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Abstract

This study presents the analysis of predictive uncertainty of a conceptual type
snowmelt runoff model. The method applied uses possibilistic rather than probabilistic
calculus for the evaluation of predictive uncertainty. Possibility theory is an information
theory meant to model uncertainties caused by imprecise or incomplete knowledge
about a real system rather than by randomness. A snow dominated catchment in the
Chilean Andes is used as case study. Predictive uncertainty arising from parameter
uncertainties of the watershed model is assessed. Model performance is evaluated
according to several criteria, in order to define the possibility distribution of the model
representations. The likelihood of the simulated glacier mass balance and snow cover
are used for further assessing model credibility. Possibility distributions of the discharge
estimates and prediction uncertainty bounds are subsequently derived. The results of
the study indicate that the use of additional information allows a reduction of predictive
uncertainty. In particular, the assessment of the simulated glacier mass balance and
snow cover helps to reduce the width of the uncertainty bounds without a significant
increment in the number of unbounded observations.

1 Introduction

Uncertainty can be defined as the lack of necessary information to “quantitatively and
qualitatively. .. describe, prescribe, or predict deterministically and numerically a sys-
tem, its behaviour or other characteristica” (Zimmermann, 2001). Even the most com-
plex model of a real system necessarily involves a series of assumptions and approxi-
mations, which are necessary to compensate for our incomplete understanding of the
real world. Unfortunately, the question of whether or not these assumptions and ap-
proximations are justifiable can hardly be answered with absolute certitude, which im-
plies that the reliability of the model is ultimately uncertain. Watershed models, in par-
ticular, attempt to simulate the complex and interacting hydrological processes that lead
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to the transformation of precipitation into runoff. The sources contributing to the overall
uncertainty in the discharge estimates provided by these models can be grouped in
three categories, namely, data uncertainty, model structure uncertainty and parameter
uncertainty (Bates and Townley, 1988; Lei and Shilling, 1996).

It is widely recognized that because of these uncertainties and their implications,
choosing a single model representation (i.e. a combination of a model structure and a
parameter set) for simulating runoff generation in a particular catchment is a common
practice that is not necessarily supported by evidence (see e.g. Beven, 2006; Wagener
et al., 2003). Most likely, there may be many acceptable model representations whose
rejection cannot be justified, considering the always limited information available to
the modeller. This non-uniqueness of the model representations, sometimes called
equifinality in the hydrological literature (Beven and Freer, 2001; Beven, 2006), is a
problem that has long been recognized in the context of linear systems theory (see e.g.
Cheng, 1959; Zadeh and Desoer, 1963). Nevertheless, reality outside the scientific
context is that field practitioners rarely include an analysis of predictive uncertainty
when applying watershed models in water resources studies. Moreover, as explained
by Pappenberger and Beven (2006), there is an important number of water researchers
still unconvinced that uncertainty analysis should necessarily be part of the modelling
process.

In spite of the reluctance of some scientists, hydrologists have been very active in
developing methods for analyzing predictive uncertainty (see e.g. Matott et al., 2009;
Montanari et al., 2009). Probabilistic approaches include variance propagation (e.g.
Kuczera, 1988; Bates and Townley, 1988), Monte Carlo sampling coupled with fre-
quency analysis (e.g. Bates and Townley, 1988; Yu et al., 2001; Thorsen et al., 2001;
Zehe and Bldschl, 2004; Arnold et al., 2009) and Bayesian analysis (e.g. Beven and
Binley, 1992; Romanowicz et al., 1994; Thiemann et al., 2001; Misirli et al., 2003; En-
geland et al., 2005; Rojas et al., 2010; Renard et al., 2010). Non-probabilistic methods
found in the literature include those based on fuzzy sets theory and possibility theory
(e.g. Dou et al., 1997; Seibert, 1997; Freissinet et al., 1999; Ozelkan and Duckstein,
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2001; Bardossy et al., 2006; Jacquin and Shamseldin, 2007; Zhang et al., 2009). Non-
probabilistic frameworks or subjective probability approaches are a suitable alternative
for analysing model structure and parameter uncertainties, which have an epistemic
rather than a stochastic nature. Furthermore, these methods may be the only available
in situations of data scarcity, where subjective expert knowledge has to be incorporated
as an additional source of information (Montanari et al., 2009).

In this study, predictive uncertainty of a conceptual type snowmelt runoff model is
analysed using the method proposed by Jacquin and Shamdeldin (2007). This method,
based on possibility theory (Zadeh, 1978, 1981), explicitly accounts for the problem of
the non-uniqueness of model representations. So far, the method has been tested in
very few cases, all of which correspond to models without a snowmelt runoff component
(Jacquin and Shamdeldin, 2007, 2009). The applicability of the method to other model
structures has not been explored. Furthermore, the effect of several subjective choices
made during the inference process, such as the possibility level at which uncertainty
bounds are derived and the criteria used for the evaluation of model credibility, have
not been analysed.

2 Possibilistic method for uncertainty analysis

In recent years, Jacquin and Shamseldin (2007) proposed an uncertainty analysis
method that was originally inspired by the widely known Generalized Likelihood Un-
certainty Estimation (GLUE) methodology (Beven and Binley, 1992). The difference
between both methods is that GLUE follows a subjective probabilistic scheme, but
the method analysed herein uses possibilistic calculus in order to assess predictive
uncertainty. More concretely, the derivation of uncertainty bounds within the GLUE
methodology relies on the calculation of prediction quantiles from the likelihood weights
of the model predictions at each time step, while the possibilistic method applies the
Extension Principle (Zadeh, 1981) in order to obtain the possibility distribution of the
discharge predictions. The possibility of a discharge prediction is a value 0 < a < 1 that
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is indication of its credibility, where the most credible model representations achieve a
possibility equal to unity and unfeasible model realizations are assigned a possibility
equal to zero. At each time step, the a possibility bounds enclose all the discharge
predictions having possibility values strictly higher than a. The a possibility bounds
should not be interpreted in a frequentist sense, because there is no reason to expect
that the uncertainty bounds at any given possibility level a enclose a fixed fraction a of
the observations.

Possibility theory is an information theory of partial belief that focuses on epistemic
uncertainties. Accordingly, the method analysed herein is based on the premise that
the adequacy of a watershed model to describe the catchment’s response is uncertain
because the knowledge available to the modeller is limited and not because of random-
ness. These uncertainties have a subjective nature, in the sense that they are related
with the information available to the observer and they could be reduced by improving
it (Ferson and Ginzburg, 1996). Even though subjective probabilities can also be used
for describing degrees of belief (e.g. the GLUE methodology), possibility and proba-
bility theories are complementary rather than competitive, because they are meant to
describe different levels of information (Klir and Folger, 1992; Dubois and Prade, 1993;
Ross et al., 2002). A discussion on the advantages of a possibilistic framework with
respect to probabilities for uncertainty analysis of watershed models can be found in
the work by Jacquin and Shamseldin (2007).

Similar to the GLUE methodology, the possibilistic method also allows the estima-
tion of predictive uncertainty arising from model structure and parameter uncertainties
using Monte Carlo simulations. However, the following discussion assumes that a sin-
gle model structure is being considered and that only parameter uncertainty is being
analysed. In this case, the Monte Carlo sample of model realizations is obtained by
generating a large sample of the parameter vector 8. The prior possibility distribu-
tion of the model realizations, 7, is subsequently derived from the available prior
knowledge about the regions of the parameter vector @ associated with good model
realizations.
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The goodness of fit of the model realizations is further evaluated using a chosen
performance measure, together with a model rejection criterion. The values of this
performance measure are used for deriving the possibility distribution of the model
realizations, 7, where model realizations achieving possibility values 7 (@) equal to one
are seen as the most credible and those having possibilities values equal to zero are
considered unrealistic. The information provided by the possibility distribution 7 allows
updating the prior possibility distribution, obtaining the posterior possibility distribution
of the model representations, given by

_ 7Tprior(e) '7[(9)
méax {”prior(e) ' 77(0 ) } -

(1)

7Tpost(e

In the case where more than one performance criteria is considered, the posterior
possibility distribution is repeatedly updated through application of Eq. (1). The use
of additional performance criteria is expected to provide new knowledge about the
goodness of the model realizations, thus reducing predictive uncertainty.

The possibility distribution of the discharge predictions at each time step ¢ is finally
obtained from the posterior possibilities 7,,(6). Given a particular model structure
and input data, the model output Q; at time ¢ is a deterministic function of the model
parameters 6. By virtue of the Extension Principle (Zadeh, 1981), the possibilites of
the discharge estimates Q; are given by

max T (0)
"ggst(Q*) O;(o)?q* po*st * | (2)
0, if QiO)#q" forall O

where g” is a possible value of Q;. Equation (2) implies that model realizations with

possibility values ,,(€) equal to zero are implicitly discarded from the sample, be-

cause only simulations with possibility values 7,,(@) strictly greater than zero effec-

tively contribute in the derivation of the uncertainty bounds. The upper and lower

bounds of the strong a-cuts of the possibility distribution ﬂ:)lzst, i.e. the set of all values
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(t)

g~ with possibility values Moot

(g”) strictly greater than a, define the a possibility bounds

. - o t . "
of the discharge predictions. If the possibility distribution T oost 1S CONVEX, the a possibil-

ity bounds define intervals of discharge predictions with at least a possibility a of being
a good approximation to the observations. Otherwise, this interpretation is only valid
for a values that are higher than all local maxima different from the global maximum,

- ¢
and for a values that are lower than all local minima of négst.

3 Model description

The model analyzed is a conceptual type snowmelt runoff model that is widely used
in water resources studies for the mining industry in Chile (e.g. Water Management
Ltda., 2001; Arcadis Geotécnica, 2007). The version of the model used here is due to
Kamann (1998) and it operates at a monthly time step. The hydrometeorological infor-
mation required includes precipitation, number of rain days, evaporation, temperature,
air humidity, wind speed and cloud cover. The model output is given by the monthly
discharge at the catchment’s outlet. In the manner computationally implemented in this
study, the model has a total of 16 independent parameters.

The model divides the catchment into five elevation zones, where the fifth zone cor-
responds to the catchment glaciers. Snowmelt is calculated using an energy balance
method, where incident solar radiation is estimated with an empirical formula locally
adjusted for the Andes Mountains of Central Chile (Espildora, 1968) and albedo values
are obtained from the empirical curves of Amorocho and Espildora (1966). In the case
of the fifth elevation zone, glaciers are seen as an inexhaustible source of water that
melts when the snow cover is depleted. An individual surface-soil moisture balance
is performed within each elevation zone, in order to generate its contribution to direct
runoff and groundwater recharge. With the aim of simulating the diffusion and attenu-
ation effects of the catchment, routing elements are incorporated to the model. Direct
runoff components from the individual elevation zones are routed through separate
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linear reservoirs; the catchment’s total direct runoff is finally obtained by sumation of
the routed direct runoff contributions from the individual elevation zones. Groundwa-
ter recharge at the catchment level is calculated as the sum of groundwater recharge
from the individual elevation zones and further routed through a single linear reservoir,
in order to obtain the total generated groundwater runoff. Total estimated discharge
corresponds to the sum of total surface and total groundwater runoff.

4 Catchment and data

The study area is located in the Andean region of Central Chile. Maipo River at El
Manzano is a snow dominated catchment with a surface of 4968 Km?, where approxi-
mately 8% was covered by glaciers at the time when the data used in this study were
collected (Valdivia, 1984). Elevation ranges from 890 m a.s.l. to 6570 m a.s.l., with a
median altitude of 3200 m a.s.l. Glacier areas are located above 3500 m a.s.l. (Valdivia,
1984).

Precipitation is mostly produced by cold fronts that arrive in the area during winter.
Accordingly, as shown in Fig. 1, most precipitation occurs between May and August,
while precipitation amounts during the rest of the year are relatively low. The observed
snowline in the area is located about 2100 m a.s.l. during May—September, which im-
plies that most precipitation corresponds to snowfall. Except for snow and glacier zones
in the higher areas, snow cover in the catchment is lost by the end of the melting pe-
riod. As seen in Fig. 1, monthly mean discharge is minimal in May—August, but it
increments during the melting season September—March; monthly discharge reaches
its maximum value in December or January. Human intervention in the catchment’s
hydrological regime at the time when the data used in this study were collected was
not significant. Glacier mass balance studies in the area are scarce. However, it has
been estimated that, in average, glaciers in Central Chile experienced a mass loss
Ah,.4=0.45-0.95 m/year of equivalent water depth in the period 1945-1996 (Rivera et
al., 2002). This mass loss does not occur in a systematic manner, as negative mass
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balances alternate with positive mass balances in El Nino years.

In this study, the hydrological year is defined from 1 May (coinciding with the min-
imum monthly mean discharge and also the beginning of heavy precipitation) to 30
April. Data available for the study consists of monthly time series during the hydrolog-
ical years 1962/63—1990/92. The available data were divided into a calibration period
(1962/63—1982/83) and a verification period (1983/84—1990/91) for split sampling tests.
The first year of calibration is used as a warming-up period.

5 Methodology
5.1 Monte Carlo sampling and prior possibilities

A Monte Carlo sample of the parameter vector is generated using the uniform random
number generator, by varying all 16 parameters simultaneously. The chosen sample
size is 80000, as preliminary experiments revealed that further increases in the number
of parameter vectors did not have a significant impact in the prediction uncertainty
bounds. The feasible ranges for the model parameters are defined so that they are
wider than the ranges of optimal parameter values found in previous applications of the
model.
Prior possibilities of model realizations are defined according to

1,if0eQ
Torior(€) = {O,otherwise ’ )

where Q is the feasible space of the parameter vector. Equation (3) implies that the
prior possibility values m,(€) of all the model realizations in the sample, whose pa-
rameters are necessarily inside the corresponding feasible ranges, are assigned a prior
possibility of unity.
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5.2 Evaluation of model performance

The possibility distributions of the model representations are subsequently obtained
through evaluation of the goodness of fit of the estimated discharge hydrographs.
Model performance is first evaluated according to the mean squared error of the Box-
Cox transformed discharge (MSEg:), as seen in previous studies (Thiemann et al.,
2001; Misirli et al., 2003), which reduces the effect of heteroscedasticity and empha-
sizes the importance of the model performance during low flow periods. The associ-
ated possibility distribution is defined by

Vac—MSE

1,(0) = VBCE?nin{MS?EC_BC}’MSEBC <Vgc )

1 ;
0,otherwise

where V¢ is the variance of the Box-Cox transformed observed discharge during the
calibration period, and min{MSEg} represents the lowest MSEg value found among
all the model realizations in the sample. The chosen model rejection criterion specifies
that model realizations with MSEg values greater than Vg are assigned a possibility
14(@) equal to zero. The choice of this behavioural threshold is based on the interpre-
tation that MSEg; values greater than V/z¢ indicate that the model is outperformed by a
naive model whose Box-Cox transformed output is always equal to the mean Box-Cox
transformed observed discharge during the calibration period.

The second possibility distribution used for constraining the model representations
is based on the volumetric errors, as in the work by Jacquin and Shamseldin (2007).
This possibility distribution is defined as

T—min{|REVF[}
0, otherwise

_REVEL 5 < |IREVF| < 1
n2(9)={ 0<| =<1 (5)
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where |REVF| represents the absolute value of the relative error of the volumetric fit of
the model representation during the calibration period, given by

REVF= 1—L, (6)

2G
and min{|REVF|} corresponds to the smallest |REVF| value in the sample The model
rejection criterion implicit in Eq. (5) consists in the removal of the model realizations
with absolute volumetric errors greater than 100% during the calibration period.
The last possibility distribution used in this study is intended to asses the ability of
the models to estimate the discharge peaks. The value of the possibility distribution is
calculated according to

1-min{REP}’ (7)

1.(0) = —=BEE O<REP<1
777 ) 0, otherwise

where the quantity REP represente the average relative error to the peak. This is given
by

2 |Qp—Qpy|
REP= z N,0p, (8)

where N, is the number of selected flow peaks, Qp; represents a peak in the observed
hydrograph, and Qp; is the model estimated discharge for the same time step as Qp;.
The quantity min{REP} in Eq. (7) is the smallest REP value among all the model real-
izations in the sample. The model rejection criterion specified by Eq. (7) is the removal
of the realizations whose REP values are greater than 100% during the calibration
period.

The normalization factors Vg —min{MSEg¢}, 1 -min{|REVF|} and 1 -min{REP} in
Eq. (4), (5) and (7), respectively, are introduced in order to obtain possibility values with
a maximum empirical value of unity. The rationale of this choice is that the simulation
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providing the most credible representation of the real system, as indicated by the mea-
sure of model performance used in each case, is assigned a possibility equal to unity.
Model rejection criteria more restrictive than those specified by Eq. (4), (5) and (7) are
not considered necessary within the possibilistic framework, as model realizations with
low possibility values do not affect the a-cuts associated with high possibilities.

5.3 Posterior possibility distributions of the model realizations

Once the possibility values 7, (0), 71(6), (@) and m3(6) have been obtained,
the posterior possibilities of the simulations are derived using the combination rule
of Eq. (1). The first posterior possibility distribution defined uses only the information
provided by the mean squared error of the Box-Cox transformed discharge for con-
straining the model representation. Accordingly, the posterior possibilities 7y 1(€)
are obtained after substitution of (@) by 74(@) in Eq. (1). The posterior possibilities
Toost 1(0) are subsequently updated by incorporation of the information on the volu-
metric fit of the models. The possibility distribution 7, and the possibility distribution
Tyost 1 @re thus combined according to Eq. (1), in order to obtain the updated posterior
possibility distribution 7. 1 . Similarly, the information on the ability of the models to
estimate the discharge peaks is used to further constrain the model representations.
The possibility distribution 75 and the possibility distribution 7, 1 , are combined ac-
cording to Eq. (1), obtaining the updated possibility distribution 7y, 1 5 3-

5.4 Derivation of prediction uncertainty bounds

As explained in Sect. 2, the possibility distribution of the discharge predictions is ob-
tained from the information provided by the posterior possibilities of the model realiza-
tions. The posterior possibility distributions myogt 1, Tpost 1,2 @NA Mpest 1 2 3 @re substi-

. . G t) (t) (t)
tuted in Eq. (2) for deriving the possibility distributions Moost1° Tpost1,2 and Moost1.2,3°
respectively. Possibility bounds of these possibility distributions are finally derived at
several possibility levels a, in order to evaluate the effect of the possibility level on the
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characteristics of the uncertainty bounds.
5.5 Alternative definition of the prior possibility distribution

An alternative definition of the prior possibilities of the model realizations is also tested.
This prior possibility distribution, which evaluates the likelihood of the simulated glacier
mass balance and snow cover at the end of the calibration period, is given by

70(6) = 1,if (8 € Q) and (glacbal > -2 m/year- N, ) and (snowac = 0) ©)
0'/=19 0,otherwise ,

The variable “glacbal” in Eq. (9) represents the accumulated surface mass balance
between precipitation, evapotranspiration and melt in the glacier zone, from the end
of the warming-up period until the end of the calibration period. N, is the number of
years of the calibration period. Accumulated glacier mass losses exceeding 2 times
the average values reported in the literature for the study area (see Sect. 4) are con-
sidered unrealistic and prior possibilities for these model realizations are set to zero.
The variable “snowac” in Eq. (9) represents the snow water equivalent accumulated in
the elevations zones below the 2 °C isothermal line by the end of the calibration period,
which should be null according to what was discussed in Sect. 4. Model realizations
yielding snow accumulations that do not fulfill this requirement are assigned a prior
possibility 4(8)=0.

In analogy to what was described in Sect. 5.3, posterior possibility distributions of
the model representations are derived using my(@) as prior possibility distribution in-
stead of ,,(8). The posterior possibility distributions obtained are denoted . g 1,
Toost0,1,2 aNd Moot 0 123- Finally, these posterior possibility distributions are used for

(t) (t)

deriving possibility distributions of the discharge predictions, named T o0st.0.1'Tpost0,1.2

and n(t)

p0St0.1,2,3" respectively, and prediction uncertainty bounds.
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6 Results
6.1 Number of simulations retained according to different criteria

Firstly, it was observed that the effective sample size notably reduces when 7, defined
by Eq. (9), is used as a prior possibility distribution. In particular, only 28 859 simula-
tions among 80000 in the Monte Carlo sample obtained prior possibilities 7,(8) >0.
This situation is mainly due to the restriction imposed to the simulated snow cover,
which was only fulfilled by 28 902 model realizations; by contrast, the restriction im-
posed to the mass balance in the glaciers was achieved by most of the simulations
(75043).

Figure 2 shows the total number of simulations retained above different possibility
levels a of the possibility distributions 7T,ost 1, Tpost 12 @Nd Tpogt 123- Similarly, Fig. 3
shows the total number of simulations retained above different possibility levels a of
the possibility distributions 7.t ¢ 1, Tpost_0,1,2 @Nd Tpest 0 123- These plots reveal that
the rejection criterion specified by possibility distribution 74 is quite restrictive; the num-
ber of simulations having posterior possibilities 7y, 1(6) and m,qs; o 1(6) greater than
zero is about 40% the number of simulations with nonzero prior possibilities 7y, (€)
and 7my(@), respectively. Figures 2 and 3 also demonstrate that the total number of
simulations retained above a given possibility level @ decreases as more information
is used for defining the posterior possibility distribution of the model representations.
The most notable reductions are generally seen when the information on the peak er-
rors is used for updating the posterior possibilities of the simulations, (i.e. when using
Mpost_1,2,3 instead of Mpost_1 ,2)-

6.2 Performance of the simulations retained according to different criteria

Figure 4 shows ranges of model efficiency R? (Nash and Sutcliffe, 1970), REVF
and REP values obtained during the verification period by the simulations retained
above different possibility levels a of the possibility distributions 7ot 1, Tost_ 12 @nd
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Toost_1,2,3- Figure 5 shows analogous information for the case of the possibility distri-
butions ﬂpost,0,1’ ﬂpost,0,1,2 and ﬂpost,0,1,2,3-

Figure 4 demonstrates that R?, |REVF| and REP values of some of the simulations
retained about the possibility level 0% are quite poor (i.e. low R? values, high |REVF]|
and high REP values). Including more information in the model selection criterion does
not help to remove these underperforming simulations, unless the possibility level a
is increased. At possibility levels a >0, the lower bound of the efficiency values R?
observed during the verification period can normally be raised by moving from the
possibility distribution 7, 1 10 T,0s1 1 25 @ further increase in this lower bound is nor-
mally achieved if Ty, 103 is used instead of 7y, 1. It can also be observed that,
at possibility levels a >0, replacing the possibility distribution 7, 1 By 7,05 1,2 Usually
produces a significant decrease in the highest |REVF| and REP values observed during
the verification period. In general, a further improvement in |REVF| and REP values is
generally observed if Tyogierior 1,23 iS Used instead of Tyqgierior 1,2-

The situation shown in Fig. 5 for the case of the possibility distributions 7, ¢ 1,
Toost 0,12 @Nd Tyogt 0 1.2 3 IS similar to that of Fig. 4. Including more information in the
definition of the possibility distribution of the model realizations does not help to remove
underperforming simulations at the possibility level 0%; but, model performance of the
simulations retained above possibility levels a@ >0 generally improves when moving
from Toost 01 10 Mpost 0,12, @NA from 7yoqt 012 10 Test 01,23- Comparison of Figs. 4
and 5 further reveals that using the prior possibility distribution 7, instead of 7y,
results in an improvement in the performance of the simulations retained at low-medium
possibility levels, although this positive feature is not so evident at high possibility levels.

6.3 Possibility bounds of the discharge estimates

Figure 6 shows selected possibility bounds (0%, 75% and 90%) for the hydrological
year 1983/84; this figure corresponds to the case where the posterior possibilities of
the simulations are given by 7. (8). The concurrent time series of rainfall amounts
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and observed discharges are also shown. The 0% possibility bounds are obtained
by including the discharge estimations of all the behavioural simulations. Figure 7
shows possibility bounds for the hydrological year 1983/84, derived from the posterior
possibilities Tyost 12 3(0)-

Not surprisingly, Figs. 6 and 7 demonstrate that increasing the possibility level a
reduces the width of the prediction intervals within the possibility bounds. More inter-
estingly, it can be observed that uncertainty in the predictions of the model is generally
large with respect to the magnitude of the concurrent discharge observations. More-
over, the distance between the uncertainty bounds tends to increase with the magni-
tude of the observed discharge, which indicates an increase in predictive uncertainty.
However, incorporating more information in the calculation of the posterior possibilities
of the model representations generally has a narrowing effect in the possibility bounds,
which reduces predictive uncertainty. For example, Fig. 8 shows the prediction width
for the posterior possibility distributions 7,ost 1, Tpst_1,2 @NA Mpegt 12.3- Similarly, a re-
duction of prediction width generally occurs if the definition of the priors changes from
Torior(0) 10 T6(0), as seen in Fig. 9.

As in the study by Montanari (2005), the performance of the uncertainty bounds
is assessed in terms of their ability to enclose the discharge observations. Table 1
shows the fraction of the observations outside selected possibility bounds (0%, 75%
and 90%) of different posterior possibility distributions, during the verification period. As
discussed above, incorporating more information in the calculation of the posterior pos-
sibilities of the simulations has a narrowing effect in the width of the possibility bounds.
As a result, the number of observations not bracketed by the possibility bounds gener-
ally increases. This situation is also observed when comparing the fraction of outliers
obtained with the prior possibilities 7,(@) and that obtained with the priors 7,,(6),
which are generally slightly lower. As seen in Table 1, the 50% and 75% possibility
bounds enclose the majority of the observations. Table 1 also reveals that the effect
of further increasing the possibility level to 90% is that the possibility bounds fail to
enclose a larger fraction of the observations, although this situation is still unfrequent.
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7 Conclusions

This study has presented the application of the method proposed by Jacquin and
Shanseldin (2007) to the analysis of predictive uncertainty of a conceptual type
snowmelt runoff model. This method uses possibilistic rather than probabilistic cal-
culus for the evaluation of predictive uncertainty in watershed modelling. A snow dom-
inated catchment in the Chilean Andes is used as case study. Predictive uncertainty
arising from parameter uncertainties of the watershed model is assessed using the
possibilistic method. The main conclusions of the study are summarized as follows.

It was observed that the number of behavioral simulations (i.e. the model realizations
with possibility values «a strictly greater than zero) was relatively low compared to the
total sample size. This result is in agreement with previous applications of the method
(Jacquin and Shamseldin, 2007, 2009). In the case of this study, this situation is mainly
due to the severity of the rejection criterion implicit in possibility distribution 74, based
on the mean squared error of the Box-Cox transformed discharge, as seen in Eq. (4).
The use of the alternative prior possibility distribution 7, which evaluates the credibility
of the simulated glacier mass balance and snow cover according to Eq. (9), notably
reduces the sample size of behavioural simulations. In spite of this filtering process, it
was found that the performance of some of the model realizations retained above the
posibility level @ = 0 was poor, and that using additional model performance criteria did
not help removing these unperforming simulations. At possibility levels a >0, however,
the performance of the simulations retained tends to improve as more information is
used for constraining the model simulations. In particular, using the prior possibility
distribution 7, instead of 7, helps to remove the worst simulations retained at low
and medium possibility levels.

In additon to this, it was seen that predictive uncertainty of the model was relatively
large with respect to the magnitude of the concurrent discharge observations, but us-
ing additional information for constraining the model representations allowed reducing
it. In particular, a reduction of prediction width is generally achieved if the definition
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of the priors assesses the simulated snow cover and glacier mass balance (i.e. if the
possibility distribution 7, is used), without a significant increase in the number of ob-
servations not enclosed by the possibility bounds. As expected, it was verified that the
width of the prediction intervals within the possibility bounds reduces as the possibility
level a increases. More importantly, it was also observed that the observed hydro-
graph was enclosed by the 50% and 75% possibility bounds, except in a few cases.
Increasing the possibility level to 90% reduces the range of predictions retained, at the
cost of slightly increasing the fraction of the observations not enclosed, as observed in
previous studies (Jacquin and Shamseldin, 2007, 2009).

Further research should explore the applicability of other criteria for evaluating model
performance. At least some of these criteria should constrain the value of the internal
variables of the model, in addition to glacier mass balance and snow cover, evaluating
the likeliness of the simulated internal processes. This could help to further reduce
predictive uncertainty and allow better enclosing the observed hydrographs, without
significantly increasing the fraction of outliers.
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Prior possibility ~ Posterior a value

distribution possibility 0% 75% 90%

Torior Toost_1 0.00 0.02 0.07
Toost_1.2 0.01 0.02 0.13
Moot 123  0.02 0.03 0.14

T, Tpost 0,1 0.01 0.02 0.10
TMoost 012  0.01 0.02 0.11
TMoost 0123 0.01 0.04 0.15
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Fig. 4. Ranges of model performance statistics during the verification period of the simula-
tions retained above given possibility levels a of the possibility distributions 7. 1, Tpest 1, @and

”post-1 ,2,3"

R2 werification

REP verification

A~ Plyggg  doWer bound
i Plygag ¢ 1lower bound
4 Pl 1 2 /0er bound
6= Py 1 LRper bound

6 Pl 1 2UBPEY bound
& Plyoet 1 23 Upper bound

o1 02 03 04 05 06 07 08 08
alpha level

1

b gt 1 l9Wer bound
4 Pyt 1 g/ lower bound
—+ Pyt 1 2.5 10wer bound
o Mgt 4-UBRET boUND
—&- Plgast 1 o4per bound
& Pigost 1 234PPr b

01 02 03 04 05 06 07 08 09
alpha level

o
@

o
@

= Plygug 1 JoWer bound
= Pl 1 5 Jower bound

- Plygeg 1 Jpper bound

i Plpgag 1 2 gUPPRI bound

4 Plggsy 1 2 lovver bound [

- Ploggg  20PPST boUnd |

01 02 03 04 05 06 07 08 09
alpha level

2079

HESSD
7, 2053-2084, 2010

Uncertainty analysis
of a conceptual
model of showmelt
runoff

A. P. Jacquin

it

(8)
@



http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/2053/2010/hessd-7-2053-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/2053/2010/hessd-7-2053-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

Fig. 5. Ranges of model performance statistics during the verification period of the simulations
retained above given possibility levels a of the possibility distributions 7, ¢ 1, Tpost 01,2 @Nd

Tpost_0,1,2,3
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