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[1] This paper employs the multicriterion decision analysis (MCDA) technique in a novel
way to address the efficiency of watershed instrumentation programs and the efficacy of
watershed modeling. A case study of reconstructed watersheds in northern Alberta,
Canada, is used to illustrate the proposed usage of the MCDA technique. The watersheds
have been disturbed as a result of oil sands mining activities. Assessing the performance of
the reconstructed watersheds with regard to restoring the hydrology of the disturbed
watershed is a crucial issue for both the mining industry and other stakeholders. The
problem is formulated in a multicriterion context. A payoff matrix containing seven
evaluation criteria and three different soil covers as feasible alternatives is constructed.
The system dynamics watershed (SDW) model is used to simulate the reconstructed
watersheds over a period of 61 years using historical meteorological records. Accordingly,
61 payoff matrices that are populated using the results of the SDW model are evaluated. A
multicriterion decision analysis framework is implemented to evaluate the different
alternatives with respect to the chosen set of criteria. The three alternatives are ranked
every year, and accordingly, the probability that a certain alternative dominates others is
estimated. The alternative that has the highest probability of occupying the top rank over
the period of analysis is indicated as the best alternative. The probability value is called the
probability of making the right decision (PMRD). Various types of uncertainty analyses
are conducted to evaluate the sensitivity of the final decision to changes in the scores of
the evaluation matrices. An index, named the confidence in the PMRD, is developed to
quantify the reliability of the results of the watershed model. The results highlight the
utility of modeling as a possible alternative to some components of the intensive
instrumentation program. Moreover, areas of deficiency and inaccuracies in the watershed
model are identified for further improvements.
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1. Introduction

[2] Since the early 1960s, mathematical hydrologic mod-
els that account for the continuous dynamics of hydrologic
processes have been in use. In the field of watershed
hydrology, there have been a few attempts to provide a
comprehensive account of watershed models or at least of
the most commonly used models. Although notable efforts
have been made in this direction [Singh and Frevert, 2002a,
2002b; Singh, 1995], the number of developed watershed
models is more than could possibly be gathered in a single
all-inclusive publication. Why hydrologists have needed so
many models is an interesting question that has many
possible answers. Some of the possible reasons are (1) the
unavailability of a previously developed model at the time
of need, (2) a lack of awareness that a suitable previously
developed model is available, (3) a lack of understanding of

the processes and algorithms considered in the available
models, and most significantly (4) a conviction by the
developer that available models do not satisfy the conditions
of the situation at hand, and therefore the situation under
consideration requires a new model.
[3] As Schaake [2002] noted, the exercise of modeling is

both the art and the science of applying a limited and
imperfect understanding of the ‘‘real’’ world. Such an
understanding requires knowledge of the physics of hydro-
logic processes at different spatial and temporal scales, and
information on soils, vegetation, topography, and water and
energy forcing variables. These time- and location-varying
requirements should be the only acceptable motives for
developing new models. Calibration and assessment of
model performance are two of the most cumbersome
processes involved in watershed model development. These
two processes require extensive instrumentation and a
monitoring program to provide the necessary data. In order
to go beyond rainfall-runoff modeling and to reduce the
parameter uncertainty, the calibration of the developed
model should be based on all simulated processes (e.g.,
soil moisture, evapotranspiration) [Elshorbagy et al., 2005;
Wooldridge et al., 2003], not just runoff.
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[4] Many experimental watersheds and extensive moni-
toring programs have been conducted around the world to
measure various hydrological and meteorological processes,
with the purpose of understanding the real world and thus
of developing better watershed models. However, fewer
efforts have been devoted to the issue of simplicity vs.
complexity [e.g., Jakeman and Hornberger, 1993] in
watershed models, as well as to the extensiveness of the
instrumentation required to carry out the modeling exercise.
The desire of engineers and hydrologists to collect as much
data as possible regardless of the value of such data is
becoming a concern in light of the increasing cost of
measurements. Paradoxically, the data collected in certain
situations (e.g., long-term monitoring programs) go beyond
the capabilities of analysts who are actually handling such
data, causing unwarranted confusion rather than an increase
in the understanding of the hydrologic systems. The confu-
sion is mostly due to the unmanageable size of data sets that
requires tremendous efforts of screening, verification, and
documentation.
[5] In this paper, a systematic methodology of evaluating

the relative value of watershed modeling and monitoring as
two interrelated processes that provide feedback to each
other is developed using the multicriterion decision analysis
(MCDA) technique. This methodology is applied to a case
study of evaluating reclamation strategies for disturbed
watersheds. The proposed methodology enables the estab-
lishment of an objective-oriented measure to assess the
utility of watershed modeling and models. The approach
also helps in developing objective guidelines for refocusing
and redirection of current monitoring programs.

2. A Problem to Be Addressed: Case Study

[6] The mining of oil sands in northern Alberta, Canada,
is the focus of this paper. The processes used leave
behind large pits, tailings facilities, and overburden (piles
of saline shale layer) in which the natural hydrology of
surface and groundwater has been completely disrupted.
The oil sands industry is committed to reconstructing
functioning landscapes by designing reclaimed watersheds
to restore the different functions of nature, such as habitat
function (hosting aquatic ecosystems), production function
(e.g., biomass), and carrier function (for dissolved and
suspended materials). The carrier function plays a central
role in land degradation processes such as erosion, sedi-
mentation, and the leaching of nutrients through moving
surface and subsurface water [Falkenmark, 1997]. The
restoration of the above mentioned functions relies first
and foremost on the restoration of functioning hydrologic
systems, a central feature of which is sufficient water to
sustain revegetation efforts.
[7] The mining of oil sands near Fort McMurray, Alberta,

involves the stripping of the saline/sodic overburden in
order to gain access to the oil-bearing formation. The
overburden is placed in large mined-out pits and surface
dumps and is recontoured before being capped with a
mandated 1.0 m soil cover. The potential for slope instabi-
lity, subsidence, and salinization resulting from the charac-
ter of the saline/sodic material and its interaction with fresh
water makes it imperative that the amount of precipitation
percolating below the root zone be minimized [Barbour et
al., 2001].

[8] The oil sands mining industry is conducting large-
scale cover experiments at the Mildred Lake mine in order
to assess the performance of different reclamation strategies.
Four 1-hectare prototype covers were placed on an area
referred to as the South Hills Overburden (Figure 1) to study
the basic mechanisms controlling moisture movement
within the cover systems. Three covers were constructed
in 1999 with thicknesses of 1.0 m, 0.50 m, and 0.35 m, each
composed of a thin layer of peat (15–20 cm) overlying
varying thickness of secondary (till) soil. A fourth study site
was established at an area of previously reclaimed (1996)
watershed capped with a 1.0 m cover of peat/secondary
mix. A field instrumentation program was carried out
consisting of detailed monitoring of matric suction, volu-
metric water content, and temperature within the different
soil profiles, as well as measurements of runoff, interflow,
and site-specific meteorological conditions [Meier and
Barbour, 2002].
[9] The ability of the soil covers to maintain sufficient

soil moisture during growing seasons is an important
indicator of the efficacy of the covers in restoring the
production function of the watershed. The minimization of
water percolating into the underlying shale is another
indicator of cover success [Boese, 2003; Elshorbagy et
al., 2005]. In this case the cover serves to minimize
undesirable future subsidence and salinization, which in
turn could affect the carrier and production functions of the
watershed. A site-specific system dynamics watershed
(SDW) model has been developed by Elshorbagy et al.
[2005] to perform continuous simulation of the recon-
structed watersheds. The developed model helps quantify
the above mentioned two indicators of soil moisture reten-
tion and minimization of water percolation into the under-
lying shale and potentially will help the mining industry to
develop a comprehensive understanding of the hydrologic
performance of the reclamation strategies.
[10] Some of the main concerns of the oil sands industry

are the future and the evolution of the reconstructed water-
sheds over time and whether destroyed forests will regrow
and become self-sustaining. Accordingly, the current plan is
to continue the monitoring program as a long-term project,
but the financial, technical, and human resources needed for
long-term commitment to such a program could be prohi-
bitive. As an example of the financial costs, each one of the
three eddy covariance systems installed in the field to
measure actual evapotranspiration costs roughly $60,000
Canadian dollars, in addition to the annual maintenance
costs. Volumetric soil moisture content, matric suction, and
soil temperature are recorded every 30 min along varying
depths within the peat, till, and shale soil layers. The
industry is interested in the answer to the following funda-
mental question: Which one of the three proposed covers is
the best alternative to adopt as the optimal reclamation
strategy?

3. Rationalization of Monitoring and Modeling

[11] Developing a model that can mathematically repro-
duce and simulate the ‘‘real’’ system is valuable because it
can be used to replace a significant portion of the collected
data. The SDW model [Elshorbagy et al., 2005] was
developed for this purpose, and its performance was
assessed using traditional error statistics with regard to its
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ability to simulate soil moisture, runoff, and evapotranspi-
ration. However, the remaining question, which is
addressed in this paper, is whether its predictive error and
uncertainty could lead to the wrong decision regarding the
best reclamation strategy. Because the SDW model was
built to be a site-specific model, the importance of assessing
its performance with regard to its impact on the final
decision cannot be overemphasized. This paper presents,
as one of its objectives, an objective-oriented assessment of
the model. This information cannot be easily provided
using the traditional error measures (e.g., the root mean
square error, RMSE) that contrast simulated results against
observed values.

4. Proposed Analysis Framework

[12] The methodology proposed in this paper is as
follows: (1) identify a set of criteria that can be used to
evaluate the hydrologic performance of each soil cover;
(2) construct a payoff matrix that consists of the proposed
three soil covers in columns and the selected criteria in
rows; (3) use the SDW model to quantify the impact of each
soil cover with regard to the evaluation criteria (impact
assessment or scoring) on an annual basis; (4) evaluate the
various soil covers (the alternatives) using a prescriptive
decision analysis approach; (5) repeat steps (3) and (4) over
multiple years, using available historical records of meteo-
rological data as inputs to the SDW model, to account for
the effect of climate variability; (6) repeat step (4) using the
observed data rather than the outputs of the simulation
model; and (7) conduct sensitivity analysis and uncertainty
analysis, and conclude. Apparently, the multicriterion deci-
sion analysis (MCDA) technique is a suitable approach to

handle the proposed methodology. It is possible to simu-
late the performance of the soil covers every year and
consider the expected values (the mean value of each
criterion over the entire period of the analysis) to populate
one evaluation matrix. However, this approach will result in
a decision that is based on a ‘‘virtual’’ year represented by
an evaluation matrix populated with the ‘‘mean’’ scores.
This approach obscures the effect of the climatic variability
on the decision regarding the best soil cover. In this paper, a
more comprehensive approach of constructing and evaluat-
ing multiple evaluation matrices; one for each year, is
adopted.

5. Multicriterion Decision Analysis Technique

[13] Multicriterion decision analysis (MCDA) tradition-
ally has been used in water resource literature as a major
component of decision support systems (DSS) [Stansbury et
al., 1991; Goicoechea et al., 1992; Qureshi and Harrison,
2001; Fassio et al., 2005]. The central role of the MCDA
technique is a trade-off analysis that compares the impacts
of each alternative and indicates which alternative most
nearly satisfies all relevant concerns (criteria). This is a
useful technique, especially when the impacts cannot be
readily estimated in monetary terms [Belton and Stewart,
2003]. The MCDA technique has been applied to an array
of problems in water resources, including water transfer
options and reservoir operation [Stansbury et al., 1991; Ko
et al., 1992; Harboe, 1992; Bogardi and Duckstein, 1992;
Roy et al., 1992; Tecle, 1992; Srdjevic et al., 2004; Raju and
Duckstein, 2004; Fassio et al., 2005], design of monitoring
networks [Woldt and Bogardi, 1992; Harmancioglu and
Alpaslan, 1992], various applications in forestry [Huth et

Figure 1. Prototype cover site [Elshorbagy et al., 2005].
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al., 2004; Lasch et al., 2005], wastewater treatment alter-
natives [Tecle et al., 1988; Khalil et al., 2005], and
computer-assisted tools for negotiation of water resources
conflicts [Thiessen and Loucks, 1992].
[14] Traditionally, the MCDA technique has been used to

make a selection or, at least, to aid the decision-making
process with respect to the alternative to be adopted. In this
study, the MCDA technique is employed in a novel way to
address the issue of the utility of watershed modeling, the
reliability of the developed simulation model and the effi-
ciency of the monitoring program. Moreover, the MCDA
technique is used in the traditional way to evaluate the
various alternatives. Nonetheless, issues, such as the selec-
tion of the pertinent criteria, the priorities (weights) of the
various criteria, and the MCDA methods used to solve the
payoff matrix, are still relevant to the application under
consideration.
[15] In the case study under consideration, the three

alternatives (soil covers D1, D2, and D3) are the only
‘‘feasible’’ alternatives since they already have been im-
posed and adopted by the industry. The fourth soil cover
(the one constructed earlier) has been evaluated by the
industry as a dominated and unsatisfactory alternative and
therefore is excluded from this study. Since the three
alternatives are to be evaluated based on their hydrologic
performance, the evaluation criteria should be hydrologic
processes-related indicators. Accordingly, scoring (assess-
ing the impacts of the three alternatives on the various
criteria) can be achieved by analyzing the observed data or
the simulation results. An important issue in MCDA is to be
able to determine the relative weights or importance of a
collection of criteria. Usually, such values are between 0.0
and 1.0 and they add up to 1.0. Issues related to how relative
weights should be assigned and who should assign them
have been thoroughly discussed by psychologists and social
scientists [Von Winterfeldt and Edwards, 1986] and in
MCDA literature [Parlos, 2000]. In this paper, the results
do not rely on a single set of weights; analysis is initiated by
assigning two different sets of weights to the criteria
followed by weight sensitivity analysis to show the sensi-
tivity of the outcome to changes in the priority structure of
the problem.

6. Problem Formulation in a Multicriterion
Decision Analysis Context

6.1. Evaluation Criteria

[16] Five key criteria have been selected in this study as
the basic indicators with respect to the hydrologic perfor-
mance of the different soil covers: (1) Soil moisture,
assessed as the average depth (mm) of water available in
the soil throughout the growing season (mid-May until
mid-October). It is calculated as the arithmetic mean of the
daily values. In the MCDA context, this is a ‘‘benefit
criterion,’’ which means the more the better [Belton and
Stewart, 2003]. This criterion is broken down into two
subcriteria: soil moisture in the peat layer and soil moisture
in the till layer. The availability of soil moisture is the key
indicator of the ability of vegetation to be sustained on the
cover; (2) Soil suction pressure, assessed as the average
suction pressure (K Pa) that existed in the soil layer
throughout the growing season. Similar to soil moisture,

it is calculated as the arithmetic mean of the daily values.
The suction pressure is expressed with a positive sign, but
this is considered a ‘‘cost criterion,’’ i.e., the less the better.
It is further divided into suction pressure within the peat
layer and suction pressure within the till layer. Soil moisture
alone cannot be sufficient to evaluate the availability of
water for the plants because there are soil layers of various
types and thicknesses. Higher levels of volumetric moisture
content do not mean that more water is readily available for
the roots since root activities tend to seek zones where the
energy required to take up water is minimized (i.e., less
suction pressure); (3) Shale percolation, assessed as the total
depth of water (mm) percolating into the low-permeability
shale layer. It is calculated as the sum of the daily values
throughout the year. Since one of the reclamation objectives
is to minimize deep percolation, this is a ‘‘cost criterion’’;
(4) Interflow, assessed as the total depth of water (mm)
flowing as a lateral subsurface flow in the year. Similar to
the shale percolation, it is calculated as the sum of the daily
values throughout the year. This is perceived as an important
indicator of the leaching ability of the soil cover to get rid
of the excessive salts with the interflow; it is a ‘‘benefit
criterion’’; and (5) Surface runoff (overland flow), assessed
as the total depth of water (mm) running off the surface of
the cover without contributing to the soil moisture storage;
in this study, surface runoff is considered a ‘‘cost criterion’’
due to the climatic nature of the area as a semiarid region.
Surface runoff is lost and becomes unavailable for plants.
This could be a disputable criterion because runoff could
also beneficially contribute to surface water bodies that need
to exist on any natural landscape.
[17] Even though the key criteria selected for this study

are five, they were broken down into seven subcriteria, and
thus weights need to be assigned to the seven subcriteria for
conducting the MCDA. Eventually, the seven subcriteria
address two ultimate objectives: (1) the availability of water
for plants, which is represented by soil moisture, matric
suction pressure, and surface runoff and (2) the quality
(health) of the ecosystem, which is represented by the shale
percolation and the interflow that leaches excessive salts.
Some of the criteria might be slightly correlated on hourly
or daily basis. For example, wetting an upper thin layer of
the peat soil until it reaches the saturation point could
trigger the interflow; however, the temporal scale of the
indicators used in this study (e.g., total annual depth of
interflow and the average seasonal depth of peat moisture)
marginalizes or even eliminates such correlations. Even on
daily basis, the relationship between soil moisture content
and interflow is nonexistent until a certain threshold (soil
saturation) is achieved. Taking into account various years of
wet and dry climate, such correlation between the two
criteria cannot be identified in a way that makes them
interrelated criteria. This argument applies with various
degrees to all seven criteria used in this study. It should
be also noted that some correlation between various criteria
does not disqualify them as evaluation criteria for the
MCDM technique if each criterion retains its own individ-
ual importance [Ko et al., 1992].

6.2. Impact Assessment (Scoring)

[18] Quantifying the performance of each soil cover with
respect to the above mentioned criteria was conducted using
the observed values and the SDW model simulation results.
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