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Better simulation and earlier prediction of river low flows are needed for improved water management.
Here, a top–down structural analysis to improve a hydrological model in a low-flow simulation perspec-
tive is presented. Starting from a simple but efficient rainfall–runoff model (GR5J), we analyse the sensi-
tivity of low-flow simulations to progressive modifications of the model’s structure. These modifications
correspond to the introduction of more complex routing schemes and/or the addition of simple represen-
tations of groundwater–surface water exchanges. In these tests, we wished to improve low-flow simula-
tion while avoiding performance losses in high-flow conditions, i.e. keeping a general model.

In a typical downward modelling perspective, over 60 versions of the model were tested on a large set
of French catchments corresponding to various low-flow conditions, and performance was evaluated
using criteria emphasising errors in low-flow conditions. The results indicate that several best performing
structures yielded quite similar levels of efficiency. The addition of a new flow component to the routing
part of the model yielded the most significant improvement. In spite of the close performance of several
model structures, we conclude by proposing a modified model version of GR5J with a single additional
parameter.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction tifying a generic model structure for improved low-flow
1.1. Low flows and rainfall–runoff models

The occurrence of low flows is perhaps less spectacular than
high flows, but low-flow consequences can be as costly, because
they correspond to crucial periods in the functioning of both eco-
logical and water management systems. For example, the cost of
damage caused by the drought events in the years 1988–1989 in
the United States was approximately US$40 billion, whereas the
cost of the 1993 flood event was US$18–20 billion (Demuth,
2005). Thus, we consider that the simulation and advanced predic-
tion of river low flows is an important challenge to improve low-
flow management, both in the present climate and under the pro-
jected climate changes, which may well result in an increase in the
occurrence of low-flow events (see e.g. Boé et al., 2009; Feyen and
Dankers, 2009).

While a variety of lumped rainfall–runoff models are available
to simulate streamflow irrespective of the flow conditions (see
e.g. Singh and Frevert, 2002a,b), only a limited number of model-
ling studies focus on low-flow simulation. This study aims at iden-
ll rights reserved.

rin).
simulation. Note that given the complexity of hydrological pro-
cesses and the specificities of each catchment, some modellers
have argued that model structures should be catchment-specific
(e.g. Fenicia et al., 2008). However, we believe that before identify-
ing catchment-specific models, the best possible general model
that would include the representation of most of the dominant
processes at work on catchments should be identified. This is the
approach followed in this paper.

1.2. Specificities of the downward approach

To identify the general model structures that represent catch-
ment behaviour, we followed a downward approach: a lumped
representation of the catchment was used, in which only the main
features of catchment hydrological behaviour are represented. This
means that we did not attempt to build an explicit physical repre-
sentation of the system but instead attempted to find the building
blocks of the model that maximised modelling efficiency. The tests
reported herein can be considered a structural sensitivity analysis.
Some studies highlight the usefulness of sensitivity analysis for the
improvement of hydrological models (see e.g. Andréassian et al.,
2001; Oudin et al., 2006b; Tang et al., 2007; Bahremand and De
Smedt, 2008; Ruelland et al., 2008). Other studies used sensitivity
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Fig. 1. Daily mean Q/P vs P/PE values for the 1000 catchments in the data set (P –
rainfall; Q – streamflow; PE – potential evapotranspiration).
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analysis to better understand model behaviour with respect to
inputs such as precipitation and potential evapotranspiration
(Oudin et al., 2005a,b; Xu et al., 2006; Meselhe et al., 2009). Here
we will focus on the sensitivity of low-flow simulation to the
change in the components of the model structure responsible for
low-flow simulation.

The main objective of this article is to analyse the extent to
which a downward sensitivity analysis can help identify ways to
improve low-flow simulation, while keeping the hydrological
coherence in simulating the other parts of the flow regime. The
downward search starts from a robust and parsimonious model
structure. Then we will analyse how sensitive low-flow simula-
tions are to the formulation of the model structure. This is done
in trial-and-error mode, by testing many alternative model struc-
tures on a large set of catchments representing various physical
and hydrometeorological conditions. The best candidate towards
which our search converged is finally assessed in comparison with
other model structures available in the literature.

1.3. A brief overview of low-flow modelling studies

The number of catchment modelling studies focusing on low-flow
simulation using hydrological models is quite limited. One of the
major problems with low-flow simulation is to account for surface
water–groundwater interactions. During low-flow periods, water
exchanges occur through the stream bed: the river may be fed by
groundwater or, conversely, it may leak to feed the aquifer. There-
fore, groundwater significantly influences low flows. A few studies
that investigated these issues can be mentioned here. Fleckenstein
et al. (2006) clearly mentioned the river–aquifer interactions and
the significance of groundwater contribution during low-flow
periods. Herron and Croke (2009) noted the improvement of lumped
model predictions with the incorporation of groundwater exchange
functions. The conclusions by Anderson et al. (2004) and Hughes
(2004) also suggest that the model simulation efficiency can be im-
proved by the addition of functions which represent the interaction
between channel and aquifer flows. This is clearly shown in the study
by Le Moine et al. (2007), who tested several options to account for
inter-catchment groundwater flows using two rainfall–runoff
models. Their results indicate that explicitly accounting for these
groundwater fluxes significantly improves modelling efficiency.

Along with groundwater exchange functions, additional stores
in the routing module can also enhance model performance, espe-
cially in the case of delayed flows (Wagener et al., 2004; Mathevet,
2005). Lang (2007) and Lang et al. (2008) analysed the perfor-
mance of lumped models with respect to the addition of routing
stores (to account for different water pathways underground) in
an existing structure. Their study showed that some improvement
can be achieved in the low-flow simulation, although they con-
clude that further work would be needed to improve lumped mod-
els for low-flow simulation. In a recent study, Kim et al. (2011)
used the IHACRES-3S (3 Storage) model to evaluate the low-flow
simulation together with the integration of base flow. The results
showed a slight improvement in the model’s performance, but they
concluded that further studies are needed to obtain better low-
flow simulation results. Last, Staudinger et al. (2011) analysed
the sensitivity of recession simulation to various storage configura-
tions on a snow dominated catchment in Norway within the FUSE
framework. They conclude that the structural sensitivity is differ-
ent in the winter and summer seasons, but that tests on a larger
set of catchments are needed to get more general conclusions.

1.4. Scope of the paper

This article presents the end result of a long downward sensitiv-
ity analysis process that led to proposing an improved version of
the GR4J catchment model (Perrin et al., 2003). Although our aim
was to improve low-flow simulation specifically, we intended to
find a generic solution, i.e. one that would improve low-flow rep-
resentation without affecting the representation of high flows. This
study builds on the previous studies by Mathevet (2005) and Le
Moine (2008) who have already conducted tests to modify the
existing model structures to improve modelling efficiency on a
wide variety of catchments.

The next section discusses the data set and testing methodol-
ogy. Then the results are presented and discussed before the con-
cluding remarks.

2. Data set, models and methodology

This section presents the data set, models and testing method-
ology used for the analysis.

2.1. Data set

A set of 1000 catchments spread over France was used to test
the model’s generalisability (Andréassian et al., 2006). The data-
base was built by Le Moine (2008). Continuous series of precipita-
tion (P) and potential evapotranspiration (PE) were available for
the 1970–2006 time period, providing a good variability of meteo-
rological conditions, with quite severe drought periods (e.g. the
years 1976, 1989–1991, 2003 and 2005). Meteorological data come
from the SAFRAN reanalysis of Météo–France (Quintana-Segui
et al., 2008; Vidal et al., 2010). Daily potential evapotranspiration
was estimated using the formulation proposed by Oudin et al.
(2005a) based on temperature and extra-terrestrial radiation.
Streamflow (Q) data were extracted from the national HYDRO
database. The length of the available flow record varies from one
catchment to another, but at least 20 years of data were available
on each selected catchment within the 1970–2006 period.

The variability of mean streamflow values can be expressed as a
function of precipitation and PE. Fig. 1 plots the runoff coefficient
(Q/P) as a function of the aridity index (P/PE) (see Mouelhi, 2003;
Le Moine et al., 2007). It illustrates the variability of hydro-climatic
conditions in the test catchments. As explained in detail by Le
Moine et al. (2007), there are many catchments in this data set
for which water losses are greater than PE (points lying below
the line y = 1 � 1/x), which is an indication of leaky catchments.
There are also catchments for which flow is greater than rainfall
(points above the line y = 1), which mainly correspond to



Fig. 2. Catchment location and illustration of the 5-year minimum monthly flow
values.
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catchments with karstic influences, i.e. those fed by inter-catch-
ment groundwater flows from surrounding areas. Even though
these catchments may prove more difficult to model, they were
not discarded from the data set, as advocated by Andréassian
et al. (2010).

Catchments with flow regulation structures (such as dams)
were excluded from this data set. However, low flows may still
be influenced by water withdrawals on some catchments: data
on these influences were not available for this study. Given the size
of our data set, the quality of flow data retrieved from the HYDRO
database was trusted and not further checked in this study.

Catchment locations are shown in Fig. 2, along with the value of
the minimum monthly flow of 5-year return period (called QMNA5
in France). QMNA5 is highly variable in this data set. It is influ-
enced by various catchment characteristics, such as soil type, veg-
etation cover, geology and climatic conditions.

2.2. Tested models

The starting point of the present study was the GR4J rainfall–
runoff model (Perrin et al., 2003), a lumped four-parameter model
(see diagram in Fig. 3). It was already tested in various conditions
with good results compared to other model structures. The water
balance function that controls water balance in the GR4J model
structure consists of a soil moisture accounting (SMA) reservoir
(level S) and a conceptual water exchange function (F), expressed
as:

F ¼ X2 � R
X3

� �3:5

ð1Þ

in which X2 (mm) is the ‘‘groundwater’’ exchange coefficient and R
and X3 (mm) are the water level and the capacity of the routing
store, respectively. X2 can be positive or negative, meaning that
the water exchange function can simulate imports or exports of
water with the underground (i.e. connections with deep aquifers
or surrounding catchments). Note that X3 is also used to parameter-
ize the outflow from the routing store, which limits the interactions
that would unavoidably exist between X2 and X3 if Eq. (1) was used
alone. The routing part of the structure consists in two flow compo-
nents routed by two unit hydrographs and a non-linear store. The
latter is mainly responsible for low-flow simulations, along with
leakage (percolation) from the SMA store. The groundwater ex-
change term F is added to the two flow components of the routing
module.

Mathevet (2005) tested several modified versions of this model,
especially by increasing the complexity of the routing part of the
model and adding stores in parallel to the existing one. His tests,
made at the hourly time step, showed limited sensitivity of model
results, but the criteria he used focused more on high flows.

Following this work, Le Moine (2008) investigated the interac-
tions between surface and groundwater and evaluated several
modifications of the GR4J model to better account for these ex-
changes. These included different water exchange functions and
the addition of a new store representing long-term memory. He
proposed a five-parameter version of the model (GR5J) in which
the groundwater exchange function has been modified (Fig. 3) to:

F ¼ X2 � R
X3
� X5

� �
ð2Þ

where X5 is a dimensionless threshold parameter. It allows a
change in the direction of the groundwater exchange within the
year depending on the water level R in the routing store compared
to this threshold. This model has shown significant performance
improvement over the GR4J model, especially in low-flow condi-
tions. It can be noted that the time-varying term F is only a very
crude way to simulate groundwater–surface water connections.
X5 can be seen as the external, quasi-stationary potential of the
groundwater system and F is a ‘‘restoring flux’’ acting like a spring
device with constant X2. Usually, X2 is negative: the more R/X3 de-
parts from X5, the more intense the flux is, which tends to restore
its value to X5.

Based on these previous results, the GR5J model’s structure was
used as a benchmark in our tests. In the subsequent sensitivity
analysis, we will evaluate the extent to which modifications of
the components used in the model to simulate low flows have an
impact on model performance.
2.3. Model testing and assessment

The split sample testing scheme proposed by Klemes (1986)
was used to evaluate model performance. For each catchment,
the period where rainfall, PE and flow data were available (at most
1970–2006) was split into two halves (P1 and P2) of similar length,
alternatively used for model calibration and validation. It means
that for each catchment and each tested model, two calibrations
and two validations were systematically performed. The first year
of each test period was used for model warm-up. To avoid initiali-
sation problems for catchments with long-term memories, five
years of warm-up were considered in addition to the 1-year
warm-up period: they were either the five years of observed data
preceding the test period when available, or a mean year repeated
five times otherwise. In this study, only performance in validation
was considered to evaluate models.

The parameters were calibrated using a mean square model er-
ror calculated on root squared transformed flows as the objective
function. This was found by Oudin et al. (2006a) to be a good com-
promise between high and low flows for model calibration. Here,
as we focus on low flows, we could have chosen an objective func-
tion putting more weight on low flows. However, it would have
been to the detriment of the simulation of high flows. So we pre-
ferred to keep this objective function to obtain a general model.
This did not prevent us from assessing the model (in validation)
over a wider range of criteria.
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Several criteria based on the Nash and Sutcliffe (1970) efficiency
index (NSE) were used to evaluate model performance in valida-
tion. NSE is given by:

NSE ¼ 1�
Pn

i¼1ðQ obs;i � Q sim;iÞ2Pn
i¼1ðQobs;i � Q obsÞ2

¼ 1� E
E0

ð3Þ

where n is the number of time steps, Qobs;i and Qsim;i are the
observed and simulated flows, respectively, at time step i. Qobs is
the mean of the observed flows over the selected period. E and E0

are the mean squared error and the variance of observed flows
respectively. The NSE index takes values over the range ]�1;1], 1
indicating perfect simulation and 0 indicating a simulation equiva-
lent to a constant flow equal to the mean observed flow.

As NSE has no lower bound, a bounded formulation of NSE was
preferred (here noted NSE�) to avoid the influence of strongly neg-
ative values while calculating the mean of the model performance
over the test catchments (see Mathevet et al., 2006 for more de-
tails). NSE� is derived from NSE using the following relationship:

NSE� ¼ 1� E=E0

1þ E=E0
ð4Þ

NSE� values vary over the range ]�1;1]. When NSE = 1 (i.e. E = 0),
NSE� = 1, and when NSE = 0 (i.e. E = E0), NSE� = 0, hence the interpre-
tation of the two criteria is similar. Note that for NSE > 0, NSE� val-
ues will be lower than NSE values and the reverse for NSE < 0.

The criterion on natural flows (NSE�Q ) was used to check simula-
tion consistency in high-flow conditions. The efficiency criteria cal-
culated on logarithm transformed flows (NSE�lnQ ) and inverse
transformed flows (NSE�iQ ) were used to put more weight on low-
flow simulation. These prior transformations on flows are of the
Box–Cox type. Pushpalatha et al. (submitted for publication) ana-
lyse the effect of such power transformations on NSE efficiency cri-
teria and investigate which transformation seems more relevant to
evaluate the efficiency in low-flow conditions. They found that an
inverse transformation puts more weight on the 20% of lowest
flows on average.
The overall performance of the tested models was computed
over the 1000-catchment set, either using the mean value or distri-
bution of performance criteria obtained in validation (i.e. a total of
2 � 1000 values).

Performance differences with the reference models were also
quantified using the relative efficiency index initially suggested
by Nash and Sutcliffe (1970) and more recently advocated by Sei-
bert (2001) and Lerat (2009). This is a generalised form of the NSE
criterion. It compares the performance of the tested model with re-
spect to the performance of a benchmark model structure, by the
following equation:

REðsim=benchÞ ¼ 1�
Pn

i¼1ðQ obs;i � Q sim;iÞ2Pn
i¼1ðQ obs;i � Q bench;iÞ2

¼ 1� E
E1

ð5Þ

where Qbench;i is the flow simulated by the benchmark, at time step i,
and E1 is the mean squared error of the benchmark model. Here
GR5J was used as the benchmark in all the test cases. Like NSE, RE
can be written under a bounded form (RE⁄) using the same transfor-
mation as in Eq. (4) (here substituting E0 by E1 in Eq. (4)) and can be
calculated on transformed flows, depending on the range of flows
targeted in the analysis.

2.4. Structural sensitivity analysis

A sensitivity analysis of low-flow simulation to the formulation
of the model structure was performed. We systematically evalu-
ated various modifications of the GR5J model. Since it is difficult
to detail all the tests, the following sections present the two main
types of modifications that were performed, namely modifications
of the groundwater exchange function and the routing component.

2.4.1. Sensitivity to changes in the groundwater exchange function
Groundwater (GW) is the main source for river flows during

prolonged dry periods. Hence the recharge and release of ground-
water is one of the important processes to consider for simulating
low flows. Some authors considered only the flow towards the
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stream using a specific groundwater reservoir (Davison and van
der Kamp, 2008), but in the present analysis, we considered an ex-
change function that can account for both recharge and discharge
from the groundwater reservoir, as in Le Moine (2008). During
the course of this research, we evaluated the sensitivity of low-
flow simulation to various formulations of the existing GW ex-
change functions.

2.4.2. Sensitivity to the addition of new stores
Stores and the empirical rules governing the transfer of water

between them are the main components of rainfall–runoff models.
Because of the complexity of the rainfall–runoff transformation,
additional stores may improve model performance (Wagener
et al., 2004; Mathevet, 2005). For low flows, this may provide addi-
tional components corresponding to different flow pathways.

In the GR5J model, a single routing store exists (R). A percola-
tion from the soil moisture store also feeds flows during low-flow
periods. As suggested by Mathevet (2005) and Le Moine (2008), we
considered the parallel addition of new stores to the initial store,
with various options to split effective rainfall into the different
flow components. We also tested the serial addition of stores, as
proposed by Lang (2007).
3. Results and discussion

In the following, we present the main results and discuss how
sensitive low-flow simulations are to model formulation, following
the modifications presented above. The selected versions of GR5J
and their formulations are briefly presented in Table 1. As the
number of modifications is almost infinite, we chose to present
only a few of them to answer a number of simple questions that
may arise when discussing the model’s structure. Although these
questions are sometimes interrelated, they are presented in se-
quence for the sake of clarity.

3.1. Can we design an improved model for low-flow simulation?

3.1.1. Can the existing groundwater exchange term in GR5J be
improved?

We evaluated the sensitivity of low-flow simulation to various
formulations of the groundwater exchange function. Starting from
the GR5J model, several model versions that differ only by their
groundwater exchange formulation were tested. In Table 1, three
examples of modifications are provided:
Table 1
Modified versions of the GR5J model and their main characteristics.

Model
version

Characteristics of the groundwater
exchange function

Characteristics of the additional ro

Eq.
(2)

Others Power-2
store

Power-5
store

Exponen
store

M1 U Exchange dependent on
SMA store

M2 U Splitting coefficient
applied to F

M3 Formulation of
Nascimento (1995)

M4 U U

M5 U U

M6 U U

M7 U U

M8 U U

M9 U U U

M10 U U U

M11 U U U

M12 U U
– in M1, we gave seasonal dynamics to the exchanges by making
them dependent on the SMA store and not on the routing store;

– in M2, we applied the splitting coefficient of flow components
(0.1/0.9, as in Fig. 3) to the exchanges;

– in M3, we applied the formulation proposed by Nascimento
(1995), i.e. making the exchanges a function of the level of the
two stores, depending on the direction of the exchanges.

Fig. 4 shows the distribution of the performance of the selected
versions, indicating significant sensitivity of the model’s results to
this function, which corroborates the findings of Le Moine et al.
(2007). The existing exchange function in the base model appears
to provide the best performance. This is in agreement with the re-
sults of Le Moine (2008) who had selected this function as the best
performing among several other options.
3.1.2. Should the volumetric splitting between flow components be
adapted to each catchment?

In GR4J and GR5J, 90% of the total effective rainfall is routed by
the non-linear store (see Fig. 3). This volumetric proportion is fixed
in the model for any catchment since Edijatno et al. (1999) showed
that optimising it did not significantly improve the mean results.
One factor to be considered when adding new stores to the initial
store is the splitting coefficient of effective rainfall (SC in Fig. 5) be-
tween the stores. Mathevet (2005) and Le Moine (2008) conducted
trials to divide effective rainfall between the existing store and an
additional store. Their results tend to confirm that it is difficult to
consider SC a free parameter. Here we simultaneously tested two
model versions with two stores, one in which SC (version M4 in Ta-
ble 1) was optimised on each catchment and the other in which SC
was set at 0.4 (version M5).

The parameter analysis in M4 shows that SC values are very
sensitive to the calibration conditions. The SC values obtained on
the two test periods (P1 and P2) shows that this parameter is
poorly defined and it will be difficult to relate it to catchment char-
acteristics. The limited difference in model efficiency between the
M4 and M5 versions (see Table 2) shows that SC can be set without
significant efficiency loss. In the upcoming sections, we test ver-
sions considering only fixed splitting coefficients.
3.1.3. Should a new serial or parallel store be added?
Existing models propose a variety of conceptualisations for flow

routing, using serial and/or parallel stores. Jakeman et al. (1990)
discussed this issue in the IHACRES model, in which the routing
uting stores Number of routing
stores

Number of free
parameters

tial Added in
parallel

Added in
series

1 5

1 5

1 4

U 2 7
U 2 6

U 2 6
U 2 6
U 2 6
U 3 7
U 3 7
U 3 7
U 2 6
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module is made of linear stores. This model structure can be
adapted to obtain several serial or parallel stores. Despite this flex-
ibility, the authors indicate that in most cases, having two parallel
stores is the most efficient configuration.

Here we analysed the sensitivity of the model’s performance to
the arrangement of routing stores, be they added to the existing
parallel or serial stores. Two versions were tested, in which a
new parallel store similar to the existing one was added (version
M5, see Fig. 5) or a new serial store (version M6). Table 3 shows
the mean performance of these two versions. The M5 version
reaches higher efficiency values than M6. We also tried to add
one more parallel routing store to obtain a third routed flow com-
ponent (versions M9–M11 in Table 1). The results presented in Ta-
ble 4 indicate that the improvements for low-flow simulation are
not significant, which means that this additional complexity is
not warranted by the data.

This confirms that the best compromise on average is to have
two parallel stores. The series arrangement did not prove to be
an efficient option. Therefore, following Jakeman et al. (1990), we
suggest that the complexity of the routing part of the model should
be increased by considering two independent flow components.
This is a solution that provides more varied flow dynamics.
3.1.4. Does the formulation of the routing stores matter?
Here we tried to identify the best formulation of routing stores,

i.e. the solution for which the model shows higher efficiency val-
ues. There is a variety of possible formulations of routing stores,
ranging from linear to non-linear stores, e.g. power law or expo-
nential stores (see Michel et al., 2003, for a good formulation of this
store). In previous studies (see Edijatno and Michel, 1989; Edijatno
et al., 1999), a power-5 non-linear routing store was identified as
the most efficient. When adding a new parallel store, another for-
mulation may be interesting to introduce a variety of behaviours in
the flow components.
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Table 2
Mean model performance for versions M4 and M5.

NSE�Q NSE�lnQ NSE�iQ Number of free parameters

M4 0.637 0.661 0.369 7
M5 0.634 0.659 0.365 6

Table 3
Mean efficiency values for versions M5 and M6.

NSE�Q NSE�lnQ NSE�iQ

M5 0.634 0.659 0.365
M6 0.625 0.641 0.310

Table 4
Mean model performance for versions M8–M11 (multiple routing stores) and mean
relative performance RE� with reference to M8 over the catchment set.

M8 M9 M10 M11

NSE�iQ 0.383 0.384 0.385 0.384
RE⁄ (%) – 0.10 0.16 0.10
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Fig. 6. Box plots of NSE�iQ values obtained in validation by model versions having
different formulations of the additional routing store (boxes represent the 0.25 and
0.75 percentiles, with the median value inside, and the whiskers represent the 0.10
and 0.90 percentiles).

Table 5
Mean efficiency values of M8 vs M12.

NSE�Q NSE�lnQ NSE�iQ

M8 0.634 0.662 0.383
M12 0.631 0.657 0.378

Table 6
Mean performance of GR5J and GR6J and relative performance of GR6J with reference
to GR5J over the catchment set for various criteria (criteria on Q and iQ put more
emphasis on floods and low flows, respectively), and significance of the improvement
using the T-test (T-values should be greater than 2.576 at a 99% confidence level). The
results were obtained in validation after calibration using another objective function.

Model GR5J GR6J RE� (%)

NSE�Q 0.629 0.634 0.83

NSE�lnQ 0.648 0.662 2.45

NSE�iQ 0.346 0.383 4.26
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Various formulations were tested, among which we give the
examples of versions M5, M7 and M8 in Table 1. Fig. 6 shows the
corresponding distributions of efficiency values over the catch-
ment set. The percentiles of the distribution of the model version
M8 (with an additional exponential store) indicate better perfor-
mance. The exponential store is known to be an efficient tool to
simulate long recession spells (see Michel et al., 2003).

As suggested by Le Moine (2008) we also analysed the perfor-
mance of M8 by removing the direct flow component (version
M12). Indeed, the introduction of a new flow component may
make this direct flow component unnecessary. However, the re-
sults are slightly lower than version M8 (Table 5), so we chose to
keep this direct flow in the model. Note that this direct flow does
not require specific free parameters.

Other versions were tested and several gave similar although
slightly lower results. Thus, in all our tests, the M8 version was
shown to be the most satisfactory and we chose to select it as a
good candidate for providing improved low-flow simulation. We
will call it GR6J hereafter (daily (J) version of the GR model with
six free parameters).

3.2. Comparing the results of GR4J, GR5J and GR6J

This section quantifies the differences in the model’s behaviour
and performance between the GR4J, GR5J and GR6J versions in
greater detail. Since GR5J was shown by Le Moine (2008) to yield
better efficiency than GR4J, we mainly focus on the relative perfor-
mance of GR5J and GR6J.

3.2.1. Relative performance of GR6J
The percentage improvement in the NSE�iQ values of GR6J are

calculated in terms of relative efficiency values (RE�). The RE� val-
ues of the GR6J model are calculated with reference to the GR5J
model. Table 6 shows the average relative performance for the
three NSE� criteria. The RE� value based on NSE�iQ in Table 6 indi-
cates a significant improvement in the simulation of low flows
without losing efficiency on high flows. The significance of the
improvement in performance is evaluated using the Student T-test
at a 99% confidence level (T-values should be above 2.576).
Although the differences may not seem large, remember that they
were obtained on a large set of catchment, which makes them very
significant (see also Mathevet (2005) for further discussion). When
looking at the criterion on inverse flows, RE� is positive on a major-
ity of catchments, which means that the additional store improves
this set of catchments.

3.2.2. Illustration of the model’s results
It is always difficult to select representative examples when

working on a large catchment set. However, we wished to illustrate
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the model’s results on a few case studies, by providing simulated
hydrographs. We selected three catchments (see Table 7) with dif-
ferent hydro-climatic conditions and considered their streamflow
values for a period of 1 year. We chose the year 2003, which was
Table 7
Characteristics of sample catchments.

Catchment characteristics A B J

Gauging station Custines Saint
Michel

Drennec

River Moselle
River

Meuse
River

Aber Wrac’h
River

Catchment code A7010610 B2220010 J3205710
Mean rainfall (mm/year) 1109 954 1087
Mean streamflow (mm/year) 530 378 593
Mean potential evapotranspiration

(mm/year)
614 619 643

Catchment area (km2) 6830 2540 24

Fig. 7. Location of sample catchments and illustration of their hydrographs simula
one of the driest years over the past decade in France. Fig. 7 shows
the observed flow series and the flow series simulated by the two
models, GR5J and GR6J, for the three catchments. Note that the
graphs use logarithmic scales to emphasise differences in low
flows. In catchment A and B, the performance of the GR6J model
is significantly better than GR5J’s performance on the very low-
flow. The GR5J model tends to underestimate these flows, espe-
cially in the case of catchment B. In catchment J, the two models
give similar results and also similar dynamics in low-flow condi-
tions, which indicates that the introduction of the new store is neu-
tral on this catchment.
3.2.3. Parameter stability and identifiability
Fig. 8 compares the stability of parameters of the GR5J and GR6J

models obtained on the two calibration periods (P1 and P2). In
general, there is a quite good agreement between periods, with
the parameters showing good stability, which is a desirable prop-
erty. However, the threshold values for groundwater exchange
ted by the GR5J and GR6J models, with corresponding NSE�iQ efficiency values.
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(X5) and the sixth parameter of the GR6J model change signifi-
cantly for a number of catchments, which may be due to a lower
identifiability of these parameters for these catchments. The scat-
Fig. 8. Comparison of the parameter values obtained on the two
ter seems a bit lower with the GR6J model for the X2 and X5
parameters. Interestingly, the reverse is observed for the capacity
of the routing store (X3), for which the spread seems greater in
calibration periods P1 and P2 for the GR5J and GR6J models.



Table 8
Average efficiency values for five lumped models compared to GR5J and GR6J for
various criteria (criteria on Q and iQ put more emphasis on floods and low flows,
respectively). Results were obtained in validation after calibration using another
objective function.

Model
acronym

Reference describing
the original version

Number of
free
parameters

NSE�Q NSE�lnQ NSE�iQ

HBV0 Bergström and
Forsman (1973)

9 0.546 0.559 0.156

IHAC Jakeman et al. (1990) 6 0.528 0.556 0.196
MOHY Fortin and Turcotte

(2007)
7 0.493 0.554 0.229

MORD Garçon (1999) 6 0.603 0.616 0.302
TOPM Beven and Kirby

(1979)
8 0.574 0.584 0.216

GR4J Perrin et al. (2003) 4 0.621 0.617 0.230
GR5J Le Moine (2008) 5 0.629 0.648 0.346
GR6J 6 0.634 0.662 0.383
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the case of GR6J. This means that the introduction of the new rout-
ing store impacted the rest of the routing module, especially the
initial routing store. The additional complexity in the model seems
to be at the cost of a lower identifiability for some components.
Note that in spite of the precautions taken for model initialisation,
parameter optimisation may still have been hampered by unsuit-
able initial conditions on some groundwater dominated catch-
ment, as discussed by Le Moine (2008).

3.2.4. GR6J vs existing models
To finalise the comparative assessment, the proposed GR6J ver-

sion of the model was compared to independent lumped models.
The selection of models is shown in Table 8, along with model’s
mean performance for three criteria. Note that, to be able to apply
the models in exactly the same conditions (i.e. the same data, cal-
ibration procedure and testing scheme), we had to recode the mod-
els and sometimes slightly modify them. For this comparison, it
was important to rely on model structures that were representa-
tive of various conceptualisations of low-flow simulation. More de-
tails on the modifications made are given by Perrin et al. (2003)
and Mathevet (2005).

The average performance values calculated over the entire
catchment set indicate that GR6J is suitable to simulate low flows
on this data set, since it compares favourably well with the other
models. While showing significant gains in low flows, it still re-
mains efficient in high flows. This indicates that GR6J is a good can-
didate for various hydrological modelling applications, i.e. it is a
generic model for end-users interested in the advantages of one-
size-fits-all models (which we acknowledge may not be a generally
shared opinion, see e.g. Savenije, 2009) or a good starting skeleton
for hydrologists aiming at customised solutions.
4. Conclusions

Improving the low-flow simulation ability without impacting
the high-flow simulation ability: this was one of our objectives in
this study. We chose to proceed by trial and error, as recom-
mended by Nash and Sutcliffe (1970) and Michel et al. (2006).
Working on a large set of catchments proved to be a good way to
prevent undue complexity in the proposed modified versions of
the model. Here we started from the simple GR5J model and tested
a number of modified versions, some having higher performance
values compared to the initial model structures. The model’s per-
formance was not equally sensitive to all the tested modifications.
Among the modifications that proved the most robust, the addition
of an exponential routing store, in parallel to the existing routing
store in the GR5J model, showed improvement in low flows on
average, still remaining efficient in high-flow conditions. The com-
plexity added by this modification (an additional free parameter)
seems to be warranted by the model’s results, as well as by the
comparison to other existing models. In spite of this improvement,
it is not possible to say that we improved the physical realism of
this model, since the initial intention was not to explicitly repre-
sent the physical mechanisms. Instead this study focused more
on identifying the main features of the rainfall–runoff transforma-
tion at the catchment scale and improving the model’s predictive
power. The improved model version provides a better representa-
tion of the catchment’s hydrological behaviour.

Last, let us note that the level of performance in low-flow con-
ditions seems to remain quite low. This may be for several reasons,
including structural model errors, data quality or artificial influ-
ences. Nonetheless, it shows that specific research should be con-
tinued to improve the efficiency of hydrological models for low-
flow simulation, a domain that was probably overlooked in the
past.
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