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Abstract

In hydrological studies models with a fixed structure are commonly used. For various
reasons, these models do not always perform well. As an alternative, a flexible mod-
elling approach could be followed, where the identification of the model structure is
part of the model set-up procedure. In this study, the performance of twelve different
conceptual model structures from the SUPERFLEX framework with varying complexity
and the fixed model structure of GR4H were compared on a large set of 237 French
catchments. The results showed that in general the flexible approach performs better
than the fixed approach. However, the flexible approach has a higher chance of incon-
sistent results when implemented on two different periods. The same holds for more
complex model structures. When for practical reasons a fixed model structure is pre-
ferred, this study shows that models with parallel reservoirs and a power function to
describe the reservoir outflow perform best. In general, conceptual hydrological mod-
els perform better on large or wet catchments than on small or dry catchments. The
model structures performed poorly when there was a climatic difference between the
calibration and validation period, for catchments with flashy flows or disturbances in
low flow measurements.

1 Introduction

Building efficient hydrological models remains a challenging issue, despite the huge
efforts by the community to develop and improve models since the pioneering work of
Linsley and Crawford (1960). This has resulted in a large variety of models and mod-
elling approaches, ranging from lumped conceptual models to distributed physically-
based models. Making an exhaustive literature review of modelling approaches is out
of the scope of this paper, but the reader may refer to the reviews by Singh and
Frevert (2002a,b) or Pechlivanidis et al. (2011). Here we will only focus on two types
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of modelling approaches, namely the fixed and flexible modelling approaches. In this
paper, these two approaches are limited to the case of lumped conceptual models.

The fixed modelling approach assumes that a given model structure can be ap-
plied in various contexts and conditions. As examples, one may mention TOPMODEL
(Beven et al., 1995), HBV (Lindstrom et al., 1997), Xinanjiang (Zhao and Liu, 1995),
NAM (DHI, 2008) or GR4J (Perrin et al., 2003) to name a few. Although these models
have been continuously improved and adapted over the years, the core of their struc-
ture remained more or less similar and it was assumed to be general enough to be
applicable in a variety of basins. For example, Bergstrom (1995) provides a detailed
review of the applications of the HBV model on catchments over the five continents.
Hence, an end-user would take the model as it is proposed by the developers and
apply it on his case study. This approach has several advantages. It saves time to
the end-user who can take the model from the shelf, without bothering about the te-
dious process of developing a model. This is particularly useful when one wishes to
apply the model on many catchments, as it may be the case in operational conditions.
This is also interesting on catchments where data may be too limited to develop a full
model from scratch. Despite its attractiveness, the fixed modelling approach is based
on the assumption that a given model structure can be applied in many different catch-
ments. However, this may not be the case. Processes included in the model may not
correspond to the dominant ones occurring in the studied catchment. This may cause
structural errors and strongly limit model efficiency. Hence, the model could prove to
be unable to actually reproduce catchment hydrological behaviour. Several examples
of fixed models’ failures have been described in the literature (e.g. Le Moine et al.,
2008; Goswami and O’Connor, 2010; Refsgaard and Hansen, 2010).

The flexible modelling approach assumes that no one-size-fits-all model structure
exists and that for each catchment, a set of alternatives should be considered instead.
Given that model structural errors are often a first-order source of uncertainty, the
flexible approach proposes to search among a set of predefined structures or model
components for the one that fits catchment’s behaviour best. The main advantage
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of this approach is to give room to reduce structural uncertainty when applying the
model, which should result in more robust model applications. Models 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 Feni-
cia, 2011) are aimed at increasing model flexibility in the model construction phase of
a modelling study. However this approach may be more time consuming for the end-
user. It may also end up with several model structures performing equivalently.

Several researchers have already compared the performance of different model
structures. The results of these studies have provided different insights. For instance,
Chiew et al. (1993) indicated that relatively simple model structures can be used for
larger time scales (months, years), where Refsgaard and Knudsen (1996) concluded
that models of different complexity performed equally well. Perrin et al. (2001) showed
that complex models outperform simple ones in calibration but not in validation. Reed
et al. (2004) found that a lumped model, used as benchmark, generally showed equiv-
alent or better overall performance than distributed models. More recent studies of
Breuer et al. (2009) and Seiller et al. (2012) showed slight differences between models
of differing complexity. In most of these intercomparisons and in hydrological modelling
studies in general, there is a common aim to find an appropriate model for a particular
purpose or condition, considering hydrological signature, catchment type and spatial
and temporal scale (Rogers, 1978; Moussa and Bocquillon, 1996; Booij, 2003).

The objective of this study is to evaluate the influence of model structure on
model performance for different catchment properties. It extends the work of Fenicia
et al. (2011), Kavetski and Fenicia (2011) and Fenicia et al. (2013) carried out on only
a few catchments. Based on a large set of 237 French catchments, this study tries
to find more general conclusions on connections between model structure, catchment
characteristics and model performance and ultimately help reducing errors or subjec-
tivity in model conceptualization.

The questions we wish to answer are:
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— What is the influence of different model structures on average model perfor-
mance?

— What is the influence of different catchment characteristics on the relationship
between model structure and performance?

— What are the differences in performance between a fixed and flexible model struc-
ture?

To address these questions, we will use SUPERFLEX as a modelling framework
to construct and compare different model structures. SUPERFLEX is an example of
a flexible modelling approach and is based on 12 individual model structures. The
GR4H model is tested as an example of a fixed modelling approach. This hourly model
and its daily version, GR4J, are a widely applied model that has shown good average
performance on many catchments in different parts of the world (Le Moine et al., 2007;
Coron et al., 2012; Perrin et al., 2003; Valéry et al., 2010), but for which structural
inadequacy or the lack of flexibility in model structure is suggested as one of the main
reasons for its failures (Kavetski and Fenicia, 2011; Perrin et al., 2003; Le Moine, 2008;
Wagener, 2003; Andréassian et al., 2010).

In Sect. 2, we will present the data and models used, as well as the evaluation
methodology. Section 3 discusses the general results, followed by a discussion and
conclusions of this work in Sects. 4 and 5 respectively.

2 Material and methods
2.1 Data

This study is based on a large data set of 237 catchments spread throughout France

(Fig. 1). They represent a large variety of conditions in terms of physical characteristics

(size, geology, etc.) and climate (Table 1). Precipitation, potential evapotranspiration

(PE) and discharge data were available at hourly time steps from 1997 to 2006 for
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all catchments. Precipitation originates from the reanalysis produced by Metéo-France
(Tabary et al., 2012) and discharge data were taken from the French data base Banque
Hydro (MEDD, 2007). Physical characteristics of the 237 catchments were also avail-
able (Bourgin et al., 2011; European Environment Agency, 2006).

2.2 Catchment classification

To investigate the performance of the model structures on different types of catchments,
the 237 catchments were classified based on four catchment characteristics: area,
Wetness Index, permeability and the ratio of runoff coefficients in summer and winter
(RCgy)- The latter is considered a more integral property of climate and catchment
characteristics and distinguishes groundwater dominated catchments from catchments
where runoff occurs more directly. RCg,y Was calculated using:

RCs  Ps/Qs
RCw  Pu/aw

RCS/W = (1)

where Pg and Qg (resp. Py, and Qyy) are the mean precipitation and discharge during
three summer (resp. winter) months (July—September, resp. January—March) over ten-
year time series (1997—2006). This ratio is best explained by two extreme cases. (1)
High RCg)y: Wwhen runoff compared to rainfall is high in summer, it is likely that the river
is fed by additional groundwater that was stored in winter. This means that some rainfall
in winter did not go to runoff and thus lowering the runoff coefficient in winter. This case
is classified as “groundwater dominated runoff”. (2) Low RCg)y: when runoff compared
to rainfall in summer is low, water might be lost to potential evapotranspiration and
little water from storage will flow in the river. Rainfall in winter is then likely to flow
in the river more directly as there is little storage. This case is classified as “direct
runoff”. The Wetness Index (also referred to as Aridity Index, Middleton and Thomas,
1992) was calculated as the ratio between mean precipitation and PE over the ten-year
time series.
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For catchment area, Wetness Index and RCg)y, the catchments were divided into
three classes with approximately equal number of catchments. Table 2 shows the
ranges of each class and the number of catchments per class. The qualitative scales
(e.g. small, medium and large for catchment area) chosen here may not correspond to
the scales often found in the literature for these four characteristics, but were chosen
here to distinguish between catchments with below-median, median or above-median
characteristics. Permeability was determined following the information provided by the
European Environment Agency (2006) based on the type of bedrock underlying the
catchments.

2.3 Models

The SUPERFLEX modelling approach that includes 12 different model structures, and
the GR4H model were used to investigate the influence of model structure on model
performance. All thirteen structures are lumped and use the same rainfall and PE over
the whole catchment as inputs and generate discharge as output.

2.3.1 SUPERFLEX

Twelve structures (SFO1-SF12) as proposed by Fenicia et al. (2013) are used in the
SUPERFLEX framework. They cover a broad range of model complexities (Fig. 2).
Starting from a very simple structure (SF01), the complexity is gradually increased by
adding reservoirs, lag-functions and junction elements. In this way, the influence of
individual components can be assessed.

In the SUPERFLEX structures, rainfall (Pt) and potential evaporation are used as
inputs. Potential evapotranspiration is systematically corrected with a calibrated ratio
Ce to fulfil the water balance. Actual evapotranspiration (noted Ei, Eu or Ef for the
interception, unsaturated zone and fast reservoirs, respectively) empties one or two
reservoirs in each structure.
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SFO01 consists of a single fast reservoir (FR) with a residence time Kf and a power
function denoted by a. SF02 consists of a single reservoir as well, but it is an unsatu-
rated zone reservoir (UR) that uses both a linear and a threshold type power function
(B) to describe the outflow from the reservoir.

In structures SFO3 to SF05, an unsaturated zone reservoir (UR) is connected in
series to the fast reservoir. These three structures vary in the functions by which the
flow to and from the reservoirs is described and the number of calibrated parameters.
SFO05 uses power functions to describe flow from both reservoirs, denoted by a and
B, and a lag-function that distributes flow over multiple time steps. Structures SFO06,
SF07, SF09, SF10 and SF11 all use three reservoirs, but of different types and with
the introduction of more complex connections and functions. SF07 is the first structure
with a riparian zone reservoir (RR) connected in parallel allowing for more independent
flow along two flow paths. SF08 is a simple structure with only two parallel reservoirs:
a slow reservoir (SF) is introduced with a residence time Ks independent to that of
the fast reservoir. From this structure onward, complexity is again increased up to the
introduction of an interception reservoir (IR) with a threshold type function in structure
SF12. Parameters M and D are ratios that divide water between different reservoirs.
Table 3 shows an overview of the model structures and the type of functions used.
A more detailed description of these structures can be found in Fenicia et al. (2013).

2.3.2 GR4H

The GR4H model (Le Moine, 2008) is used as an example of a fixed model structure. In
GR4H (see diagram in the bottom right corner of Fig. 2), rainfall and PE are subtracted
to find the net precipitation £, or net evaporation E,,. P, is partitioned between storage
into a soil moisture accounting reservoir S(F;), and effective rainfall (7 = A, — £;). This
reservoir is depleted by a percolation function Perc that is added to effective rainfall.
Effective rainfall is then routed to the outlet via a two-branch routing module. The first
branch (10 % of effective rainfall) is routed by a single unit hydrograph. The other 90 %
are routed by a unit hydrograph and a non-linear reservoir named routing store RA.
5464
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A water exchange function F is applied to the two flow components, to simulate import
or export of groundwater with the underlying aquifer or neighbouring catchments.

2.4 Model evaluation
2.4.1 Evaluation procedure

All model structures were calibrated and validated using the split sample test (Klemes,
1986), in which ten years of the available data were split into two independent sub-
periods (1997-2001 and 2002—2006). Calibration was performed on each sub-period
followed by validation on the other sub-period. To reduce initialisation problems, an
initial value was given to the level in the reservoirs (as a fraction of reservoir capacity)
and three years of data (1994-1996 and 1999-2001 resp.) preceding the test sub-
periods, were used for model warm-up. Note that the data used for warm-up prior to
1997 originate from the SAFRAN reanalysis (Vidal et al., 2010).

Parameter optimization was done according to the methods described in Kavetski
and Fenicia (2011) using the Bayesian Total Error Analysis (BATEA) framework
(Kavetski et al., 2006; Kavetski and Evin, 2011). Here, the objective function is
a weighted least square (WLS) scheme. It accounts for the knowledge that prediction
errors are commonly larger for high flows and intends to give more balance between
high and low flows. A quasi-Newton optimization was applied using twenty different ini-
tial values across the parameter space. This local optimization method was shown to be
effective and efficient using a limited number of multistarts (i.e. twenty) on a smoothed
parameter space (Kavetski and Kuczera, 2007).

Model performance was evaluated based on the validation results using the four cri-
teria described in the next section. The thirteen model structures were compared using
the average score of the evaluation criteria for all catchments. For the comparison of
the flexible approach with the fixed structure of GR4H, consistency rules were applied
to ensure that each catchment is represented by a structure and parameter set consis-
tently over the calibration and validation periods.
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2.4.2 Evaluation criteria

The four evaluation criteria (CR1 to CR4, by Egs. (2)—(5)) focus on different aspects of
model performance (high flow, low flow, volume error and variability of predictions):

* N 2
CR1 = CR1 with CR1* = 1 — ZI=1(Oobs,i - Osim,i) @
- * N [
2-CRt Z/'=1(Oobs,i - Oobs)2
2
: ZN=1 Q 1. en 1.
CR2= —2 _ ith CR2" = 1~ — (e s.m,,+s>2 .
2-CR2 N 1 1
Z/'=1 Qops,i €~ Qopst+e
N N
* v O o N O .
CR3=-%  ithCR3' =1- Z’N-‘ - Z’A;‘ aal (4)
2-CR3 Z,-=1 Oobs,i Z/=1 Osim,i
-1+ 2o-sim’ Goi> O
CR4 = gggz obs sim 5)
—1+ Zasim’ Oobs < Osim

where Qs and Qg;,, represent the observed and simulated discharge respectively, at
time step /, N is the number of time steps, the overbar represents an average over the
selected period, ¢ is a small constant (one-hundredth of mean flow, see Pushpalatha
et al., 2012) and o is the standard deviation over the selected period.

CR1" is the well-known Nash—Sutcliffe efficiency (Nash and Sutcliffe, 1970) which is
most sensitive to peaks in discharge (Perrin et al., 2003). CR2" is the Nash-Sutcliffe
efficiency based on the inversed discharge emphasizing low flow errors (Pushpalatha
et al., 2012). CR3" is based on the Relative Volume error and thus emphasizes any
error in the water balance between observed and simulated discharge (Perrin et al.,
2003). CR1" to CR3" have values between 1 (perfect fit) and —oco and are transformed
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to a value between 1 and -1 to avoid the influence of very low negative values on the
calculation of mean performance (Mathevet et al., 2006; Pushpalatha et al., 2012).

The fourth criterion (CR4) is the ratio between standard deviations of observed and
simulated discharges with a maximum value of 1 meaning the simulated discharge was
able to reproduce the variability in the observed discharge and a minimum value of —1
when the difference in standard deviation becomes very large (Gupta et al., 2009).
Since all the selected criteria are non-dimensional, the average of CR1-CR4 over the
validation periods was used as the measure of overall performance to compare model
structures.

2.4.3 Consistency

The stability of the model between the two calibration periods for a given catchment
was evaluated by checking for parameter and structural consistency. Here, a model
structure was considered parametrically inconsistent when at least one of the parame-
ters departed by more than 50 % of the average between the two periods. In that case,
this structure was left out of the final comparison.

In the case of SUPERFLEX, structural inconsistency was considered to occur when
the best model structure identified on the two calibration periods was not the same.
Therefore, only if a SUPERFLEX structure scores within the best 10 % in both calibra-
tion periods (of one catchment), it is considered consistent and eligible for comparison.
The best SUPERFLEX structure for a catchment is the simplest consistent structure
within 10 % of the highest scoring structure (see “Rank” in Table 3). When two equiv-
alently performing structures have the same number of parameters, then the one that
has the lower number of functions is preferred. Here complexity is measured by the
number of parameters (see Table 3).

Thanks to the double model calibration and validation procedure and the consistency
rules, models that give efficient and consistent results on a catchment could be iden-
tified. Despite being somewhat arbitrary, the consistency rules have made the model
evaluation more severe.
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3 Results
3.1 Average performance of the thirteen individual structures

Figure 3 shows the distribution of performance for all model structures on the 237
catchments for the two validation sub-periods. The figure shows that the seven best
performing model structures (GR4H, SF04-SF07, SF11 and SF12) show very similar
average performance despite their structural differences. Six of the model structures
(SFO1, SF02, SF03, SF08, SF09 and SF10) perform poorly compared to the best ones
and do not seem to be good candidate structures for a fixed-structure approach. By
comparing the performance and complexity, one can see that structures with an unsat-
urated zone reservoir or a power function perform on average considerably better than
structures without these components.

The calibrated values of the power function parameter a (describing the outflow of
the fast reservoir FR) show a wide range for the different catchments and a high corre-
lation between the two periods (not shown here; see Van Esse, 2012, for more details).
This indicates that this is an effective parameter to calibrate. The results are similar
for power function parameter 8 (describing the outflow of the unsaturated zone reser-
voir UR). However, for structures with both power functions, the values of power @ are
clustered around 1. This indicates that adding a second power function to the struc-
ture is far less effective than the first one and that the power function at the outflow of
a reservoir at the end of a structure (like FR) is more effective.

Comparing several pairs of structures showed that the lag-function and interception
reservoir (IR) do not increase performance for most catchments. For the riparian zone
reservoirs (RR), the analysis shows larger differences: for some catchments this reser-
voir does increase performance while for others, the effects are negative. These results
show that, at least within the SUPERFLEX framework, the lag-function and the inter-
ception and riparian zone reservoirs do not increase model performance on average,
which questions their usefulness.
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The average performance and performance range of the GR4H model are close to
those of models SF04—-SF07. The fixed power functions describing reservoir outflow
in GR4H are expected to be important components, just as the power functions in the
SUPERFLEX structures. The more complex models SF11 and SF12 are more robust
by limiting the number of strong model failures, which is very valuable. However, on
average, they are not able to outperform the simpler models (including GR4H).

3.2 Performance across catchment classes

To investigate the effect of catchment characteristics on model performance, average
performance is analysed for four catchment characteristics: catchment area, Wetness
Index, permeability and the ratio of runoff coefficients in summer and winter.

Figure 4a shows that model performance on large catchments is generally better
than that on small catchments. Apparently, it is easier to model the rainfall-runoff rela-
tionship in catchments where hydrological processes are mixed and have a smoother
response. This corroborates previous findings by Merz et al. (2009) on a large set of
Austrian catchments.

Figure 4b shows that model performance on wet catchments is generally better than
that on dry catchments. The difference between dry catchments and the catchments
that are classified as wet or moist is large for all structures. This is in agreement with
literature showing that dry catchments are generally more difficult to model due to
the higher non-linearity in processes (e.g. Atkinson et al., 2002). Only SF11 and SF12
show little difference in performance over the three classes (however their performance
is still worse for dry catchments). The parallel fast and slow reservoirs plus the unsatu-
rated zone reservoir with a power function seem to be better able to simulate both wet
and dry catchments.

Figure 4c shows that model structures with two reservoirs in series (SF03-SF07)
perform better on impermeable catchments than on semi-permeable or permeable
catchments. Adding a parallel slow reservoir in structures SF08 to SF12 decreases
performance on impermeable catchments. The performance is again somewhat better
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for SF11 and SF12, as these structures likely benefit from a power function that was
introduced in these structures. GR4H shows the same order in efficiencies over the per-
meability classes as the structures with reservoirs in series (SF04-SF06). The GR4H
structure does include a parallel flow path, but there are some distinct differences: one
path is without a reservoir and it is not possible to calibrate them independently since
the division over the flow paths is fixed and both paths use routing unit hydrographs
based on the same parameter x,.

The RCg)y classification in Fig. 4d separates the structures in an interesting way.
Structures SF04 to SFO7 perform much worse on the groundwater driven catchments
than on the other catchments, while SF09 and SF10 simulate these catchments best of
the three classes. This reversed order of performance can be explained by the parallel
slow reservoir component in SF09 and SF10. This component allows independent fast
and slow flow, hence enabling a slow groundwater component while maintaining the
ability to produce high flow in case of a storm event. The parallel riparian zone reservoir
in SFO7 does not have this effect because it is not connected to the unsaturated zone
reservoir and only a maximum of 20 % of rainfall is routed through this reservoir.

The difference in performance between structures with reservoirs in series or parallel
was already established by e.g. Jakeman and Hornberger (1993), and more recently by
Kavetski and Fenicia (2011) and Fenicia et al. (2013). Jakeman and Hornberger found
that the most commonly identified configuration for a rainfall-runoff model is two stor-
ages in parallel. This difference is clearly observed when comparing the performance
per catchment of SFO5 and SF11 using the RCg)y classification. Figure 5 shows the
average performance of SF05 against that of SF11, two identical models apart from
the use of a parallel slow reservoir in SF11. The figure confirms that the more complex
SF11 does not perform better overall than SF05 (mean performance of 0.57 and 0.56,
respectively), but that it significantly improves the performance for most groundwater
dominated catchments. This shows the value of the flexible distribution of flow (ratio D)
and the independent residence times (Kf and Ks) of the parallel reservoirs for these
type of catchments.
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3.3 Comparison of fixed and flexible modelling approaches

Figure 6 shows the performance distribution of the flexible and fixed approaches with
and without accounting for the cases where inconsistent results between calibration
periods occurred. Without the consistency rules, the flexible approach performs better
on the catchment set, which is a clear advantage of the flexible approach. However,
when the inconsistent catchments are removed from the set, both approaches per-
form very similar. The flexible approach is inconsistent more often (90 times) than the
fixed approach (67), possibly caused by the multiple model structures in the flexible ap-
proach resulting in structural inconsistency besides parametric inconsistency (in both
approaches). Note that the comparison of performance when accounting for consis-
tency rules is made on two different sub-sets, hence results are not completely compa-
rable. However, the mean results on the overlapping (116 catchments) are very similar,
for GR4H 0.62 and SUPERFLEX 0.61.

It must be noted that the choice for the 50 % threshold for parameter inconsistency
and the 10 % range for structural inconsistency considerably influence these results:
e.g. a 5% structural inconsistency range would render 134 catchments with inconsis-
tent results for the flexible approach while a 25 % range results in only 26 inconsistent
catchments. Also, many of the SUPERFLEX structures are more prone to parameter
inconsistency as they have more parameters.

To find out more about which of the flexible model structures perform well, we look at
the number of times each structure is selected as best. Table 4 shows that SF04, SF09
and SF11 are selected most often. These structures are successful because of their
use of only the most effective components. Very simple structures and structures with
only small differences from these best three are selected much less often. This shows
a disadvantage of hypothesising a model structure a priori: many structures give sim-
ilar results which make choosing the best one difficult. Combining all 13 structures,
GR4H is selected the largest number of times (138) showing the good generality of the
model. For 63 other catchments, however, one of the twelve SUPERFLEX structures
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is favoured. For these catchments, choosing a customized structure gives a better per-
formance.

4 Discussion

Fenicia et al. (2011), Kavetski and Fenicia (2011) and Fenicia et al. (2013) performed
similar studies, but only on a few catchments. The results of this study on a large set
of 237 French catchments extend the previous works in two ways. First, the results
show similar correspondences between catchment characteristics and model struc-
ture, especially in the case of groundwater dominated catchments. Results obtained
here are also consistent with results shown by Perrin et al. (2001), who showed that
choosing a specific structure for a given catchment significantly improved the perfor-
mance compared to using a fixed structure. Second, this research has shown some
of the limitations of using the SUPERFLEX approach on a large scale: large similar-
ity in performance of different models makes selection of the best model difficult and
thus, reduces the amount of knowledge on connections between model structure and
hydrological processes that can be gained. This becomes even more difficult given
the large differences in results between the two calibration periods and the demand
that the best model structure should work well for that specific catchment under all
possible conditions (see also best-compromise model, Seiller et al., 2012). Further-
more, the SUPERFLEX approach poses a practical limitation in that modellers have to
deal with a different model for every catchment, and thus becoming experienced with
the approach takes more time. The general advantages and disadvantages of model
structures and components and their relevance for different catchment types can only
be studied based on a large set of catchments (Andréassian et al., 2006).

For the calibration, a weighted least square (WSL) scheme was used putting more
emphasis on low flow than the usual least square approach. However, in spite of this
improved objective function, all model structures scored poorly on the low flow crite-
rion (CR2%). As noted by Thyer et al. (2009), the WSL is expected to only be a small
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improvement compared to a standard least square method. These limited results on
low flows are a clear indication of the difficulty for models to produce satisfactory low-
flow simulations even with a variety of modelling options, which corroborates results by
Pushpalatha et al. (2011).

Further analysis (not detailed here for the sake of brevity) of the results indicated
three possible reasons for inconsistent or poor overall performance: (i) severe differ-
ences in climate between calibration and validation periods in catchments with a large
groundwater component in the discharge, (ii) flashy flow in response to extreme rain-
fall events predominantly occurring in the Mediterranean area, and (iii) disturbed flow
measurements, particularly during low-flow conditions. Strong relations between poor
model performance and catchment characteristics available in this research could not
be established and are left for further research. Understanding the reasons for these
model failures in more detail can prove to be vital for knowledge and model develop-
ment. For example, in depth diagnosis of model parameter transposability in time was
investigated by several authors recently (Vaze et al., 2010; Merz et al., 2011; Coron
etal., 2012).

Considering the components of the SUPERFLEX structures, new systematic tests
could be additionally carried out to further investigate the sensitivity of model results to
the various modelling options identified as relevant here (power functions and parallel
flow paths). Interestingly, in the case of the GR4H model and its daily version GR4J,
recent investigations independent of the present study corroborate to some extent the
results of this research: the addition of a free parameter in the formulation of the water
exchange function significantly improves the simulation of low flows (Le Moine, 2008),
and the addition of a second routing store (with an additional parameter) in parallel to
the existing ones also significantly improves results (Pushpalatha et al., 2011).
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5 Conclusions

This study found that relatively simple model structures with some key components
can lead to a good simulation of the discharge from a catchment, which corroborates
previous findings (Jakeman and Hornberger, 1993; Perrin et al., 2001). The analysis of
thirteen individual lumped conceptual model structures on a large catchment set with
different characteristics showed that:

— increasing model complexity does not always lead to higher performance how-
ever, complex structures perform poorly for fewer catchments;

— conceptual hydrological models generally perform better on large or wet catch-
ments than on small or dry catchments;

— the use of a power function to describe reservoir outflow significantly increases
mean model performance compared to models that use linear functions;

— independently calibrated parallel reservoirs increase model performance in per-
meable, groundwater dominated catchments; and

— a lag-function between reservoirs or an interception reservoir is unlikely to lead to
a significant increase in model performance.

On the whole catchment set, the flexible modelling approach provides better average
results than the fixed modelling approach. Generally, selecting the best model structure
for each catchment gives the best results. However, the results of the two approaches
are equivalent when applying consistency rules on parameters and structures for two
calibration periods. The risk of equifinality between structures and differences in model
performance between periods mean that care should be taken when selecting the best
model structure and shows a disadvantage of hypothesizing a model structure a pri-
ori. Therefore, appropriate model structure evaluation schemes should be designed to
enhance the robustness of the selected model structures and avoid unexpected model
failures (Andréassian et al., 2009, 2010).
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Table 2. Classification ranges of catchment characteristics and number of catchments in each

range.
Characteristic ~ Classification Range # Catchments
16-6836 (237)
Area Small <200 85
(km?) Medium 200-600 79
Large > 600 73
0.41-2.03 (237)
Wetness Index Dry <1.2 78
) Moist 1.2-15 83
Wet >1.5 76
(237)
Permeabilit Impermeable Classified by the European 89
y Semi-permeable Environment Agency (2006) 85
Permeable 63
0.03-1.00 (237)
RCsw Direct runoff <0.15 87
(=) Mixed 0.15-0.24 74
Groundwater dominated > 0.24 76
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Table 3. Main characteristics of the twelve SUPERFLEX structures and GR4H where N, and
N, 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

of function(s), where 1 is the most simple and 13 is de most complex.

Structure N, Connection Type of function(s) N, Rank
SF01 1 — Power 3 1
SF02 1 - Power + Linear 4 2
SF03 2 Series only Threshold + Power 4 3
SF04 2 Series only Power 5 6
SF05 2 Series only Lag + Power 6 8
SF06 3 Series only Threshold + Lag + Power 7 10
SF07 3 Series and parallel Lag + Power + Linear 8 12
SF08 2 Parallel only Linear 4 4
SF09 3 Series and parallel Linear 5 7
SF10 3 Series and parallel Lag + Linear 6 9
SF11 3 Series and parallel Lag + Power + Linear 7 11
SF12 4 Series and parallel Threshold + Lag + Power + Linear 8 13
GR4H 2 Series and parallel Lag + Power + Linear 4 5
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Table 4. Number of times each structure is selected for the flexible approach alone and when
GR4H is considered as one of thirteen structures (combined).

Model (Rank) Flexible Combined
SF01 (1) 0 0
SF02 (2) 0 0
SF03 (3) 3 3
SF04 (6) 50 22
SF05 (8) 1 1
SF06 (10) 0 0
SF07 (12) 13 7
SF08 (4) 2 2
SF09 (7) 38 13
SF10 (9) 7 0
SF11 (11) 32 15
SF12 (13) 1 0
Total SUPERFLEX 147 63
GR4H (5) - 138
Inconsistent 0 36
Total 237 237
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Fig. 1. Location and boundaries of the 237 catchments in France (after Le Moine, 2008).
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Fig. 2. Schemes of the twelve model structures in the SUPERFLEX framework (SFO1-SF12
by Fenicia et al., 2012) and the GR4H model (Perrin et al., 2003). A flux of water is denoted by
a letter in black and parameters are in parentheses.
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Fig. 3. Boxplots (maximum, 75th percentile, median, 25th percentile and minimum) of aver-
aged CR1-CR4 values of all model structures on the 237 catchments in the validation periods,
including notes on differences in SUPERFLEX structures. Where “+3” means adding a power
function B, “+lag” means adding a lag-function, UR = unsaturated zone reservoir, FR = fast
reservoir, SR = slow reservoir, IR = interception reservoir and RR = riparian zone reservoir. The
x-axis shows the twelve SUPERFLEX structures plus GR4H. The value between parentheses
denotes the complexity rank. At the top of the figure the mean values for model performance
are given.
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the specific performance of these catchments compared to the others.
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Fig. 6. Distribution in average performance in validation for the flexible, fixed and combined
approach. These distributions represent the minimum and maximum (whiskers), the area be-
tween the 25th and 75th percentile (box) and the median. The dark boxes represent the distri-
butions including inconsistent results, the grey boxes represent only consistent results. Number
of catchments in each group is noted between parentheses.
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