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Abstract. Models with a fixed structure are widely used in 1 Introduction

hydrological studies and operational applications. For vari-

ous reasons, these models do not always perform well. As aBuilding accurate and computationally efficient hydrologi-
alternative, flexible modelling approaches allow the identifi- cal models remains a challenging issue, despite the huge ef-
cation and refinement of the model structure as part of thdorts by the community since the pioneering work of Linsley
modelling process. In this study, twelve different conceptualand Crawford (1960). The challenges in representing hydro-
model structures from the SUPERFLEX framework are com-logical processes have resulted in a large variety of models
pared with the fixed model structure GR4H, using a large seend modelling approaches, ranging from lumped conceptual
of 237 French catchments and discharge-based performandgodels to distributed physically based models (we refer the
metrics. The results show that, in general, the flexible ap+eader to the reviews by Singh and Frevert (2002a, b), Pech-
proach performs better than the fixed approach. However, thévanidis et al. (2011) and others). In this study, we will focus
flexible approach has a higher chance of inconsistent resulten two types of modelling approaches, namelyftkedand
when calibrated on two different periods. When analysingflexible modelling approaches, and limit the analysis to the
the subset of 116 catchments where the two approaches prease of lumped conceptual models.

duce consistent performance over multiple time periods, their

average performance relative to each other is almost equival.1  The fixed modelling approach

lent. From the point of view of developing a well-performing

fixed model structure, the findings favour models with paral- The fixed modelling approach assumes that a single model
lel reservoirs and a power function to describe the reservoigtructure can be developed to apply in the majority of con-
outflow. In general, conceptual hydrological models performtexts and conditions. As examples, one may mention TOP-
better on larger and/or wetter catchments than on smalleMODEL (Beven etal., 1995), HBV (Lindstrom et al., 1997),
and/or drier catchments. The model structures performed<inanjiang (Zhao and Liu, 1995), NAM (DHI, 2008) or
poorly when there were large climatic differences betweenGR4J (Perrin et al., 2003). Although these models have been
the calibration and validation periods, in catchments with continuously improved and adapted over the years, the core

flashy flows, and in catchments with unexplained variationsOf their structure remained more or less similar, and it was
in low flow measurements. assumed to be general enough to be applicable in a wide

variety of basins. For example, Bergstrom (1995) provides
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4228 W. R. van Esse et al.: The influence of conceptual model structure on model performance

a detailed review of the applications of the HBV model on an “ensemble” approach may be needed to make predictions
catchments over the five continents. Hence, end-users woul(see e.g. Velazquez et al., 2010).

take the model as it is proposed by the developers and apply

it on their case study. This approach has several advantage$:3 Previous model comparisons

It saves time to the end-user who can take the model “off-the- ) ) . o .
shelf”, avoiding the time-consuming process of developing gPrevious studies have already provided useful insights into

model, and go straight to the calibration step (e.g. Refsgaard® Performance of different model structures. For instance,
etal., 2005: Clark et al., 2011a, for a description of the mod-Chiew et al. (1993) indicated that relatively simple model
elling steps). This is particularly convenient when applying structures can be used for larger timescales (months, years),
the model on many catchments, as is often the case in operj/hereas Refsgaard and Knudsen (1996) reported that models
tional conditions. A “default” general model is also useful in of different complexity performed equally well in their case

catchments where data may be too limited to develop a fullStudy- In the study of Perrin et al. (2001), complex lumped
model from scratch. conceptual models outperformed simple models in calibra-

However, a weakness of the fixed modelling approach ition but not in validation. Reed et al. (2004) found that a

that the processes included in the model, and their mathemafumped model, used as benchmark, generally showed equiv-

ical representation, may not correspond to the actual domi@lent or better overall performance than distributed models.

nant processes in particular catchments of interest. This reM0re recent studies of Breuer et al. (2009) and Seiller et

sults in large structural errors and poor model performancef""- (2012) showed only slight differences between models of

Several examples of fixed model failures have been dediffering complexity. In most of these intercomparisons and
scribed in the literature (e.g. Le Moine et al., 2008; Goswamil" hydrological modelling studies in general, there is a com-

and O'Connor, 2010; Refsgaard and Hansen, 2010). Sever&pon aim to find an appropriate model for a particular purpose

sources of errors may explain model failures, including errorsC! condition, considering hydrological signature, catchment

in model structure, data, numerical errors, and mismatchelyP€ and spatial and temporal scale (Rogers, 1978; Moussa
between data availability and requirements. The diagnosis ofd Bocquillon, 1996; Booij, 2003).

these failures is often difficult without extra information (e.g.
Tromp-van Meerveld and McDonnell, 2006; Krueger et al.,

2010; Clark et al., 2011a; Renard et al., 2011, to mention &rhe main objective of this study is to investigate the im-
few). In addition, aggregate performance criteria such as th%act of model structure on flow simulation for two hydro-

Nash-Sutcliffe efficiency index may hide internal model in- |o4ical modelling approaches: the fixed modelling approach,
consistencies. More detailed evaluation frameworks and fieldy, "\vhich modellers would use a single predefined model

observations of internal variables (e.g. soil moisture) ShOUIdstructure, versus the flexible approach, in which the mod-
hence be used to more thoroughly evaluate structural limitagier could choose among a number of alternative model

1.4 Scope

tions (e.g. Euser etal., 2013; McMillan et al., 2011). structures. This study relies on the previous work of Feni-
] ] cia et al. (2011), Kavetski and Fenicia (2011) and Fenicia
1.2 The flexible modelling approach et al. (2013), where detailed investigations on small sets of

catchments were performed. This study extends and gener-

The flexible modelling approach does not attempt to developyjizes previous work, considering a large set of 237 French
a "one-size-fits-all” model structure. Instead, in any mod- catchments with diverse hydro-climatic conditions to better
elling application, it calls for multiple working hypotheses to characterize the benefits and limitations of the two mod-

be considered (Clark et al., 2011b). We expect that, in manyjing approaches. Given the diversity of catchment char-

catchments, model structural errors represent one of the domyceristics, we also attempt to better understand differences

inant.sources of errors (e.g. Perr_in etal.,, 2001; Renard et ali, model performance and identify possible links between
2011; and others). Thus, the flexible approach offers the posmgge| structure, catchment characteristics and model perfor-
sibility to search among multiple structures or model compo-4ce.

nents for the one that bgst approxim_ates the relevant gspects The research questions we investigate are:

of a catchment’s behaviour. The main advantage of this ap-

proach is to reduce structural uncertainty, which should result 1. What is the influence of different model structures on
in more robust model applications. Modelling approaches average model performance?

such as RRMT (Wagener et al., 2001), MMS (Leavesley
et al., 2002), FLEX (Fenicia et al., 2008), FUSE (Clark et
al., 2008) and SUPERFLEX (Fenicia et al., 2011; Kavetski
and Fenicia, 2011) are examples of flexible modelling frame-
works. However, the flexible approach is generally more time 3. what are the differences in performance between a
consuming for the end-user. It may also end up with sev- fixed and flexible modelling approach?

eral model structures performing equivalently, in which case

2. What is the influence of different catchment character-
istics on the relationship between model structure and
performance?

Hydrol. Earth Syst. Sci., 17, 4227-4239, 2013 www.hydrol-earth-syst-sci.net/17/4227/2013/
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Table 1. Characteristics of the 237 French catchments used in this
study.

Mean Mean Mean
Area annualrainfall annual PE annual discharge
[km?] mmyr~11  [mmyr—4 [mmyr—1
Minimum 16 61 605 84 '
Average 567 988 732 383
Maximum 6836 1961 1182 1329

To address these questions, we will use SUPERFLEX as
an example of a flexible modelling approach and the GR4H
model as an example of a fixed modelling approach. SU-
PERFLEX provides a framework to construct and compare
different model structures. The hourly GR4H model, and its
daily version GR4J, are widely used models that have shown
good average performance on many catchments in France
and other countries (Perrin et al., 2003; Le Moine et al., 2007;
Valéry et al., 2010; Coron et al., 2012). The GR4J and GR4H
models were developed with the intention of providing the
best average performance on a large array of conditions an
catchments. However, structural inadequacy and/or the lac
of flexibility in model structure may be one of the main rea-
sons for its failures identified in previous studies (Perrin et e
al., 2003; Wagener, 2003; Le Moine, 2008; Andréassian etz'2 Catchment classification
al., 2010; Kavetski and Fenicia, 2011). This study makes fur-rq investigate the influence of different catchment charac-
ther inroads into understanding these limitations. teristics on the relation between model structure and perfor-

The paper is structured as follows. Section 2 presents théhance, the 237 catchments were classified based on three
data and models used, as well as the evaluation methodsatchment characteristics: area, aridity index and the ra-
ology. Section 3 discusses the general results, followed byj, of seasonal runoff coefficients in summer and winter
a discussion and conclusions of this work in Sects. 4 anqrcgy,y). The latter is considered a more integral property
5 respectively. of climate and catchment characteristics and distinguishes
groundwater-dominated catchments from catchments dom-
inated by surface runoff. Réay was calculated using

2.1 Data RCsw = RGs _ @ 1)

RCv  Ow/Pw’

Eig. 1. Location and boundaries of the 237 French catchments used
t(n this study (after Le Moine, 2008).

2 Material and methods

This study is based on a large data set of 237 catchments _ _ _ _

spread throughout France (Fig. 1). They represent a large va¥here Ps and Os (resp. Ay and Qw) are the mean pre-
riety of conditions in terms of physical characteristics (size, CiPitation and discharge during three summer (resp. winter)
geology, etc.) and climate (Table 1). The catchments werdnonths (Jui=Sep, resp. Jan-Mar) over ten-year time series
selected to have limited snow influence (no catchment se{1997-20086). This ratio can be meaningfully computed and
lected in the French Alps or Pyrenees) and limited lake in_mtgrpreted bgcause the catchmeqts were se.lected to have a
fluence. Precipitation, potential evapotranspiration (PE) andimited snow influence. The meaning of Bk is best ex-
discharge data were available at hourly time steps from 199Plained by two extreme cases: (1) a low & value (close

to 2006 for all catchments. Precipitation originates from the(© 0) means that the summer runoff coefficient, i€ smalll
reanalysis produced by Météo-France (Tabary et al., 2012)c0mpared to winter runoff coefficient, R i.e. a much

PE data were estimated using the temperature-based formulgWer percentage of rainfall will reach the catchment out-
proposed by Oudin et al. (2005), using temperature data pro'-?t in summer, which is an indication of catchments havmg.
duced by the SAFRAN reanalysis (Vidal et al., 2010). Dis- limited baseflow and large summer losses by evapotranspi-

charge data were obtained from the French data base BanqUigtion- This case is classified as “Direct runoff”; (2) a high
Hydro (MEDD, 2007). RCsw value (closer to 1) means that B@nd RGy values

are close, i.e. the propensity of the catchment to yield runoff
is similar in summer and winter, which is an indication of

www.hydrol-earth-syst-sci.net/17/4227/2013/ Hydrol. Earth Syst. Sci., 17, 4227-4239, 2013
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Table 2. Catchment characteristics and number of catchments inevapotranspiration, (2) multiplication factors to the potential
each classification range. Classifications are valid for the 237evapotranspiration are commonly used to account for differ-
French catchments used in this study. ent land use types (e.g. the “crop factor”), and (3) it was
conceptually simple, though possibly less efficient for flow

Characteristic  Classfication  Range _ # simulation than other correction functions (like underground
ments exchanges, see e.g. Le Moine et al., 2007). Actual evapotran-
Area Small 166836 (237) spiration (noted Ei, Euor Ef for thg interception, unsaturated
[km2] Medium <200 85 zone and fast reservoirs respectively) applies to one or two
Large 2%%‘0600 ;g reservoirs in each model structure.
> . . . .
s @37 SFO01 consists of a single fast reservoir (FR) with a non-
Aridity index  Dry 0.41-2.03 237 . . . . . .
] Moist “12 78 linear storage-discharge relationship characterized by_a time
Wet 1.2-1.5 83 constantKs and a power parameter. SFO2 also consists
>15 76 of a single reservoir, but it represents the unsaturated zone
RCsw Directrunoff ~ 0.03-1.00  (237) reservoir (UR) and uses a linear function to describe out-
[—] Mixed <0.15 87 : : ;
Groundwater 015024 74 flow and a power function (with parametgy to describe
dominated >0.24 76 the surface runoff.

In structures SF0O3 to SFO5, an unsaturated zone reservoir
(UR) is connected in series to a fast reservoir. These three
structures differ in the constitutive functions used to describe
groundwater-dominated catchments with limited impact ofthe flows between the reservoirs and in the number of cal-
summer losses by evapotranspiration. This case is classifie®rated parameters. SFO5 uses power functions to describe
as “Groundwater-dominated runoff”. outflows from both reservoirs and a lag-function to represent

The aridity index (Middleton and Thomas, 1992) was cal- channel routing. Compared to SF05, SF06 has an intercep-
culated as the ratio between mean precipitation and PE oveion reservoir (IR) and SFO7 has a riparian reservoir (RR).
the ten-year time series. SFO08 is a simple structure with two parallel reservoirs,

For each catchment characteristic, the catchment set is diramely the fast reservoir (FR) and a slow reservoir (SR) with
vided into three classes with approximately equal numbers oft time constank’s. The structures SF09-SF12 build on SF08
catchments. Table 2 shows the ranges and number of catchwith increasing complexity. Parametevs and D are ratios
ments in each class. In this study, the ranges are used solefpat divide the flows between different reservoirs. Table 3
to distinguish between catchments with below-median, me-summarizes the model structures. A more detailed descrip-
dian or above-median characteristics. tion can be found in Fenicia et al. (2013).

2.3 Models 2.3.2 GR4H

The SUPERFLEX modelling approach was used to hypoth-The GR4H model (Le Moine, 2008), which is an hourly ver-
esize 12 alternative model structures. The GR4H model wasion of GR4J (Perrin et al., 2003), is used as an example of a
used as an example of a fixed model structure. All thirteenfixed model structure. As shown in Fig. 2, rainfall and PE are
models are lumped and use the same rainfall and PE over theubtracted to determine the net precipitatiror net evapo-
whole catchment as inputs and generate discharge as outpuation Ey. Py is partitioned between storage in a soil moisture
reservoirS (Ps) and effective rainfall ; = P,— Ps). The soll
2.3.1 SUPERFLEX moisture reservoir is depleted by percolatierc Effective
rainfall is then routed to the outlet via two branches: 10 %

Twelve structures (SF01-SF12) as proposed by Fenicia eis routed via a single unit hydrograph, while 90 % is routed
al. (2013) are generated using the SUPERFLEX frameworkvia a unit hydrograph and a nonlinear routing stBreA wa-
They cover a relatively broad range of conceptual modelter gain/loss functiorF is applied to both flow components
complexities (Fig. 2). Starting from a very simple struc- to represent groundwater exchanges with underlying aquifers
ture (SF01), the complexity is gradually increased by addingand/or neighbouring catchments.
reservoirs and lag-functions. In this way, the influence of in-
dividual components can be assessed. 2.4 Model evaluation

In the SUPERFLEX structures, rainfall (Pt) and potential
evapotranspiration (PE) are used as inputs. Potential evaj2.4.1 Evaluation procedure
otranspiration is systematically corrected with a calibrated
factor Ce to fulfil the water balance. The choice to use a cor-All model structures were calibrated and validated using
rection factor for PE was made because: (1) it is hypothethe split sample test (Klemes, 1986), in which ten years of
sized that the main bias lies in the estimation of the potentiathe available data were split into two independent periods

Hydrol. Earth Syst. Sci., 17, 4227-4239, 2013 www.hydrol-earth-syst-sci.net/17/4227/2013/



W. R. van Esse et al.: The influence of conceptual model structure on model performance 4231
PE(Ce)| Pt PE(Ce)| P, Qq (Sumax,B) PE(Ce) P, Qa(Sumax) Pr P, (Ce)| PE,  Qq(Sumax,B) Pt
FR] Qu(Kio) Qu SR O:(Rvs:) ! UR ERI Q (Kio) @« T FR Q(Kio) Qu
SFO01 SF02 SF03 SF04
1 Py Pr(M)
Ce)| P, N
PE(Ca)| P | s Q:(K)
IR | Pu(Imax)
p f £ PE(Ce)| Py f Q
PECY) P | Qu (Sumeep) P atlll, Pocry Eu(Co) Qu(Sumae) Pr Latlll, pacry Qu(Suranp) Pr Lallll. P (7 .
WR | PR Qi(Ki) Qu WwR | R Qr(Kia) Q UR Rl Qi(Kea)
SF05 SF06 SF07
P, P (Ce) PE(Ce) P.| Qq(Sumax) Pr PE(Ce) P, | Qq (Sumar) Pt .ll]””.Pu(T‘)
©) RO O (K) GRI Po (D) (R Q(K) GRIPs (D) PRI Qr(K)
Ps Q Q Q
SF08 [msri Q:(k) SF09 SRl Qs () SF10 SRl Qo)
PE(C.) P
. P,
IR | Pu (Imax)
‘ Ll Laall "
e)| P | Qq (Sumax, allll, A (e Sumax alllll, Py (T I 1R
PE(C:)| P | Qu (Sumacf) Pr atll Pr(T) Eo(Ca)| | Qu(Sunac) Prlatlll.pocry o . P Lalllin. 0 2x0 [FO) g
UR | Ps(D) FRIL Qr(K9) UR | PD) ERIL Qr (K9 !
Q Q S Perc(x1) . I at
SF11 L el AP allll s ) 1 ;
SR 5(Ks) SF12 SR Qe(K GR4H . G5

Fig. 2. Schematics of the 12 model structures generated using the SUPERFLEX framework (SFO1-SF12 by Fenicia et al., 2013) and the
GR4H model (Perrin et al., 2003). A flux of water is denoted in black next to an arrow line. Parameters are given in brackets in red font.

Table 3. Main characteristics of the twelve SUPERFLEX structures and GREs and Ny are the number of reservoirs and calibrated
parameters respectively. “Rank” denotes the complexity rank of each structure based on the number of parameters, and number and type c
function(s), where 1 is the simplest and 13 is the most complex.

Structure Nres Connection Type of function(s) Ng Rank
SFO01 1 - Power 3 1
SF02 1 - Powe#- Linear 4 2
SF03 2 Series only Threshold Power 4 3
SF04 2 Series only Power 5 6
SF05 2 Series only Lagr Power 6 8
SF06 3 Series only Threshold Lag + Power 7 10
SF07 3 Series and parallel LagPower+ Linear 8 12
SFO08 2 Parallel only Linear 4 4
SF09 3 Series and parallel Linear 5 7
SF10 3 Series and parallel LagLinear 6 9
SF11 3 Series and parallel LagPower+ Linear 7 11
SF12 4 Series and parallel  Thresheld.ag + Power+ Linear 8 13
GR4H 2 Series and parallel LagPower+ Linear 4 5

(1997-2001 and 2002-2006). Calibration was performed ortions (i.e. larger errors in the larger flows) and provides a
each period followed by validation on the other period. To better balance between fitting high and low flows. A quasi-
reduce model initialization problems, the reservoirs were ini-Newton optimization was applied using 20 different initial
tialized using three years of warm-up data (1994-1996 andralues across the parameter space. This local optimization
1999-2001 respectively) preceding each period. The datanethod was shown to be effective and efficient when applied
used for warm-up prior to 1997 originate from the SAFRAN on smooth parameter spaces (Kavetski and Kuczera, 2007).

reanalysis (Vidal et al., 2010).

Model performance was evaluated based on the validation

Parameter optimization was carried out using the weightedesults using the four criteria described in the next section.
least squares (WLS) scheme as described in Kavetski anBirst, the thirteen model structures were compared as indi-
Fenicia (2011), implemented within the Bayesian total errorvidual models using an averaged evaluation criterion for all
analysis (BATEA) framework and software (Kavetski et al., catchments. Then, for comparison of the flexible SUPER-
2006; Kavetski and Evin, 2011). The WLS scheme accountd=LEX approach with the fixed GR4H model, consistency
for the heteroscedasticity of the errors in the model predic-rules were applied to evaluate the consistency of the model

www.hydrol-earth-syst-sci.net/17/4227/2013/
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structure and parameter identifications on the two indepenhides differences between the four individual statistics (CR1

dent test periods for each catchment. to CR4), the distinction between poor and good models was
_ o quite similar for all of them. Therefore, we used this average
2.4.2  Evaluation criteria criterion to summarize and compare model performance.

The four evaluation criteria CR1 to CR4, givenin Eq. (2) t0 2. 4.3 Consistency
2.4.3, focus on different aspects of model performance: high
flows, low flows, volume error and variability of predictions: The consistency of the model between the two calibration
N periods for a given catchment was evaluated by checking for
(Qobsi — Qsim,,-)2 parameter and structural consistency. Here, a model structure
:Nl (2)  was considered parametrically inconsistent when at least one
Y (Qobsi — QBbS)Z of the parameters differed by more than 50 % from the av-
i=1 erage between the two calibration periods. In that case, this
structure was left out of the final comparison.
( 11 )2 In the case of SUPERFLEX, structural inconsistency was
Qobsi+¢  Csimi+¢ 3) considered to occur when the best model structure identified
1 I \2 on the two calibration periods was not the same. Therefore,
. 1<Qobsf+E " Qobste in any given catchment, a SUPERFLEX structure is consid-
ered consistent and eligible for comparison only if it has
N . an average of CR1-CR4 within 10 % of the best perform-
CRZ El Osim.i ;1 Qobsi ing structure in both calibration periods. The “best” SUPER-
3_cry Wth CR¥=1-1 = - = (4) FLEX structure for a given catchment was identified as the
2 Qobsi ;Qsimi simplest consistent structure with an average of CR1-CR4
=t - within 10 % of the results for the best performing structure.
osim Here, model complexity is quantified by the number of pa-
CR4—= { -1+ zgobs("’bs = Osim (5) rameters. When two equivalently performing structures have
—1+4272%00ps < Osim ’ the same number of parameters, then the one with the least
g number of flow paths is considered simpler (see “Rank” in

CRI* :
CRl1=——"_ with CR I =1-"_
2_CRr "

M=

with CRZ =1—"

Il
iR

CR2=

=

_CRZ
2—CRZ

CR3=

where Qgps and Qsim represent the observed and simulate
discharge respectively; at time stegv is the number of time Table_ 3). ) _
steps, the over bar represents an average over the selected/Sind the split-sample test procedure and the consistency
period,e is a small constant (1 % of the mean streamflow, sedU/1€S, models that give accurate and consistent results on a
Pushpalatha et al., 2012 for more information) ans the c.a.tchment can be identified. Despite some |neV|tabI.e subjec-
standard deviation of the streamflow over the selected periodiVity: the consistency rules make the model evaluation more
CR1* is the well-known Nash-Sutcliffe efficiency (Nash Stringent.
and Sutcliffe, 1970) which is most sensitive to peaks in dis-
charge (Perrin et al., 2003). CR2* is the Nash-Suitcliffe effi- 5 rasuits
ciency based on the inversed discharge emphasizing low flow
errors (Pushpalatha et al., 2012). CR3* is based on the relag.1  Average performance of the thirteen individual
tive volume error and thus emphasizes any error in the water structures
balance between observed and simulated discharge (Perrin et
al., 2003). CR1* to CR3* have values between 1 (perfect fit) Figure 3 shows the distribution of performance for all model
and —oo and are transformed to a value between 1 afid  structures on the 237 catchments for the two validation
to avoid the influence of very low negative values on the cal-periods. The figure shows that the seven best performing
culation of mean performance (Mathevet et al., 2006; Pushmodel structures (GR4H, SF04-SF07, SF11 and SF12) show
palatha et al., 2012). very similar average performance despite their structural dif-
The fourth criterion (CR4) is the ratio of standard devia- ferences. Six of the model structures (SF01, SF02, SF03,
tions of observed and simulated discharges, with a maximun8F08, SF09 and SF10) perform poorly compared to the
value of 1 indicating that the simulated discharge reproducedest seven structures, and are hence poor candidates for a
exactly the variability in the observed discharge versus a minfixed-structure approach. It can also be seen that structures
imum value of-1 indicating large differences in the variabil- with an unsaturated zone reservoir or a power function per-
ity of the simulated and observed time series (Gupta et al.form on average considerably better than structures without
2009). these components.
The average of CR1-CR4 over the validation periods is The calibrated values of the power function parameter
used as the single metric of overall performance to com-(describing the outflow of the fast reservoir FR) vary over
pare model structures. Although this comprehensive criteriora. wide range for the different catchments and show a high

Hydrol. Earth Syst. Sci., 17, 4227-4239, 2013 www.hydrol-earth-syst-sci.net/17/4227/2013/
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centile and minimum) of averaged CR1-CR4 values of all model

structures on the 237 catchments in the validation periods, includFig. 4. Average of CR1-CR4 in validation in three classes
ing notes on differences in SUPERFLEX structures. Wherg™  Of: (a) catchment aregb) aridity index, andc) RCgyw.

means adding a power functigh, “+lag” means adding a lag-

function, UR= unsaturated zone reservoir, ERfast reservoir, SR

= slow reservoir, IR= interception reservoir and RR riparian

zone reservoir. The axis shows the twelve SUPERFLEX struc- SF12 are more robust in the sense of having a lower number

tures plus GR4H. The number of model parameters (used as a me&f strong model failures, which is very valuable. However, on
sure of complexity) is given in brackets after the model name. Theaverage, they are not able to outperform the simpler models
numbers across the top of the figure give the mean values of modglincluding GR4H).

performance.

3.2 Performance across catchment classes

correlation between the two periods (not shown here; see Vaiio investigate the effect of catchment characteristics on
Esse, 2012, for more details). This indicates that this is ammodel performance, average performance is analysed for
effective parameter to calibrate. The same was found for thehree catchment characteristics: catchment area, aridity in-
power function paramete$ (describing the outflow of the dex, and the ratio of summer/winter runoff coefficients,
unsaturated zone reservoir UR). RCsw.

However, for structures with both power functions, the val-  Figure 4a shows that model performance is generally
ues of powerg are clustered around 1. This indicates that better on larger catchments than on smaller catchments.
adding a second power function to the structure is far less ef#t is found to be easier to capture the rainfall-runoff re-
fective than the first one, and suggests that using a nonlinedationship in catchments where hydrological processes are
reservoir near the outlet of the flow network is more effective mixed and have a smoother behaviour. This corroborates
than placing such a reservoir upstream in the flow network. previous findings by Merz et al. (2009) on a large set of

Model comparisons show that the addition of a lag- Austrian catchments.
function or an interception reservoir (IR) does not increase Figure 4b shows that model performance on wetter catch-
performance for most individual catchments. For the ripar-ments is generally better than on drier catchments. The dif-
ian zone reservoir (RR), the analysis shows larger differ-ference in performance on dry versus wet catchments is large
ences: for some catchments this reservoir does increase per almost all model structures. This is in agreement with
formance while for others, the effects are negative. Overall literature showing that drier catchments are generally more
at least within the SUPERFLEX configurations applied in difficult to model due to the higher nonlinearity in the hydro-
this work, the lag-function and the interception and riparianlogical processes (e.g. Atkinson et al., 2002) and more com-
zone reservoirs do not increase average model performancelex error structure (Smith et al., 2010). The recent review
and therefore their inclusion into a “default” general model study by Parajka et al. (2013) also shows that runoff hydro-
can be questioned. graph predictions in ungauged catchments tend to be more

The average performance and performance range of GR4ldccurate in humid and large catchments.
are close to those of SF0O4—SF07. The fixed power functions From all models considered in this study, only SF11 and
describing reservoir outflow in GR4H are expected to be im-SF12 show little difference in performance over the three
portant components, just as the power functions in the SU<classes (however their performance is still worse for drier
PERFLEX structures. The more complex models SF11 andatchments). The parallel fast and slow reservoirs plus the
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Performance SFO3 results, and the grey boxes represent only consistent results. The

Fig. 5. Average performance of model structure SFO5 (without par- NUmber of catchments in each group is given in brackets.

allel slow reservoir) against SF11 (with parallel slow reservoir).

Groundwater-dominated catchments are marked in red.
dominated catchments. This shows the value of the flexible
distribution of flow (ratioD) and the independent residence

unsaturated zone reservoir with a power function seem to b&imes (K andK) of the parallel reservoirs for these type of
better able to simulate both wetter and drier catchments.  catchments.

The RGw classification in Fig. 4c separates the struc-
tures in an interesting way. Structures SF04 to SFO7 perforn8.3 Comparison of fixed and flexible modelling
much worse on the groundwater-dominated catchments than  approaches
on the other catchments, while SF09 and SF10 simulate these
catchments best of the three classes. This reversed order &igure 6 shows the performance distribution of the flexi-
performance can be explained by the parallel slow reservoible and fixed approaches with and without accounting for
component in SF09 and SF10. This component allows indethe cases where inconsistent results between calibration peri-
pendent fast and slow flow, hence enabling a slow ground-ods occurred. Without the consistency rules, the flexible ap-
water component while maintaining the ability to produce proach performs better on the catchment set. However, when
high flow in case of a storm event. The parallel riparian zonethe inconsistent catchments are removed from the set, both
reservoir in SFO7 does not have this effect because it is noapproaches perform very similarly.
connected to the unsaturated zone reservoir and only a max- The flexible approach is inconsistent more often than the
imum of 20 % of rainfall is routed through this reservoir. fixed approach: 38 % versus 28 % of the catchments, respec-

Differences in performance between serial versus paraltively. If the two approaches are combined (i.e. using GR4H
lel reservoir structures have already been investigated in thas one of the SUPERFLEX structures), then a significant gain
literature (e.g. Jakeman and Hornberger, 1993, and mor@ consistency is achieved: the combined approach is incon-
recently by Kavetski and Fenicia, 2011, and Fenicia etsistent for only 36 catchments (i.e. 15% of the catchment
al., 2013). Jakeman and Hornberger (1993) found that theset). This suggests that GR4H should be included as part of
most commonly identified configuration for a rainfall-runoff the “default” model selection offered in SUPERFLEX.
model is two parallel reservoirs. This difference is clearly Note that applying the consistency rules creates two catch-
observed when comparing the performance per catchmenhent sub-sets of different sizes, which may lead to some bias
of SFO5 and SF11 using the Bfy classification. Figure 5 in comparing the performances. However, the mean results
shows the average performance of SF05 against that of SF1bn the overlapping (116) catchments are very similar: an av-
two identical models apart from the use of a parallel slowerage of CR1-CR4 of 0.62 for GR4H and 0.61 for SUPER-
reservoir in SF11. The figure confirms that the more com-FLEX. The choices for the 50 % threshold for parameter in-
plex SF11 does not perform better overall than SFO5 (meartonsistency and the 10 % range for structural inconsistency
average of CR1-CR4 of 0.57 and 0.56 respectively), butalso considerably influence these results: e.g. a 5% struc-
that it performs significantly better for most groundwater- tural inconsistency range would classify 134 catchments as
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Table 4. Number of times each structure is selected as “best-model structures that perform well on particular types of
performing” for the flexible approach alone (column labelled “Flex- catchments would be very helpful, in particular for predic-

ible”) and when GR4H is considered as one of thirteen structuregjons in ungauged basins.

(column labelled “Combined”). Hence an attempt was made to find a best a priori model
for different catchment types. To this end, 27)(3ub-sets

Model (Rank) Flexible ~ Combined were created by crossing the three qualitative ranges (high,
SFO1 (1) 0 0 low and medium) of the catchment characteristics (area, arid-
SF02 (2) 0 0 ity index and the ratio of seasonal runoff coefficients). Each
SF03 (3) 3 3 catchment pertains to one of the sub-sets depending on its
SF04 (6) 50 22 characteristics. On average, there are about eight catchments
SFO05 (8) 1 1 per sub-set. For each catchment sub-set, the model structure
SFO06 (10) 0 0 that performs best on average was selected as the best a pri-
gEg; 8)2) 123 27 ori mod_el. The performance of this a priori model was then
SF09 (7) 38 13 determined for all t'he catchment of the sgb-set.
SF10 (9) 7 0 The r_esults of_ this analysis are shown in the two box plot_s
SF11 (11) 32 15 at_the rlgh'_[ of Fig. 6. The average perfor_mance of t_he a pri-
SF12 (13) 1 0 ori model is not better than that of the fixed or flexible ap-
proaches and is found to be much less consistent. Neither do
Total SUPERFLEX 147 63 the results show that this particular a priori method is useful
GRaH .(5) N 138 for some specific types of catchments, as none of the sub-sets
Inconsistent 90 36

have a distinctly higher average performance. This is not to
Total 237 237 say that the a priori selection of a model structure is not pos-
sible, but further research is needed (e.g. along the lines of
Fenicia et al., 2013).

having inconsistent results for the flexible approach, while a

25 % range would result in only 26 inconsistent catchments?  Discussion

Finally, the SUPERFLEX structures used in this study might Fenicia et al. (2011), Kavetski and Fenicia (2011) and Feni-

be more prone to parameter inconsistency as most of them. S .
have more fitted parameters than GR4H. cia et al. (2013) performed similar studies, but only on a few

To find out more about which of the flexible model struc- experimental catchments. The results of this S“?dy ona Iarge
: set of 237 French catchments extend the previous works in
tures perform well, we look at the number of times each

structure is selected as best. Table 4 shows that SF04, SF(?& veral ways.
and SF11 are selected most often. These structures are sug- Catchment-to-model relationship
cessful because they only use the most effective model com-

ponents. Very simple structures and structures with onlyThe results of this study show similar relationships between
small differences from these best three are selected mucbatchment characteristics and model structure as those found
less often. This shows a disadvantage of hypothesising &y the above-mentioned authors, especially in the case of
model structure a priori: many structures give similar results,groundwater-dominated catchments. Results obtained here
which makes choosing the best one difficult. On the otherare also consistent with results shown by Perrin et al. (2001),
hand this may also imply that selecting a sub-optimal modelwho showed that choosing a specific structure for a given
structure would not substantially deteriorate the model precatchment significantly improved the performance compared
dictions compared to selecting the “best” structure. Combin-to using a fixed structure. However, efforts into defining a
ing all 13 structures, GR4H is selected the largest number opest a priori model for each type of catchment did not im-
times (138), showing the good generality of the model. Forprove average performance compared to the fixed and flexi-
63 other catchments, however, one of the twelve SUPER®ple approaches. There are (at least) two hypotheses for this:
FLEX structures is favoured. For these catchments, choosingither the used characteristics are not sufficient to fully char-
a customized structure gives a better performance. acterize the hydrological behaviour of the catchment, or es-
tablishing a link between model structure and catchment
3.4 Possible link between structures and catchmenttype  properties should be investigated using more sophisticated
approaches than the ones tested here. It should be noted that
The diversity of model structures and catchment conditionsthe differences in performance between quite a few models

considered in this study lends itself to investigating possi-ysed here are probably well within the data uncertainty.
ble relationships between catchment characteristics and well-

performing model structures. The ability to a priori select
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4.2 Challenges to the application of the flexible separated into three groups, based on the likely cause of poor
modelling approach model performance:

1. Catchments where wet and dry periods have led to
severe differences in observed flow between calibra-
tion and validation periods. These catchments proved
to be difficult to model, especially when the effect of
one wet or dry year lasts over multiple years (see also
Coron et al., 2012). Many structures give inconsistent
results on these catchments, but those with indepen-
dent parallel flow paths have a higher success rate.

This research has illustrated important challenges in applying
the flexible modelling approach on a large scale: similarities
in performance of different model hypotheses complicate the
selection of the best model and, in the absence of additional
insights (such as in Fenicia et al., 2013), make it difficult to
unambiguously relate model structure and hydrological pro-
cesses. Relating model structure and hydrological processes
becomes even more difficult given the large differences in

results between the two calibration periods and the demand 2. Catchments showing flashy flow, generally relatively

that the best model structure should work well for that spe- small catchments located near the Mediterranean Sea.
cific catchment under all possible conditions (see also best- Many structures were inconsistent or gave poor per-
compromise model, Seiller et al., 2012). Furthermore, work- formance due to poor simulation of sharp flow peaks.
ing with multiple model alternatives (as is the case in SU- On these catchments, simple structures tend to perform
PERFLEX) requires more effort, and becoming experienced relatively better and were often selected as best.

with the methodology can take time. On the other hand, in
many catchments, multi-hypothesis frameworks such as SU- 3. Catchments with unexplained variations in low flow
PERFLEX can be used to improve the performance of fixed- measurements. These problems in observed flow may
structure models, and, in general, be used to construct model ~ be attributed to downstream obstacles or measurement
ensembles to describe structural uncertainties (see Clark et ~ errors and are the most likely reason for poor model
al., 2011b). The general advantages and disadvantages of  performance.

model structures and components and their relevance for dif:

ferent catchment types can only be studied through acombiI_:urther analysis of these model failures can prove useful

nation of large-scale studies (e.g., Andréassian et al., 2006f'Or model development. For example, in-depth diagnosis of

Lo . odel parameter transposability in time was recently investi-
S;[E:w%eetn?; ,(e2(;l3;eanr;gi;iz’ia;lledzglsghts from experlmentagated by several authors (Vaze et al., 2010; Merz et al., 2011,

Coron et al., 2012) and could be used to investigate the model

failures reported in this study in more detail.
4.3 Influence of model structure

4.5 Low-flow simulations
Considering the components of the SUPERFLEX structures, o )
new systematic tests could be additionally carried out to fur-In this study, model parameter calibration was carried out
ther investigate the sensitivity of model results to the var-Using a weighted least square (WLS) scheme, which puts
ious modelling options identified as relevant here (powermore emphasis on low flows compared to the standard least
functions and parallel flow paths). Interestingly, in the caseSquare (SLS) scheme, because data and structural errors are
of the GR4H model and its daily version GR4J, recent in- 9enerally higherfor high flows. However, despite of this im-
vestigations independent of the present study corroborate t8roved objective function, all model structures scored poorly
some extent the results of this research: the addition of a fre€n the low flow criterion (CR2*). The poor performance of
parameter in the formulation of the water exchange func-the models in the low-flow simulations, even with a variety
tion significantly improves the simulation of low flows (Le of modelling options, corroborates earlier findings by Smith
Moine, 2008), and the addition of a second routing store®t al- (2010), Pushpalatha et al. (2011), and others.
(with an additional parameter) in parallel to the existing ones
also significantly improves results (Pushpalatha et al., 2011)5 Conclusions

4.4 Reasons for model failure This study found that relatively simple model structures with
carefully selected components can produce accurate simu-

Identification of the cause for model failure and inconsis- lations of catchment discharge, which corroborates previous

tency can significantly help the process of model improve-findings (Jakeman and Hornberger, 1993; Perrin et al., 2001;

ment and is consequently of major practical interest. Based-lark et al., 2008; and others).

on this study, it is difficult to clearly explain the reasons for ~The analysis of thirteen individual lumped conceptual

poor model performance and/or inconsistency_ Nonethe|es§]’]0de| structures on 237 French catchments with a diverse

catchments for which all models performed poorly (below range of characteristics showed that:

0.5 on average of CR1-CR4) or were inconsistent could be
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1. Increasing model complexity does not always lead toAndréassian, V., Perrin, C., Parent, E., and Bardossy, A.: Editorial
higher performance for a given catchment. However, - The Court of Miracles of Hydrology: can failure stories con-

complex structures perform poorly for fewer catch-  tribute to hydrological science?, Hydrolog. Sci. J., 55, 849-856,
ments; doi:10.1080/02626667.2010.506050, 2010.

Atkinson, S. E., Woods, R. A., and Sivapalan, M.: Climate
2. Conceptual hydrological models generally perform and landscape controls on water balance model complex-

better on larger and/or wetter catchments than on ity over changing timescales, Water Resour. Res., 38, 1314,

Bergstrom, S.: The HBV model, in: Computer Models of Watershed
3. The use of a power function to describe reservoir out- Hydrology, Chapter 13, edited by: Singh, V. P., Water Resources
flow significantly increases mean model performance Publications, 443-476, 1995.

compared to models that use linear outflow functions; Beven, K. J., Lamb, R., Quinn, P, Romanowicz, R., and Freer,
J.: TOPMODEL, in: Computer models of watershed hydrology,

4. Parallel reservoirs with independent time constants in- edited by: Singh, V. P., Water Resources Publications, Highlands

crease model performance in groundwater-dominated Ranch, Colorado, 627-668, 1995.
catchments; and Booij, M. J.: Determination and integration of appropriate spatial

scales for river basin modelling, Hydrol. Process., 17, 2581—
5. The addition of a lag-function between reservoirs, or 2598, doi:10.1002/hyp.1268, 2003.
of an interception reservoir, does not lead to a signifi- Breuer, L., Huisman, J. A.,Willems, P., Bormann, H., Bronstert, A.,

cantincrease in average model performance for agiven Croke, B. F. W., Frede, H.-G., Graff, T., Hubrechts, L., Jakeman,
catchment A.J., Kite, G., Lanini, J., Leavesley, G., Lettenmaier, D. P., Lind-

strom, G., Seibert, J., Sivapalan, M., and Viney, N. R.: Assessing
the impact of land use change on hydrology by ensemble model-
ing (LUCHEM), I: Model intercomparison with current land use,
Adv. Water Res., 32, 129-146, 2009.

On the full catchment set, the flexible modelling approach
provides better average results than the fixed modelling ap-
proach. Gengrally, selecting the best model structure for eaCEhiew, F. Stewardson, M., and McMahon, T.. Comparison of
catchment gives the best results. However, the resultsf of the &y rainfall-runoff modelling approaches, J. Hydrol., 147, 136,
two approaches are comparable when applying consistency 1gg3.
rules on parameters and structures for two calibration periciark, M. P., Slater, A. G., Rupp, D. E., Woods, R. A., Vrugt, J.
ods. The difficulties in identifying optimal model structures  A., Gupta, H. V., Wagener, T., and Hay, L. E.: Framework for
and parameter sets from rainfall-runoff data alone, as well Understanding Structural Errors (FUSE): A modular framework
as the frequent inconsistencies in the model performance to diagnose differences between hydrological models, Water Re-
across different time periods, illustrate the need for careful sour. Res., 44, WOOBO02, doi:10.1029/2007wr006735, 2008.
controlled approaches for model selection and developmenfClark, M. P, McMillan, H., Collins, D., Kavetski, D., and Woods, R.
Therefore, stringent model evaluation schemes should be de- A.: Hydrological field da}ta from a modeller’s perspective: Part 2.
signed to enhance the robustness of the selected model struc-" r0¢eSs-based evaluation of model hypotheses, Hydrol. Process.,
Lo . 400, 523-543, do0i:10.1002/hyp.7902, 2011a.
tures and reduce the likelihood of unexpected model falluresCI

. ) ark, M. P., Kavetski, D., and Fenicia, F.: Pursuing the method of
(Andréassian et al., 2009, 2010; Clark et al., 2011b). multiple working hypotheses for hydrological modeling, Water

Resour. Res., 47, W09301, doi:10.1029/2010wr009827, 2011b.
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