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Abstract. Hydrological models are crucial tools in water and environmental resource management but they require careful
calibration based on observed data. Model calibration remains a challenging task, especially if a multi-objective or multi-
dataset calibration is necessary to generate realistic simulations of multiple flow components under consideration. In this
study, we explore the value of three metaheuristics, i.e. (i) Monte Carlo (MC), (ii) Simulated Annealing (SA), and (iii) Genetic
Algorithm (GA), for a multi-dataset calibration to simultaneously simulate streamflow, snow cover and glacier mass balances
using the conceptual HBV model. Based on the results from a small glaciated catchment of the Rhone River in Switzerland,
we show that all three metaheuristics can generate parameter sets that result in realistic simulations of all three variables.
Detailed comparison of model simulations with these three metaheuristics reveals however that GA provides the most accurate
simulations (with narrowest confidence intervals) for all three variables when using both the 100 and the 10 best parameter sets
for each method. However, when considering the 100 best parameter sets per method, GA yields also some worst solutions from
the pool of all methods’ solutions. The findings are supported by a reduction of the parameter equifinality and an improvement
of the Pareto frontier for GA in comparison to both other metaheuristic methods. Based on our results, we conclude that GA-
based multi-dataset calibration leads to the most reproducible and consistent hydrological simulations with multiple variables

considered.

1 Introduction

One of the greatest challenges in hydrological modelling is the calibration of numerical models to obtain realistic simulation
results. Research on this topic dates back to the 1950s when the first computer programmes allowed fast processing of data
(Beard, 1962; Wallis, 1965). The model calibration can be performed both manually or automatically (Yilmaz et al., 2010).
Manual calibrations using educated guesses of model parameters revealed to be tedious, time-consuming and inefficient and
often required expert knowledge (Boyle et al., 2000). Hence, automatic methods have been developed since the 1960s (Gupta
et al., 1999). With the development of more powerful computers, the Monte Carlo technique emerged in the 1970s (Freeze,
1975, 1980), enabling the testing and validating of millions of calculations within a short time (Beven, 2021). Nevertheless,

further research revealed that MC techniques combined with manual calibration lead to a higher model efficiency (Boyle
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et al., 2000). With the development of more complex hydrological models that can process multiple output variables, the
need for multi-objective calibration (MOC) emerged in the late 1990s (Gupta et al., 1998; Yapo et al., 1998; Efstratiadis
and Koutsoyiannis, 2010). In contrast to a single-objective calibration, MOC involves several objective functions that are
simultaneously optimised during the model calibration. As these functions can be contradicting to each other, a search for the
best parameter set is shifted towards the search for multiple acceptable parameter sets or parameter distributions (Mclntyre
et al., 2002), according to the concept of the Pareto Frontier or optimality (Efstratiadis and Koutsoyiannis, 2010). Following
this concept, one best solution for multi-objective criteria may not exist and thus several sub-optimal solutions, called Pareto
sets, are searched for. The most frequently applied MOC are i) multiple criteria, using two or more objective functions, e.g.
Nash-Sutcliffe (Nash and Sutcliffe, 1970) and peak efficiency (Seibert, 2003), for the same output variable (e.g. streamflow)
(Madsen, 2003; Pool et al., 2017a; Sikorska et al., 2018) or using hydrologic signatures (Euser et al., 2013; Hanus et al., 2021);
ii) multiple gauging sites with the same output variable (Bai et al., 2017), and iii) multiple output variables, e.g. streamflow
and soil moisture (Brocca et al., 2012; Mostafaie et al., 2018). The latter MOC approach is particularly suitable if the model
simulates several fluxes, such as streamflow or snowmelt, that all should be reliably represented. Such a multi-output calibration
has been successfully adapted in water quality modelling (Rode et al., 2007; Reichert and Schuwirth, 2012; Sikorska et al.,
2015a), limnological modelling (Reichert, 1995; Finger et al., 2007) and ecological modelling (Kuppel et al., 2018; Tang
et al., 2018, 2019), as observations of water quality variables are often accompanied by basic measurement of streamflow. Yet,
MOC application to hydrologic models is often limited by the data availability as streamflow records are often the only output
variable directly measured in the catchment (Kuppel et al., 2018). Examples of multi-output calibration focus on the inclusion
of groundwater levels (Seibert, 2000; Fenicia et al., 2005; Khu et al., 2008) or soil moisture observations (Downer and Ogden,
2003), in addition to streamflow.

A breakthrough for a multi-output calibration was achieved with increasing use of remote sensing data that has opened
several new possibilities to utilize additional data (Silvestro et al., 2015). Radar-based or satellite-based estimates are of great
value for providing information on temperature, evaporation, soil moisture, or snow cover, especially for poorly gauged, un-
populated and remote locations such as mountainous catchments. Remote sensed estimates of soil moisture are, in addition to
streamflow, the most commonly utilized data in a multi-output calibration of hydrologic models (Campo et al., 2006; Brocca
et al., 2012; Rajib et al., 2016; Budhathoki et al., 2020). In terms of high-altitude catchments with significant snow processes,
a logical inclusion is to utilize observations on snow cover (Chen et al., 2017; Duethmann et al., 2014; Finger, 2018), and in
glaciated catchments also on glacier mass balance (Konz and Seibert, 2010; Finger et al., 2011, 2015; Etter et al., 2017; He
et al., 2019), in addition to streamflow. van Tiel et al. (2020) provide an extensive review on multi-objective calibration of
hydrological models in glaciated catchments. Indeed multi-output calibration has proven to be very beneficial for realistically
simulating hydrological processes in high-altitude catchments with significant snowmelt or glacier-melt contributions (Finger
et al., 2011), while a single-output calibration tends to a large underestimation of these processes (Finger et al., 2015; He
et al., 2018). An accurate simulation of different flow generation processes is also crucial for tracking long-term changes in
hydrological processes in the catchment enhanced by climate change (Finger et al., 2012; Etter et al., 2017; De Niet et al.,
2020).
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Having more than one output variables included in the model calibration requires however a suitable calibration technique
that explores information contained in all output variables to constrain multiple model parameters that represent a trade-off
between different variables according to the Pareto Frontier. The existence of multiple sub-optimal parameter sets can be
also justified by the modelling uncertainty and the parameter equifinality problem (Beven and Freer, 2001). Consequently,
the issue of an efficient multi-output calibration can be shifted to a choice of a sufficient parameter search technique that, on
the one hand, enables for accounting for modelling uncertainty, and on the other hand, lowers computational efforts through
shortening the time needed for the search of optimal parameter solutions. In this respect, several promising techniques for
model calibration have been proposed that can be classified into two groups: likelihood-based and likelihood-free techniques.
The first group includes Bayesian methods and have been developed within a multi-output calibration framework that enables
informing parameters of model errors along with the parameters of a hydrological model (e.g., Renard et al. (2011); Thyer et al.
(2009); Sikorska et al. (2015a); Tang et al. (2018, 2019)). Yet, these Bayesian-based optimization techniques require a definition
of the error model along with the likelihood function and thus making statements on model error properties (Montanari and
Koutsoyiannis, 2012; Sikorska et al., 2015b). In addition, the inference may become computationally expensive if based on
several model outputs or long time series, and the identifiability problem may occur in the case of an uninformative prior on
the error model (Sikorska et al., 2015a). In contrast to the above, the second group is based on likelihood-free optimization
techniques that do not require making any assumptions on model error properties. The identifiability issue of model parameters
is dealt with via using multiple parameter sets as a proxy of model uncertainty (Sikorska-Senoner et al., 2020). The likelihood-
free optimization techniques include metaheuristics methods that rely on learning strategies to find near-optimal solutions
(Maier et al., 2014). Such metaheuristics involve an iterative generation process that consists of exploring and exploiting the
defined search (parameter) space (Zufferey, 2012). Examples of metaheuristics include such optimization methods as Monte
Carlo (MC), Simulated Annealing (SA) and Genetic Algorithm (GA) (see Sect. 3.2 for further details on these optimization
techniques). Although these different metaheuristics have been independently tested in different studies focusing on multiple
output calibration of hydrological models (Seibert, 2000; Finger et al., 2015; Etter et al., 2017; Mostafaie et al., 2018), a
comprehensive comparative study of them in the context of hydrological modelling has been lacking so far. Specifically, it
is not clear yet which of them has the greatest value for a multi-output calibration of a hydrologic model in a catchment of
complex terrain with several processes being important such as a glaciated catchment.

In this study, we focus on such a multi-output calibration of a small glaciated catchment located in the Swiss Alps (head-
water of the Rhone River). We test three different metaheuristic optimization techniques, i.e., Monte Carlo (MC), Simulated
Annealing (SA) and Genetic Algorithm (GA), with a conceptual semi-distributed hydrological model (HBV) with streamflow,
snow cover and glacier mass balance used as three output variables. All three output variables are weighted in the same way
in order not to prioritize any of them. The efficiency of simulating these three output variables is assessed via a multi-criteria
objective function developed by Finger et al. (2011) for the same study catchment and the same output data sets (see sect. 3.4).
Specifically, we evaluate the value of three metaheuristics in terms of the uncertainty estimates of all three output variables
represented with multiple model parameter sets and the behaviour of the Pareto frontier given the same computational effort.

Thus, the novelty of our work lies in confronting for the first time these three metaheuristics most frequently applied in hy-
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drology within a multi-output calibration framework to derive practical recommendations for further applications. Our specific

research questions are:

1. Which of the three metaheuristic methods tested, can constrain model parameter sets when calibrated against all three

observational data sets given the same computational effort measured by the number of model evaluations needed?

2. Which metaheuristic does yield model parameter sets giving the most reliable simulations of the three modelled outputs,

i.e. streamflow, snowmelt and glacier mass balance?
3. How does the ranking of the metaheuristics’ performance depend on the number of best parameter sets selected?

4. Which metaheuristic does provide the most balanced Pareto frontier for three modelled output variables?

2 Material
2.1 Study Site

The headwaters of the Rhone River are delimited by the catchment of the gauging station Gletsch (Figure 1). The catchment
covers an area of 38.9 km? and about 42% of it is covered by the Rhonegletscher. The highest point in the catchment reaches
up to 3630 m asl. While mean precipitation in the watershed accounts for 1789.9 mm per annum, the average runoff in Gletsch
is 2.8 m>® s~! (see Table 1). The difference between long-term mean discharge and precipitation can be attributed to intense
glacier melt and shrinking of glacier mass. The Rhone glacier has been researched for over 120 years (Huss et al., 2008),

resulting in an extensive set of historical data and is, therefore, a suitable location for this study.
2.2 Observed data

Hourly air temperature and precipitation observations are available from the weather station Grimsel Hochspitz (Figure 1)
operated since 1903 by the Federal Office of Meteorology and Climatology (MeteoSwiss). These data serve as an input for a
hydrological model (sect. 3.1).

For the multi-dataset calibration, three independent output datasets were available for the study site for the period 2001 to
2008: (i) discharge data, (ii) glacier mass balances from the Rhone glacier, and (iii) satellite-derived snow cover observations.
Daily discharge data were obtained from the gauging station at Gletsch (Figure 1). The gauging station is operated by the Swiss
Federal Office of Environment (FOEN). The daily satellite snow cover images were obtained from the Moderate Resolution
Imaging Spectroradiometer (MODIS) (Hall et al., 2002). The snow cover data from all days with less than 10% cloud cover
were used. The glacier mass balances were provided by Huss et al. (2008) and consist of glacier mass changes during the
accumulation period (1. October to 30. April) and the ablation period (1st. May to 30th. September) in different altitudes bands
of 100 m. All datasets were pre-processed as described in detail in Finger et al. (2011).
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Figure 1. Rhone river catchment in Switzerland.

3 Methods
3.1 The HBV model

The Hydrologiska Byrdns Vattenbalansavdelning (HBV) hydrological model is a conceptual precipitation-runoff model, de-
125 veloped by Sten Bergstrom (1976). The HBV model has been widely used in various versions and under different climate
conditions (Pers, 2019). The version utilized in this study is identical to the one used by Finger et al. (2015). It relies on the
HBV-light model (Seibert and Vis, 2012), being a simplified version of the HBV-6 model (Bergstrom, 1992) complemented
with a glacier module (Finger et al., 2015) and a snow cover module to enable multi-dataset calibrations (Finger et al., 2011).
The HBV-light is a semi-distributed model in which a catchment can be split into smaller sub-catchments with different el-

130 evation and vegetation zones (Seibert and Vis, 2012). It consists of five various routines which are: rainfall excess and snow
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Table 1. Catchment Characteristics of Rhone River.

River Rhone
Gauging station Gletsch
(Location CH 1903)* 670810/ 157200
Data period used 2001 - 2008
Catchment Area 38.9 km?
Lowest Altitude 1761 m asl
Highest Altitude 3630 m asl
Mean Altitude 2719 m asl
Glacierization® 42.3%
Mean discharge® 28m?s!
2770 mm a~ !
Weather Station Grimsel Hospiz
Location 668583 /158215
Distance to stream gauging 2.4 km (outside catchment)
Mean precipitation 1789.8 mm year !
Mean temperature 4.5°C day~!

4CH1905 system coordinates.,bAccording to Huss et al. (2008),° According to
the FOEN station data, available at http://www.hydrodaten.admin.ch.

routine, soil routine, groundwater routine, routing routine and glacier routine. The model input variables are daily precipitation
(P) and air temperature (7"). The phase of precipitation is determined by the air temperature. Using the inputs on a daily scale
with the addition of potential evaporation (F), the model simulates daily discharge () at the catchment outlet. Equation (1)
shows the general water balance used by the HBV model:

d
P—E—QZ%[

SP+SM+UZ+ LZ + lakes] (D
where SP is the snowpack, SM is moisture in the soil, LZ and UZ the lower and upper groundwater zones and lakes
represents the volume of the lake (Pers, 2019). The model’s equations are described in detail by Seibert and Vis (2012).

The version of the HBV-light model used in this study has 21 parameters that must be optimized (see Table ??). The
optimization ranges for model parameters were taken from the previous study (Finger et al., 2015). This model is calibrated
using the year 2008 within the multi-output framework with three output variables: discharge, snow cover and glacier mass

balance. The model runs a warm-up period during the years 2005 to 2007 to set up initial catchment conditions. We use here

the same calibration year as by Finger et al. (2015), to be able to compare our results with the previous work.
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3.2 Metaheuristic techniques used within the multi-output calibration
3.2.1 Monte Carlo

The Monte Carlo (MC) calibration procedure is performed by randomly selecting values for parameters from defined uniform
distributions (Mooney and Sage Publications, 1997). The simulation is performed using multiple parameter sets and the out-
come for each run is estimated and ranked based on the pre-defined objective function(s) (Seibert and Vis, 2012). Hence, all
randomly selected parameter sets receive a rank which enables a selection of the most optimal solutions from all tested sets.
The main drawback with the MC calibration procedure is that the number of runs required to achieve convergence can be
quite significant (Mclntyre et al., 2002) because there is no mechanism to improve selected solutions, i.e., the selection is com-
pletely random without any learning involved. As such, the MC procedure is focused only on exploration, i.e. the procedure
is constantly trying out new parameter sets instead of trying to refine and improve good solutions. Despite this drawback, the
MC calibration procedure has been shown to be able to identify good parameter sets if enough model trials are taken, and a
selection of the 100 best parameter sets from a batch of 10’000 randomly generated has been shown to be sufficient for the
parameter optimization (Konz and Seibert, 2010; Finger et al., 2011). Moreover, due to its simplicity, MC remains a frequently
applied optimization technique in hydrology (Pool et al., 2017b; Finger, 2018; De Niet et al., 2020; Ferreira et al., 2021).

To further improve the MC search, a local search procedure could be added on top of the MC that would introduce the
exploitation phase, where the method tries to improve the current solution by searching in its neighbourhood. If an improved
solution is found, the current solution is updated.

Following Finger et al. (2011), in this paper, we randomly generated 10’000 parameter sets using the MC (i.e., without any

local search), and for further analysis, we selected only 100 best based on the performance criteria described in sect. 3.3.
3.2.2 Simulated Annealing

Simulated Annealing (SA) is a flexible and generally applicable optimization technique first introduced by Kirkpatrick et al.
(1983). In contrast to MC, SA involves both the exploration and exploitation by including the acceptance and rejection rate
of randomly generated trails (Dougherty and Marryott, 1991). Moreover, SA tries to mitigate the problem of local optima by
introducing a probability of accepting a worse solution, thereby allowing the hill-climbing search algorithm to escape from
local optima. The algorithm uses a so-called temperature parameter ¢ that decreases with each iteration of the algorithm and
with it the probability of accepting a worse solution decreases also (Kirkpatrick et al., 1983). SA has been less frequently
applied to hydrological modelling than MC but some recent works adapt SA for flood predictions (Zhu and Wu, 2013; Huang
et al., 2018; Hosseini et al., 2020).

In this paper, the initial value for the temperature is 999 and the temperature decreases by 10% in each iteration, so t; 1 =
0.9t;. The SA calibration procedure generates 200 initial random parameter sets, and then runs 50 iterations of SA for each

parameter set. The total number of model evaluations is therefore 10’000, the same as for the MC calibration procedure.
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3.2.3 Genetic Algorithm

The Genetic Algorithm (GA) is a metaheuristic that uses inspiration from natural selection to search for good solutions (Wan;
Mitchell, 1998; Seibert, 2000; Sivanandam and Deepa, 2008). The algorithm maintains a set of solutions, called a population,
and tries to improve the solution set using selection, crossover and mutation (Holland et al., 1992). New individuals are
created using the crossover function, where two individuals (parents) are combined to create offspring. The selection method
determines how the parents are selected and mutation allows for a possibility of the offspring having features that are not
inherited directly from its parents. One of the keys to a good GA performance is to have a crossover function that fits the
problem and the search space. GA based optimization techniques have been frequently applied in hydrology (Zhu and Wu,
2013; Brunner et al., 2018; Sikorska et al., 2018; Van Tiel et al., 2018; Sikorska-Senoner et al., 2020).

GA used in this study was introduced by Seibert (2000) and is designed for a multicriteria calibration of the HBV model. In
this GA approach, the crossover function takes in two parameter sets (parents) and creates a new offspring using the following

procedure for each parameter in the parameter set:

with probability 0.41, the offspring receives the parameter value from Parent 1.
— with probability 0.41, the offspring receives the parameter value from Parent 2.

— with probability 0.16, the offspring receives a parameter value from a uniform distribution in the interval between the

parameter values from Parent 1 and Parent 2.

— with probability 0.02, the offspring receives a parameter value from a uniform distribution in the interval between the
minimum and maximum allowed values for the parameter, ignoring the parameter values of the parents. This is where

mutation occurs.

The GA set-up used in this study uses a population size of 50 individuals and iterates for a total count of 40 generations,
resulting in 2000 model runs. The process is performed 5 times resulting in a total of 10’000 model evaluations. In the end, a
total of 250 parameter sets is delivered which are evaluated and the 100 best parameter sets are retained. The set-up of the GA

was configured to have in total 10’000 model evaluations, i.e., the same number as both the MC and SA procedures.
3.3 Multi-criteria objective function for model calibration

The efficiency metric that is used to evaluate the model performance and the acceptance of model parameter sets during
calibration consists of six criteria (see Table 2 for details). The accuracy of discharge (Q) simulations is determined by using
the Nash-Sutcliffe efficiency (NSE) coefficient (Nash and Sutcliffe, 1970) which values may range from [—oo;1], where 1
describes a perfect fit between simulated and observed Q. NSE is computed over all discharge values and also for the logarithm
values of discharges. Correctly predicted snow cover area (CPSC) is estimated for the whole year and also for the summer
(1st. May to 30th. September), with the possible range between 0 and 1. The glacier mass balance (MB) simulation accuracy

is estimated using root mean squared error (RMSE) for both the ablation (1st. May to 30th. September) and the accumulation
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Table 2. The Efficiency criteria used within the multi-objective framework.

Objective®  Efficiency criteria Equation

i (dobs,i—Tsim,i)?
max Nash-Sutcliffe of Q, (Eq)" Eg=1- "

> (dobs,i—Tsim,i)?

i=

n
Zl(log Qobs,i =108 asim,i)>
=

max Nash-Sutcliffe of log(Q), (Eg)® Eg=1-%
/21(108' Qobs,i—108dsim,i)?
max Correctly predicted snow cover area, (Esc, ) n
year ESC - % Z (1 - ‘asim,i - aobs,i|)
max Correctly predicted snow cover area, (Esc,summer)® i=1
min Root mean square error of mass balance, (Ea B, ac )¢ m
a“d Envp =% > (Ahresj — Ahsim,j)?
min Root mean square error of mass balance, (EarB,abt) J=1

“The objective signifies if the criterion is to be maximized or minimized. b Qobs represents the observed daily discharge, g, demonstrates the
simulated daily discharge, both for time i. ¢ a is the daily snow cover fraction for number of days, n. Also, sim stands for simulated, obs stands
for observed estimations based on satellite images. 4 Ah is the combined change in snow and ice height [w. eq] for each altitude band (100 m), j

during the indicated period.

season (1st. October to 30th. April). RMSE is scale-dependent, meaning the scale of RMSE depends on the scale of the data
being estimated (Hyndman and Koehler, 2006). An RMSE value of 0 would describe a perfect fit to observed data. In addition,
a normalized mass balance efficacy is computed for the ablation season.

All objective criteria described above are equally weighted during the model calibration to not prioritize any of the modelled

variables. For the validation period, a normalized mass balance efficacy (Eas B norm) 1S computed as:

EvB,abl

2

E]\/[B,norm =1- h
ref,j,mean

where Enp qp is the RMSE of mass balance and hy¢f j mean is the mean Ah for the entire validation period, which is the

combined change in snow and ice height for each altitude band (100 m) during the indicated period.
3.4 Overall model performance in three methods

The overall consistency performance, P?4°™™ introduced by Finger et al. (2011), is used for comparison between values of
different model runs and optimization methods. P94™°™™ consists of normalized average ranking values obtained from all six

efficiency criteria. The ranking value P! is defined as

pl=—— T 3)
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where i represents one of the six efficiency criteria, 7 each model run and N the total number of model runs per method. R%
represents the rank for criterion ¢ in run r. As we intend all three variables to be equally well modelled, the overall consistency
performance, P94 is given by

1
P24 =2 (PP + PO+ PP, “

where PY, PS¢ and PMPB are aggregated ranking values for discharge, snow cover and glacier mass balance for run r
computed as an average of considered efficiency criteria for a respective variable and run. For instance, P is an average of
values achieved for NSE and log-NSE for the run r. This ranking approach is also used to select the best 100 and best 10
parameter sets per method.

The P24 is then normalized by its maximum value achieved among all methods resulting in:
ppAnerm = 52: : )

max

Thus, I?,OA”‘””m takes values from 0 (minimum) to 1 (maximum), whereas the minimum and maximum are defined based on
obtained simulation results. In our case, as we compare 3 different methods of model calibration, we define the minimum and
maximum based on all three methods. Hence, the minimum is the lowest rank and the maximum is the highest rank achieved

overall three calibration methods, i.e. MC, SA and GA.
3.5 Statistical analysis of differences between calibration methods

Statistical analysis is performed to estimate if the difference in results between the three studied methods is statistically signif-
icant (Ross, 2014). We use a two-sample t-test for the three variables, i.e. discharge, snow cover and glacier mass balance, for
the calibration year and the validation period. The level of significance is set as aw = 0.05 to estimate if the differences in the

mean values for the three outputs are statistically significant.

4 Results

The number of iterations in each of three tested methods, MC, SA, and GA, was chosen to have the same number of compu-
tational runs for each method. From all optimised parameter sets, for each method 100 best parameter sets were chosen based
on the ranking approach as described in Sect. 3.4. In addition, the efficiency criteria for glacier mass balance were normalized
using the maximum value obtained for mass balance in the MC procedure. This proved to be necessary for the comparison of

the SA and GA algorithm.
4.1 Optimized model parameters

Optimised HBV model parameters (mean and standard deviation values) of the best performing parameter sets for each method
are presented in Table 3 and box plots of all 100 best parameter sets are illustrated in Figure 2. It can be seen that the MC method

led to the largest span of optimised parameters, followed by the SA method, while the GA provided the narrowest box plots for

10
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Figure 2. Box plots of 100 best-optimised parameter values of the HBV model for three metaheuristic methods: MC - Monte Carlo, SA -

Simulated Annealing, GA - Genetic Algorithm. The red line within each box shows the median, the whiskers contain the most extreme data

points, except for the outliers which are visualized by a red asterisk. The y-axis of each plot spans the parameter’s optimisation range and

unit. See Table 3 for the parameters’ description.

all parameters. Both SA and GA parameter values lie within the ranges of MC optimised parameters for most of the parameters.

This finding highlights the difference in the parameter search between these three methods. Namely, the MC-based search relies

only on the exploration phase without any exploitation phase, which resulted in wide box plots. In contrast, both SA and GA

involve an exploitation phase in addition to the exploration phase and this led to narrower parameter box plots.
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4.2 Model performance during the calibration period

The comparison of the model performance for all three methods is based on the simulations using the 100 best parameter sets
and additionally also for the 10 best parameter sets selected based on the ranking approach. Table 4 demonstrates the mean
efficiency criteria and standard deviations for all three methods using 100 and 10 best parameter sets. For the calibration year
(2008) GA yielded the best results overall, both for 100 best runs and 10 best runs. The mean efficiency criterion from the
100 best runs resulted in the criteria values for discharge Eg ga = 0.918 £0.063, snow cover Esc,ga = 0.917£0.013 and
glacier mass balance Fyrp g4 = 951.2£813.4. The 10 best runs resulted in Eg g4 = 0.936£0.004, Esc,ga = 0.917£0.003
and Eyp,ga = 639.8£157.6. Both other methods led to slightly poorer model performance for all three runoff components
than the GA method, and they delivered criteria values similar to each other for both 100 best and 10 best runs. However, a
significant difference was measured neither between GA and SA for snow cover and glacier mass balance nor for GA and
MC for snow cover from the 10 best runs (see Table 6 for results from the t-test). A significant difference was only measured
between MC and SA for snow cover values from the 100 best runs, where MC delivered better results than SA (Table 6).

A visual comparison of the three metaheuristic methods versus the observed values is presented in Figure 3 for the 100 best
simulations with a 90% simulation range and the 10 best simulations in Figure 4. It can be seen that GA, for both the 100
best and 10 best simulations, provides the narrowest simulation ranges for all three runoff components. Simulation ranges of
both other methods (SA and MA) are wider in comparison to the GA. This is in agreement with our observations on model
parameter ranges (sect. 4.1), where the GA method led to much narrower parameter ranges in comparison to the other two
methods. It can be also seen from the comparison of Figures 3 and 4 that moving from 100 best to 10 best simulations leads to
a substantial narrowing of the simulation ranges for all three methods and all three runoff components.

Further differences between the three methods can be seen from the analysis of monthly discharge and snow cover that are
presented in Figure 5. Note that the monthly calculations for the glacier mass balance are not possible as the mass balance is
calculated only on an annual scale. Similarly to time series analysis, also monthly analysis shows that both MC and SA provided
wider simulation ranges than the GA. It can be also seen that respecting the discharge, all three methods reproduce quite well
the monthly values with an exception of the period of September-November. For this period all methods slightly overestimate
the monthly values and the simulation ranges do not cover the observed values. Regarding the snow cover, the coverage of
the observation data by the simulation ranges is worse than for the discharge. Here two periods are poorly reproduced by the
model, i.e. the period of May-July and September-October. The poorer performance of the model in these two periods for the
snow cover and one period for the discharge overlap with the period of the most intensified snow and glacier melt (May-July)
and the beginning of the snow accumulation period (September-November). Nevertheless, for both variables, i.e., discharge

and snow cover, the peak values could be captured by the simulation ranges.
4.3 Model performance during the validation period

Similarly to the calibration period, the model performance in the validation period (2001-2007) was assessed for the 100 best

runs and the 10 best runs, and the mean and standard deviation values are summarized in Table 5.

12



285

290

295

https://doi.org/10.5194/hess-2021-325
Preprint. Discussion started: 6 August 2021

Hydrology and

Earth System

(© Author(s) 2021. CC BY 4.0 License. Sciences
BY
MC SA GA
(a) (d) (9)
40 40 401
_Qabs _Qobs - chs
G 30 T mean Q. § 30— mean Qg, . &30 mean Qg !
oo 90% sim. range oo} 90% sim. range o o 90% sim. range L
£ Ex £ Ex £ Ex M
25 ER g il !
[s) o [a) f
%0 %10 9 1o} /,,J y
0 0 0—
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100
Days Days
(b) (e)
1 1 1 bsrr TV —
§ 0.8 8 0.8 § 0.8
8 Zo06 806 3 =06
38 X 3
r/8> 0.4 —SCy, Ug} 0.4 —SC ‘% 0.4 —SCg
R e mean SCMCSW P — mean SCSAsim 02k mean SCGAsim
90% sim. range 90% sim. range 90% sim. range
0 . . . . . " L 0 . . . . . " . ol s . . " N " "
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Days Days Days
() () (i)
g 4000 g 4000 g 4000
e _:— 2000 . - 2 Altitude bands (2200-3500 m asl) 42 ‘T'— 2000 e e - T Altitude bands (2200-3500 m asl) . e ‘T'—‘ 2000 - Altitude bands (2200-3500 m asl)
&% 0 caaedniiDLLEN g8 o.;nﬁllilllll“i !H,Jf“m s 0 bwesan nINILLEE gl
g g 2000 Altitude bands (2200-3500 m asl) I! ! ! ! 5 g 2000 Altitude bands (2200-3500 m asl) II I Il l ! g g 2000 »A\mude bands (2200-3500 m asl) ﬂ H IH I] I] ﬂ
§ E -4000 Q E -4000 - ﬁ E -4000
2 -6000 VB s -6000 VB S -6000 MB
> £ g0 [ MMy, B > £ g0 [ EVE,,, B > £ _goo0 [ Yy,
'S Q2 -10000 - EEmean M8, e, G 2 -10000 - EEMean MBg, i, I G 2@ -10000 | EEEImean MBg,
8 = 12000 I 90% sim. range B = 42000f 1 90% sim. range B = 12000 90% sim. range
o o O 14000 ‘

-14000 -14000

Accumulation phase Ablation phase Accumulation phase Ablation phase Accumulation phase Ablation phase

Figure 3. Model performance of the 100 best runs for each method for the Rhone catchment during the calibration year (2008). Plots a, d, g
present the mean simulated discharge in a different colour line for each method together with the 90% simulation range in a lighter colour.
The observed discharge is marked with a black line. Plots b, e, h demonstrate the mean simulated snow cover and the 90% simulation range
versus the observed snow cover (black line). Plots c, f, i present the mean simulated glacier mass balance and the whiskers demonstrate the

90% simulation range. The observed glacier mass balance illustrated by black bars. Each bar group stands for a single altitude band.

Unlike the calibration year where the GA provided the best estimates, SA delivered the best results for discharge during
the validation period, both from the 100 best runs (Eg, 54 = 0.855 £0.079) and 10 best runs (Eg 54 = 0.833 £ 0.037). Note
however that the simulation results for GA were only slightly worse than these of SA. Hence, a significant difference was
not measured between SA and GA for discharge from the 100 best runs (Table 7). Regarding the snow cover, MC yielded
the best results from the 100 best runs (Fsc,aprc = 0.901 £0.022) but GA delivered the best results from the 10 best runs
(Fsc,ca = 0.902 4 0.017. Again, a significant difference between MC and GA for snow cover simulations was found neither
from the 100 best runs nor the 10 best runs. Concerning the glacier mass balance, similarly to the calibration year (2008), GA
delivered the best results for both the 100 best runs (Eyrp,g4 = 0.673 £0.300) and 10 best runs (Eyp,ga = 0.772 £ 0.089).
Also here, a significant difference was not detected between the GA and SA runs from the 100 and 10 best runs.

Visual comparison of the model performance in the validation period including the calibration year is presented in Figure 6
for the 100 best runs and in Figure 7 for the 10 best runs with box plots. Looking at the performance of the 100 best sets
for runoff components, it can be noticed that MC led to the widest spread of the model performance for the discharge. For

snow cover, SA resulted in the widest spread and for the glacier mass balance, both SA and MC led to a wide spread of the
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Figure 4. Model performance of the 10 best runs for each method for the Rhone catchment during the calibration year (2008). Description

similar as in Figure 3 but this time simulation ranges represent all 10 best simulations instead of 90% ranges.

model performance. For all three runoff components, GA led to the narrowest box plots. However, GA yielded also some *bad’
solutions particularly for the discharge, as seen by the outliers lying below the O-value.

When comparing the model performance evolution for three runoff components from the 100 best to the 10 best simulations,
it can be noticed that all box plots are becoming narrower and grouped around higher values for efficiency criteria for all three
methods. Still, the patterns visible for the 100 best parameter sets are present for the 10 best sets with the GA providing the
narrowest box plots and MC and GA wider box plots. As it could be expected, ’bad’ solutions are sieved out from the pool of
the 10 best sets as seen by the disappearance of all outliers in Figure 7.

The validation of the modelling results furthermore reveals that the multi-dataset calibration is sufficiently robust to simulate
exceptional hydro-meteorological events that occurred in the studied catchment over the observation period. Two examples
of such events were the heatwave in 2003 (Schir et al., 2004) that caused an exceptional drought summer with very low
flows, and the unprecedented precipitation event with subsequent devastating flooding in summer 2005 (Barredo, 2007). Model
performance regarding EQ, EMB, and ESC show efficiency values for these two years 2003 and 2005 similar to these observed
during the rest of the validation period (Figure 6 and 7). Comparing different calibration techniques, while efficiencies for the
two exceptional years 2003 and 2005 for all three calibration methods are similarly high, results obtained with the GA method

provide a slightly better model performance, underpinning the robustness of GA for multiple dataset calibrations.
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Figure 5. Monthly discharge and snow cover values of the 100 best simulation runs for each method for the Rhone catchment during the
calibration year (2008). Plots a, d, e demonstrate the mean simulated discharge and the total simulation range versus the observed discharge.

Plots b, d, f demonstrate the mean simulated snow cover and the total simulation range versus the observed snow cover.

4.4 Ranking of the model performance in three methods

Previous comparisons of the model performance in the three methods are based on the visual analysis of the model simulation
performance and the model criteria. Yet, it would be of interest to see how the 100 best and the 10 best solutions compare to
each other. For this purpose, the 100 best solutions of each method were put through a normalized ranking procedure (sect. 3.4)
and compared to each other. Thus, all 100 best solutions for each method were put together creating a pool of 300 best solutions
and ranked accordingly to their normalized rank received. Similarly, 10 best solutions for each method were pooled together
creating a group of 30 solutions and ranked according to their normalized ranks. Figure 8 demonstrates how the method’s runs
were ranked when compared directly to each other when selecting the 100 best and 10 best solutions.

As it appears from the Figure and the normalized ranks, most of the 300 best solutions are arriving from the GA method. This
method yielded however also some of the worst solutions. In contrast to that, both SA and MC yielded middle-good solutions
with the SA yielding worse solutions than MC. When comparing only the 10 best solutions for each method (i.e., 30 in total),
GA yielded all 10 best solutions. MC was placed second and SA third with all worst solution from all 30 considered.
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Figure 6. A comparison of the 100 best runs for each method for the Rhone catchment during the entire simulation period (2001-2008). The
year 2008 is the calibration year and the years 2001-2007 are validation years. The red line within each box shows the median, the whiskers
contain the most extreme data points, except for the outliers which are visualized by a red asterisk. Some outliers landed below the y-axis
selected here and are therefore identified on the axis with the axis being dashed. (a) The discharge efficacy, (b) the snow cover efficacy, and

(c) the normalized glacier mass balance efficacy.

4.5 Pareto frontier in three methods

As in any multi-criteria calibration, a competition between competing criteria occurs. This is illustrated by sub-optimal solu-
tions for each of the considered criteria, i.e. by the occurrence of the Pareto frontier. This was also the case in our multi-output
calibration with discharge, snow cover and glacier mass balance data. Therefore, we analysed the behaviour of the Pareto
frontier, to identify the non-dominated runs which are runs where none of the three objective functions could be improved
without the others worsening. Figure 9 demonstrates the 100 best runs of each of the three methods (panel a) and shows the
63 non-dominated runs (panel b), i.e. the Pareto frontier. Among three compared methods, GA yielded the highest number of
non-dominated runs, i.e. 46 runs. The MC method yielded 13 runs and SA only 4 non-dominated runs. Thus, the GA method
led to the largest improvement of the Pareto frontier by finding the most sub-optimal solutions for all three variables considered

during the calibration.
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Figure 7. A comparison of the 10 best runs for each method for the Rhone catchment during the simulation period (2001-2008).The axis is

the same as in Figure 6 for comparison reasons. Description as in Figure 6.

5 Discussion
5.1 Comparison of three metaheuristic methods for multi-output calibration

Given the same number of model runs, the comparison of three calibration methods, i.e. Monte Carlo (MC), Simulated Anneal-
ing (SA), and Genetic Algorithm (GA) reveals that all three methods can identify parameter sets that generate robust solutions,
which can generate simulations that adequately reproduce all three observational datasets (streamflow, snow cover and glacier
mass balance). These solutions lead to an ensemble of adequate simulations since an improvement for one observational dataset
implies a decline in the performance of another dataset. However, all three calibration methods identify ensemble solutions
that reveal a deviation from observed data points that are smaller than the standard deviation of the ensemble solution (Fig. 4).
This is also valid for an 8-year validation period (2001 to 2008), including a record-breaking heatwave in 2003 and an un-
precedented precipitation event in 2005 (Fig. 7). During the entire validation period, the results generated by GA reveal the
highest mean performance and the lowest scattering of the model parameters and the efficiency values. This indicates that GA
is most efficient in identifying high-performance and robust solutions that pass the validation for all three datasets. Hence, it
appears that GA approaches faster good solutions than the other two methods tested here, which shows a great potential of this
method for model calibration within a multi-data approach. We, however, do not neglect the other two methods which may

reach similar model efficiency in an extended number of model runs. Nevertheless, the GA appeals to be the most promising
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visualized by a red asterisk.

method for multi-data calibrations when a computational cost should be kept low. In addition, moving from 100 best to 10 best
solutions sieved out poorer solutions of the GA method. This feature could be further adapted to improve the model simulation
skills, e.g. by increasing the number of initially performed model simulation runs to increase the number of good solutions
retained. This is however linked with increased computational cost. Alternatively, further improvement in model performance
skills could be achieved by coupling an optimized hydrological model with a data-driven approach to mimic model residuals

(Sikorska-Senoner and Quilty, 2021).
5.2 Value of the multi-data calibration for glaciated catchments

The presented results fortify the conclusion that multi-data calibration is essential to constrain the parameter uncertainty,
reduce the equifinality problem and improve the overall consistency performance of hydrological models for different runoff
components being modelled. This is in agreement with previous studies (Finger et al., 2015; Sikorska et al., 2015a; Tarasova
et al., 2016; van Tiel et al., 2020). While it remains important to maximise the model performance of a primary target variable,
which is in most cases the total water streamflow, only the simultaneous calibration with relevant components of the water cycle
can improve the overall robustness of the model calibration and can ensure the correct calibration for the right reason (Kirchner,
2006). Robust model calibration is extremely important for model applications to other periods or conditions. As demonstrated
by our validation results, a multi-data calibration with three variables and one observation year was sufficient to constrain
robust model parameters that are transferable to other even extreme conditions, such as extremely dry or wet periods observed

in 2003 and 2005 year. In the particular case of glacierized high alpine catchments, as an example studied here, the most
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Figure 9. Visual representation of the results by the discharge efficacy, the snow cover efficacy, and the glacier mass balance efficacy for the
Rhone catchment during the calibration year (2008). Some runs landed outside the axis and are therefore identified on the axis by an asterisk
in the colour of its method, for clarifications of this purposes the axis is dashed. (a) A comparison of the 100 best points for each method and

(b) isolated non-dominated points.

relevant processes generating runoff are snowmelt (observed in the daily satellite images), glacier volume change (monitored
by biannual glacier mass balances) and surface runoff (observed in the short term dynamics of the total streamflow). Our results
reveal that giving equal weights to all three datasets enabled us to obtain robust and consistent hydrological simulations for all
these three runoff components (streamflow, snowmelt and glacier melt). Although we did not test other weight configurations,
giving a higher weight to one of these datasets would presumably slightly improve the performance for that component but at
the price of a drop in model performance for the other two runoff components. Similarly, calibrating the model only against
the discharge data would not provide reliable information on changes in snow and glacier dynamics. Therefore, it appears to
be essential to give equal weights to all modelled runoff components if all of them are of interest or long-term changes in water
resources should be studied. The model ability to preserve the water balance and to realistically simulate water resources over a
longer-term period is of particular importance for glaciated catchments, i.e., with slowly occurring changes in water resources
(Hanzer et al., 2016; van Tiel et al., 2020).
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5.3 Value of the multi-data calibration and Genetic Algorithm for improving the Pareto frontier

All three methods (MC, SA and GA) identify the limits of possible best solutions expressed by the Pareto Frontier (Fig. 9). The
Pareto frontier represents the mathematically optimal solutions of the model to reproduce the observational datasets and reveals
the essence of the equifinality problem (Beven and Freer, 2001) that occurs between two or more competitive calibration criteria
(Efstratiadis and Koutsoyiannis, 2010). While the scattering of the final results is highest using the MC method, the application
of GA identifies results that have a higher mean performance and shows the lowest scattering of the simulation results. This
is valid for all three observational datasets, i.e., glacier mass balances, satellite-derived snow cover, and total runoff in the
downstream valley. In addition, the comparison of the parameter estimation by the tree calibration methods reveals that some
parameters are constrained better by GA than MC or SA (e.g., TT, PCALT, and TCALT). As argued by Finger et al. (2011,
2015), the value of datasets to constrain model parameters depends on the relevance of the parameter for the calculation of
a specific runoff component according to this dataset. Accordingly, parameters describing snow melt are better constrained
by satellite-derived snow cover images, parameters describing precipitation distribution and ice melt are best constrained by
glacier mass balances, and parameters governing the short-term dynamic in the runoff are best constrained with streamflow
data. The smaller scattering of parameters identified by GA indicates that this method is more efficient in identifying optimal
parameters for all three runoff components than MS or SA. Since GA increases simultaneously the performance regarding all
three datasets, it can be concluded that GA improves the Pareto Frontier, decreases the equifinality and enhances the parameter

estimation, given the same number of model runs for all three methods.
5.4 Recommendations and outlook

Based on our results, we recommend a multi-data calibration in combination with the GA method for optimal calibration
of a hydrological model and constraining model parameters. GA has been shown to be the most efficient in finding optimal
Pareto solutions at a limited computational cost (expressed by the number of runs needed to be performed) in comparison
to two other methods. As for glaciated catchments, it is essential to use simultaneously glacier mass balances, snow cover
images, and discharge to obtain adequate and robust simulations of different runoff components. These three datasets coupled
into a multi-data calibration are also used most often for calibration a hydrological model in glaciated catchments if three
variables are considered (van Tiel et al., 2020). Optionally, further datasets could be included in multi-data approaches such
as evapotranspiration data, soil moisture, stable isotopes and other datasets in catchments of multiple processes contributing
to the runoff generation. For instance, in arid and semi-arid catchments, an additional dataset on evaporation could be of great
value for the model (Dembélé et al., 2020). Such multi-dataset calibrations are in particular valuable in remote catchments with
limited in-situ data and where multiple datasets can provide additional information for constraining the model parameters. The
high performance of results obtained with GA demonstrates the potential of this approach for the multi-data calibration with an
application to other environmental models, such as sediment transport models, water quality models or ecohydrological models

(e.g., Finger et al. (2007); Sikorska et al. (2015a); Kuppel et al. (2018)), which should be investigated in further studies.
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6 Conclusions

Three calibration methods were implemented in this study within a multi-data calibration approach to assess their applica-
bility for providing robust model simulations of three different runoff components in a glaciated catchment; i.e., streamflow,
snowmelt and glacier-melt. All three calibration techniques, i.e. Monte Carlo (MC), Simulated Annealing (SA) and Genetic
Algorithm (GA) were constrained in the way that the same number of model runs is performed during the model calibration.
Our results indicated that, first, among the three tested methods, the GA provided the most robust simulations of all three runoff
components and the most optimal Pareto solutions. Hence, this method overperformed the other two methods as it approaches
faster to good solutions and thus has a lower computational requirement. Second, our results demonstrated once again the
value of the multi-dataset calibration for realistically simulating different runoff components, which is of particular importance
for glaciated catchments or other catchments with multiple processes contributing to the runoff generation. Based on that, we
recommend using a multi-data calibration in combination with the GA method for optimal calibration of hydrological models

at a limited computational cost.
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Table 4. A comparison of the efficiency criteria during the calibration year (2008).
100 best runs 10 best runs
Objective  Efficiency criteria MC SA GA MC SA GA
mean  0.885 0.883 0918 0.901 0910 0.936
max Discharge, Eq [—]
std  0.027 0.037 0.063 0.017 0.008 0.004
mean  0.911 0.894 0917 0915 0912 0917
max Snow cover, Esc,summer [—]
std  0.008 0.014  0.013 0.005 0.006 0.003
mean 1216.6 1413.6 951.2 813.7 545.1 639.8
min Mass balances, E'nrp,qp [mmw.eq.]
std  450.1 905.1 8134 2185 2695 157.6
The gray shaded areas represent the best results for each objective.
Table 5. A comparison of the efficiency criteria during the validation period.
100 best runs 10 best runs
Objective  Efficiency criteria MC SA GA MC SA GA
mean 0.811 0.855 0.852 0.835 0.883 0.881
max Discharge, Eq [—]
std  0.093 0.079 0.137 0.060 0.037 0.036
mean 0901 0.897 0.900 0.898 0.896 0.902
max Snow cover, Esc,summer [—]
std  0.022 0.025 0.020 0.022 0.022 0.017
mean 0.596 0515 0.673 0.711 0.768 0.772
max Mass balances, EnrB,norm [—]
std 0223 0365 0300 0.156 0.130 0.089

The gray shaded areas represent the best results for each objective.
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Table 6. Results of t-test for the calibration year (o = 0.025).
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100 best runs 10 best runs
Efficiency criteria MCand SA GAandSA GAandMC MCandSA GAandSA GA and MC
t-Stat 0.54 -4.79 -4.75 -1.26 -9.97 -6.26
Discharge, Eq [—]
P-value 0.59 3.8E-06 5.2E-06 0.23 1.9E-07 9.4E-05
t-Stat 11.45 -12.50 -3.69 1.19 -8.26 -1.41
Snow cover, Esc,summer [—]
P-value 1.3E-22 8.5E-27 0.0003 0.25 2.7E-06 0.18
t-Stat -1.95 3.80 2.86 2.45 -0.96 2.04
Mass balances, EnrB,norm [—]
P-value 0.137 0.0002 0.005 0.03 0.35 0.06
Table 7. Results of t-test for the validation period (o = 0.025).
100 best runs 10 best runs
Efficiency criteria MCand SA GAandSA GAandMC MCandSA GAandSA GA and MC
t-Stat -10.10 0.43 -7.05 -6.12 -4.55 -5.92
Discharge, Eq [—]
P-value 2.8E-23 0.67 2.8E-12 9.9E-09 1.8E-05 2.7E-08
t-Stat 4.09 -2.86 1.53 0.42 -1.93 -1.43
Snow cover, Esc,summer [—1
P-value 2.3E-05 0.004 0.13 0.68 0.06 0.16
t-Stat -5.35 9.44 5.80 2.49 0.24 3.03
Mass balances, ErB,norm [—]
P-value 1.0E-07 1.3E-20 8.2E-09 0.01 0.81 0.003
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