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Abstract

The research presented in this paper focuses on an application of a newly developed
physically-based watershed model approach, which is called Representative Elemen-
tary Watershed (REW) approach. The study stressed the effects of uncertainty of input
parameters on the watershed responses (i.e. simulated discharges). The approach
was applied to the Zwalm catchment, which is an agriculture dominated watershed
with a drainage area of 114.3 km? located in East-Flanders, Belgium. Uncertainty anal-
ysis of the model parameters is limited to the saturated hydraulic conductivity because
of its high influence on the watershed hydrologic behavior. The assessment of out-
puts uncertainty is performed using the Monte Carlo method. The ensemble statistical
watershed responses and their uncertainties are calculated and compared with the
measurements. The results show that the measured discharges are falling within the
95% confidence interval of the modeled discharge.

1. Introduction

The Representative Elementary Watershed (REW) approach, pioneered by Reggiani et
al. (1998, 1999) and has been applied to investigate watershed hydrological responses
in various context (e.g., Reggiani et al., 2000; Riggiani and Rientjes, 2005; Zhang et al.,
2005; Zhang and Savenije, 2005). This study presents a new application of the REW
approach to a catchment different from the previous research, especially attempting to
look at parameter uncertainties using Monte Carlo simulation method.

The REW model approach was introduced as a new contribution in the development
of physically-based hydrological models. There are different distributed physically-
based models among the current generation of hydrologic models that are listed and
described in the literature. Nevertheless, it is important to introduce a short description
of the framework in which the REW approach is applied.

The distributed physically-based watershed models as introduced in first by Freeze
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(1978) are founded on rigorous numerical solution of partial differential equations
(PDE) governing flow through porous media (Richard’s equation, and Darcy’s law),
overland flow (kinematic wave equation) and channel flow (e.g. Saint-Venant equa-
tions). These equations also form the basis of other distributed watershed models
such as the “Systeme Hydrologique Européen” (SHE) model (Abbott et al., 1986).

There has been considerable discussion regarding the advantages and disadvan-
tages of such distributed physically-based models by Beven (1989); Bathurst (1992);
O’Connell and Todini (1996). Reggiani et al. (1998) state that while these models have
the advantage that they explicitly consider conservation of mass, momentum and en-
ergy (but expressed at the point or REV scale), there is various shortcomings that need
to be considered and cleared up.

Up to date, there is no general acceptable framework for describing the response of a
hydrologic system which is applicable directly at the spatial scale of a watershed, which
explicitly takes into account balances of mass, momentum and energy (i.e. without
having to use point-scale equations) and serves as a guideline for model development,
field data collection and design applications.

Hence the aim of the REW approach was an attempt to fill this gap by formulating an
approach that combines the advantages of the distributed and lumped approaches.

The procedure used in the REW model is motivated by the averaging approach pi-
oneered by Hassanizadeh and Gray and published in a series of papers, e.g. Has-
sanizadeh and Gray (1979a, b, 1990). The averaging procedure is employed in order
to derive watershed scale balance equations for mass, momentum, energy and en-
tropy. The whole watershed is divided into smaller entities over which the conservation
equations are averaged in space and time. The distributed description of the water-
shed is placed by an ensemble of interconnected discrete points. The ensemble of
points has subsequently to be assembled by imposing appropriate jump conditions for
the transfer of mass, momentum, energy and entropy across the various boundaries
of the system. Furthermore, the large range of time scales typical for the various flows
within a watershed requires additional averaging of the equations in time (Reggiani et
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The REW-scale balance equations, obtained by the averaging procedure, represent
the various REWs as spatially lumped units. Hence, the equations form a set of coupled
non-linear ordinary differential equations (ODE), in time only; and only spatial variability
is allowed between REWs.

In the line of the REW approach (Reggiani et al., 1998), we will investigate, in the
present study, effects of incorporating uncertainty in the saturated hydraulic conductiv-
ity (K5) on the Zwalm catchment (East Flanders, Belgium) responses in a stochastic
framework, using the Monte Carlo simulation method.

2. REW in a Monte-Carlo framework

Monte Carlo (MC) method is the most widely used mean for uncertainty analysis, with
various and widespread topics of applications. This method involves random sampling
from the distribution of inputs and successive model runs until a statistically significant
distribution of outputs is obtained.

In the current study, we will study the effects of the saturated hydraulic conductivity
(Ks) on the Zwalm catchment responses in a stochastic framework, using the Monte
Carlo simulation method. This will lead to define an acceptable general stochastic
framework for describing the response of the hydrologic system to atmospheric forc-
ing, which is applicable directly at the spatial scale of a watershed and which takes
into accounts the random character of as well system properties as the hydrological
processes. This will be achieved as follows:

The procedure of incorporating uncertainty of the saturated hydraulic conductivity in
the REW will be achieved as follows:

1. Divide the watershed into REW elements, on which the hydrologic properties are
averaged, (e.g. topography, hydraulic conductivity, etc.).
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. Compute the weighted averaged saturated hydraulic conductivity over the wa-

tershed by assigning each soil texture zone in the watershed its corresponding
minimum K, and maximum K., Saturated hydraulic conductivity according
to soil texture reference curves (Rawls et al., 1982). The weighted averaged satu-

_ n . .
rated hydraulic conductivity is computed as K;= > W'K{, where n is the number
i=1
of soil texture types, the superscript / indicates the particular soil type, and W' is
weight factor of the particular soil type / defined as the area of the particular soil
texture zone divided by the area of the entire catchment.

. Generate saturated hydraulic conductivity from a uniform distribution in the in-

terval [Kymin. Ksmax] Y the formula K =K, min+[Ksmax—Ksmin] XRANDN, where
RANDN (random number) is generated from a uniform distribution on the interval
[0,1].

. Run the REW model with a realization of the saturated hydraulic conductivity

drawn from the uniform distribution in step 3.

. Make a number of Mont Carlo cycles of the generated random saturated hydraulic

conductivity and compute the output quantities for each realization (i.e. the dis-
charge at outlet station).

. Calculate ensemble averages of the quantities under consideration and a 95%

confidence intervals as a measure of the uncertainty.

3. Governing REW mass balance equations

In the section, we focus on the final resulting mass balance equations that constitute
the purpose of the present study, while the details of procedure used to derive the gen-
eral REW balance equations of mass, momentum, energy and entropy, and the related
balance equations for different subregions are reported in Reggiani et al. (1998).
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However, in distributed watershed models, partial differential equations governing
water flow zones are discretized and solved at scales much smaller than the REW. In
the REW approach, balance laws for mass, momentum, energy and entropy for each
flow zone are averaged over an REW. Thus, at point microscopic scale, the balance
equation written in terms of a generic thermodynamic property y is given as follows

o(py)

ot
Upscaled balance laws are derived from Eq. (1) for each phase and each zone of an
REW.

Hydrological thermodynamic properties may be exchanged across inter-subregion
boundaries or inter REW boundaries with neighboring REWSs. Furthermore, within the
unsaturated and saturated zones, the phases exchange the properties across phase
interfaces (i.e. the water-soil, water-gas and solid-gas-interfaces). All these surfaces
are assumed to be without inherent thermodynamic properties and, therefore, standard
jump conditions apply between phases, subregions and REWs.

As shown in Reggiani et al. (1998), flow processes within the zones of a watershed
are spread over a wide range of temporal and spatial scales. Examples of velocity
and associated time scales are reported and published by Dunne (1978). This wide
spectrum of time scales must be considered in the up-scaling of balance equations
and constitutive relationships. This is achieved by defining average values over time
as well as space. Balance equation is thereby integrated over a characteristic time
interval (t-At) to (t+At), where At must be selected in accordance with the particular
problem under study.

We assign here that each REW may include the same functional entities found in the
watershed. These functional entities are identified by the different flow types existing in
watershed, and occupy separate subregions, called zones. The zones are denoted with
appropriate superscripts, i.e. u (unsaturated zone), s (saturated zone), ¢ (concentrated
overland flow), o (saturated overland flow), and r (channel reach).

Thus, the resulting final mass balance equations for each subregion are as follows:
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e Unsaturated zone

dt(pwyssw) Zeﬁ/’f‘/+e‘v’;‘ext+e + 6" + el (2)
e Saturated zone

L (ohy°e’®®) = Z eW, + eW o+ O el + 0 + e 3)
e Saturated overland flow

% (p0y0@0> - GOtOp + eOC + eOS (4)
e Concentrated overland flow

E (prC@C) - eCtOp + ecu + eCO (5)
¢ River channel

= Ze +e” +6"% 1 e 1 e (6)

where @', i=u,s,0,c,r, is the area fractions of the surface of zone / within the total REW
after projection onto the horizontal plane, y' the average depth of zone i, m is the
average channel flow area, and / is the average channel length.

The mass exchange terms e’/ are unknown quantities of the problem, and are gen-
erally functions of the mean values of the velocity on both sides of the boundary and
the difference in the hydraulic potentials (p+¢pg), with { is the elevation at the centre
of zone, and p is the average pressure of zone /. However, a proposed linearization
that is used in the current study as constitutive relationship has been proposed, and
the detail can be found in Reggiani et al. (2000).
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4. Description of the Zwalm catchment

The Zwalm catchment is situated about 20 km south of Ghent in East-Flanders, Bel-
gium (50°45'48" N to 50°54'16" N, and 3°40'17" E to 3°50'15" E). The Zwalm stream
is a tributary of the Scheldt River. Figure 1 shows the Zwalm catchment together with
the gauged sub-catchments. Troch et al. (1993) gave a general overview of the soil,
vegetation, and topographic conditions of the catchment.

The total drainage area of the Zwalm catchment at the gagging station is 114.3 km?
and the total length of perennial channels is 177.5km. The degree of urbanization in
the catchment is about 10% with urbanized areas mainly situated in the North-East
(Zottegem) and clustered in three small villages. The surface soils mainly consist of
Tertiary and Quaternary deposits. During the last glacial period (Wurm glacial) the ter-
tiary layers in the catchment were covered by aeolian sandy-loam and loam soils. This
cover is estimated to be between 0 and 15 m deep, depending on the geomorphologic
characteristics of the region, and is estimated to range between 0 m — on steep slopes
(>7 %), oriented to the South —and 15 m — on mild slopes (<2%), oriented to the East.
The valley bottoms were partly covered with alluvium (originating from soil erosion on
the steep slopes) and peat during the Holocene. According to the Belgian Soil Map, mi-
nor isolated patches of sand and clay cover less than 5% of the total catchment area.
Figure 2 shows the soil types that cover the Zwalm catchment. Land use is mainly
arable crop farming and permanent pasture, while the South of the catchment is partly
forested.

The local hydraulic conductivity is measured by means of the constant head method.
The mean value and the standard deviation given by Troch et al. (1993) are based on 10
to 15 measurements for each soil type. The topography of the basin is characterized by
rolling hills and mild slopes. The maximal elevation difference in the catchment is equal
to 150m. Figure 3 shows the digital elevation model (DEM) of the Zwalm catchment.
The resolution of the DEM is 30mx30m. Climate conditions can be described as
humid temperate. The yearly mean air temperature is 10°C, the average of the coldest
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month (January) is 3°C, and the average of the warmest month (July) is 18°C. The
mean yearly rainfall is 775mm and is distributed evenly over the year. The annual
evaporation is approximately 450 mm. The Zwalm catchment is described in detail in
De Troch (1977). The discharge data used in this study were collected at the outlet
of the Zwalm catchment. Precipitation data are available, with many data gaps, from
five different stations from 1991 onwards at a 10 min interval, and hourly temperature,
humidity, radiation and wind data are available from 1991 through 1993. Discharge
measurements at the outlet of the Zwalm catchment are available from 1982 onwards,
and for the subcatchments from 1991 onwards.

A continuous hourly meteorological dataset was prepared from 1994 onwards based
on daily observations of air and dew point temperature, solar radiation, wind speed
and precipitation, from the climatological station located in Kruishoutem (see Fig. 1),
approximately 5km outside the catchment (KMI, 1994—-1999). The daily data, except
for the precipitation, were resampled into hourly time-steps based on the diurnal cycle
of the hourly observations from 1991 to 1993.

The daily precipitation was resampled into hourly time-steps by rescaling hourly ob-
servations from the weather station of Uccle (located approximately 10km outside
Brussels) to the weekly totals of the Kruishoutem weather station. As the distance
between both stations is approximately 50 km only, and the weekly totals for both sta-
tions show a very good agreement, it is assumed that using this interpolation method
the reliable storm statistics at Kruishoutem are preserved (Pauwels et al., 2002). This
interpolation method will cause a small error in the timing of the discharge peaks, but
given relatively the short distance between the two stations, therefore, the error can
practically accepted. Further, a digitized Digital Elevation Model (DEM), a digital soil
texture map from the Belgian National Geographic Institute, and a SPOT-derived land
cover classification from 3 August 1998, are available at a 30 m resolution (see Fig. 3).
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5. REW model calibration and validation
5.1. Overview

Model calibration consists of changing values of model parameters in an attempt to
match field conditions within an acceptable range. This requires that field conditions
at a site are properly characterized. Lack of proper site characterization may result in
a model that is calibrated to a set of conditions which are not representative of actual
field conditions. It implies also that parameters of hydrologic models can not always be
determined directly. Model parameters are often not well defined and subject to an ex-
treme degree of variations due to the intrinsic spatio-temporal variability of hydrologic
system properties. The calibration of physically based models is not a straightforward
task due to the large number of model parameters involved and the computational
requirements of making multiple model runs. A set of calibrated parameters will gen-
erally represent one possible combination that, in conjunction with the particular model
structure and solution scheme used, produces a response similar to that observed.
Physically-based models are best suited to research applications, in which they are
used to explore the implications of making different assumptions about the nature of
hydrological system characteristics and parameters.

It is evident that the success of any calibration procedure is highly dependent on the
nature (quantity and quality) of the data used. It has often been suggested that the
calibration data should be representative for the various phenomena experienced by
the watershed. The latter point relates to the choice of a proper objective function. Such
a choice should reduce the sensitivity of the estimation results to the type and quality
of the calibration. It will be noted that there is many criteria that have been proposed
and discussed (Nash and Sutcliff, 1970; Aitken, 1973; Sharma and Luxmore, 1979;
Martinec and Rango, 1989; Lettenmaier and Wood, 1993), because none of them
satisfy all model calibration. This leads to define new criteria or redefine old ones in
order that their values reflect a model quality in the way that will be regarded as the
best.
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There may be many parameter sets that lead to acceptable simulations of a given
set of observations. Definitions of acceptability may vary according to context. For
example, if a hydrological model is evaluated in terms of simple goodness-of-fit func-
tion, less good values of this function may be considered acceptable for simulations
of a time period known to cause particular difficulties for the model. Here, the al-
lowance can be made through the Monte-Carlo simulations (MCS) within the explicit
definition of acceptability by rejection of simulations for which the criteria of acceptance
are not achieved. Hence, the threshold criteria of acceptance adopted here within the
calibration procedure is restricted to the good fit of simulated discharge hydrograph,
in comparison with observations in terms of percent bias (PBIAS) criterion, supple-
mented by computed statistical parameters that need to be physically and statistically
significant. The choice of the PBIAS as objective function is support by the fact that is
the most used objective function (Aitken, 1973; Sharma and Luxmore, 1979; Martinec
and Rango, 1989; Lettenmaier and Wood, 1993), mainly as the output function that will
be calibrated in the current case is the discharge response, as illustrated in the Eq. (7).
The detailed description of the adopted objective function is reported in the validation
procedure Sect. 5.4. The percent bias (PBIAS) is defined as follows:

pBIAS = Jom = Fovs 449 (7)

obs

5.2. Data used

Beyond the characterization of Zwalm catchment data, it seems interesting with respect
to the REW model components structure, to define the used soil type and atmospheric
forcing that are the major interesting components of model run. However, generally soil
types are characterized by a pore disconnectedness index A and a pore-size distribu-
tion index u, in addition to the porosity that is necessary to complete characterization
of soil types. Brooks and Corey (1964) state that the capillary pressure in the unsat-
urated soils is related to saturation s defined as the ratio of the volume of pore water
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over volume of voids, such that

Prap(s) = 0 g Wps™ /¥ (8)

where P, is the capillary pressure and v, is the air entry (or bubbling capillary) pres-
sure head. The effective hydraulic conductivity K(s) in the unsaturated zone under
unsaturated condition (s<1); can related to the saturated hydraulic conductivity K via
the relationship

K(s) = K s* (9)

The two indices A and u can be reconciled by integrating the simplified Burdine (1958)
equation governing the relationship between permeability and capillary pressure, such
that

A=3+2/u (10)

However, Egs. (8) and (9) are point scale equations and will apply to the current study
only if the soils in the subsurface zone can be assumed to be uniform. For hetero-
geneous soils the above relationships will change from point to point within the REW.
On other hand, the great impact of hydraulic conductivity variability on the hydrologic
system responses is well known. However, in our approach, the heterogeneity can-
not be modeled explicitly (lumped model parameters), nevertheless, the effects of this
variability is included assuming the saturated hydraulic conductivity (i.e. effective hy-
draulic conductivity) as random variable, using the Monte Carlo simulation method.
On the other hand, and for the atmospheric forcing, Eagleson (1978) suggested that
the rainfall inputs can be considered as Poisson arrival process, of independent rain-
fall events whose duration are experimentally, with constant intensities (i.e. rectangular
pulses) drawn from either an exponential or a gamma distribution. In our cases, the
stochastic nature of atmospheric forcing is ignored. In other words, atmospheric forc-
ing is considered to be uniformly distributed over the entire Zwalm catchment, i.e. this
simple representation is subject to obvious limitations based on the fact that seasonal
variation and forms of random rainfall variability are ignored.
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5.3. Calibration procedure

During the calibration procedure, specific initial/boundary conditions can be introduced
(if known) or generated automatically by the model in the preprocessor step of model
running (Zhang et al., 2003, 2005). For the present study of Zwalm catchment case,
the initial/lboundary conditions have been generated by the REW model. The global
input parameters system used can be subdivided into two kinds namely: model input
parameters (physical input data, i.e. topography, soil properties, etc.), and model cali-
bration parameters (expressed in terms of station hydraulic geometry coefficients and
exponents that are based on empirical studies of Leopold and Maddock, 1953). The
physical model parameters are obtained from the measured Zwalm catchment data
and/or derived from the Brooks and Corey (1964) formula, while the calibration param-
eters are chosen intuitively. The intuitive choice is dictated by optimizing well defined
simulated discharges in comparison with observations (i.e. by optimizing the goodness-
of-fit of predictive discharges with observations according the PBIAS criterion of mean
simulated discharge assumed as quality objective function of model calibration). For
the current application, the calibration procedure was carried out manually by combin-
ing systematically the two sets of parameters mentioned above.

The REW model calibration has been conducted for two major cases, underlying
the corresponding two Strahler order attributed to the main river channel. The chosen
Strahler order leads to a specific generated number of REWSs (sub-catchments). How-
ever, the two cases reported here correspond to a Strahler order 3 and 2 that involve
the study of water balance on the Zwalm catchment discretized into 9 and 43 REWSs,
respectively, as shown in Figs. 4 and 5. The calibration for Strahler 1 (corresponding
to 213 REWSs) has not been performed, because the REW model is not able to handle
the hydrologic responses of the 213 REWSs at the moment.

On the other hand, according to the study of the sensitivity of the resulted estima-
tions to variability in calibration data, it was decided to choose for this purpose 5 years
records, from 1994 through 1998. The choice of the entire period for the calibration
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procedure is justified by the fact that as longer calibration periods are used, the param-
eters tend to attain realistic values (Sorooshian et al., 1993).

e Case 1

In the case 1 (Strahler order 3) the Zwalm catchment is discretized into 9 REWs
as shown in Fig. 4. According the selected objective function (i.e. percent bias
statistic defined by Eq. 7), the calibration has been dictated by minimizing the
mean simulated discharge error. Hence, the best calibration leads to a low PBIAS
(8.48%). It was accomplished by the simultaneous combinations of model pa-
rameters, as described above. From the best resulting calibration on the time pe-
riod 1994—-1998, the comparison between the simulated and observed discharges
through the line 1:1 gives a low RMSE (1.836 m?>.s-1) and a reasonable high cor-
relation coefficient (0.577) as shown in Fig. 6.

Based on the above criterion of acceptance and the goodness-of fit of total hydro-
graph, the resulting simulations show a good behavior of the hydrologic responses
of Zwalm catchment. On the other hand, the discrepancies between simulations
and observations illustrated by the RMSE and correlation coefficient criterions
can be attributed to the series of discharge peaks distributed over the entire time
period (Fig. 6).

Case 2

In case 2 (Strahler order 2), the Zwalm catchment is discretized into 43 REWs as
shown in Fig. 5. In the guideline of the calibration procedure carried out in case 1,
the best calibration leads to a lower PBIAS of (6.57%). Further, examining Fig. 7,
one can note a lower RMSE (1.742 m3.s‘1) and an almost similar correlation co-
efficient (0.569) through the regression analysis. On the other hand, from the
above results, one notes that the predictive hydrographs represent the observed
catchment response.

On the basis of PBIAS criterion of model predictions introduced above, it can
be seen that the total simulated discharge is overestimated, in accordance with
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what can be expected knowing that the model is performed without land cover
consideration.

Using the current calibrated parameters set, the resulting simulated hydrographs
obtained for each year are separately shown in Fig. 8. These hydrographs will be
described in details in the validation section.

5.4. Validation procedure

In order to establish the reliability of the results of an estimation procedure, it is impor-
tant to ensure that the parameter values satisfy the following two conditions:

(1) The values of the input parameters are physically realistic;

(2) The confidence in the ability to forecast using these values is high.

With respect to (1), the estimated parameter values were checked against the rea-
sonable range suggested by the in situ measurements and the values listed in the
references according the real system properties. Regarding (2), the parameter set ob-
tained using the calibration procedure was used to generate a discharge hydrograph
for the forecast period, with which the model predictions are compared with observa-
tions. Therefore, the following statistical measures were employed: the percent bias
(PBIAS) of the mean simulated discharge residuals, the RMSE (Root Mean Square
Error) and correlation coefficient R. These values were calculated for each discharge
series to examine and detect the deficiencies in the simulation of various aspect of the
hydrograph.

Each discharge series mentioned above is defined over a one year time period,
chosen on 5 years period from 1994 through 1998. Normally, a good estimation proce-
dure should result in minimizing the values of PBIAS and RMSE as much as possible,
consistently close to zero. In the current case, however, we refer here to two cases
presented above (i.e. 9 and 43 REWSs) and the corresponding calibration parameter
sets, with which the resulting values of the above statistical measures are computed
for each year and listed in Table 1.
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Examining Table 1, one can note that the model is well validated in both cases.
We can observe low PBIAS and RMSE for the five years, and especially a quite high
correlation coefficient for 1995, within case 2 as can be illustrated by the frequency
distribution of simulated and observed discharges in Fig. 9.

From Table 1, we found a reduction of PBIAS and RMSE by increasing the number
of REWs. This is due to the improved accuracy by simulating the water balance on
greater number of REWs of small scale. However, regarding the above results, we
should compute the REW model uncertainty according to the model parameters of
case 2 that seems more appropriate for our model analysis. This can allow us to
analyze the degree to which the REW model results are affected by uncertainty in
model parameters, restricted here to saturated hydraulic conductivity, that have a large
effect on the dynamics of hydrologic processes occurring at watershed scale.

6. Uncertainty analysis of the REW model

A systematic uncertainty analysis provides insight into the level of confidence in model
estimates, and can aid in assessing how various possible model estimates should be
weighed. Further, it can lead to the identification of the key sources of uncertainty (such
as data gaps) which merit further research, as well as the sources of uncertainty that
are not important with respect to a given response. The purpose of such quantitative
uncertainty analysis is to use currently available information in order for quantifying the
degree of confidence in the existing data and models. The purpose is not to somehow
“reduce” uncertainty — reduction in uncertainty can only come from gathering additional
information and filling “data gaps”.

Following the guideline presented in the obvious section, we will analyze the degree
to which the REW model results are affected by uncertainty in model input parameters
through a Monte Carlo simulation method. In fact, Monte Carlo (MC) method is the
most widely used mean for uncertainty analysis, with various and widespread topics of
applications. This method involves random sampling from the distribution of inputs and
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successive model runs until a statistically significant distribution of outputs is obtained.

In the current application, MCS of output uncertainty of the Zwalm catchment re-
sponse through REW model is established. The uncertainty in the model parameters
is restricted to weighted saturated hydraulic conductivity K according to the range of
interval values listed in Table 2, and following a uniformly distributed probability density
function over the interval [Kgmax, Ksminl- MCS are performed through the REW model
under lumped mode and without land cover consideration. Figure 10 shows the MCS
procedure adopted here to produce the corresponding output discharge. The conver-
gence of the MCS has been investigated using 10, 20, 30, 40, 50, 60, 70, 80, 90, and
100 realizations as shown in Fig. 11. Converges has been reached after 60 realiza-
tions. This result can be supported by computation of objective functions, such that
mean discharge error (bias), standard deviation of bias, and PBIAS that are calculated
and plotted for each realization. Figure 12 illustrates that mean discharge error, STD
of mean discharge error, and PBIAS converge to constant values, from 60 realizations.
Besides, the uncertainty bounds of simulated hydrograph can be calculated accord-
ing to 95% confidence limits by indicating “mean+2 STD” and presented as shown in
Fig. 18.

The use of the standard deviation to estimate the limits of the confidence interval
(in this case the 95% confidence interval) is directly dependent on the probability dis-
tribution of the data set or the probability function chosen to represent the data set.
For some probability distributions, including the one discussed later, there are analyti-
cal relationships that relate the standard deviation to the required confidence intervals.
Usually, a normal distribution is assumed for the variable under consideration; in this
case, the confidence limits are symmetric about the mean. For a 95% confidence in-
terval, the confidence limits are approximately 2 standard deviations of the variables,
above and below the mean.

However, regarding the resulting of the mean simulated discharges, one can note
that the REW model is very sensitive to the saturated hydraulic conductivity as shown
in Fig. 14, in which the mean simulated discharge increase with the increase of the
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weighted saturated hydraulic conductivity K.

7. Discussion

When using physically-based models in hydrology, Beven (1989) advocated that the
predictions of these types of models must be associated with estimates of predictive
uncertainty. This study has been undertaken in this way to test the performance of
the REW model and exploration of the MCS technique for uncertainty estimation and
evaluating the predictions of the model. We are limited here to uncertainty calculations
of saturated hydraulic conductivity and its hydrological responses. The results of this
study, of which a part has been introduced in the previous sections, suggest that we
should expect the uncertainty bounds for the physically-based REW model to be quite
wide, even when parameter values have been constrained by calibration.

The effects of the uncertainty of the model parameters raise a number of points.
It has been shown here for the case of Zwalm catchment that for the prediction of
hydrologic watershed responses, changes in the simulated hydrograph resulting from
the uncertainty in the saturated hydraulic conductivity, is quite large (Fig. 13). The re-
sults emphasize the importance of suitable parameter estimation from field measure-
ments to improve the catchment characteristics, and therefore, reduce the uncertainty
bounds. An interesting conclusion arising from this, is how uncertainties associated
with both the calibration procedure and the model predictions following the model pa-
rameters can be constrained.

However, in the obvious case of model calibration, it has been possible to constrain
the estimated uncertainty ranges by incorporating more observed data in the calibration
procedure and optimizing the selected objective functions. A longer period of observed
discharges, observations of parameter values, and observations of internal state vari-
ables (such as water table levels) may all be useful in constraining uncertainty. An
important point to note in this respect, however, is that it may be difficult to make use of
parameter and internal state measurements that are of a very different scale, regard-
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ing the model structure that is lumped. As defined above, the MCS were performed
on 100 realizations, according a random weighted K uniformly distributed on an in-
terval [K max, Ksminl, fanging between a minimal and maximal values that correspond
t0 1.99 10°°m.s™" and 1.3710° m.s™", respectively. However, from the calibration
procedure performed on the period 1994-1998, and in terms of PBIAS criterion, we
note that the mean simulated discharge is underestimated for the case of K, and
overestimated for K max, iN COMparison with observations to a PBIAS of —14.17% and
70.72%, while the RMSE criterion is of order of 1.83 m°.s”! and 2.87 ms.s_1, respec-
tively. In other words, changing the K values downward by 50% and upward by 25%
versus the calibrated K, leads to a shift of the model discharge bias decreasing by
22.65% and increasing by 64.15%, respectively. Further, if we consider the model run
separately for each year of record, and also in terms of PBIAS criterion, the best result
for model run with calibrated parameters correspond to 1995 period, in which the simu-
lated discharge present a PBIAS of 6.18%, and the regression analysis gives relatively
high correlation coefficient (0.759) and low value of RMSE criterion 1.687 m3.s™'. We
emphasize that the higher RMSE and/or low correlation coefficient can be attributed to
the hydrograph peaks, e.g. those clearly recorded for 1996 in the period of Septem-
ber, shown in Fig. 15a with a relative lower correlation coefficient (0.475) that increase
when the erroneously model discharge is removed given a value of 0.536. Further, for

the case of 1996 period, the same remarks are noted for the model run with K, and
K max (Se€ Table 4). On the other hand, from Table 1 one can emphasize that most dis-
crepancies are noted in 1997 through a lower correlation coefficient (0.314), as can be
illustrated by the frequency distribution of observed and simulated discharges shown in
Fig. 16. A particular case can be seen for 1998, in which one notes a good estimation
of the mean discharge regarding the low PBIAS (4.89%), while the hydrographs are
poorly correlated (0.444). This can be attributed to discrepancies between observed
and simulated discharge peaks in the time period of September—-December (Fig. 17).
As can be seen in Fig. 13, the computed uncertainty bounds envelope well the ob-

served discharge in the major proportion of the hydrographs, except for some places
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the beginning of discharge hydrographs in 1996 and 1997, in which the observations
are slightly outside the uncertainty bounds. This can be attributed mainly to initial con-
ditions and to simplifying assumptions described obviously. Nevertheless, it remains
plausible to say that on the basis of the above results, the REW model is quite sen-
sitive to K that is illustrated through the dynamic of the mean simulated discharges
(i.e. in terms of PBIAS criterion) and the little wide uncertainty bounds, and has a good
predictive capacity of hydrologic system responses.

It is noted that even though the time-spatial variability of atmospheric forcing
(e.g. rainfall) plays an important role in the process of watershed runoff generation,
climatic inputs are considered in a simple representation, underlying a uniform distri-
bution in the application of REW model to predict hydrological behavior of Zwalm catch-
ment. Often the hydrologic models have e.g. rainfall measured by only one gauge, or a
few gauges. However, the REW model parameters have been estimated by calibration
using an average rainfall uniformly distributed throughout the Zwalm catchment. This
simple representation of atmospheric forcing is subject to obvious limitations based
on the fact that seasonal variations and forms of random rainfall variability have been
ignored. This assumption may introduce significant uncertainty in the system param-
eters (i.e. soil moisture, hydraulic conductivity, infiltration, etc.) when they are based
on a comparison of observed and predicted hydrologic responses, knowing the effects
of seasonality of climatic inputs and the randomness of storm and interstorm climatic
forcing.

In the present case, the uncertainty is considered through saturated hydraulic con-
ductivity input only and not explicitly included as spatial variable in model structure.
This leads to the fact that for each chosen random K, the uncertainty is included
through the effective hydraulic conductivity (Kg) as function of soil saturation (i.e. soil
moisture curve) according to Eq. (9), and through the plotted curve of Ky shown in
Fig. 18. Figure 18 shows the dependence of K on the soil moisture content, although
the real trend encountered under field conditions is not reflected. This is because, the
soil moisture are well dependent on the antecedent soil moisture conditions and cli-
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matic inputs variability. In general, the watershed has an interacting effect on rainfall
both in time and space, and the complex relationship among the degree of spatial and
seasonal variability of rainfall, watershed characteristics (topography, channel network,
soils, etc.), antecedent soil moisture conditions and watershed response is poorly un-
derstood (Shah et al., 1996). Further, changing K the infiltration becomes strongly
affected, which influences the subsurface hydrologic processes that are related to vari-
ables which control the hydraulic conductivity and moisture characteristic curve of the
soil.

It is widely recognized that on natural hillslope, random spatial variability of soil
hydraulic properties confounds the understanding and computation of infiltration and
runoff (Loague and Gander, 1990). However, due to the structural properties of soils
and their scale, the density and spatial characteristics of the ground cover and the root
structure in grasslands, that are not reported in this study, it is not possible to interpret
explicitly and quantitatively the physical processes responsible for the variability.

To examine the effect of spatially variable infiltration on runoff, several authors have
combined MCS of the distributions of soil properties with physically-based models of
percolation and sheet flow. Nevertheless, the results presented above lend a good
credibility to the model structure and the dynamic that seems justified, regarding its
sensitivity to hydrologic parameters uncertainty. This has been illustrated by increas-
ing mean predicted discharges according the increasing K and quite wide uncertainty
bounds that envelope well the observed discharge. On the other hand, we must em-
phasize that with respect to discrepancies noted above, the limitations in the model
theory and parameterization, that are discussed obviously need to be included explic-
itly in the model structure in order to improve the model predictions (or performance).

It is noted that from the results, there is an improvement of model prediction in term
of PBIAS criterion when the catchment is discretized into a high number of REWSs.
This leads to say that implementing the REW for the case of stream Strahler order 1,
relating to 213 REWSs, the model performance will most probably be improved.

On the other hand, we must point out here the importance and impact of calibration
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procedure that contributes significantly to the accuracy of rainfall-runoff model. Owing
to the general nature of rainfall-runoff models their application to any given watershed
requires that the values of the parameters of the functions representing the various sub-
processes of the overall system be identified for that particular watershed. Further, an
interesting point concerns the selection of the objective function that has been rather
subjective as reported in major part of the literature. However, if the selected objective
function lacks a proper description of both the stochastic elements of the data and the
physical situation, it is likely that the estimated parameters may not assume values
that are close approximations of their true and acceptable values. The consequence of
using such parameter estimates is the likely cause of model divergence in rainfall-runoff
simulation studies.

8. Conclusion

The assessment of outputs uncertainty due to the uncertainty in the model param-
eters were performed using the Monte Carlo method through REW model. The un-
certainty in model parameters has been restricted to saturated hydraulic conductivity
(K). However, the framework was modeled after a generation of a set of four series of
generated random saturated hydraulic conductivity from a uniform distribution on the
interval [K min. Ksmax]- The chosen intervals were obtained from soil texture reference
curve of Rawls et al. (1982). It has been shown that the REW model was performed
under lumped mode and without land cover consideration. The uncertainty in REW
model outputs is illustrated by the uncertainty bounds that envelop well the discharge
observations. Furthermore, the calculated statistical parameters (PBIAS, RMSE, cor-
relation coefficient, etc.) lead to note that the REW model structure and components
have ability to predict the hydrologic responses occurring at the watershed scale, that
are illustrated through the comparison of expected and observed hydrograph. It was
emphasized that the model has been performed within a set of simple assumptions, of
which, the details of topographic features (such as convergence and divergence) spa-
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tial variability of soils, randomness of storm arrivals and storm duration, seasonality of
both rainfall and potential evapotranspiration, and spatial variability of rainfall has not
been considered. The discrepancies in the model output noted obviously are related to
uncertainty in the model parameters (such that saturated hydraulic conductivity) as well
as the input data (such as rainfall). On the other hand, although the development of
REW model including the field component (such as land cover and land use), and the
model parameters distribution in the model structure is not yet accomplished, the com-
parison between the REW and another well established watershed hydrologic model
(such as TOPLATS model applied on the same data site) will give a good idea about
the REW model performance.
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Table 1. Statistical parameters of the REW model run with calibrated parameters on the Zwalm A. El Quazzani Taibi et al.

catchment discretized into 9 and 43 REWSs.

Years Case 1 (9 REWSs) Case 2 (43 REWSs)
PBIAS (-} RMSE (m®s™') R(-) PBIAS(-) RMSE(m°s™) R(-)
1994-1998 8.48 1.836 0.577 6.57 1.742 0.569
1994 8.58 2.367 0.434 7.78 2.125 0.541
1995 6.89 1.725 0.554 6.18 1.687 0.759
1996 7.79 2.834 0.533 7.41 2.111 0.576
1997 15.86 1.649 0.309 6.71 1.459 0.314
1998 6.21 1.592 0.445 4.89 1.585 0.444
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Table 2. Value intervals of saturated hydraulic conductivity (Ks) of the different soil types in
Zwalm catchment according to soil texture reference curves of Rawls et al. (1982).

Soil types Saturated hydraulic Ks minimum  Ks maximum
conductivity (Ks) (cm/h) (cm/h) (cm/h)
Loam 1.32 0.5 5.5
Sandy loam 2.59 2 7
Clay 0.06 0.01 0.1
Sand (or heterogeneous soil) 21 10 35
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Table 3. Statistical parameters of the comparison between observed and expected discharges uazzani faibreta

obtained through the REW model run with calibrated parameters resulting from the 60 MC
realizations on 1994—1998.

Years Mean Observed Mean Sim. discharge Slope Intercept R RMSE

discharge (m3/s) (m3/s) (ms/s) (=) (ms/s)
1994 1.776 2.236 0.821 0.776 0.541 2215
1995 1.651 2.071 0.939 0.524  0.759 1.687
1996 1.073 2.387 0.927 1.383 0.389 3.156
1997 0.961 2.268 0.767 1.532 0.347 2.047
1998 1.506 2.554 0.532 1.752 0.485 2.156
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Table 4. Statistical parameters of the comparison between observed and expected discharges A. El Ouazzani Taibi et al.
obtained through the REW model run on 43 REWSs under calibrated model parameter relative
to limiting K values.

Year Ks min Ks max
PBIAS RMSE R PBIAS RMSE R

1994-1998 -14.17 1.827 0.571 70.72 0.867 0.463

1994 -11.17 1112 0.541 61.182 2233 0.483
1995 -12.26 1503 0.759 5856 2915 0.579
1996 -19.18 2.724 0.533 87.48 3.541 0.354
1997 -1418 2.788 0.314 104.81 3.314 0.337
1998 -16.05 1.301 0.444 61.62 2233 0412
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Fig. 1. The location of the Zwalm catchment together with the gauged subcatchments.
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Fig. 2. Soil texture for the Zwalm catchment.
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Fig. 3. Image representation of the digital elevation model of the Zwalm catchment.
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Fig. 4. Schematic representation of Zwalm catchment discretized into 9 REWs.
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Fig. 5. Schematic representation of Zwalm catchment discretized into 43 REWs.
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Fig. 6. Comparison between simulated and observed discharges on the Zwalm catchment
discretized into 9 REWSs from 1994 to 1998.
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Fig. 7. Comparison between simulated and observed discharges on the Zwalm catchment
discretized into 43 REWs from 1994 to 1998.
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Fig. 8. Simulations versus observations of discharge hydrographs through the REW model run
on the Zwalm catchment discretized into 43 REWs (data at 1998).
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Fig. 9. Frequency distribution of observed and simulated discharges resulting from REW model

run on 43 REWSs for 1995.
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Fig. 10. Schematic representation of Monte-Carlo method applied on the REW model.
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Fig. 11. Statistical convergence analysis of the expected discharge of REW model from 10 to
100 MC realizations (data of 1998).

108 EG

(@


http://www.copernicus.org/EGU/hess/hessd.htm
http://www.copernicus.org/EGU/hess/hessd/3/69/hessd-3-69_p.pdf
http://www.copernicus.org/EGU/hess/hessd/3/69/comments.php
http://www.copernicus.org/EGU/EGU.html

1.5 +
1.3 4
1.1 4
0.9 -
0.7 -

NMeaen dischargearor
¥s)

0.5

2.5 4
2.3 A1

g 2.1 1
1.9 1

1.7 -

1.5

20 40 60 80 100 120
MCS error

150 -
130 -
110 o

90 -

PBIAS @9

70 A

20 40 60 80 100 120
MCS runs

50

Fig. 12. Convergence of the chosen objective functions form 10 to 100 MC realizations.

20 40 60 80 100 120
MCS runs

109

HESSD
3, 69-114, 2006

Hydrologic
responses of Zwalm
catchment using the

REW model

A. El Ouazzani Taibi et al.

it

EG

(@


http://www.copernicus.org/EGU/hess/hessd.htm
http://www.copernicus.org/EGU/hess/hessd/3/69/hessd-3-69_p.pdf
http://www.copernicus.org/EGU/hess/hessd/3/69/comments.php
http://www.copernicus.org/EGU/EGU.html

(o] 50 100

Discharge (1)

Discharge (m3s)

Discharge ()
o 6

o 50 100

Discharge (m3s)

Fig. 13. Estimated uncertainty bounds of discharges obtained through REW model run on 43

REWSs from 60 MC realizations.
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Fig. 14. Mean simulated discharge corresponding to ascending generated weighted K through
REW model.
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Fig. 15. Comparison between observed and expected discharges obtained through the REW
model run from the 60 MC realizations with erroneously (A) and without erroneously (B) mod-
eled discharges on 1994—1998.
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Fig. 16. Frequency distribution of observed and simulated discharges through REW model run
on 43 REWs under calibrated parameters for 1997.
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Fig. 17. Frequency distribution of observed and simulated discharges through REW model run
on 43 REWs under calibrated parameters for 1998.
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