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Abstract. A generic system dynamics watershed (GSDW) its spatial and temporal heterogeneity, and this heterogeneity
model is developed and applied to five reconstructed wa-cannot be precisely known or described. In general, the focus
tersheds located in the Athabasca mining basin, Albertapfwatershed modeling studies has been on rainfall-runoff re-
Canada, and one natural watershed (boreal forest) locateldtions (Beven, 2001). Over the past few decades, countless
in Saskatchewan, Canada, to simulate various hydrologicahumber of watershed models has been developed around the
processes in reconstructed and natural watersheds. This paworld for a variety of applications. However, the main chal-
per uses the root mean square error (RMSE), the mean allenge remains in applying limited and imperfect knowledge
solute relative error (MARE), and the correlation coefficient of hydrological processes while providing an acceptable pre-
(R) as the main performance indicators, in addition to thediction of the real world (Schaacke, 2002). Hydrological pro-
visual comparison. For the South Bison Hills (SBH), South cesses such as soil moisture redistribution and evapotranspi-
West Sand Storage (SWSS) and Old Aspen (OA) simulatedation (ET), are intricately linked; therefore, the understand-
soil moisture, the RMSE values ranges between 2.5-4.8 mning of their mutual interaction could lead to a more accurate
and the MARE ranges from 7% to 18%, except for the D2- simulation of the processes responsible for land-atmosphere
cover it was 26% for the validation year. Thestatistics  interaction (Mahmood and Hubbard, 2003).

ranges from 0.3 to 0.77 during the validation period. The agq natural ecosystems are complex, their characteristics
error between the measured and simulated cumulative actug),4 dynamic properties depend on many interrelated links
evapotranspiration (AET) flux for the SWSS, SBH, and the peqween climate, soil and vegetation (Rodriguez-lturbe et
OA sites were 2%, 5%, and 8%, respectively. The developedy  2001). Soil and climate control vegetation dynamics,
GSDW model enables the investigation of the utility of dif- \yniie in turn vegetation modulates the water balance (Por-
ferent soil cover designs and evaluation of theirpen‘ormanceporat0 and Rodriguez-Iturbe, 2002; Arora, 2002). Vegeta-
The model is capable of capturing the dynamics of water balyion acts as the intermediate link between soil and the at-
ance components, and may used to conduct short- and longrgsphere via evapotranspiration, as well as affecting soil
term predictions under different climate scenarios. hydraulic and mechanical properties. Moreover, it affects
both the surface energy budget and soil storage in the root
zone (Falkenmark, 1997). Several models have been used
1 Introduction to simulgte soil-atmospheric-vegetation interaction, e.g. Soil-
Vegetation-Atmosphere Transfer schemes (SVAT). SVAT
Hydrological models have been adopted, modified, and apmodel is used to simulate, energy, carbon, water fluxes, and
plied to solve a wide spectrum of problems. The difficulty typically assuming static vegetation (Arora, 2002). Other
of modeling watershed hydrology lies primarily in that the models used to simulate agriculture management scenarios,

response of the watershed system is strongly controlled b.9. SWAT, are devoted to reproducing crop’s growth, nutri-
ent and pesticide practice, yet are data intensive to implement

(Neitsch et al., 2002). Recently, Quevedo and Fear{2008)
Correspondence toA. Elshorbagy used a conceptual dynamic vegetation-soil model (called
BY amin.elshorbagy@usask.ca HORAS) for arid and semi-arid zones. The HORAS model
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consists of two reservoirs; the first for the interception pro-2 Modeling of reconstructed watersheds
cess and the second for near-surface soil moisture. The Hq

. . ) n general, the literature of reconstructed watersheds empha-
RAS model excelled in demonstrating the adaptation of veg-_. . i
) ; L . o ~ sizes geotechnical perspectives, and Julta (2006) noted that
etation to various climatic and soil conditions. However, it

simulates only the upper capillary water-soil content reIatedmOSt publications targeted modeling an indvidual compo-

to where vegetation occurs unless it is coupled with a morenent of the hydrological cycle. ‘For example, HELP (Hy-

comprehensive hydrological model (Quevedo and Feanc drological Evaluation of Landfill Performance) is a widely
2008[)) y 9 an applied landfill water budget model (Yalcin and Demirer,

2002). Berger et al. (1996) used HELP to simulate the wa-
Infiltration, soil moisture redistribution, and ET are the ter balance of a landfill cover system, where they achieved
main hydrological processes affecting the behavior of natu-good lateral drainage simulation, yet failed to model the lin-
ral and restored (reconstructed) watersheds in arid and seméar leakage of comprehensive soil liners. The model only ap-
arid regions. Hence, the proper simulation of these processegslies to simple covers, considers only grass as the vegetation
is vital to the accurate representation of the hydrology of bothtype, and has a poor performance in estimating the long-term
watersheds (Elshorbagy et al, 2007; Quevedo and Esnc hydrologic processes (Berger, 2000).
2008). Despite the importance of ET and soil moisture redis- The root zone water quality model (RZWQM) was used
tribution in defining the water balance of the arid and semi-to simulate the volumetric soil water content of the recon-
arid regions relative to the rainfall-runoff relation, there is structed slopes of the South West Sand Storage (SWSS)
limited literature available on the simulation of these pro- in northern Alberta (Mapfumo et al., 2006). This model
cesses. In addition, both ET and soil moisture dynamics havés used extensively in many agricultural studies; however,
an important role in the ecological behavior of reconstructedit tends to overestimate the saturated hydraulic conductiv-
watersheds following mining. ity and accordingly underestimates the surface soil moisture
contents, especially in wet conditions. Furthermore, the soil-

.The rapid growth of the oil sands industry re_sults in large atmosphere model (SoilCover) (Geoanalysis Ltd., 2000) was

disturbances to the natural ecosystem as soil and overbur- . . . .

: : - used, by Shurniak (2003), to predict moisture movement in a

den materials are removed to provide access to mining ma-_ . .

. - . .2 “variety of reconstructed soil cover systems. Shurniak (2003)
terials. The mining process is followed by a remediation

process, through which the disturbed landscape is recoverei(gcommended that the overall cover thickness to be more

. . . an 0.6 m to improve plant survival.
with the intent to replicate the performance of natural wa- P P

: : . : . Finally, Elshorbagy et al. (2005) developed a site-specific
tersheds functions such as habitat function (hosting aquat'%ystem dynamics watershed (SDW) model to simulate hy-

ecosystems), 'productlon function (e.g., b'om?‘ss)’ gnd Carrlecrirolog|cal processes using a daily time-step in reconstructed
function (for dissolved and suspended material), this process : .
. i . watershed in northern Alberta, Canada. This model was ex-
is also known as land reclamation (Haigh, 2000; Barbour

et al., 2004). The adverse impact of disturbing the natu-tended by Elshorbagy et al. (2007) to simulate three proto-

ral ecosvstem can be intensified by climate change and itt%pe watersheds, however, the model remained site-specific.
. Y y L g . Elshorbagy and Barbour (2007) presented a probabilistic ap-
projected consequences. Consequently, it is crucial to sim-

ulate and predict, as accurately as possible, the hydrologiproaCh’ using the SDW model, to assess the long-term hy-

cal behaviour of the reconstructed watersheds. WatershegrOIOgIC performance of three inclined reconstructed yvater—
. ) S o ._Sheds. The validated SDW model was used along with the
models provide a vital tool that can assist in achieving this

. : . . . available meteorological historical data to generate continu-

goal by simulating the hydrological behaviour of a variety of . ; ) )
; ; ; : . . ous simulated records of the daily depth-averaged soil mois-
possible soil cover designs. The aim of this paper is to de- . .
ture content. These records were used to estimate the maxi-

velop a generic system dynamics watershed model (GSDW)mum annual moisture deficits as indicators of the hydrologic

which provides a reliable, simple, and comprehensive tool . o2
- L ) erformance of the considered watershed. The probabilistic
that facilitates the assessment of the sustainability of variou ; o .
. approach was used to quantify the predictive uncertainty of
reconstructed/natural watersheds. The validity of the pro- L .
: . oD the SDW model. However, the efficiency of this approach
posed model is assessed thorough its capability in reproducs : o i
; : . depends on the reduction of the predictive uncertainty of the
ing the hydrological behaviour of the reconstructed and nat- . " i
..model, which can be mitigated through a generic model that
ural watersheds. The proposed model can be used to aid in . .
- . : : can simulate various reconstructed and natural watersheds
decision making and contribute to the understanding of the . ; - :
; ; under potential and uncertain changes of the prevailing cli-
nonlinear and complex hydrological processes of the recon-__. .
. L2 S . matic conditions.
structed systems, especially in arid and semi-arid regions. In

those regions, land reclamation is affected by the local cli-

mates where potential evapotranspiration is greater than thg  GSDW model development and formulation

annual precipitation. Subsequently, the designed soil covers

should have the ability of minimizing runoff, and retaining The proposed GSDW model is a lumped conceptual model
soil moisture for the growing season. capable of simulating various components of watershed
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hydrology. This model is an upgrade/generalization of the
existing site-specific SDW model, which was developed by
Elshorbagy et al. (2005, 2007). The main drawback of the Snowfal
previous SDW model was that it did not account for a canopy |

Precipitatjon

interception. Moreover, the SDW model has no flexibility
in choosing the number of soil layers (three layers only), -
layer thickness, and topographic inclination. The GSDW E

model uses sets of meteorological, vegetation, and hydro-
logical data to evaluate different hydrological processes on a
daily basis. The model is entitled “generic” in the sense that
it can be implemented on a wide spectrum of watersheds,
soil cover alternatives, and topographic conditions in semi- — ]
arid regions for the purpose of assessing the performance of
reconstructed watersheds. The system dynamics simulation ET Lo e =2 ===
environment (STELLA), (HPS, 2001), was used for model- 11 M. Red.
ing the watershed as a dynamic system in a user-friendly en- 2”°LayerStorage|_ Interflow—
vironment. - e ==

The system dynamics (SD) approach is based on the un- {85 Moisture
derstanding of the complex relationships existing among the ¢ 9% Redistribution
different elements within the considered system. In general, Er—| Ci..
the SD approach can be defined as: “a theory of system
structure and a set of tools for representing complex systems
and analyzing their dynamic behavior” (Forrester, 1980a,b).
Ford (1999) defined the SD approach as a method of analyz-
ing problems in which time is an important factor. The main
Issue in L_Jsmg_ S[.) Is to unc_ier_stand the system and its boundIfig. 1. A schematic diagram of the GSDW model structure.
aries by identify its key building blocks, and the proper rep-
resentation of the physical processes through relatively accu-

rate mathematical relationships. SD models have the PoteNpwing outlines modifications and improvements suggested

tial of implementing a combination of empirical formulations i, the SDW model, whose details can be found in Elshorbagy
and physically based concepts and also allows for building onyt 5. (2005, 2007).

a tentative knowledge of the relation between two parameters
by incorporating a qualitative relationship between those pa3.1 Canopy storage
rameters. (Elshorbagy et al., 2007). The proposed GSDW
model will have the ability to simulate relevant hydrologi- Interception losses range from 10-40% of gross precipita-
cal processes, e.g., canopy interception, evapotranspiratiotion for different vegetation types (Dingman, 2002). There-
surface runoff, lateral interflow, infiltration, and soil mois- fore, consideration of interception losses will improve AET
ture redistribution in unsaturated/saturated layers, based opredictability of the developed model. One challenge posed
the surface energy and water balances. Particular attentiohy the incorporation of vegetation processes in hydrological
is given to the parameterization, which is kept as simple asnodels is the incorporation of new parameterizations. The
possible and reliant on widely available data. A schematicexplicit representation of vegetation dynamics in hydrolog-
diagram of the major processes modelled by the proposeétal models implies the specification of a large number of
GSDW model is shown in Fig. 1. parameters. Two different approaches are used to incorpo-
Figure 1 shows the simple daily water balance of therate the canopy interception component, based upon the data
GSDW model, which consists of three storage componentsavailability; (i) a simplified version of Valente et al. (1997)
(1) canopy storage 2} surface storage, an@)(soil storage.  conceptual model, and (ii) the van Dijk and Bruijnzeel (2001)
The system dynamics hypothesis of the developed GSDWanalytical model. Valente et al. (1997) developed a concep-
model is represented in a causal-loop diagram (Fig. 2). Theual model, where the canopy interception component di-
feedback loops illustrate the mutual interaction among thevides the gross rainfall into three downward water fluxé: (
different factors affecting watershed hydrological processesfree throughfall, 2) canopy drip, and3) stem-flow. This
Negative and positive signs denote the type of relationshigs in addition to a vertical direct evaporation component.
between corresponding variables. Figure 2 is partitioned intoThe canopy structure is characterised by four parameters,
several parts; (a) available water (snowfall and rainfall), (b)namely: (i) canopy storage capacity, (ii) trunk storage ca-
canopy interception, and (c—f) soil layers and the surface angbacity, (iii) canopy cover fraction, and (iv) trunk diversion
subsurface (vertical/horizontal) water movement. The fol-coefficient. The GSDW model includes the corresponding

Channel How
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Fig. 2. Causal-loop diagram of the developed GSDW model.
parameters representing the aforementioned physical chag,, — {&Ep- [Ci()/$:] for Cu(<S @)
acteristics, such as the canopy storage capaciy (Gink e.Ep for Ci(1) = &
storage capacity ¢} trunk evaporation as a fraction of the
E. = (Ecc"‘Ect) F (3)

total evaporationg), and the canopy drip as a fraction of
the drainage (). These parameters are based on detalled
information of the vegetation structure. The leaf area in-
dex (LAI) is used as an indicator of the canopy intercep- is the trunk evaporation;;(¢) is the actual amount of wa-
tion, which can be deduced based on the ratio of the canop}/er stored on the trunk |ntmm anfd s the fraction of area

shaded areas to the bare areas. The evaporation rate frocovere d by the forest canopy. The main practical drawback

the canopy £) is computed as the sum of both the trunk df the Valente et al. (1997) model lies in its extensive data
and the canopy evaporation. The Penman equation is use S quirements.

to compute the rate of evaporatiofi f) of the intercepted The van Dijk and Bruijnzeel (2001) model: based on a
water. Equations (1), (2), and (3) are the mathematical repre-

modification of Gash et al. (1995) interception model, re—
sentation of the evaporation rates from different canopy com-

tains some of the simplicity of the empirical approaches. |

ponents: is based mainly upon the LAI, and the canopy storagé. (
The model assumptions are: (i) the relative evaporation rate
E /R can be expressed as a function of LA, (i) the canopy
storage capacity ¥is linearly related to LAI, and (iii) the

whereE,. is evaporation from leaves (mn{,(z) is the ac-
tual amount of water stored on the canopy leaves in #n,

E. — { (1—8).Ep.[Cc()/Sc] for Ce(r) < Sc @

(1-9).E, for Cc(t) > &
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LAl was treated as static value during the growing season fomovement rate to the underlying layer in mm/dayjs the
each case study. This approach is represented in the GSDWMterflow rate for of theth layer in mm/day, and ETis the

model by the following: evapotranspiration rate froith layer in mm/day.
Voinov et al. (2004) suggested that infiltration rate of the
Sc =S LA (4) top soil layer is equal to rainfall intensity before soil satu-
¢ = 1—e kLAl (5) ration is reached. In fact, some studies suggested that the
rate of infiltrated water from a typical cover system is cor-
E.=c.E, (6) related to the degree of saturation of the soil, soil moisture

-~ retention characteristic, and climatic factors (e.g. rainfall)
where $ denotes the specific leaf storage (the depth of wa-(\ijiczarek et al., 2000; Milczarek et al., 2003). On the other
ter retained by the leaf per unit LAI). The alues, as sug-  hang, the Green-Ampt equation governs the vertical move-
gested by Pitman (1989), range between (0.4-58B)the  ent of water during the saturation stage under the condition
canopy cover fractionf is the extinction coefficient and it ot 5ol temperature being greater than zero (unfrozen soil).
depends on the leaf inclination angle and distributionithe e infiltration capacity (rate) based on total infiltration vol-

values ranges between 0.2 and 0.8, @hdis the Penman ;e is expressed by the Green-Ampt equation in the case of
potential evapotranspiration. The GSDW model provides the, tnawed saturated soil (Dingman, 2002):

user with the flexibility to use either one of the previous two

approaches based on available data, in addition to a third se- (CEEDE
lection, where the canopy interception is not incorporatedff = Kii (1+ T)
due to the lack of information regarding the canopy coverage,

or the absence of canopy in the case of newly reconstructewhereKy; is the saturated hydraulic conductivity of thid

©)

watersheds. layer in mm/dayg;; is the saturated moisture content of the
ith layer (%), 6;; is the initial moisture content of thah
3.2 Surface water storage layer (%),v; is the suction pressure head at the wetting front

) in the ith layer in mm, andF; is the cumulative volume of
The change in the surface water storage (SW) can be exnfiltration in theith layer in mm.

pressed by: There exist methods for quantifying infiltration into
d(SW) frozen soils, however such methods are highly data-intensive
T P—fr1—Of (7)  (Elshorbagy et al., 2007). Some studies suggest that the

frozen soil layer does not impede infiltration (lwata et al.,
where P (mm/day) represents precipitation, in either the 2008). An empirical approach for snowmelt infiltration was
form of snow or rainfall, /71 is the infiltration rate to the  gyggested by Li and Simonovic (2002) and has been vali-
top soil layer (mm/day), and ©represents overland flow in - dated by Julta (2006). This approach is based mainly upon
mm/day. the idea that infiltration rates in frozen soils are influenced by
temperature and temperature accumulation. The infiltrated
water will gain its dynamics based upon the temperature in-

The developed GSDW model is designed to facilitate thedex, where soil_ will refreeze if the tempergture drops below
consideration of multiple layers of soil cover, as Opposedzero for a certain number of days. The active temperature ac-

to pre-set number of covers in the SDW model. This ex. cumulation will be lost and will start again from zero (Li and

pands the applicability of the model to simulate a wide vari- _Simonovic, 2002). C-ons.equ.en.tly, infiltration into frozen soil
ety of alternatives, in addition to, enhancing soil moisture is computed by multiplying infiltration rate of thith layer,

predictably. Therefore, the vertical movement of the soil fil, r?y k‘;’m emflrllcagocgffl:me;ntfﬁ. OII?(atfglrence 's made to
moisture between any two subsequent layers is described b§ §|'h0r agyeta .t( ¢ )tor burt er detaus. b .
considering layerif as a control volume in the water bal- € movement of water between any subsequent 1ayers

ance. For example, the change of the moisture storage in thi limited if the upper layer moisture content is less than

ith layer depends on downward movement of water from thet e residual moisture content. Moisture movement will start

upper (th-1) layer, evapotranspiration, interflow from ik whgn the upper Iayer.m0|sture is grea}ter than the residual
layer, and the downward water movement to the underlyingm0|sture content, and it starts contributing to the lower layer

(ith+1) layer. Therefore, the change of moisture storage i oisture until it reaches saturation. Once the lower layer
theith layer can be expréssed as follows: reaches saturation, the maximum rate at which water can be

absorbed by the lower layer will correspond to the minimum

das; value of the saturated hydraulic conductivity of this layer and
= fi— fi—ET—l, (8) Y g d

wheres; isith layer storage in mny; is the downward water
movement rate of th&h layer, f; 41 is the downward water

3.3 Soil storage
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the subsequent layer. Otherwise, the following logic will estimates of the actual evapotranspiration due to their depen-

apply: dence on the soil moisture content of the considered layer.
The GSDW model adjoins both the estimatéd from the
if (soil temperature ofi{ greater than @C) canopy storage and from different soil layers (net AET) to
then (if (W;_1>¥,) model the total actual evapotranspiration (AET).

then (no movement of water)
else (if @;—1>residual soil moisturef (i —1)layer)

then (if ((—1)layer is saturatedl 3.5 Interflow component
then (Min (drainable water from layei1), follow Eq. 9)
else (follow Eq. 10) The interflow component is restricted to the incidence of
else (no movement of water)) sloping layers. The model formulations account for the angle
else (infiltration in frozen soil) of inclination, which affects the interflow rate. Interflow (

mm/day) from theth layer is estimated using the following
where, Eq. (10) is an empirical equation, which can bemodified empirical formula, used by Elshorbagy et al., 2007,

written as follows (Elshorbagy et al., 2007): as follows:
6i-1 Si-1 L[=—-—">)-G-C 12
fi= g (1o - (At Ar ) T Stope (12)
l

wherel,; is the coefficient of théth layer infiltration, which whereCSk,_pels the slope coefﬁment thgt depends on-the slope
value. D; is the depth of théth layer in mm, and’; is the

is determined during calibration of the model, aftlis the interflow fficient. which is al libration parameter
solution time interval. Equation (10) suggests that the mois- errow coetiicient, which 1S aiso a calioration parameter.
Interflow generation is restricted to two conditions; the tem-

ture redistribution between any subsequent layers is strongl X
dependent on the moisture contents of both layers. In ad* erature .Of both layersi)and é_.l)’ are ab(_)\_/e Zero and_the
ith layer is saturated. If the previous conditions are fulfilled,

dition, no downward moisture movement is allowed if the " . o .
suction of the upper layer is greater than that of the Iowerth?n. interflow is computeq by muItlpIy.mg.the interflow co-
layer. eﬁ‘lClen't by the rate of available watgr in theh layer aboye
saturation level and the slope coefficient. However, if the
3.4 Evapotranspiration module temperature of layeri 1) is below GC and theith layer
storage is between saturation and field capacity, then inter-
In the model, the potential evapotranspiration is computedlow is computed by multiplying the interflow coefficient by
using the Penman equation derived in Mays (2005), while arthe drainable water in layer)(and the slope coefficient.
empirical formula is used for the actual evapotranspiration Another alternative for computing the interflow compo-
calculation, based on the simulated soil moisture index, and€nt was incorporated to the model structure based on two-
the air temperature. To calculate the actual evapotranspiradimensional kinematic storage model for subsurface flow
tion from any soil layer; an empirical formulation used by along a steep hillslope (Sloan and Moore, 1984). This mod-
(Julta, 2006; Elshorbagy et al., 2007) takes into consideratlle is adopted to calculate subsurface flow in a variety of

tion the available moisture, air and soil temperatures. hydrological models, e.g. SWAT, based on the mass continu-
_ ity equation (Neitsch et al., 2002). Sloan and Moore (1984)
ET; = Cp'sz(;()i)'T'Ct(i) prescribed high hydraulic conductivities in surface layers and
Sy /Swiir—Sa (12) an impermeable or semi-permeable layer at a shallow depth.
I o The saturated thicknes$Z{) normal to the bottom of the

. o . slope is expressed as:
wherec,, is the evapotranspiration coefficient (n@/day),

Smsi) IS the effective moisture saturation in layer (i) (di- __ 2xdrainable water

mensionless)}. is the exponential coefficient that expresses ™ = (¢q * Lenghty)

the impact of water saturation on evapotranspiratiy,,

S, andSjys are the water storage, the nominal water stor-Wheregq is the drainable porosity of the soil layer (dimen-

age (mm), and minimum storage that can be attained (residgsionless) and is equal to the difference between the total

ual moisture) in layer (i), respectively. porosity of the soil layer (dimensionless) and the porosity
Sankarasubramanian and Vogel (2002) noted that the clagvhen the layer is at field capacity (dimensionless), Lenght

sical actual evapotranspiration relationships perform poorlyis the hillslope length in mm, and drainable water from the

for basins with low soil moisture storage capacity. However, layer is the stored water above field capacity. The drainable

the previous empirical formulas provided a better simulationwater from the layer is calculated using the following:

than the conventional Penman equation (Elshorbagy et al.,

2007). These parametric empirical equations provide better

(13)
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if (layer storage< layer’s field capacity water content sodic shale. The purpose of these experimental covers is to
then (no movement of water) evaluate the performance of different alternatives in terms
else (ayer storage-layer's field capacity water contgnt of moisture holding capacity and sustaining the vegetation.

The three covers have a slope of 5H:1V with an area of 1 ha
The interflow at the hill slope outlet; in (mm/day) for  each. These covers were constructed in 1999 and seeded with

layeri, is: barley nurse cropHordeum Jubatuiy and tree seedlings of
_ ) white spurcePRicea glaucaand aspenRopulus tremuloidés

I — 48 (dramable watenk VLat(|)> (14) (Boese, 2003). The D-covers were used by Elshorbagy et
dai)xLenghtyi al. (2007) to develop the site-specific SDW model. The sec-

ond site is the Hill top site; a flat reconstructed cover sys-
tem located on adjacent to the D-covers. Hill top site was
constructed in 2001 of 0.2 m of peat/mineral mix overlying

Wr}ﬁ:ev'-at IIZS)\B\?e vecI10(|:|ty”of flow at the oultlet. b | 0.8 m of till. Both the D-covers and Hill top site are lo-
e GS mode! allows user to select between Soar'cated on South Bison Hill, a reclamation landform which

and Moore (1984) technique and the modified ElshorbagyiS approximately 2 kr in area, rising 60 m above the sur-

etal. (2007) empirical formula. rounding landscape and has a large relatively flat top several
hundred meters in diameter. The major plant species on the
top of the SBH are foxtail barleyHordeum Jubatuin and

Overland flow (@) is estimated using a modified empirically Minor species include fireweedgilobium angustifolium
based equation from the SDW model. Since the model struc{Parasuraman et al., 2007). The third site is the South West
ture uses reservoir-based mechanisms to simulate the differ2@nd Storage (SWSS), which was constructed of 0.2-0.4m
ent hydrological processes, water in excess of infiltration ca.Of Till/secondary cover material over 1.0 m of tailings sands.

pacity (saturation condition) of the first layer is directed as!t IS currently the largest operational tailings dam in the
overland flow in the summer, and it is computed as: world, approximately 40 m highand a 20 H:1V side slope ra-
tio. The vegetation varies with groundcover including horse-

SW tail (Equisetum arven3gfireweed Epilobium angustifolig,
OF = <A_t - le) "Cslope (15) and white and yellow cloveiMelilotus alba, Melilotus offic-
inalis). Tree species include Siberian lardtafix sibericg),
where f; 1 layer (1) infiltration rate, @ is the overland flow  hybrid poplar Populussp. hybrid), trembling aspenRop-
in mm/day. Overland flow generation is also dependant uporulus tremuloidels white spruce Ricea glaucd and willow
the air/soil temperature and the gradient of the soil cover.  (Salixsp.) (Parasuraman et al., 2007).
An intensive hydrological and meteorological measure-

vrar = KsixHill Slope

3.6 Overland flow component

4 Case studies ment program is carried out on these experimental sites to
monitor the evolution of the reconstructed watersheds. The
4.1 Reconstructed watersheds hydrological variables include the matric soil suction, volu-

metric moisture content (measured bi-daily using TDR and
The GSDW model is used to simulate the hydrological per-soil suction sensors at different depths), and soil temperature
formance of various watersheds to validate its capability inof different soil layers, measured on hourly basis for the cor-
capturing the dynamics of the various water balance comporesponding soil moisture measurement depths. Additional
nents in different sites. Verifying the ability of the GSDW monitored variables include runoff and interflow. Measure-
model to simulate both reconstructed and natural watershedsents of the latent heat fluxes are made with the eddy covari-
confirms the utility of the proposed model to conduct short-ance technique (EC) and reported in 30-min interval (Carey,
and long-term predictions under different climatic condi- 2008). A weather station is used to provide hourly meteoro-
tions. The reconstructed watershed study areas are locatddgical measurements of air temperature (AT), precipitation
in north of Fort McMurray (5739 N and 11213 W), north- (P), netradiation (NR), water vapour gradients and other me-
ern Alberta, Canada. The oil sands industry has developeteorological variables. More details on the field instrumenta-
a system for stabilizing the surface of the reconstructed soition and monitoring program can be found in Boese (2003),
covers that enables re-vegetation. A few reconstructed wateidulta (2006) and Carey (2008). Based on the climate data
sheds formed of various soil covers (various soil types, lay-from an Environment Canada meteorological station at Fort
ering, and depths) are selected for this study: the first site inMcMurray, a 30-year period (1971-2000) the mean annual
cludes three inclined prototype soil covers (D1, D2, and D3-temperature is 0°C, and the mean annual precipitation is
Covers). The three covers were constructed with a thicknesd55.5 mm. The soil properties are as follows: the saturated
of 0.5m, 0.35m, and 1.0 m compromised of 0.2m, 0.15m,hydraulic conductivities are 408 (cm/day), 50.4 (cm/day),
and 0.2m of peat/mineral mix overlying 0.3m, 0.2m, and and 0.72 (cm/day), and the porosity values are 0.5, 0.54, 0.25
0.8 m thickness of glacial till, respectively, overlying saline for peat, till and shale, respectively (Elshorbagy et al., 2005).
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4.2 Natural watersheds The main objective for this study was to develop a generic
system dynamics model to simulate different hydrologic pro-
The GSDW model is used to simulate the hydrological per-cesses in disturbed and undisturbed watersheds, and various
formance of a natural watershed to validate its capability inreconstructed sites were simulated to evaluate the model per-
capturing the dynamics of the various water balance comformance over a variety of different reclamation strategies.
ponents in undisturbed systems. The old aspen (OA) for-The model was applied to inclined watersheds, as in the case
est site, part of the former Boreal Atmosphere Exchangeof the D-covers and the SWSS sites, to horizontal terrain, as
Study (BOREAS), is considered in this study as it is climat- in case of the SBH and OA sites, and on a set of different soil
ically similar to the Fort McMurray region. The OA site is, layers with a variety of thicknesses and soil stratifications.
roughly 1580 krd, located near the south end of Prince Al-
bert National Park, Saskatchewan (53.5R9106.198 W).
Because of the relatively flat topography and the homo-5 Results and analysis
geneity of vegetation, as well as the semi-arid climate, the
site is modeled as a lumped unit or column of soil. The The goodness-of-fit between the measured and simulated
field instrumentation of the OA site has been providing datasets are generally quantified using multiple performance
continuous measurements since 1997 as part of the Boredhdicators, providing different aspects of comparison. This
Ecosystem Research and Monitoring Sites (BERMS) pro-paper uses the root mean square error (RMSE), the mean
gram fttp://berms.ccrp.ec.gcxalhe soil is a well drained  absolute relative error (MARE), the percent of error mea-
loam to clay loam. The top 0.1 m layer is an organic layer surement in the peak (PEP), and the correlation coefficient
(leaf litter, plus fermentation layer); 0.07-0.3 m of till mixed (R) as the main performance indicators, in addition to visual
with sand and clay, a 0.45m layer derived from gravely andcomparison. Both RMSE and MARE are overall error mea-
clay enriched till, overlying, a mixture of sandy clay loam sures, where RMSE is a real value metric and MARE a rela-
of 0.40m. The soil properties are as follows: the saturatedive value metric. The RMSE is biased towards high values,
hydraulic conductivities are 25 (cm/day), 5.76 (cm/day), andwhile the MARE is less sensitive to high values as it does
4.8 (cm/day), and the porosity values are 0.51, 0.45, 0.46 fonot square the error magnitude (Dawson et al., 2007). Due to
A, B and C horizons, respectively (Cuenca et al., 1997).Thethese limitationsR is used as a complementary error mea-
forest canopy is dominated by trembling asp&ogulus  sure that quantifies the overall agreement between the ob-
tremuloide} with an average height of 21 m and about 2 m served and predicted values. PEP focus on the peaks values,
high hazelnutCorylus cornutdunderstory interspersed with  yet not to the overall agreement between the two datasets. It
alder (Balland et al., 2006). AT and P data are collectedcomprises the difference between the highest values of ob-
at 30-min intervals. Based on the data from an Environ-served and simulated datasets, made relative to the magni-
ment Canada meteorological station nearby Waskesiu Lakéude of the highest values in the observed dataset and ex-
(53.92 N, 106.07 W), the mean annual precipitation was pressed as a percentage and for a perfect model the PEP value
467 mm. is zero.

Thermocouple sensors recorded soil temperature every 30- As mentioned, the traditional realm of hydrologic mod-
min at 0.02, 0.05, 0.10, 0.20, 0.50 and 1.00 m below theels has been the prediction of rainfall-runoff process. These
moss layer. CS615 soil moisture sensors (TDR) were used tpredictions are used in flood warning systems, navigation,
measure the volumetric moisture content of the soil at 0.08water quality management and many water resource applica-
0.23, 0.45, and 1.05m below the ground surface. Net raditions. However, land reclamation concentrates on replicating
ation was measured using a Kipp and Zonen CNR-1 net rathe performance of natural watersheds in terms of support-
diometer above the canopy. Measurements of the latent heahg vegetation growth. Consequently, it is crucial to simu-
fluxes were made with the eddy covariance technique (EC)ate hydrological processes that directly impact the ecolog-
and reported with 30-min interval. LAl was measured nearical function of the watershed. As a result, the calibration
the flux tower using a plant canopy analyzer (PCA) (modelof the GSDW model was performed based on two hydro-
LAI-2000). For the purpose of integrating the extracted datalogical processes connected with the ecological function of
into the GSDW model, all the data were aggregated to a dailythe reconstructed watersheds: soil moisture and actual evap-
time-step. Additional information for the OA site can be ob- otranspiration (AET). Calibration was performed by setting
tained from Cuenca et al. (1997). individual parameter values and executing a series of simula-

The values of total precipitation for the D-covers, and thetions. This process was repeated (trial and error) until no fur-
SBH site are 341.2mm and 294.3 mm for years 2005 andher improvement in the values of the error measures and the
2006, respectively. For the SWSS site, the value of totalvisual match between simulated and observed AET could be
precipitation is 285.9 mm, and 366.3 mm in the years 2005-attained. Table 1 lists the calibration parameters used on the
2006, respectively. Finally, the corresponding values for thedifferent study sites together with their corresponding val-
OA site were 479 mm, and 483.7mm in the years 1999-ues. The calibration of the GSDW model indicates sensi-
2000, respectively. tivity to the lambda coefficientsi(z), a main factor in the
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Table 1. Calibration parameter values for the developed GSDW model.

Parameter D1 D2 D3 SBH SWSS OA

Infiltration coefficient {.1) (dimensionless) 0.0044 0.008 0.08 0.003 0.02 0.003
Infiltration coefficient {.») (dimensionless) 0.003 0.004 0.002 0.002 0.002 0.002

¢;2 (dimensionless) 6 6 6 4 6 4

C1P (mm/day C) 0.22 045 035 015 035 0.1
Co (mm/day C) 0.16 1.7 0.03 0.1 2.1 1.9
C3 (mm/day C) 0.02 0.1 0.02 0.09 0.02 0.09
Interflow coefficient C;) (dimensionless) 0.3 0.3 0.3 - 0.3 -
Lambd# (11) (dimensionless) 5.15 3.15 3.15 2.7 3.95 1.6
Lambda £») (dimensionless) 11 0.3 1.3 1.9 0.9 2.9
Lambda £3) (dimensionless) 0.2 0.2 0.3 0.3 0.2 0.3
Melt factor (dimensionless) 0.7 0.6 0.7 0.5 0.7 0.6

(a)¢; is an exponent describing the influence of Tl on soil defrostingg (l@vapotranspiration constant (mm/d&y from the (1st) layer;
and (c)A; is an exponential coefficient, used to calculate the AET, modified from the SDW to be temperature dependant.

AET equations, and the infiltration coefficients (Icn), which 120

directly affect the moisture distribution in each layer. 100

The terrestrial ecology community over the last two % 80 | g ¢ N
decades has developed models to simulate various hydrolog< «o | B ~GNENL SV ERE LA G
ical processes. Operational applications are demanding, aé_j a0 | . SWAT

GSDW
------- observed

they request both efficiency and robustness. Therefore, there® , |
is always a debate of the modeling approach that shoudbe ., .. """
selected; model choices must be justified through extensive 125 49 73 97 121 145 169 103 217 241 265 289 313 337 361
testing and for robustness considerations, where simple mod-
els must be preferred over more complex models when they 5 |
are of equal efficiency. The next section compares the per-g
formance of the GSDW model with the Soil and Water As-
sessment Tool (SWAT), a widely used hydrological model.

Soil Moisture (mm

5.1 SWAT model 50 1

. ) ) . . 2‘5 4‘9 7‘3 9‘7 1‘21 1L15 1259 153 2‘17 24‘11 2255 21‘39 3‘13 3‘37 3‘61
SWAT is a basin-scale, continuous-time model created in the
early 1990s that operates on a daily time step and is designed

to predict the impfact Of_ man_agement on water, sediment, angig. 3. Simulated and observed moisture dynamics in the D3 cover
agricultural chemical yields in ungauged watersheds (Arnolds,, yalidation year 2006 using both SWAT and GSDW mods3;
and Fohrer, 2005). The model is physically based and capapeat layer(b) till layer.

ble of continuous simulation over long time periods. SWAT
components include weather, hydrology, soil temperature
and properties, plant growth, nutrients, pesticides, bacteria, , ,
pathogens, and land management. In SWAT, a watershed &V€": bypass flow can be S|mul§1ted, as desc.rlbed by Arnold
divided into multiple sub-watersheds, which are then further®t @l (2005), for soils characterized by cracking. SWAT has
subdivided into hydrologic response units (HRUs) that con-Proven to be an effective tool for assessing water resource

sist of homogeneous land use, management, and soil chaf"d nonpoint-source pollution problems for a wide range of
acteristics. Climatic inputs used in SWAT include daily pre- scales and environmental conditions across the globe (Arnold

cipitation, maximum and minimum temperature, solar radia-&t @l-» 1998; Arnold and Fohrer, 2005). Moreover, SWAT's

tion data, relative humidity, and wind speed data. The over2P€n source code allows modellers to modify and add to the

all hydrologic balance is simulated for each HRU, including Model code in an interactive way.

canopy interception of precipitation, partitioning of precipi- SWAT was manually calibrated from 2000 to 2005 and
tation, snowmelt water, redistribution of water within the soil validated for 2006. The authors performed a manual
profile, evapotranspiration, lateral subsurface flow from thesensitivity/calibration analysis of 12 SWAT input parame-
soil profile, and return flow from shallow aquifers. More- ters, which showed that saturated hydraulic conductivity,

Time (days)
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Table 2. Performance statistics of the GSDW and the SWAT models regarding soil moisture.

MARE RMSE
Model Site Layer Year R PEP
(%) (mm)
Peat 2005 7 29 0.83
D12 2006 13 35 0.30 -8.1
Till 2005 2 15 0.32
2006 7 2.7 0.62 -13
Peat 2005 18 3.8 0.44
D22 2006 14 3.4 0.42 -12
Till 2005 26 4.1 0.33
2006 29 4.4 0.10 —27.6
Peat 2005 11 3.3 0.77
D32 2006 8 3.1 0.57 -24
Till 2005 2 2.4 0.4
GSDW 2006 6 4.3 0.22 86
Peat 2005 9 3.0 0.71
SBHA 2006 6 2.5 059 -7.3
Till 2005 3 2.9 0.49
2006 5 4.0 0.35 —-6.8
2005 6 3.3 0.70 —12.7
sws® 2006 6 3.1 0.71
Tailingsand 2005 7 4.1 0.76 4.3
2006 6 3.9 0.57
Qold A-Horizon 1999 9 2.8 0.69 —10.05
2000 7 2.8 0.87
Asperf  B-Horizon 1999 10 4.4 0.87 —20.7
2000 5 3.1 0.16
D2 Peat 2006 19 14 0.01
SWATH Till 8 6 0.2
D3 Peat 2006 16 4.2 0.1
Till 5 5.4 0.33

(a) Calibration year 2005; validation year 2006; (b) Calibration year 2006; validation year 2005; (c) Calibration year 2000; validation year
1999, and (d) validation year 2006.

plant uptake compensation factor (EPCO) and soil evaporabypass flow. In contrast, the GSDW was able to reproduce
tion coefficient (ESCO) were the most sensitive parameterghe soil moisture dynamics during the growing season in the
that affected the simulation results. In the current study,upper layer (which is the most important layer for vegeta-

both watersheds are considered one hydrologic response urtibn) superior to SWAT. Cumulative AET-values were over-

(HRU) that consist of homogeneous land use, managemengstimated using SWAT by 17% and 15% for D2, and D3,

and soil characteristics. Table 2 presents SWAT model perrespectively.

formance indicators with regards to its ability to simulate

the soil moisture content for D2 and D3 covers. In gen-5.2 Simulation results of the GSDW model

eral the GSDW model results, presented in Table 2, rival

the SWAT model in the performance, particularly for the top As the GSDW model is an advance on the pre-existing SDW
layer. However, SWAT performance in the subsequent layeimodel, preliminary runs were made to validate the model
was slightly better. Figure 3 shows the soil moisture dynam-performance. First, the SDW model was recalibrated for
ics for the D3 cover. SWAT was capable of simulating the 2005 and validated on cover D3 for 2006. The SDW model

snowmelt period better than the GSDW model, which mayMARE were 16% and 6% for validation year compared to
be attributed to the fact that SWAT was capable of simulatingthe GSDW model values of 8% and 6% for peat and till,
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respectively. The RMSE for the SDW model were 13.5 and
17.3mm, whereas, 3.1, 4.3mm for the GSDW model, for
peat and till, respectively. The simulated cumulative AET
were 253 and 283 mm for the validation year, for the SDW
and the GSDW models respectively, compared to 276 mm of 2
measured AET. The results presented in Table 2 show thatS | Smulated
the model performance with regards to the D3-cover was su- 3 Cpserved
perior to the preliminary run for the site-specific SDW model
built for the D-covers by Elshorbagy et al. (2005). A second
attempt was made to recalibrate the GSDW model to simu-
late the moisture dynamics of D1-cover and compare the re-
sults to the findings by Elshorbagy et al. (2007). Therefore,
2001 and 2002 were chosen as calibration and validation
years, respectively. The MARE values of the GSDW model
were 7% and 8.2%, and the RMSE values were 4.3 mm and
7.0mm for peat and till layers, respectively. The previous
values were compared to MARE of 9% and 11%, and RMSE
of 7.0 and 9.0 mm for peat and till layers, respectively, for
the SDW model. The improvement in model performance
was mainly attributed to implementing the canopy intercep-
tion module to the GSDW model.

Table 2 lists the GSDW model performance indicators
with regard to its ability to simulate the soil moisture con-
tent of the study areas. For the SBH, SWSS and OA sites, the=
model provided satisfactory results, the RMSE values ranged“’:’
between 2.5-4.8 mm, which indicates that the average error
was not more thas:5 mm away from the mean soil moisture
value.

The moisture dynamics of the thinnest soil cover (D2) had
a flashy response compared to the other two D-covers. The
R statistic indicated that the GSDW model captured the gen-
eral trend of the soil moisture in particular for the surface
peat layer wherek ranges from 0.30 to 0.77 in the valida-
tion phase. The subsurface till layer of the D2-cover showed 0l Lo
a relatively low correlation of 0.10, whereas the SWSS site SIREL P S ST G N SRS S RO S
showed negative correlation coefficient, which is attributed Time (days)
to the high spatial variability of the soil moisture measure-
ments in the reconstructed watershed, as well as the effect qfig. 4. simulated and observed moisture in the SWSS watershed;
the depth- averaging for the observed values of soil moisturea) Till layer calibration (2006); If) Tailings sand layer calibra-

For the overall water balance, these errors are very small inion (2006); €) Till layer validation (2005); @) Tailings sand layer
terms of water depth (mm). validation (2005).

The simulated soil moisture dynamics of the surface and
subsurface soil layers are shown in Figs. 4, 5, and 6 for the
SWSS, SBH, and the natural old aspen watersheds, respec-As the air temperature reaches active threshold value,
tively. For the three figures, in the winter period, there wassnow starts melting and liquid water infiltrates into the soll
no significant dynamics for the moisture content because soilayers. A sudden increase of moisture content ensues once
during this period was frozen and the model behaved accordthe surface layer is thawed and corresponds to the amount of
ingly. As cited by Boese (2003), the sensors used for thesnow that is accumulated when the temperature was below
measurement of soil moisture at the study sites were not opzero. After the snowmelt period, soil moisture in the sur-
erating reliably during the frozen conditions; also, the AET face layer fluctuates due to the variation of rainfall intensity
values should be neglected during the winter season. Thereand evapotranspiration. This period lasts until the tempera-
fore, the evaluation of the soil moisture behaviour in the win- ture falls down below the active air temperature and the soil
ter season is not significant and may mislead the analysis oftarts refreezing again in the fall. Figures 4, 5, and 6 show
the model results. Therefore, only the values of the growingconsistencies of soil moisture patterns related to correspond-
season are considered. ing rainfall events. The surface layer storage component was

ure (mm)

Precipitation (mm)

R S T S R T T - T L T S, SR S
VW AT PG QY QS o

Soil Moisture (mm)
Precipitation (mm)

Moisture (mm)
Precipitation (mm)
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Soil Moisture (mm)
Precipitation (mm)
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Fig. 5. Simulated and observed moisture in the SBH watersfzd; ( Fig. 6. Simulated and observed moisture in the Old Aspen water-

Peat layer calibration (2005)b) Till layer calibration (2005); )
Peat layer validation (2006)d) Till layer validation (2006).

shed;(a) A-Horizon calibration (2000)(b) B-Horizon calibration
(2000); (c) A-Horizon validation (1999)(d) B-Horizon validation
(1999).

responsive to rainfall events, whereas the responses of the
subsurface layers were not as rapid. In general, the results

indicated that the simulated soil moisture patterns were sim{year 1999). This sudden increase is correlated with rain-
ilar to the observed patterns. fall events of 41 mm and 60 mm, respectively. During im-
The PEP measurement was applied to the results of thenense rainfall events, the increase in the soil moisture stor-
model and presented in Table 2. The negative sign indicateage is due to the restriction on the lateral subsurface flow
an over-estimate of the peaks in the simulated runs whereasiovement in flat landscapes. Figure 7 presents the cumula-
the under-estimate produces a positive sign. There are setive AET over the growing season period for the validation
eral recorded increases in the observed soil moisture at thgears measured using the EC versus the simulated AET val-
SWSS site when the soil was frozen (Fig. 4). This could beues. The graph presents an overall agreement of the observed
attributed to an error in the measurement or contribution ofand the simulated cumulative AET for the three sites, in both
preferential flow to the soil pores. Figures 5 and 6 show in-magnitude and trend. The reasonable match between mea-
creases in the simulated soil moisture storage in the 2nd layesured and simulated AET values provide another indication
during the summer period for both SBH (year 2006) and OA of the ability of the GSDW model to capture the dynamics of

Hydrol. Earth Syst. Sci., 13, 86881, 2009 www.hydrol-earth-syst-sci.net/13/865/2009/



N. Keshta et al.: GSDW model for evaluating reconstructed watersheds 877

350 9
T 300 | ——— SWSS EC Measurments 2006 - @ 8 @
£ 2501 _ .. _swss Simulated AET 2006 7
o 200 = 61
< 150 E 54
2 =
E 100 b 4
= < 3|
£ 50 -
§ 0 —_— 21
1 23 45 67 89 111 133 155 177 199 221 243 265 287 309 331 353 19
— 400 0
)
£ 350 ®) 9
E 300] ———SBHEC Measurments 2006
o 250 | ) ) ]
< Lo - = =+ SBH Hill Top Simulated AET 2006 74
g 1 ~ 61
5 150 E
= 100 { £ 51
£ = o4
E 50 w
=3 <
O o ——ps e 31
1 23 45 67 89 111 133 155 177 199 221 243 265 287 309 331 353 2
400 14
E 309 OAECM 1999 = © °
g 300 4 leasurments
£ 250 - -OASimulated AET 1999 9
8 4
i 200 + 7 * Measured AET
g i
= 150 - —— Simulated AET
3 100, £ 81
E 50 E 5
8 ot O O OO OO f 4
1 23 45 67 89 111 133 155 177 199 221 243 265 287 309 331 353 3 |
Time (days) 21
1 4
0

Fig. 7. Simulated and observed actual cumulative evapotranspira- 130 50 10 10 20 280 20 20 20
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Fig. 8. Simulated and Observed daily AET values for the growing
the hydrological processes in the reconstructed and the nageason perioda) SWSS;(b) SBH; (c) OA sites.
ural sites. The model slightly overestimated the cumulative

AET fluxes in the natural OA sites, where the measured AET

values using the EC method was 338 mm and the simulate@atrix and minimizing runoff generation, and redistribute the

was 365mm. The GSDW model under-estimated cumulairaPped liquid water to the subsequent layer to reduce evap-

tive AET fluxes for SWSS site, where values were 319 mmeoration. The subsequent layer is relatively fine textured with
and 312 mm, for observed and simulated, respectively. Fof!2y particles dominating the soil, the clay content reduce
the SBH site, the GSDW model underestimated cumulativé® hydraulic conductivity and at same time allows for high
AET values, with a measured cumulative AET of 276 mm porosity to allow for storing more moisture for the growing
and a simulated AET flux of 261 mm. The error between S€ason. Figure 9 shows the observed and simulated overland
the measured and simulated cumulative AET values for thd!oW for the inclined D1 cover for 2001, where the model
SWSS, SBH, and the OA sites were 2%, 5%, and 8%, respedfi99ered some runoff during snowmelt period. o
tively. Figure 8 shows observed and simulated daily AET at 1€ annual water balance components, during validation
SWSS, SBH, and OA, respectively, where the model sim-Periods, were simulated by the GSDW model and are sum-
ulated daily AET flux relatively good. Table 3 shows the manzed.m Table 4. The intercepted precipitation from im-
performance statistics of the GSDW model for the SWss Plémenting the canopy module ranged from 4% to 15% of

SBH, and OA sites. The model provided the RMSE values ofthe total precipitation, runoff varied from 0.5% to 5% of the
1_22’ 1.16, and 1.49 mm, respectively, whereasRtetatis- total precipitation, and ET ranged from 78% to 98% of the

tics were 0.60, 0.35, and 0.38. In general, the performancéOtal precipitation. The difference between precipitation as
statistics of the cumulative annual AET values during the NPt AET, interception, and runoff as outputs is the perco-
growing season were better compared with the daily AET!2ted water to subsequent layers.

values.

Mainly, reconstructed covers, e.g. the inclined D-covers,
were designed to act as a sponge, regarding store and releastany hydrological models are able to represent hydrologi-
abilities. The top layer was selected having a high hydrauliccal processes at the watershed scale, but the majority with
conductivity to increase infiltrated surface water in to the soil high parameter requirements. Therefore, there is a need for

6 Discussion
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Table 3. Performance statistics of the GSDW model regarding daily Table 4. Annual water balance components for the validation years.
AET flux.

Site Year RMSE (mm) R Site Total Intercepted Net Precip. AET  Runoff
Precip. Precip.(mm) (mm) (mm) (mm)
SWSS 2005 1.42 0.60
SBH 2006 1.18 0.37 D1 2043  19.45 274.85 280  14.25
OA 1999 1.49 0.38 D2 2943 255 268.8 271 1151
D3 2943  29.49 264.81 283 878
SBH 2943  23.65 270.65 261 1414
SWSS 366.3 16.1 351.2 312 9.72
OA 479 75.92 403.08 365 2.0

a tool that facilitates the simulation of the response of vari-
ous soil cover designs and to evaluate their performance rely-

ing on widely available data. During the preliminary stages
25

of the watershed development, soil moisture plays the key x
role in vegetation growth, especially in the root zone layers 2 + Observed Runoff
(Kilmartin, 2000). The GSDW model is able to simulate the £ L5 ] — GSDW model

soil moisture response with a good accuracy of less than 52
mm, on average, from observed values. Previous efforts ofg 11
simulating similar sites resulted in agreement between the? 05
observed and simulated values in trend only, not in mag-
nitude. For example, Balland et al. (2006) modelled the °
snow pack, soil temperature, and soil moisture in the OA
site, and achieved agreement between the measured and sim-
ulated snow pack and soil temperature, yet for soil moistureFig. 9. Simulated and Observed Runoff (overland flow) of the D1
the agreement was in trend not in magnitude. They attributeaover in 2001.
this difference in model performance to local conditions and
sensor surroundings, in addition to different uncertainties as-
sociated with the modelling procedure itself. namics, while in return vegetation modulates the water bal-
The preliminary runs showed that the GSDW model sur-ance by acting as an intermediate link between soil and the
passes the previous SDW model in performance, which maytmosphere. Soil moisture and vegetation affect the thermal
be attributed to the introduction of the canopy interceptioninertia and shortwave albedo of the surface. Furthermore,
module in the model structure. The GSDW and SWAT pre-numerous studies support the assertion that in arid and semi
liminary runs showed a comparable performance. SWAT hagirid regions, soil moisture flux is the key variable in soil-
the ability of subdividing a watershed into hydrologic re- vegetation-atmosphere continuum (Rodriguez-Iturbe, 2000;
sponse units (HRUs), which gives the model credibility in Rodriguez- Iturbe etal., 2001; Porporato et al., 2001). Weeks
simulating large watersheds. In the current study, both re-and Wilson (2006) conducted a study to predict the surface
constructed watersheds were considered as a single homogeater balance for constructed soil covers on waste dispos-
neous hydrologic response unit, and the simulation was conals. The study showed that the slope direction and angle can
ducted using a set of lumped data. The trial and error pro-have a significant effect on the net radiation received by the
cedure, which was implemented during the model calibra-slope, and hence affect evaporation predictions. As a result
tion, in conjunction with the previous assumptions, reducedof the assumptions associated with the model structure, the
SWAT abilities in simulating soil moisture dynamics. The daily evapotranspiration is simply correlated with moisture
aim of comparing SWAT and GSDW models was to supply availability without relying on other influencing variables,
the modeller with an idea of which model to use based one.g., characteristics of the surrounding environment and type
a set of lumped set of data. The use of complex physicallyand condition of vegetation, which in turn affects the daily
based models, such as SWAT with lumped inputs, is neithe AET simulations. The EC method, which is used as a direct
effective nor economic. The GSDW model has a simplermeasurement of AET, has an accuracy range fiohd to
structure, with less number of calibrated parameters, and re20% for hourly evapotranspiration measurements and up
lies on widely available meteorological data. to +8 to £10% for longer periods (Eichinger et al., 2003;
Evapotranspiration is a key process for water resourcestrangeways, 2003). However, the GSDW model managed
management, particularly in arid regions. AET depends on g0 simulate the cumulative annual AET to a very reasonable
large variety of factors: vegetation, soil type, topography, andaccuracy, less tha#t8% of the annual measured AET value,
the meteorological conditions. The rate of evapotranspiratiorivith minor overestimation and underestimation periods.
is largely controlled by available energy and available soil Generally, three sources of uncertainties in the modeling
moisture. Soil and climatic variables control vegetation dy- process can be distinguished: errors in input variables, model

T T T e T T T T T T T T T 7
27 53 79 105 131 157 183 209 235 261 287 313 339 365
Time (days)
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assumptions and parameterization, and algorithms of proby evaluating the predicted soil moisture redistribution, and
cess description. To visualize one type of uncertainty associactual evapotranspiration in different sites reasonably well
ated with errors in the input variables, Gee and Hillel (1988)in trend and in magnitude. The simulation results showed
pointed out that precision in precipitation is seldom less tharthat the model performance with regard to the D-covers was
4+5%. The spatial and temporal variability of soil physical quite comparable to the findings of Elshorbagy et al. (2005,
properties within the same site adds an extra level of uncer2007), with considerable improvements in soil moisture sim-
tainty to the measured data. The required characteristic ofilation. For the three case studies, the model provided good
the soil physical properties for the GSDW model, such as theesults, based on the three selected performance measures.
saturated hydraulic conductivity and the pore size distribu-Spatial and temporal variability of the soil moisture measure-
tion, are subject to high degree of spatial and temporal varients and the depth-averaging procedure affected the values
ability (particularly in reconstructed soil covers). The satu- of the performance measures, and consequently the overall
rated hydraulic conductivity in the reconstructed D-covers,assessment of the GSDW model. However, the simulated
e.g., increased by 400% from 2000 to 2001, as tabulatedoil moisture showed consistent behaviour with the different
by Elshorbagy et al. (2007). All models are limited to the rainfall events, which verifies the validity of model results.
extent that the parameterizations of physical processes ar&s expected, GSDW model results indicated the sensitivity
only approximations of the true soil physics and vegetationof the top layer to rainfall events and other meteorological
physiological action. Therefore, a long monitoring period conditions, compared to the trimmed effect on the response
for reconstructed watersheds is essential, and is suggested by the subsurface soil layers. Generally, the GSDW model
Rick (1995) to be seven years. This monitoring period will was capable of capturing the dynamics of the various water
allow tracking of different changes and evolution encoun-balance components in both reconstructed and natural water-
tered in reconstructed watersheds. sheds. The canopy interception module, which is the main

There were no daily observed values for the canopy lossespgrade from the SDW model, allows the GSDW model to
to compare the model results, however, the adopted apsimulate the future performance of the reconstructed water-
proaches for calculating the interception loss were validatedsheds and long term climate scenarios. Furthermore, it al-
in several previous studies. Moreover, testing other com{ows users to compare different vegetation alternatives for
ponents of the water balance implicitly validated the inter- future reclaimed covers. The developed GSDW model pro-
ception component. The GSDW model does not account fovides a vital tool, which enables the investigation of the util-
macropores. Nevertheless, flow in macropores may play aity of different soil cover alternative designs, hypothetical
important role for soil water fluxes. The soil moisture pre- covers, and evaluation of their performance. Also, it fa-
dictions during snowmelt in some case studies are not welkilitates further probabilistic analysis and scenario analysis,
represented, which could be attributed to the deficiency inwhich provides the mining industry with a comprehensive
representing the flow of water through macropores. Duringdecision support tool.
the snowmelt period and while the soil is still frozen, melted
snow tends to bypass into soil layers through the macropAcknowledgementsThe authors acknowledge the financial support
ores, giving a sudden increase in soil moisture. Further im-of NSERC through its Discovery Grant and CRD programs, and
provement to the GSDW model could be achieved by incor-the University of Saskatchewan’s devolved scholarship program.
porating macropore flow, enhancing soil moisture simulationThe financial and the in-kind contribution of Cumulative Environ-
and consequently other hydrological processes. The modd'€ntal Management Agency and Syncrude Canada Ltd., are also
shows sensitivity to AET and infiltration coefficients-related 2PPréciated. Many thanks to A. Bar, Climate Research Division,

. - . . tmospheric Sciences and Technology Directorate, Environment
ca!lbrat!on parameters, which conflrm that AE'I_' Process and,ada for providing the data on the natural site.
soil moisture content, play the dominant role in simulating
the hydrological performance of the watersheds. Edited by: E. Toth
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