufficiently informative was used for the latteiQudin et al, 2005 Thornthwaite
periods, therefore causing a drop in the model efficienciesl948. In an attempt to investigate the potential contribu-
during validation. tion of PE estimates on our modelling results, we performed
In spite of these various calibration criteria tested and thecomplementary tests using the Penman—Monteith formula
relatively large range of model complexity considered in this (instead of Oudin’s) to feed the Mouelhi formula and the
study, further investigations are still necessary to confirmGR4J-CemaNeige modeéMpnteith 1965. The correspond-
the deficiencies reported in this paper regarding mean flowng variations on 10 yr mean volume errors were neither bet-
volume simulation. Such investigations should extend bothter nor exactly similar to those shown here. Therefore, we
testing on model structure and calibration strategy. Whilecould not exclude a potential role of the PE and AE compu-
they may conclude on the sole responsibility of the con-tational choices on the models’ robustness deficiencies and
ceptualisation process, it remains impossible at the momentve can only acknowledge the strong need for further work
to determine with certainty the causes for transferability on this question. We cannot exclude the possibility that the
issues. Indeed, whatever the causes of the robustness iPE formula used and/or the way the three models estimate
sues are (e.g. changes in measurement biases, changesAE from PE are not suitable to represent the observed evap-
climatic conditions), all potential causes must therefore beoration changes with time. Among the potential directions

considered. for further research, we should mention the need to test mul-
tiple formula to compute PE, experiment various modelling
5.2 Robustness and data quality strategies to estimate AE from PE and soil moisture condi-

tions, and/or compare modelled AE with other AE estimates
The level of achievable modelling performances surely de-(e.g. from lysimeter or flux stations).
pends on the model used but also on the quality of the data Finally, investigations on the spatial similarities of model
it is fed with. Errors may occur during the measurementsvolume errors can help assess the role of data quality issues
recording or their post-processing (e.g. aggregation, interpoen models robustness issues. Indeed, strong dissimilarities
lation, etc.). Depending on the error type they may have abetween the volume error curves of different catchments, in
negative impact on the modelling performances, which mustspite of their common characteristics, may be caused by time
be consideredQudin et al, 2006 McMillan et al, 201Q variant errors in discharge measurements. Conversely, simi-
2011). If these errors vary temporally, they will induce poor larly shaped volume error curves of neighbouring catchments
temporal transferability of model parameters. This can formay be obtained as a result of inaccurate regional estimates
instance be the case when the measurement techniques & the model’s input forcings (e.g. if the bias on precipi-
changed or when the sensor network evolves. This may alstation estimates evolves in time or if the method used for
indirectly result from vegetation growth or changing climatic PE computation is inappropriate). However, the shapes we
conditions if they impact the biases on model input esti-found for thewy curves differed, depending on the catch-
mates. In the case of hydrological modelling, the incorrectment, and the regional correlation was not systematic when
estimation of discharges, precipitation and evapotranspirathe 365-catchment set was considered. This calls for further
tion fluxes may explain temporal robustness problems. investigations.

For the work presented in this paper, we reiterate that pre-

cipitation, temperature and discharge series could be consict.3 Robustness and changes in catchment functioning
ered to be of high quality. Yet, we performed additional qual-
ity checks using visual inspection and double mass curveg\lthough poor modelling strategies or data quality are likely
comparisons with neighbouring stations. In spite of theseto be the major sources for model failure, other explana-
verifications, the contribution of the data to model robust-tions are worth considering. Working on an (until then) un-
ness issues is hard to exclude with certainty. Among the poexplained overestimation of the Meuse River runoff between
tential input errors, particular attention should be given t01930 and 1965Fenicia et al(2009 showed the major im-
the estimation of evapotranspiration. Uncertainties are inpact of changes in land use management and forest age
deed associated with the computation of potential evapoon the catchment’s functioning. Such temporary or perma-
transpiration (PE) as well as actual evapotranspiration (AE)nent changes of a catchment functioning result in signifi-
which depends on the former. Evapotranspiration is an im-cant model robustness problems if not included in the mod-
portant part of the water balance and it may not be ade-<lling framework. While limited human impacts on the wa-
quately estimated in the context of a changing climate, deter balances are expected for the 20 catchments used in this
pending on the approach usddohohue et a).201Q Milly study, we agree that these impacts may be hard to quantify in
and Dunne2011, Herrnegger et al2012). All the tests re-  practice Andréassian2002. Besides, human activities are
ported here were made using temperature-based formula toot the only source for changes in the rainfall-runoff rela-
compute the PE model inputs: the Oudin formula was usedionship, which may also result from natural events. For ex-
for the Mouelhi formula and the GR4J-CemaNeige modelample,Chiew et al.(2013 discussed how the “Millennium
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drought” reduced the surface—groundwater connection irtheir usage conditions: input data sets, modelling choices,
south-eastern Australia, thus dramatically modifying theetc.).

dominant hydrological processes. Although this example re- Three hydrological models were evaluated in this work
lates to an extreme event, we believe that, in the context oind we found the following:

global climate change, such explanations must not be under-
rated when analysing models’ temporal robustness.

As part of related works, we searched for correlations
between climate forcings and model robustness issues over
large catchment sets in France and Austraiarpn et al.
2012 Coron 2013. During this search, changes in vari-
ous climatic indicators were considered: changes in mean
air temperature, mean total and solid precipitation volumes,
mean aridity index, as well as inter-annual variability and
seasonal variability of these climatic indicators. Changes in
mean air temperature and mean total precipitation volumes
showed the highest correlation levels with the model robust-
ness issues. However, for other parts of the catchment sets
considered, no significant correlation could be established — an ineffective model structure,
between the model errors and changes in climatic conditions
(among which were some of the catchments used for the
work reported in this paper). In spite of several attempts, we
were unable to explain the differences between catchments — temporal changes in the catchments’ natural
where high correlation were established from those where functioning, and/or
no obvious explanation of robustness issues could be found.
These works on an Australian and on a French data set are re-
ported inCoron et al(2012 andCoron(2013, respectively. The present study differs from previous works in that we

highlighted strong behavioural similarities between different
) model structures and calibration periods. We used simple but
6 Summary and conclusions relevant graphical and numerical tools to show how limited
, _the impact of a model’'s complexity or calibration period can
The purpose of this paper was to propose tools to help ,d'be regarding its capacity to reproduce the temporal variations
agryose_t_he robustness of rainfall-runoff models, regardlnqn water budget equilibrium. In agreement with the partic-
thelr ability to reprodgce water bala_nces 5|multaneously Or\pants at the “Court of Miracles of Hydrology” workshop
differenttemporal perlods.Acompanson fram_eworkwasnn_— Perrin and Andréassia2010, we believe that modelling
plemented over 20 mountainous catchments in France, usin ilures should be seen positively as challenges and can be

three models of increasing complexity: the annual Mouelh'substantial sources of information on model imperfections

formula, t_he_da_ily-lumped GR4J-CemaNeige model and theand catchment functioning. This study showed that blaming
daily semi-distributed Cequeau model.

h its sh he following: the excessively short calibration period or the overly simplis-
The results show the following: tic structure without a more detailed examination is not nec-

_ failure situations are common when models are evalu-€ssarily the best option when discussing temporal robustness

ated on long records in hydrological modelling.
Several research directions must be considered to progress

— choosing another calibration sub-period induced noon this issue, the main needs being for the following:
significant difference on the 10yr mean flow volume
errors, even when temporal transferability was shown
to raise problems.

— The models showed strong similarities in their
(in)ability to simulate water balances. Some differ-
ences exist but they are smaller than expected with re-
gards to the large differences in complexity level be-
tween the tested models.

— At this stage, however, we cannot conclude whether
these three models share the same deficiency or suf-
fer from the same external causes, related to input data
estimation, for example. It is indeed difficult to appor-
tion blame between the following potential explana-
tions for robustness problems:

— an inappropriate calibration strategy,
— temporal changes in input errors,

— temporal changes in anthropogenic impact.

— advances in our ability to estimate medium-term wa-
ter exchanges at the catchment scale (i.e. both atmo-
spheric and underground input and output fluxes), with

Indeed, when we considered two temporal periadand B, particular focus on evapotranspiration fluxes,

the @A/QB ratio remained stable regardless of the calibra-
tion period, even when the full record was used to optimise
model parameters. This reveals that the lack of robustness
identified for some catchments on 10yr mean flows is not
caused by a poor choice of calibration period but rather stems
from the models’ overall inability to reproduce water bal-
ances simultaneously on different sub-periods (considering

— advances in our ability to model these fluxes stat-
ically and also dynamically (i.e. the models ability
to reproduce for temporal variations of hydroclimatic
conditions).
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Table Al. Characteristics of the enlarged catchment set used in the additional testing (365 catchments).

5th 25th . 75th 95th
. . median . .

percentile  percentile percentile  percentile
Catchment surfacim?] 34 100 220 590 2510
Mean elevatioim] 260 490 750 1070 1660
Mean annual total precipP() [mm] 850 990 1160 1440 1860
Psolig/ P ratio (annual mean)-] 2% 3% 7% 13% 30%
Mean annual pot. evap. PE&(gir) [mm] 500 560 630 680 770
Mean annual discharg@) [mm] 220 370 540 880 1410
P /PE ratio (annual meatf}-] 1.15 1.49 1.85 2.46 3.52
Q/ P ratio (annual mean)-] 0.23 0.36 0.47 0.60 0.84
Available time series lengttyr] 33 40 43 52 62

Table A2. Model efficiencies computed over the total available records, considering sub-period calibrated parameter setisdKGE

(results for the enlarged catchment set).

5th 25th . 75th 95th
. . median . .
percentile  percentile percentile  percentile
KGE at the annual time ste Mouelhi 0.301 0.541 0.687 0.782 0.897
P GR4J-CemaNeige 0.649 0.774 0.842 0.893 0.937
KGE at the daily time step GR4J-CemaNeige 0.704 0.810 0.860 0.897 0.931
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Fig. Al. Locations of the 365 catchments used in the additional testing with the Mouelhi formula and GR4J-CemaNeige model.
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Fig. A3. Comparisons of relative changes in 10 yr mean flow, observed and simulated (aggregation of results from 365 catchments,
considering any possible pair of 10 yr sub-periagdand B).
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Appendix A Bai, Y., Wagener, T., and Reed, P.. A top-down frame-
work for watershed model evaluation and selection un-
Findings confirmation using a larger catchment set der uncertainty, Environ. Model. Softw., 24, 901-916,

doi:10.1016/j.envsoft.2008.12.012009.
The procedure presented in this paper has been applied ov8eurqui, M., Mathevet, T., Gailhard, J., and Hendrickx, F.: Hy-
a larger catchment set for the Mouelhi formula and GR4J- drological validation of statistical downscaling methods applied
: : : to climate model projections, in: Hydro-climatology: Variability
CemaNeige model. This set is composed of 365 French . -
catchmen?s whose locations and propperties are summarised and change (IUGG2011), vol. 344, International Association of

. : . .. Hydrological Sciences, Melbourne, Australia, 32—38, 2011.
”'? Fig. Al and Table.Al. The corresponding model efficien- Brigode, P., Oudin, L., and Perrin, C.: Hydrological model parame-
cies are presented in Tabi.

= . ] ter instability: A source of additional uncertainty in estimating
These additional results are in accordance with those pre- the hydrological impacts of climate change?, J. Hydrol., 476,

sented in the article. The difficulties for the Mouelhi formula  410-425, doit0.1016/j.jhydrol.2012.11.012013.

and GR4J-CemaNeige model to reproduce water balances sBulygina, N. and Gupta, H.: Estimating the uncertain math-
multaneously on different temporal periods were confirmed. ematical structure of a water balance model via Bayesian
The “parallelism effect” observed during the study of vol- data assimilation, Water Resour. Res., 45, WO00B13,
ume errors variations for these models was again visible on doi:10.1029/2007WR006742009.

this much larger catchment set (see Fi§2.andA3). Our Butts,'M. B., Pay_ne, J. T., Kristensen, M., and Madsen, H An eval-
findings thatwsg, and wg,, curve have similar shapes were uation of the impact of model structure on hydrological mod-
reproduced on this new set for both models. This is shown in g!';f’zggcﬁggg?ofl%rfs.:e;rglﬂg(‘;\gj'&ugg’gé 4‘] - Hydrol., 298,

Fig. A2b by the lowp; values, whose distributions are sim- ’ X HYGrok T :

. ! > hahinian, N., Andréassian, V., Duan, Q., Fortin, V., Gupta, H.,
ilar to the ones obtained for the 20 catchment set. This can Hogue, T., Mathevet, T., Montanari, A., Moretti, G., Moussa, R.,

also be seen in FigA3, Wher(_e the_ ratiOQ_A/QB remains Perrin, C., Schaake, J., Wagener, T., and Xie, Z.: Compilation of
very stable regardless the calibration period (wheend B the MOPEX 2004 results, in: Large sample basin experiments
are 10yr temporal periods, see Sett). Indeed, the Pear- for hydrological model parameterization, no. 307 in IAHS Red

son correlation coefficientR?) between simulated changes ~ Book Series, edited by: Andréassian, V., Hall, A., Chahinian, N.,
are equivalent when results are aggregated over the 20 catch- and Schaake, J., IAHS, Wallingford, 313-338, 2006.

ments used in the article or the 365 catchments considered igharbonneau, R, Fortin, J., and Morin, G.: The CEQUEAU model:
this Appendix. description and examples of its use in problems related to water

resource management, Hydrolog. Sci. Bull., 22, 93-202, 1977.
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