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Executive Summary

In this report, we propose the concept of a new robustness assessment test for hydrological
models, tentatively called RAT (for Robustness Assessment Test). RAT differs from all
existing alternatives by its ease of applicability, as it only requires one calibration (or one
parameterization) covering a sufficiently long period (at least 30 years) with as much climatic
variability as possible. Thus it applies at the same time to simple conceptual models which
can be calibrated automatically, to more complex models requiring expert calibration and to
uncalibrated models which parameters are derived from the observation of some physical
properties.

The report details the RAT procedure. It will be followed by a more extensive application
within the teams of the AQUACLEW project.

This work can be linked to the M2.4 milestone of the workpackage 2 on hydrological model
calibration, and more precisely with the DSST-Hydro to evaluate simulation skills of
hydrological models for a changing climate (Thirel et al., 2015) .

This report may be submitted as a scientific article after review within the AQUACLEW
project

1. Introduction

1.1 Can we go beyond the Split Sample Test?

Hydrologists (and their models) are increasingly requested to provide predictions of the
impact of climate changes. When hydrologists use a model in this goal, an underlying
hypothesis is that the model is indeed able to extrapolate catchment behavior, and that its
functioning is independent of the climate it has seen during its testing period or during its
calibration period. Unfortunately, the majority of hydrological models are not climate-proof
(Refsgaard et al., 2013; Thirel et al., 2015) and when exposed to changing climate
conditions, they may reveal an unwanted sensitivity to their calibration period (Coron et al.,
2011).

The traditional diagnostic tool used to assess the robustness of models is the Split Sample
Test (SST) (Klemes, 1986). SST is one of the “good modelling practices” taught in hydrology
classes, that states that when a model requires calibration (i.e. when its parameters cannot
be deduced directly from physical measurements), it should be evaluated twice: once on the
data used for calibration and once on an independent dataset. This practice has been
publicized in hydrology by Klemes (1986): he did not invent the concept (see e.g. Arlot and
Celisse (2010); Larson (1931); Mosteller and Tukey (1968)), but did a great job in formalizing
it for hydrological modelling, proposing a four-level testing scheme: (i) split-sample test, (ii)
proxy-basin test, (iii) differential split sample test (DSST), and (iv) proxy-basin differential split
sample test.

For model applications in a changing climate context, Kleme§'s DSST procedure is of
particular interest: it consists in calibrating and evaluating a model over contrasted climatic
conditions, and a satisfying behavior during DSST can be considered a mark of model
robustness. Unfortunately, one must recognize that DSST has had a very limited success:
beyond a few studies (Donelly-Makowecki and Moore, 1999; Refsgaard and Knudsen, 1996;
Seibert, 2003; Vaze et al., 2010; Xu, 1999), it has remained unemployed. A few years ago,
Coron et al. (2012) proposed a Generalized SST (GSST) allowing an exhaustive DSST to
evaluate model transposability over time under various climate conditions. Thirel et al.
(2015a) also proposed a further protocol to investigate how hydrological models deal with
changing conditions. More recently one notices a slowly but steadily-growing interest
(Bisselink et al., 2016; Broderick et al., 2016; Dakhlaoui et al., 2017; Gaborit et al., 2015;
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Gelfan and Millionshchikova, 2018; Rau et al., 2019; Vormoor et al., 2018). This report is a
further step in the same direction.

1.2 Scope of this report

This report presents a new generic diagnostic framework to assess whether a hydrological
model can be considered “climate-proof”, inspired by Kleme§’'s DSST procedure and by our
own previous attempts (Coron et al.,, 2012; Thirel et al.,, 2014). We started from the
observation that the multiple-calibrations requirement of the previously mentioned methods
may have prevented their use in certain cases: multiple calibrations are relatively easy to
implement with parsimonious conceptual models but not with complex models which require
long interventions by expert modelers and, obviously, not for those models with a once-for-all
set parameterization. Here, we propose a framework that is applicable with only one long
period where model simulations are available. Thus, the proposed test is even applicable to
those models which do not require calibration (or to those for which only a single calibration
exists). Section 2 presents the concept; section 3 presents the catchment set and the
evaluation method, section 4 verifies the underlying hypotheses through a comparison with
the SST; and section 5 applies it to a set of French catchments.

The proposed methodology complements the DSST-Hydro from the Aquaclew workpackage
2, as it allows reducing the number of calibration and validation tests that can be time-
consuming. It also covers one of the objectives of workpackage 2, as it proposes a new
framework to calibrate and evaluate hydrological models robustness for a changing climate.

2. The Robustness Assessment Test (RAT) concept

The Robustness Assessment Test (RAT) proposed in this report only requires one calibration
(or one parameterization) covering a sufficiently long period (at least 30 years) with as much
climatic variability as possible. Thus it applies at the same time to simple conceptual models
which can be calibrated automatically, to more complex models requiring expert calibration
and to uncalibrated models which parameters are derived from the observation of some
physical properties. RAT consists in replacing the split-sample calibration procedure by a
split-sample evaluation procedure: by computing a relevant numeric criterion repeatedly each
year, and then exploring its correlation with a climatic factor deemed meaningful, we aim to
identify undesirable dependencies and to assess the extrapolation capacity of any
hydrological simulation model.

An example is shown in Figure 1: a hydrological model is calibrated on a 50-year record. The
model's streamflow bias is computed on an annual basis (50 values in total) and we plot
these values against annual precipitation, annual temperature, and humidity index (i.e ratio of
precipitation and evapotranspiration). On this example, there seems to be no dependency of
model bias to temperature, but a dependency of model bias to precipitation, as shows the
decreasing trend between the bias and the annual precipitation. Clearly, this would be a
problem if we were to use this model in an extrapolation mode.

The difference with the work of Coron et al. (2012) and Thirel et al. (2015b) lies in that the
RAT procedure is based on a single calibration encompassing the entire available record.
The above-cited methods used as many independent calibration and evaluation periods as
possible, whereas RAT uses all possible one-year evaluation periods and a single calibration
period. An important difference between RAT and GSST is that of the independence of
calibration and evaluation periods: with RAT, because we use a very long period for
calibration, we make the hypothesis that the weight of each individual year in the overall
calibration process is small, almost negligible (we will check this assumption in section 4).

AQUACLEW deliverable — D2.2 3.
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Figure 1. Robustness Assessment Test (RAT) applied to a hydrological model: the upper
histogram presents the chronological (year by year) evolution of model bias; the lower
scatterplots present the relationship between model bias and climatic variables

3. Material and methods

3.1 Catchment set

We use the dataset previously used by Nicolle et al. (2014), made of 21 French catchments
(Figure 2). Catchments were chosen to represent a large range of physical and climatic
condition in France, with sufficiently long observation time series (daily streamflow from
1974-2017) in order to provide a diverse representation of past hydroclimatic conditions.
Streamflow data quality is considered as good by operational hydrometric services.
Catchment sizes range from around 380 to 4300 kmz2, and median elevation from 70 to 1020
m.

Daily precipitation, temperature and evapotranspiration data originates from the gridded
SAFRAN climate reanalysis (Vidal et al., 2010), over the 1959-2017 period. For more
information about the catchment set, we refer our readers to the above-mentioned paper.

AQUACLEW deliverable — D2.2 4.
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Figure 2. Location of the 21 catchments in France. Red dots represents the catchment outlets.

3.2 Model

In this study, daily streamflow have been simulated using the daily lumped GR4J rainfall-
runoff model (Perrin et al., 2003), calibrated using the KGE criterion (Gupta et al., 2009)
computed on square-root-transformed flows, with the airGR package (Coron et al., 20173,
2017b). However, we want to stress once again that the RAT diagnostic framework is
generic, not limited to this type of model.

3.3 Evaluation procedure for the RAT framework

We verify the hypotheses underlying the RAT framework with actual examples, where we will
show that the very partial overlap between the calibration and validation periods does not
impact results on the annual bias (Eq. 1)

23(;51 QSimd,n - Z?gi QObSd,n
Bias, = 6%

x 100 Eq.1
a=1 Qobsg p

Comparison between RAT and SST can be quantified using the RMSE of annual biases:

RMSEg;qs = \/(BiasRAT —Biasg )’ Eq. 2

It is in fact possible to rigorously verify the hypotheses underlying RAT by comparing it with
an equivalent Split Sample Test procedure using a leave-one-out approach, as proposed in
Figure 3: the leave-one-out procedure consists in performing N calibrations over N-1 year
long periods followed by an independent evaluation on the remaining one-year long period.
As shown in Figure 3, the two procedures result in the same number of validation points (N).
Once the N bias values have been computed, they can be plotted as a function of annual
temperature or annual precipitation. We refer to this procedure as “Leave-one-out SST”.

AQUACLEW deliverable — D2.2 5.
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Figure 3. Comparison of the RAT procedure with a leave-one-out Split Sample Test (SST). Both
methods have N validations (one per year). RAT needs only one calibration, where the SST
requires N calibrations. Dark grey square represents the years used for calibration or
validation.

4. \Verification of the hypotheses underlying the RAT

procedure

To verify the RAT procedure and its hypotheses, we will compare it with the leave-one-out
SST procedure, which preserves the independence between the calibration and the
validation period. This comparison will allow us to verify that the main hypothesis underlying
RAT, i.e. that the weight of each individual year in the overall calibration process is almost
negligible, is reasonable. We will also explore the limits of this hypothesis when we reduce
the length of the overall calibration period.

4.1 Comparison between RAT and leave-one-out SST
Figure 4 plots the annual biases obtained with RAT vs the annual bias obtained with the

leave-one-out SST for the 21 test catchments. The almost perfect alignment confirms that
our underlying ‘negligeability’ hypothesis is valid.
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Figure 4. Comparison of the annual bias obtained with RAT with the annual bias obtained with
the leave-one-out SST. Each of the 21 catchments is represented with annual bias values (41 to
44 points by catchment depending on the length of the available time series).

4.2 Sensitivity of the RAT procedure to the period length

It is also interesting to investigate the limit of our hypothesis by reducing progressively the
period length: indeed, the less available data to calibrate the model, the more important the
relative weight of each individual year. Figure 5 compares the annual bias obtained with the
RAT procedure with the annual bias obtained with the leave-one-out SST, for 10, 20, 30 and
40-year calibration period lengths (selection of the shorter periods was realized by sampling
10, 20, 30 and 40 year regularly amongst the complete time series). The shorter the
calibration period, the larger the differences between both approaches (wider points scatter).

Nyear: 10 i Nyear: 20 - Nysar: 30 . Nyear: 40 §
100 . 100 - i 100 - 100 '
— _ N — . _
£ £ £ £
50 50 . 50 . 50
I - % v i » 7
w - w (] w
] it ] 8 ]
[+ 7] o o
0 / 0 0 0
-~
<50 - T T T 50 T T 50 T T -50 5 T T T
50 0 50 100 50 0 50 100 -50 0 50 100 50 0 50 100
Bias RAT (%) Bias RAT (%) Bias RAT (%) Bias RAT (%)

Figure 5. Annual bias obtained with the RAT procedure vs. annual bias obtained with leave-
one-out SST. Shorter time periods are obtained by sampling 10, 20, 30 and 40 year regularly
amongst the complete time series.

These differences can be quantitatively measured by computing the RMSE (see Eq. 2)
between annual bias obtained with the RAT procedure and with SST for different calibration
period lengths (see Figure 6). RMSE tends to increase when the number of years available
to calibrate the model decreases, but seems stable for periods longer than 20 years.
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Figure 6. RMSE of annual bias obtained with the RAT procedure and with leave-one-out SST for
different calibration period lengths for each catchment. The red line represents the mean RMSE
for all catchments, grey lines represent the RMSE for each of the 21 catchments.

5. Application of the RAT procedure to the detection of

climate dependencies

We now discuss different cases found among the 21 catchments where we applied the RAT
procedure. The first one (Figure 7) is the most common case: one where no climate
dependency is detected (the “desirable” situation of a “robust” model). Note the extreme
similarity of biases obtained for RAT (red square) and leave-one-out SST (black triangle)
which are almost undistinguishable.
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In Figure 7, the different plots seem to show a lack of dependence, both for temperature
(bottom left), precipitation (bottom centre) and humidity index (mean precipitation P over
mean potential evapotranspiration E) (bottom right). This visual judgement can be made
guantitative by calculating a rank-based correlation measure, the Spearman correlation
(other rank-based measures such as Kendall tau could also be used). Correlation is quite
weak (between 0.17 et 0.23) and not significant in this case, but similar between RAT and
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Figure 7. Annual bias obtained with RAT (red) and with SST (black), function of time (top),
absolute changes in temperature (bottom left) and humidity index P/E (bottom right), and
relative changes in precipitation P (bottom centre), between validation period and calibration
period, for the Ill River at Didenheim (670 km2). Spearman correlation and its significativity (p-
value) are provided.
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The second case (Figure 8) is that of the Arroux River at Etang-sur-Arroux: one where a
significant climate dependency is detected on both annual temperature and precipitation, and
humidity index (a clearly undesirable situation illustrating a lack of robustness of the
hydrological model). The Spearman correlation between model bias and changes in
precipitation, temperature and humidity index is below the classical significativity threshold of
5% (p-value 0.04): annual bias seems to increase with annual temperature and decrease
with annual precipitation.
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Figure 8. Annual biais obtained with RAT (red) and with SST (black), function of time (top),
absolute changes in temperature (bottom left) and humidity index P/E (bottom right), and
relative changes in precipitation P (bottom centre), between validation period and calibration
period, for the Arroux River at Etang-sur-Arroux (1790 km?2).
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The third case (Figure 9) is that of the Seiche River at Bruze: one where a significant climate
dependency is detected on precipitation and humidity index but not on temperature.
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Figure 9. Annual biais obtained with RAT (red) and with SST (black), function of time (top),
absolute changes in temperature (bottom left) and humidity index P/E (bottom right), and
relative changes in precipitation P (bottom centre), between validation period and calibration
period, for the Seiche River at Bruz (810 km?).

Figure 10 presents the Spearman correlation p-values from the correlation between annual
bias and changes in annual temperature, precipitation and humidity index (P/E), for RAT and
for SST. Results between RAT and SST show the same dependencies to climate variables
(similar p-values). With the 0.05 significativity thresholds, nine among 21 catchments
presents dependencies to annual temperature, and 8 catchments present dependencies to
annual precipitation or humidity index. For these two variables, when a dependency is
identified on annual precipitation, a similar dependency is identified on humidity index. There
is a clear redundancy between precipitation and humidity index, because the interannual
variability of precipitation is much larger than that of potential evapotranspiration. In this set,
only one catchment exhibits a dependency on both annual temperature and annual
precipitation.
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Figure 10. Spearman correlation p-value from the correlation between annual bias and annual
temperature, precipitation and humidity index (P/E), for RAT and SST

6. Conclusion

6.1 Synthesis

The proposed Robustness Assessment Test (RAT) is an easy-to-implement evaluation
framework that allows comparing results from all kind of hydrological models, by using only
one long period where model simulations are available. This test can be particularly useful
for climate change studies where hydrological models robustness is often not evaluated at
all.

6.2 Limits of the proposed test

The RAT procedure obviously has some limits, among which we see the following:

1. We llustrated its use with a rank-based test (Spearman correlation), and a
significativity threshold of 0.05. As all thresholds, this one is arbitrary. Moreover, other
non-parametric tests could be used and would probably yield slightly different results
(we also tested the Kendall tau test with very similar results, but did not show the
results here);

2. Detecting a relationship between model bias and a climate variable using RAT does
not allow to directly attribute this relationship to a lack of model robustness. Indeed,
changes in the precipitation monitoring network or in the hydrometric rating curves
can also give the false impression that the hydrological model lacks robustness. Such
an erroneous conclusion could also be caused by changes in land-use or
construction of a storage reservoir. We suspect that some of the lack of robustness
diagnosed among our 21 catchments comes in fact from metrological causes.

It could be interesting to see if this analysis could reach the same conclusion for statistical
indicators like QMNA or maximum annual discharge
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