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Abstract: The macroscale deterministic hydrologic model, SLURP, was modified and tested on two large watersheds in
northern Manitoba, the Taylor River watershed (899 km2) and the upper Burntwood River watershed (6959 km2). Cali-
bration and validation of the model on both watersheds between 1985 and 2000 identified a number of model deficien-
cies and recommendations for improvement. Date-dependent snowmelt rates were replaced with a single constant
snowmelt rate, helping to decrease the parameterization of the model. A snowpack temperature deficit model was also
incorporated to simulate the effects of snow ripening. These two modifications provided the modelling flexibility
needed to control the timing of initial snowmelt and the rate of snowmelt. Annual spring freshet lasts roughly 2 weeks
in this region; however, improved model performance was observed well beyond the spring freshet period. These modi-
fications also provided a better representation of the physical processes that delay snowmelt once the air temperature
exceeds 0 °C.
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Résumé : Le modèle déterministe hydrologique de grande échelle « SLURP » a été modifié et mis à l’épreuve sur
deux grands bassins hydrologiques du nord du Manitoba, celui de la rivière Taylor (899 km2) et celui de la rivière
Upper Burntwood (6959 km2). L’étalonnage et la validation du modèle sur les deux bassins hydrologiques entre 1985
et 2000 ont permis d’identifier plusieurs faiblesses du modèle et ont suggéré des moyens de l’améliorer. Les taux de
fonte des neiges chronosensibles ont été remplacés par un taux unique et constant de fonte des neiges aidant à dimi-
nuer le paramétrage du modèle. Un modèle du déficit de température de la neige accumulée a aussi été incorporé pour
simuler les effets du mûrissement de la neige. Ces deux modifications ont conféré au modèle la flexibilité requise pour
contrôler le moment du début et le taux de la fonte des neiges. La crue nivale annuelle printanière dure environ deux
semaines dans cette région. Cependant, le rendement amélioré du système a été remarqué bien au-delà de la période de
crue nivale printanière. Ces modifications ont également fourni une meilleure représentation des procédés physiques qui
retardent la fonte des neiges une fois que la température dépasse le point de congélation.

Mots-clés : sol gelé, forêt boréale, modélisation hydrogéologique, mûrissement de la neige, fonte des neiges.
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Introduction

The Province of Manitoba is rich in water resources. Its
location captures the drainage of several large river basins,
including the Winnipeg, Red, Assiniboine, Saskatchewan,
and Churchill rivers. With the construction of the Churchill
River Diversion (CRD), nearly all of the flow in these rivers
is combined to create the large Nelson River. This renewable
resource has allowed for Manitoba Hydro’s substantial de-

velopment of hydroelectric power on the Nelson River. As a
resource that is considered “renewable,” the Nelson River is
continually targeted for further hydroelectric development.
Large hydroelectric potential still exists on both the Nelson
River and the CRD, and additional development is planned
for the near future. Therefore, estimates of water yield are of
primary interest to local water resource developers such as
Manitoba Hydro. One area of particular interest that requires
accurate water yield estimates is the upper and lower Nelson
River basins.

The remoteness of the region in conjunction with economic
considerations hinder the implementation of additional gaug-
ing stations. Estimates of water yield can be used for real-
time forecasting of flow inputs for system operations, proba-
ble maximum flood derivation for dam safety, modelling of
ungauged watersheds, and the establishment of long-term
flow records for hydropower planning studies. Not surpris-
ingly, accurate deterministic hydrological modelling of runoff
rates and water yield could be used to support these functions.

The high northern boreal forest of the Canadian prairies is
a unique ecosystem of coniferous, deciduous, and mixed-
wood trees amidst mildly rolling terrain with high water
tables. The region is of particular interest to several groups,
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including those involved with the Boreal Ecosystem–
Atmosphere Study (BOREAS) (Sellers et al. 1997). The
intent of BOREAS is to investigate exchanges of energy,
water, heat, CO2, and trace gases between the boreal forest
and the atmosphere in support of the Global Energy and Wa-
ter Cycle Experiment (GEWEX; Leese 1993) and includes
intensive remote sensing and ground data collection in the
northern boreal forests of Canada.

The hydrological processes leading to streamflows in the
high boreal forest of northern Manitoba are influenced by
the subarctic climate, the low-relief terrain, and a diverse ar-
ray of land features including small lakes, boreal forest
cover, muskeg, and swamps. Water storage and its subse-
quent loss through evapotranspiration are a fundamental
component of the basin water balance in northern Manitoba
basins (Metcalfe and Buttle 1999). There are unique evapo-
transpiration processes in the region controlled largely by
the variable water table depth and the discontinuous perma-
frost. The landscape is littered with small wetlands and
ephemeral surface depressions in the open-canopy black
spruce forest which significantly contribute to evaporation.
The macroclimate is characterized by long cold winters fol-
lowed by short mild summers. During the winter months,
snow accumulates to create a temporary storage on the
ground surface and within the vegetation canopy. In early
winter, water stored in wetlands, lakes, peatlands, and upper
soil layers is depleted. Once the excess surficial storage runs
off, the streamflow reaches a minimum and is sustained by
base flow derived by deeper groundwater storage for the re-
mainder of the winter. The month of May brings rapidly
warming temperatures that rise above the melting point of
snow, thus releasing large amounts of water over a short pe-
riod of time. The spring freshet normally creates a very
steep rise in the hydrograph that results in the peak annual
streamflow. Depending on antecedent conditions, infiltration
of meltwater may be impeded by partially frozen ground to
create overland flow if soil moisture levels prior to freeze-up
were sufficiently high. The formation of this discontinuous
permafrost is affected by vegetation, shallow snow cover,
and low temperatures, which can lead to deep frost penetra-
tion (Anderson and Neuman 1984; Nyberg et al. 2001). As
the ground begins to thaw, meltwater enters the soil to re-
plenish the groundwater storage, and river flows recede.
Throughout the summer, the groundwater, wetland, and peat-
land storage, initially recharged by the meltwater, is continu-
ously depleted, causing the streamflow to subside. Many
northern river basins contain vast amounts of muskeg–
peatland. Muskeg has a hydraulic conductivity that varies
substantially with depth, which in turn increases the water
retention as the water table drops (Radforth and Brawner
1977). Groundwater is occasionally replenished by large
summer rain events that may result in temporary rises in
streamflow. As the fall months approach, the groundwater
continues to deplete, snowfall begins to accumulate, and wa-
ter present in the upper soil layer begins to freeze.

The purpose of this paper is to improve the modelling of
the hydrological processes in this region for the specific pur-
pose of improving reservoir system operations. Although
many studies of forest hydrological processes in northern
latitudes (including the NOPEX program in the boreal forest
of Sweden (Phersson and Pettersson 1997) and BOREAS

conducted in the Boreal Shield ecozone of central Canada)
collected vast amounts of hydrological data, the literature
shows that there are relatively few basin-scale model appli-
cations in northern boreal forests, specifically in northern
Manitoba. Published basin-scale modelling specifically for
engineering applications includes application of the stream-
flow synthesis and reservoir regulation (SSARR) model to
the lower Nelson River and upper Burntwood River
(Crippen Acres Wardrop 1990), but there are a number of
limitations to SSARR, including the lack of land cover rep-
resentation, which presents problems when attempting to ap-
ply the model to another watershed without recalibration.
The land cover in this region is unique and has unique hy-
drological processes; hence, some representation of land
cover by the model is essential to accurate long-term fore-
casting. The type of modelling required would involve a
model that has enough physical basis that it incorporates
land cover type influences on processes, yet at the same time
is simple enough conceptually that it does not require a great
deal of parameterization. Streamflow prediction for reservoir
scheduling can be conducted at a daily time step and does
not require sophisticated infiltration routines that are in-
tended to be run at hourly or finer temporal scales, often
used in comprehensive hydrological process modelling. The
ultimate goal of any model in this particular application is
the accurate water yield estimation at a suitable temporal
scale.

Thus, a move away from SSARR to the semidistributed
land use based runoff processes (SLURP) hydrological
model (Kite 1997) was made for a number of reasons. The
SLURP model has been calibrated on basins worldwide and
of many sizes, ranging from 0.47 km2 to 1.6 million km2

(Kite 1978, 1991, 1995; Kite et al. 1994; Haberlandt and
Kite 1998; Stolte and Van der Kamp 1999). These basins
contain a wide variety of land cover types and terrain, in-
cluding wetlands, mountainous terrain, prairies, subarctic,
and forest. SLURP can be described as an explicit soil mois-
ture accounting (ESMA) model (Beven 2000) because it
models relevant catchment processes by a system of con-
nected internal storages with mathematical descriptions of
the fluxes between the storages. The main advantage of
SLURP is that it has been proven to work well at many
scales and geographic locations, and its conceptual represen-
tation of the watershed provides sufficient physical basis
with relatively few parameters that require calibration.
SLURP allows the user to choose among a variety of evapo-
transpiration routines, and the representation of subwater-
shed units is flexible and simple to parameterize. SLURP
also accommodates remotely sensed data such as snow water
equivalent, snow-covered area, and cloud cover. The model
is also public domain software and includes the source code
that can be easily modified for customization.

The literature demonstrates that a wide variety of continu-
ous watershed simulation models like SLURP have been ex-
plicitly developed for, or at least applied to, various regions
of Canada. A few examples include the semi-distributed
hydrologic model using remote sensing (DPHM-RS) applied
in Alberta (Biftu and Gan 2001), the distributed vegetation–
hydrology model applied in Saskatchewan (Chen et al.
2005), and the WATFLOOD™ model applied in British Co-
lumbia, Saskatchewan, Manitoba, and Ontario (Bingeman et
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al. 2006). Every model has advantages and disadvantages
that may or may not preclude its application to a particular
study site for a particular time period. The US Army Corps
of Engineers Hydrologic Engineering Center (HEC) series
of hydrologic modelling programs, for example, are proba-
bly the most widely used and popular models, but the cur-
rent continuous watershed simulation model in the HEC
series was not appropriate for this application because of its
black-box nature and because it does not model snowmelt
processes well. This work did not evaluate the wide variety
of models available to determine which one was the best
model for application to these watersheds, but previous ex-
perience with SLURP in the study region, the availability of
source code, and the theoretical development of the model
provided the support required in deciding to use SLURP as
opposed to any other model.

Therefore, the objective of this paper is to describe an ap-
plication of the SLURP hydrological model to northern
Manitoba and then demonstrate how the model was im-
proved through only a few simple modifications appropriate
for the application in question and the region (northern bo-
real forest) based on the deficiencies in the initial testing.
These modifications can guide others attempting to improve
their modelling efforts in regions of similar hydrological re-
sponse for engineering applications. The paper outlines
SLURP model theory and describes the study watersheds
used to test the model and how the model was parameterized
for this region based on the literature. The initial model ap-
plications are provided and discussed, the modifications to
the theory based on the deficiencies observed in the initial
application are given, and the improved model application is
presented and discussed.

SLURP hydrological model

The SLURP model divides a basin into hydrologically con-
sistent subareas called aggregation simulation areas (ASA),
similar to a subwatershed. Each ASA is further subdivided
into a number of subareas, each representing a unique type of
land cover.

The SLURP model employs a simple vertical water bal-
ance (Fig. 1) at a daily time step on every land cover within
each ASA. The model consists of four storages or tanks,
namely the canopy storage, snow storage, rapid storage, and
slow storage. The first tank involves additions through can-
opy interception and losses through evaporation. Interception
of precipitation by the tree canopy is modelled empirically
using

[1] I APB= ×LAI

where I is the interception per unit LAI, P is the precipita-
tion, A and B are interception coefficients, and LAI is the
leaf area index. Intercepted precipitation is added to the can-
opy storage (with capacity CC) until it reaches a maximum
capacity CCmax. The canopy capacity is related to LAI as
follows:

[2] CC LAI CCmax = ×

Evapotranspiration (ET) is calculated using the
Spittlehouse–Black method. Soil water limited ET rate (Eswl)

and energy-limited ET rate for water (Eew) and for soil
surfaces (Ees) are determined using

[3] E s s R Gew w n= + −α γ[ /( )]( )

[4] E s R Ges s n[s= + −α γ/( )]( )

and

[5] Eswl max maxSS SS wp) SS fc wp= − × −β[ ( / ( )]

where αw is the Priestly–Taylor coefficient from water, s is
the slope of the saturation vapor pressure curve, γ is the
psychometric constant, Rn is the daily net radiation flux den-
sity, G is the daily soil heat flux density, αs is the Priestly–
Taylor coefficient from soil, β is an empirical constant, SS is
the current soil water content, SSmax is the possible soil wa-
ter content, fc is the field capacity, and wp is the wilting
point.

The second tank describes snow accumulation and snow-
melt. If the daily mean temperature is below or equal to the
critical temperature, the precipitation is considered to be
snowfall and accumulates in snow storage. If the mean tem-
perature is above a critical temperature, then the snowpack is
depleted using the degree-day method and the snowmelt (Sm
in mm) enters the fast storage tank. The degree-day method
is given as

[6] S S R T Tm p c= −( )

where R is the snowmelt rate (mm/(d·°C–1)), T is the daily
mean temperature (°C), Tc is the critical temperature (°C),
and Sp is the depth of the snowpack (mm). Two snowmelt
rates R are used, one for July (RJul) and one for January
(RJan), and daily melt rates are interpolated (parabolically)
between these two values.

The fast storage tank is a linear reservoir with a maximum
capacity Sf

max (mm) and a dimensionless retention constant
kf such that
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Fig. 1. The SLURP water balance method. ET, evapotranspiration.



[7] S k Qf f f=

where Qf (mm) is the fast storage flow in the time step, and
Sf is the moisture stored in fast storage. The fast storage tank
will contain an initial moisture content and can receive
snowmelt water and throughfall that is over and above can-
opy storage. If the water supply from rainfall or snowmelt is
greater than the given infiltration rate, or if water in the fast
tank has reached the maximum capacity, then the water is
depleted to surface runoff. The infiltration rate is related to
the amount of water in the fast storage tank, the fast tank ca-
pacity, and some specified maximum possible infiltration
rate If

max (mm). The last tank, or slow storage tank, models
the process of groundwater flow. Like fast storage, ground-
water flow Qb (mm) is calculated based on the linear reser-
voir concept with a maximum capacity Ss

max (mm) and a
retention constant ks (d).

Runoff from each land cover is routed to the nearest
stream using the velocity form of Manning’s equation in
conjunction with average slopes and average overland flow
distances for each land cover within the ASA. Channel rout-
ing between ASAs is conducted in this study using the
Muskingum method.

Study area

The Taylor River watershed (899 km2) and the upper
Burntwood River watershed (6959 km2) are located in the
Nelson River basin in the high boreal forest of northern
Manitoba (Fig. 2). These watersheds were selected because
of Manitoba Hydro’s continued interests in developing water
resources in this area and the lengthy historical record of
streamflow gauging available for these two watersheds of
differing sizes. The Taylor River watershed is comprised of
gray luvisolic soils on clay; the headwaters of the upper
Burntwood River are in dystric brunisolic sandy soils, the
middle reaches are in hard rock outcrops, and the lower
reaches are in wooded organic mesisols and are made up
mainly of flat bogs (Agriculture Canada 1986). The predom-
inant tree species throughout the Nelson River basin is black
spruce. The forest is characterized by homogeneous stands
of black spruce, jack pine, white birch, and trembling aspen
(McKnight 1993). The dominant type of land cover in north-
ern Manitoba is muskeg. Muskeg is often referred to as
bogland, organic terrain, or peatland. The Nelson River ba-
sin has low topographic relief, with elevations ranging from
239 to 367 m in the upper Burntwood River basin and from
187 to 281 m in the Taylor River basin. The terrain can be
described as hummocky, with bogs and fens occurring in
low-lying areas (Metcalfe and Buttle 1999). Average total
annual precipitation is 535.6 mm, with 33% occurring as
snow. The average snow water equivalent is approximately
200 mm annually. The coolest month of the year, January, ex-
periences an average daily maximum temperature of –19.5 °C
and an average daily minimum of –0.6 °C. The warmest
month of the year, July, experiences an average daily maxi-
mum temperature of 22.6 °C and an average daily minimum
of 8.8 °C.

A 100 m resolution digital elevation model (DEM) was
created for the study area using a geographic information
system (GIS). High-resolution land cover data were obtained

from the Forest Resource Inventory of Manitoba and reclas-
sified into the following seven land cover classes: coniferous
trees, deciduous trees, mixed trees, muskeg, impervious, wa-
ter, and marsh. Physiographic parameters such as ASA area,
distance, and elevation were computed using a GIS for a to-
tal of seven ASAs for the Taylor River watershed and
11 ASAs for the upper Burntwood River watershed. These
ASAs are shown in Fig. 3. Sixteen years of meteorological
and hydrometric data obtained from Environment Canada
for the period 1985–2000 were used for model calibration
and validation. These data were representative of a wide
range of meteorological conditions with several wet, dry,
and median years. Hydrometric data were only available for
gauges situated at the basin outlets, and Fig. 2b shows the
locations of the meteorological stations.

SLURP model parameters were selected from the vast
amount of literature generated by the BOREAS projects
(Sellers et al. 1997) and the NOPEX program (Phersson and
Pettersson 1997). The processes and the parameter selection
are detailed in the next three sections.
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Fig. 2. Location of the upper Burntwood River and Taylor River
basins.



Watershed parameters related to interception and
evapotranspiration

The SLURP model requires monthly LAI values for each
land cover. The LAI are often derived from normalized dif-
ference vegetation indices (NDVI) and estimates of the max-
imum value of LAI using the linear relationship of Yin and
Williams (1997). Monthly NDVI values were obtained from
the US Geological Survey. The maximum LAI values for the
various types of land cover modelled in this study were ob-
tained from the literature, including Kite and Spence (1994),
Newcomer et al. (2000), Kite (2002), and Nickeson et al.
(2002). Other values not found in the literature were as-
sumed based on similarities to other land cover types.

Price et al. (1997) found that the significant moss layer
present in the boreal forest greatly contributed to the intercep-
tion of precipitation, a contribution that was nearly as great as
that from forest interception. Price et al. found a definitive
moss interception capacity in the range of 15–47 mm. Other
studies (Grelle et al. 1997; Kite 1998) found the coniferous
canopy capacities to be less than the 15–47 mm range. A con-
servative moss capacity of 15 mm is chosen for the forest
covers and 0 mm for the impervious and marsh covers. Price
et al. also found that the evaporation from the forest floor
made up a very large component (roughly 25%) of the total
evaporation in the BOREAS NSA. Thus, the composite can-
opy capacity will comprise both the coniferous canopy and
moss capacities for this study. This results in a composite
canopy capacity of 30 mm for the coniferous treed cover at
maximum LAI. To account for the effects of the moss layer
on evapotranspiration and interception, the maximum value
LAI that is used to scale the LAI was increased by 25% for
the coniferous, mixed, deciduous, and muskeg land covers.
Table 1 lists the estimates of these parameters.

The Spittlehouse method of estimating ET incorporates a
soil water limitation to ET, thus providing a better physical
representation of ET processes. This is important in the
muskeg-dominated environment of the boreal forest where
ET is sharply reduced once the soil moisture falls below a
certain level (Goode et al. 1977; Phersson and Pettersson
1997; Buttle et al. 2000). Spittlehouse (1989) reported αs

values of 1.26 for crop–grassland and 0.80 for British Co-
lumbia coniferous forest. Values of β ranged from 10 mm/d
for Douglas-fir to 34 mm/d for pasture. If there are no data,
Spittlehouse recommends estimating β using the assumption
that soil moisture begins to limit ET once the soil store frac-
tion is 0.30 and ET/αs = 4.0 mm/d. This assumption may be
expressed as β/αs = 13 mm/d. This results in values of β =
10 mm/d when αs = 0.80, and β = 16 mm/d when αs = 1.26.
For this study, the first set of values is used for the forest
covers, and the second set of values is used for the impervi-
ous and marsh covers.

Soil properties
Estimates of field capacity and wilting point are based on a

typical soil. The soil profile for this study area as generalized
by Metcalfe and Buttle (2001) consists of a peat layer over a
silty clay layer. The Hydrology handbook (ASCE 1996) speci-
fies an average field capacity of 0.36 and wilting point of 0.21
for silty clay soils. The US Department of Agriculture speci-
fies a field capacity of 0.42 and a wilting point of 0.26 for the
same soils (Saxton 2002). This study then assumes a field ca-
pacity of 0.39 and a wilting point of 0.23 for all land covers,
which are rough averages of the two other values.

Permafrost is discontinuous throughout the area (Peddle
and Franklin 1993); according to Brown (1977), muskeg and
permafrost are very closely related, as peat influences the for-
mation of permafrost. The peat thickness varies considerably
throughout the boreal forest, however, the thickness of the ac-
tive layer is fairly uniform at 1–2 ft (1 ft = 0.3048 m) in depth
(Brown 1977). The capacities of the fast and slow storage
tanks can be estimated based on field data. Metcalfe and
Buttle (2001) measured the organic layer thickness, mean po-
rosity of the organic layer (0.813), and mean porosity of the
silty clay layer (0.314) at various locations during the
BOREAS studies. In this study, the upper 1 m of soil is as-
sumed to represent the fast storage tank. The initial estimate
for the slow storage tank will equal that of the fast storage
tank. The mean porosities for the organic and silty clay layers
were applied to the estimated soil thickness for each cover
and were used to estimate the storage capacities as shown in
Table 1. The model default values are used as initial retention
constants for the fast and slow storage tanks, kf and ks, respec-
tively. The slow storage content is initialized by preceding all
model runs with an additional year of simulation time.

In the forested areas of the BOREAS NSA, Metcalfe and
Buttle (2001) found the saturated hydraulic conductivity to
range from 2.0 × 10–3 m/s at the surface to 2.0 × 10–7 m/s at
the silty clay interface. In flooded areas, they found that the
saturated hydraulic conductivity was too rapid to measure
and near zero at the silty clay interface. This translates to a
nearly limitless infiltration rate into the organic layers in
both the forested and wetland environments. In general, the
maximum saturated infiltration rate, If

max, will be maintained
at a relatively high value so as not to create overland runoff
under normal conditions. A value of 100 mm/d is used for
all types of land covers.

Snow processes
Metcalfe and Buttle (2001) provided sufficient informa-

tion to allow for the calculation of the snowmelt rates during
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Fig. 3. Aggregation simulation areas (ASAs) for the upper
Burntwood River watershed (1–11) and the Taylor River water-
shed (1–7).



the 1994 snowmelt period at the BOREAS NSA. They pro-
vided the average melt rates, the melt period (11 April –
5 May), and the number of melt days (14 d). The melt rates
(mm/(d·°C–1)) were back-calculated by dividing the average
melt rate (mm/d) during the melt period by the average num-
ber of degree-days during the melt period (°C) using the
daily average temperatures recorded by BOREAS at the
NSA. The values obtained and as shown in Table 1 are used
as initial estimates for this study and represent both January
and July snowmelt rates. As this parameter is very sensitive
and largely controls the timing of the spring freshet, how-
ever, it is calibrated.

SLURP model calibration and validation

Calibration
The calibration process involved manually adjusting a

number of parameters to improve model performance. These
parameters included the retention constant of the slow stor-
age tank (ks), the maximum capacity of the slow storage tank
(Ss

max), the maximum capacity of the fast storage tank

(Sf
max), the retention constant of the fast storage tank (kf),

the January and July snowmelt rates (RJan and RJul), the ini-
tial contents of the slow and snow storage tanks, both
Muskingum routing parameters, and an interception coeffi-
cient A. The Nash and Sutcliffe efficiency (NSE) (Nash and
Sutcliffe 1970) and the deviation of runoff volumes (DV)
are used as statistical measures of the goodness of fit of the
SLURP model results for this study. Calibration was con-
ducted both manually and using the SCE-UA automatic cali-
bration routine built into the SLURP model, version 11.2. A
few of the SLURP storage tanks required initial estimates at
the start of the simulation. The initial contents of the slow
storage tank were manually adjusted until the initial simu-
lated flow matched the initial observed flow. Initial contents
of the fast storage tank cannot be specified within SLURP.
The start date for the model simulation was chosen to be
September 1 so that the initial contents of the snow storage
tank could be set to zero.

Initial application of SLURP to the Taylor River water-
shed in 1996 demonstrated that base flow dominates the hy-
drograph but is significantly overestimated by the model.
The year 1996 was chosen because it was a median year
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Land cover type

Parameter Coniferous Deciduous Mixed Muskeg Impervious Water Marsh

Land cover (%)*
Taylor River 34.28 2.82 6.02 37.84 7.34 5.12 6.55
Upper Burntwood River 45.15 2.86 6.97 25.74 5.88 8.73 4.67

Maximum leaf area index (LAI)* 5.38 10.00 9.75 4.38 2.00 0 2.00
Canopy capacity (mm)* 5.58 4.29 4.33 6.22 2.79 0 2.79
Interception coefficients

A 1.0 1.0 1.0 1.0 0.5 0 1.0
B 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Priestly–Taylor αw

Taylor River 1.36 1.36 1.36 1.36 2.14 2.14 2.14
Upper Burntwood River 1.76 1.76 1.76 1.76 2.77 2.77 2.77

Priestly–Taylor αs

Taylor River 2.14 2.14 2.14 2.14 2.14 2.14 2.14
Upper Burntwood 2.77 2.77 2.77 2.77 2.77 2.77 2.77

β (mm/d)
Taylor River 17.0 17.0 17.0 17.0 27.2 27.2 27.2
Upper Burntwood River 22.0 22.0 22.0 22.0 35.2 35.2 35.2

Soil field capacity (fraction)* 0.39 0.39 0.39 0.39 0.39 — 0.39
Soil wilting point (fraction)* 0.23 0.23 0.23 0.23 0.23 — 0.23
Fast storage capacity, Sf

max (mm) 407.8 407.8 407.8 492.9 365.0 0 100.0
Fast storage retention constant, kf 32.7 32.7 32.7 13.2 18.9 1.0 5.0
Slow storage capacity, Ss

max (mm) 58.4 58.4 58.4 27.6 375.0 1000.0 500.0
Slow storage retention constant, ks 517.3 517.3 517.3 393.2 262.5 3.0 50.0
Max. infiltration rate, If

max (mm/d)* 100 100 100 100 100 — 100
Snowmelt rate (mm/(d·°C–1))

January, RJan 0 0 0 0 0 0 0
June, RJul 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Albedo*
Surface 0.130 0.160 0.145 0.140 0.152 — 0.152
Max. snow 0.500 0.500 0.500 0.500 0.780 0.780 0.780
Min. snow 0.370 0.370 0.370 0.370 0.370 0.370 0.370

Note: Parameters marked with an asterisk were estimated from the literature, and all others were calibrated during the calibration process.

Table 1. Values of the model parameters for each land cover type in the Taylor River and upper Burntwood River watersheds.



from a meteorological perspective. Calibration for this year
resulted in an NSE of 74.5% and a DV of 21.8%. Of the
25.5% deficiency in NSE, the majority is directly attribut-
able to the simulation during the snowmelt runoff period
(17 May – 30 June) and the minority is due to modelling er-
ror during the fall period (9 September – 31 October). The
simulated spring peak is found to be 22.1% lower than the
observed spring peak. The simulated time of peak for the
spring freshet occurs 9 d later than the observed time to
peak. The peak flows during the fall months are greatly
overestimated by SLURP, with the simulated fall peak re-
sulting in a discharge 1084.6% greater than the observed
discharge. The time of peak occurs 14 d earlier than the ob-
served time of peak during the fall months. Tables 1 and 2
show the final calibrated parameters for the Taylor River
calibration in 1996.

The annual DV indicated that the annual runoff volume
for the majority of the validation years was overestimated
for the Taylor River during both the spring and summer peri-
ods. This indicates that the SLURP model is not removing
the required volume of water from the system through the
process of ET. Hence, the ET parameters were increased
manually until the DV for all test years was in best agree-
ment with the observed DV. Thus, the calibration took part
in two parts: (i) with the exception of the parameters govern-
ing ET, the calibration parameters were only adjusted using
model output during 1996; and then (ii) the ET parameters
were adjusted so as to obtain the best fit using the entire
16 year period. Table 3 shows modelling efficiencies for the
calibration to the Taylor River simulations.

Validation and recalibration
The simulated hydrographs for all validation years for

Taylor River show some response to snowmelt well in ad-
vance of the observed hydrographs. Figure 4 shows the sim-
ulated and observed hydrographs for 1997 and the
temperatures and precipitation intensities in that period. The
delay in the observed streamflow response snowmelt is char-
acteristic of a ripening snowpack. In SLURP, the degree-day
snowmelt algorithm generates snowmelt and routes it to the
fast storage tank on any day when the air temperature ex-
ceeds 0 °C, resulting in the hydrograph’s sudden response to
snowmelt. In nearly all validation years the simulated spring
hydrograph peak coincided with the final snowpack deple-
tion. It is likely that the simulated snowpack is not depleting
as quickly as it is in nature. This problem is inherent due to
the date-dependent snowmelt rates that SLURP uses. The
snowmelt rates were lowered to alleviate the onset of snow-
melt runoff. It is apparent, however, that this has the adverse
effect of prolonging the snowmelt runoff period. The reces-
sion rate during the spring freshet and during large summer
and fall rain events matches very well in nearly all validation
years. This indicates that interflow and percolation are being
modelled with reasonable accuracy. The August to Decem-
ber period of 1997 was a very wet period with some very
large rain events. The simulation fits extremely well over
this period, with NSE of 90% and DV of –6%. The time to
peak and the peak flow magnitudes match well. The steep
discharge peaks and extended recession limbs are well simu-
lated, particularly during the 14 October – 31 December pe-

riod when the fast storage tank depletes and the discharge
approaches base flow conditions.

The same calibration parameter set used for the Taylor
River watershed was applied to the upper Burntwood River
watershed and was found to overestimate the volume of run-
off for 13 of the 16 validation years for the upper Burntwood
River, indicating insufficient ET. Significant evaporation oc-
curs from Burntwood Lake and the many other lakes located
in the headwaters of this basin. Many of these lakes receive
a continuous supply of water from the upstream headwaters
of the basin. Hence, evaporation from these lakes is gener-
ally not limited by water availability and is likely to be near
the potential evaporation. The model ET component com-
bines both evaporation and transpiration into a single set of
ET parameters, and thus only these parameters (αw, αs, and
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Watershed

Aggregation
simulation
area (ASA) X K (d)

Taylor River 1 0.0012 0.7070
Upper Burntwood River 1 0.1200 1.5000
Taylor River 2 0.0000 0.7856
Upper Burntwood River 2 0.1600 1.9500
Upper Burntwood River 3 0.1100 2.1200
Taylor River 4 0.5000 0.1663
Taylor River 6 0.2418 0.7070
Upper Burntwood River 6 0.1400 3.7700
Upper Burntwood River 8 0.1300 0.5700

Note: K, travel time of flood wave in a river reach; X, weighting factor.

Table 2. Final Muskingum routing coefficients for the Taylor
River and upper Burntwood River watersheds.

Taylor River Upper Burntwood River

Year NSE (%) DV (%) NSE (%) DV (%)

1985 71 –22 44 –35
1986 76 –16 33 –44
1987 79 3 56 1
1988 — — 16 57
1989 — — –193 61
1990 — — 69 29
1991 — — 77 29
1992 75 18 75 –15
1993 27 –10 76 5
1994 28 1 11 –5
1995 58 31 85 3
1996 72 –6 74 9
1997 89 –6 68 –8
1998 42 –16 26 –29
1999 — — 40 11
2000 55 –8 44 –1
Avg. 61 ±12 37 ±21
Max. 89 31 85 61
Min. 27 –22 –193 1

Note: NSE, Nash and Sutcliffe efficiency; DV, deviation of runoff
volumes.

Table 3. Modelling efficiencies for SLURP calibration to the
Taylor River and upper Burntwood River watersheds.



β) were adjusted (to accommodate the elevated evaporation
rates) for the upper Burntwood River watershed and are
shown in Table 1 with the parameter set used on both water-
sheds. The large lakes in the watershed also attenuate the
hydrographs. A single set of stage–discharge and stage–vol-
ume curves was developed to dampen the peak flows and re-
cession rates that are present in the simulations. The volume
curve, discharge curve, and Muskingum routing coefficients
were manually adjusted until the simulated hydrographs dis-
played a reasonable fit to the observed hydrographs. The ef-
ficiencies for the calibration to the upper Burntwood River
watershed involve adjustments to the ET parameters and the
Muskingum routing parameters (shown in Tables 1 and 2),
but all else remains the same. These efficiencies are shown
in Table 3. Figure 5 shows the simulated and observed hy-
drographs for 1995. The modelling deficiencies observed in
the upper Burntwood River watershed simulated hydro-
graphs are similar to those observed in the Taylor River sim-
ulated hydrographs and include the following: (i) the volume
of runoff and peak flows are underestimated during the
spring freshet, (ii) flows in the late summer are overesti-
mated, (iii) the generation of snowmelt runoff is premature,
and (iv) the timing of the spring freshet peak is delayed in
the majority of the test years.

SLURP modifications

Frozen soil and infiltration properties
Permafrost is discontinuous throughout the Nelson River

basin (Peddle and Franklin 1993). Elsewhere, the ground is
seasonally frozen, thawing completely at some point after
the snowmelt period. Metcalfe and Buttle (1999) measured
active layer depth during the 1995 snowmelt period at the
BOREAS Northern Study Area (NSA), located in close
proximity to the Taylor River. They found mean thaw depth
to be greatest in the forested landscape and least in wetlands
and open forested areas. They observed that ice lenses in
larger wetlands quickly became discontinuous during spring
snowmelt and thawed completely by the end of the snow-
melt period. They also found that the uplands were carpeted
by a dry insulating moss layer that maintained permafrost at
depth. Metcalfe and Buttle (2001) also observed that frost

depth was thicker at wetland margins due to the presence of
a thinner insulating peat layer.

According to Brown (1977), muskeg and permafrost are
very closely related. During the summer, the surface layers
of peat become relatively dry through evaporation. The ther-
mal conductivity of the peat is low, and hence warming of
the underlying soil is impeded. The lower peat layers gradu-
ally thaw downward and become wet as the ice layers in the
seasonally frozen layer melt. In autumn, surface soil mois-
ture increases due to reduced ET rates. When peat freezes,
its thermal conductivity increases considerably. Permafrost
results when the right conditions under the peat exist such
that the temperature remains below freezing throughout the
year.

Many field studies have shown that frozen soils decrease
or increase infiltration rates depending on antecedent mois-
ture conditions (Zhao and Gray 1997, 1999; Buttle et al.
2000). Simulation results showed that during the spring
snowmelt period a small storage capacity and (or) dimin-
ished infiltration capacity are required to limit infiltration
and generate increased runoff. During the summer months, a
much larger soil storage capacity is required to absorb all
but the largest rain events. Hence, this modelling deficiency
impacts both the snowmelt period of the hydrograph and the
summer period of the hydrograph. Zhao and Gray (1999)
present a simple correlation function for estimating snow-
melt infiltration into frozen soils developed using the results
from a numerical model called heat and water transport in
frozen soils (HAWTS). The HAWTS model was run for var-
ious soil conditions in both a prairie and a boreal forest set-
ting. Zhao and Gray show that infiltration into frozen ground
has two regimes, namely transient followed by steady state.
The transient flow regime is normally short compared with
the steady state regime and is therefore not accounted for in
their frozen ground infiltration model. The resulting correla-
tion function is designed so that infiltration into frozen
ground could be modelled in operational hydrology (Zhao
and Gray 1999):

[8] INF 273.15 273.152.92
I

1.64
I

0.45 0.4= − − −CS S T t0 1( ) [( )/ ] 4

where INF is the cumulative infiltration (mm), C is the bulk
coefficient that characterizes the effects on infiltration due to

© 2007 NRC Canada

532 Can. J. Civ. Eng. Vol. 34, 2007

Fig. 5. Simulated and observed hydrographs for upper
Burntwood River for 1995. Dates are given as day/month/year.

Fig. 4. Simulated and observed hydrographs for Taylor River for
1997. Dates are given as day/month/year.



differences between model and natural systems, SI is the ini-
tial soil saturation (decimal), S0 is the surface saturation
(decimal), TI is the initial soil temperature (°C), and t is the
infiltration opportunity time (h). Through field testing, Zhao
and Gray (1999) determined that the bulk coefficient C = 1.3
for boreal forests.

The frozen ground routine was initially tested for the 1991
and 1996 periods for the Taylor River watershed only, and
the 1996 hydrographs are shown in Fig. 6. The frozen
ground creates a significant amount of overland runoff, re-
sulting in a steep hydrograph rising limb, a discharge peak
with a short duration, and an equally steep receding limb.
The fraction of the basin that contains frozen ground was
lowered from 100% to 75%, 50%, 25%, and 10%. Corre-
spondingly, the magnitude of runoff generation decreases as
the fraction decreases. The first peak occurs on 19 May. The
maximum infiltration rate varies between 6.6 and 11.4 mm/d
over this period and results in approximately 10 mm of over-
land runoff when frozen soil is simulated for the entire ba-
sin. If the fraction of the basin with frozen ground is reduced
to 25%, the overland flow decreases to 2.5 mm. The over-
land flow exits the basin quickly, resulting in a peak with a
very short duration and a steep rising and receding limb. The
observed hydrograph, however, is characterized by a steep
rising limb but a slower receding limb. The frozen soil
model does not account for the process responsible for this
hydrograph characteristic. The year 1991 exhibits similar re-
sults. The bulk coefficient C = 1.3 results in low infiltration
capacities on the order of 3.6–17.8 mm/d. The infiltration
capacity increases to between 7.2 and 82.3 mm/d for the
bulk coefficient C = 6. Additionally, the infiltration capacity
is reduced quickly during the snowmelt period as the fast
storage tank approaches capacity.

The second peak occurs on 1 June for the year 1996. The
result is 20 mm of overland runoff between 29 May and 6
June. The total overland runoff is reduced to 7 mm if the
fraction of the basin that is frozen is reduced to 25%. The
receding limb is much steeper than the observed receding
limb. Once the overland runoff exits the basin and the snow-
pack depletes entirely on 6 June, the total streamflow re-
duces to below the observed discharge, indicating that too
little snowmelt and runoff are allocated to the soil storage
zones. The simulation of the 19 May and 1 June discharge
peaks is complicated by significant rain-on-snow events that
likely modified the thermal characteristics of the snowmelt.
The analysis carried out for 1991 does not have any signifi-
cant rain-on-snow events during the majority of the snow-
melt period; however, the results for 1991 are similar to
those for 1996.

The inclusion of frozen ground causes significant over-
land runoff, which is the result of a combination of snow-
melt and rainfall for 1991 and 1996. The runoff is of short
duration and recedes too quickly, resulting in a significant
underestimation in streamflow once the snowpack is de-
pleted. The effects are mitigated but still present as the frac-
tion of the basin containing frozen ground is reduced. The
frozen ground routine developed by Zhao and Gray (1999)
does not improve the SLURP hydrograph simulation during
the snowmelt period because frozen ground does not likely
generate significant amounts of excess runoff during the
1991 and 1996 periods.

Snow processes
The majority of the observed hydrographs for both the

Taylor River and upper Burntwood River share three com-
mon characteristics: the portion of the hydrograph prior to
the spring freshet is very flat and shows little or no response
to those days when temperatures exceed the melting point of
snow; the rising limb during the spring freshet is very steep;
and the peak flow during the spring freshet often but not al-
ways occurs shortly after the onset of snowmelt runoff. The
SLURP model, on the other hand, exhibits premature gener-
ation of snowmelt, with some hydrographs showing response
to those days when the temperature exceeds the melting
point of snow. The simulated rising limb is not as steep as
the observed rising limb, and the time of rise for the simu-
lated hydrographs is commonly longer than the time of rise
for the observed hydrographs. These deficiencies are likely
caused by a few snowmelt processes that are not simulated
by the SLURP model.

The snowpack undergoes a constant metamorphosis from
the time that fresh snowfall is added to a snowpack until it is
entirely converted to snowmelt. Freshly fallen snow is crys-
talline in structure, with sharply defined edges, and has a
density of roughly 10% of liquid water. Over a period of
hours, days, or weeks, the individual snow crystals become
rounded and form large ice crystals, resulting in densities
that can reach upwards of 50% of liquid water. In turn, the
albedo of the snowpack decreases (ASCE 1996). The ambi-
ent temperature eventually raises the temperature of the top
layer of the snowpack to 0 °C, causing some of the snow to
be converted to water. Where the snowpack is 0 °C, there ex-
ists three forms of liquid water: (i) hygroscopic, or a thin
film of water on the snow crystals; (ii) capillary, or water
held by the surface tension of water; and (iii) gravitational,
or water that moves downwards due to the force of gravity
(Eagleson 1970). The gravitational water that moves down-
wards through the snowpack loses its heat energy to the
lower parts of the snowpack, in turn causing the meltwater
to refreeze and the temperature of the lower portion of the
snowpack to rise. In time, the pack becomes isothermal at
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Fig. 6. Simulated hydrographs for Taylor River for 1996 result-
ing from SLURP modified to include frozen soil with a bulk co-
efficient of C = 1.3.



0 °C and reaches a point in time where it contains signifi-
cant hygroscopic and capillary water and no gravitational
water. At this point the pack is said to be fully ripe. Any en-
ergy added to the fully ripe snowpack results in the produc-
tion of gravitational water that exits the snowpack. This
entire process is known as “snow ripening,” which causes a
delay in the production of meltwater that exits the
snowpack.

Snow ripening
The degree-day approach for snowmelt modelling in-

cluded in the SLURP model does not account for snow rip-
ening. The method automatically generates snowmelt that
exits the snowpack on any day when the average tempera-
ture exceeds the critical temperature. If the snow ripening
process is included in the SLURP simulation, the start of the
snowmelt runoff would be delayed, resulting in a greater re-
lease of snowmelt over a shorter period of time. This would
result in an improved timing of snowmelt generation and a
rising limb and peak that would resemble the observed hy-
drograph.

The use of a full energy budget is not a practical method
for the SLURP model because many of the required inputs
are not readily available. Methods for simulating snowpack
ripening that use limited inputs have been available for many
years and have not undergone many changes (Eagleson
1970; ASCE 1996; Melloh 1999). One of the most common
inputs is the average daily air temperature. The air tempera-
ture can be assumed to equal the temperature near the sur-
face of the snowpack. When the air temperature is averaged
over a few days to allow for the penetration time constant of
the thermal transients, this air temperature provides a satis-
factory index of the portion of the heat deficit that is due to
the capacity of the pack for sensible heat. This capacity is
often called the cold content, Wc, of the snowpack and is de-
fined as “the heat required per unit area to raise the tempera-
ture of the snowpack to 0 °C” (Eagleson 1970). The cold
content is normally expressed “in terms of the amount of
water needed to be produced at the surface to release energy
by freezing” (ASCE 1996). This can be calculated by

[9] W dTc s s0.5= ′ρ /80

where Wc is the cold content of the snowpack (mm), ρs is
the average density of the snowpack (g/cm3), d is the depth
of the snowpack (mm), 0.5 is the specific heat of ice
(cal/(g·°C), where 1 cal = 4.1868 J), Ts′ is the average tem-
perature deficit of the snowpack below 0 °C, and 80 is the
latent heat of fusion of water (cal/cm3). The computation of
the cold content relies entirely on the temperature of the
snowpack. In the case of a thin snowpack, the temperature
of the snowpack can be assumed to equal the air temperature
for the 1–3 d prior to the forecast time (ASCE 1996). This
study uses a 3 d period prior to forecast time.

The snowpack is treated as an energy reservoir where
snowmelt runoff is generated once the reservoir is full. This
state coincides with the snowpack isothermal temperature of
0 °C. The cumulative temperature of the snowpack is deter-
mined with an index relation (ASCE 1996):

[10] T T F T Ts s p a s( ) ( ) [ ( ) ( )]2 1 2 1= + −

where Ts is the index of the snowpack surface temperature at
times 1 and 2 (°C), Ta is the average air temperature of the
3 d period prior to the forecast time (°C), and Fp is a factor
that varies between 0 and 1 and represents the relative pene-
tration of the air temperature into the snowpack. A value of
0 indicates little penetration of the air temperature into the
snowpack, causing a slow warming or cooling of the snow-
pack relative to the surrounding air temperature. The cold
content of the snowpack is calculated using the following
equation:

[11] W W C T Tc c r a s( ) ( ) [ ( ) ( )]2 1 2 1= + −

where Wc is the cold content at times 1 and 2 (mm), and Cr
is the conversion factor (mm/(d·°C–1). Cr functions identi-
cally to the snowmelt rate used in the snowmelt degree-day
method and was set to that rate for this study. The snowpack
becomes fully ripe once Wc reaches zero, thus permitting
snowmelt to exit the snowpack.

Snowmelt rates
The literature recommends snowmelt rates between 1 and

5 mm/(d·°C–1) for various types of land cover, but it was
found that a January snowmelt rate of 0 mm/(d·°C–1) and a
July snowmelt rate of 0.5 mm/(d·°C–1) provided optimum re-
sults in the original SLURP simulations. These two snow-
melt rates minimized the magnitude of premature snowmelt
runoff and best simulated the timing of the rising limb. The
drawback of using the low snowmelt rates is a stunted hy-
drograph due to a prolonged snowmelt period. The imple-
mentation of a snow ripening routine controls the timing of
initial snowmelt runoff generation. This eliminates a major
modelling constraint when specifying the snowmelt rates,
thus allowing the use of higher and more realistic snowmelt
rates. The January and July snowmelt rates that were used in
the original SLURP model were replaced by a single snow-
melt rate R for the entire year. This removes the date de-
pendency of the original snowmelt rates and eliminates one
parameter from the model.

Application of the modified SLURP model
The modified SLURP model accommodates the larger

snowmelt rates that are recommended in the literature be-
cause the snow ripening routine prevents premature snow-
melt runoff. The modified SLURP was applied to the Taylor
River watershed for the entire 16 year period. With the origi-
nal parameters remaining unchanged, the snowmelt rates R
for each land cover type were calibrated and the optimal val-
ues were found to be approximately 30% higher than the
snowmelt rates determined by Metcalfe and Buttle (2001).
The optimal snowmelt rates for the modified SLURP simu-
lations were found to be 1.3 mm/(d·°C–1) for coniferous and
muskeg, 2.2 mm/(d·°C–1) for deciduous and mixed,
3.8 mm/(d·°C–1) for impervious, and 6.0 mm/(d·°C–1) for
water and marsh. In addition, Fp was calibrated for the Tay-
lor River watershed, and the optimal value was found to be
0.10 for the entire simulation period.

The modified SLURP improved modelling results during
the spring freshet period. Every year shows some improve-
ment in the simulated hydrographs. The timing of initial
snowmelt, that point where the cold content of the snowpack
is satisfied and snowpack becomes ripe, is improved in
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nearly all years. This results in a rising limb that occurs over
a similar period compared with the observed hydrographs.
This characteristic combined with the shorter and more in-
tense snowmelt period results in a spring freshet with an im-
proved time to peak and increased peak for most years.
Many of the test years benefit from the higher peak dis-
charge, with the exception of years such as 1987 and 1995.
Figure 7 shows the observed and simulated hydrographs for
1986, both original and modified.

Figure 8 illustrates the snowpack depletion curves devel-
oped by the original and modified SLURP models for 1996.
The curves demonstrate that snowpack depletes over a
shorter period of time in the modified SLURP model. This
causes the snowmelt to translate into runoff over a shorter
period of time, resulting in a steeper rising limb. The slope
of the rising limb in the simulation hydrographs improved
and showed greater similarity to the observed hydrographs.
The snowpack depletion curves also demonstrate that the
snowpack is larger in the modified SLURP model relative to
the original model. This occurs because less snowmelt is
generated during the fall months. Even if temperatures
sometimes rise above 0 °C, freshly fallen snow will partially
ripen and refreeze. The original SLURP model does not ac-
count for this process and generates snowmelt in the fall
months on any day when temperatures exceed the critical
temperature.

Modelling efficiencies for the original and modified
SLURP application on the Taylor River watershed were
computed from the January–December, April–May, April,
and May periods. The SLURP modification mainly impacted
the spring freshet period, and therefore an evaluation of the
statistics over the shorter periods amplifies any changes in
the model results. With the exception of 3 years (1987,
1995, and 1998), the annual NSE improved significantly, an
average of 6.5%. The April–May NSE also improved an av-
erage of 21.4%. The statistics for May exhibit the same
trend, with an average increase in NSE of 39%. The April
simulations showed the most improvement in NSE, but most
values still remain below zero. The streamflow is normally
very low during April, hence small errors in discharge rela-
tive to the mean April discharge result in a significant
change in the NSE. The average annual DV increased by
0.7% for the 16 year period. This occurs as the volume of
discharge increases during the spring freshet and does not
cancel out as much of the excess discharge during the sum-
mer and fall months. The average DV for April–May, April,
and May increased by 3.8%, 123%, and 2.4%, respectively.

In summary, simulations for April showed the greatest im-
provement due to the incorporation of snow ripening, delay-
ing snowmelt generation. May also showed improvements in
NSE and DV for most years because of the increased snow-
melt intensity and greater snowpack available for snowmelt,
resulting in a steeper rising limb and a higher spring freshet
peak. Also, the snowmelt rates and melting characteristics
are similar to those determined through field studies. For in-
stance, open areas such as impervious and marsh areas are
free of snow long before forested areas (Buttle et al. 2000).

For application to the upper Burntwood River watershed,
Fp was the only value modified and it was increased from
0.100 to 0.125, which causes the snowpack to ripen faster
and melt earlier. The modified SLURP improved the model-

ling results during the spring freshet period in a fashion sim-
ilar to that for the Taylor River basin. The snow ripening
routines delayed snowmelt and resulted in a delayed hydro-
graph response in all 16 test years. Most hydrographs im-
proved with the delayed generation of snowmelt. Figure 9
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Fig. 7. Simulated and observed hydrographs for Taylor River for
1986 from SLURP and modified SLURP. Dates are given as
day/month/year.

Fig. 8. Snowpack depletion curves for Taylor River for 1996 de-
veloped by (a) SLURP and (b) modified SLURP models.



shows the observed and simulated hydrographs for 1992,
both original and modified.

Modelling efficiencies for the original and modified
SLURP application were also computed for the upper
Burntwood River. Overall, the annual NSE decreased by
11.3% for each of the 16 test years. Nine of 16 years did not
improve, with an average change in annual NSE of –26.6%.
The remaining 7 years improved, with an average change in
annual NSE of 8.3%. The average April–May NSE improved
by 68.6%, but the average still remains below zero at –49.6%.
The April NSE showed a significant improvement of
3494.1% but still remains below zero at –1914.2%. The aver-
age May NSE did not improve, although nearly half of the
test years showed some improvement. A few years such as
1987, 1988, 1997, and 1998 showed a significant decrease in
May NSE. The average annual DV decreased by –3.8% for
the 16 year test period. The average April–May and May
DVs also decreased by –0.8% and –7.5%, respectively. The
average April DV showed a significant improvement of
53.5%, from ±123.7% to ±70.2%. It should be noted, how-
ever, that the April DV of ±70.2% is still far worse than the
annual, April–May, and May DVs of ±25.2%, ±39.3%, and
±40.3%, respectively.

In summary, simulations for April again showed the most
improvements. May also showed improvements in many years
because of the increased snowmelt intensity and greater
snowpack available for snowmelt, resulting in a steeper rising
limb and a higher spring discharge peak. The results for the
upper Burntwood River are considered satisfactory, consid-
ering the general quality and scarcity of meteorological in-
put data, the diversity and quantity of the test years, and the
use of nearly all the same parameters as those used for the
Taylor River simulation.

Discussion

Based on this modelling effort, several findings and obser-
vations of the SLURP model were noted. The spring freshet
normally produces the peak annual discharge and the major-
ity of the annual streamflow and should therefore be the fo-
cus of modelling efforts. Most small and moderate rain

events during the summer and fall months do not generate
any runoff as a result of canopy and moss interception, de-
pression storage, and subsequent evaporation. Only the larg-
est rain events or a series of moderate rain events generate
runoff. During significant rain events, the summer hydro-
graphs are characterized by a steep rising limb and a longer
receding limb but are short compared with the spring
freshet. This indicates that the region has a flashy runoff re-
sponse and a relatively small soil storage capacity. The dif-
ferences in subsurface storage and interflow characteristics
among the land covers are reflected in the subsurface model
parameters. The forested covers have smaller upper soil stor-
age capacity but higher retention constants relative to the
muskeg cover, which is unable to hold water within the
highly porous peat at high water levels.

The model was executed as one simulation from Septem-
ber 1984 to December 2000, and no backward correction of
model state variables was applied during the simulation. It
should be noted, however, that the 16 year test period used
in this research is a relatively dry period, and future efforts
could be directed to testing the model for other years that
are significantly wetter. What is significant about this mod-
elling effort and the implication to modelling in ungauged
basins in this area is that a single parameter set was used to
model important processes for both basins for a large num-
ber of test years containing diverse meteorological condi-
tions that range from dry to moderately wet. The parameters
are derived through both the literature and calibration, land
cover specific, considered to be reasonable, and physically
realistic. This is a considerable achievement given the con-
straints imposed on the modelling effort, including the fol-
lowing: (i) the scarcity of precipitation gauges and the
significant variation in precipitation between the gauges;
(ii) a single streamflow gauge was used for each basin dur-
ing the model calibration and validation process; and (iii) the
complex hydrologic processes that exist in the region of in-
terest, some of which are not accounted for in the model.
The parameters that did require site-specific calibration were
the evapotranspiration-related parameters, which are often
critical to calibration and accurate hydrograph generation.
These parameters do differ between watersheds and are 23%
higher in the upper Burntwood River watershed, but this is
likely explained by the greater evaporation from lakes and
depressions.

A number of modelling deficiencies were identified while
learning about the study area and through model application.
First, this research revised the model to account for a few
hydrologic processes that resulted in improved modelling
performance during the snowmelt period. Further to this,
however, the model should be revised to include depression
storage, its periodic disconnection with the drainage basin,
and its associated evaporation losses. Second, the model
would benefit by accounting for the recharge of water to
lakes, rivers, and marshes by headwaters and the associated
evaporation. The majority of marshes and beaver-flooded
land are adjacent to lakes and rivers. A marsh to river link-
age and a marsh to lake linkage that simulate the exchange
of water between those bodies and the associated evapora-
tion would improve modelling performance and the physical
basis of the model. Third, since muskeg is a dominant land
cover in the high boreal forest, attempts should be made to
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Fig. 9. Simulated and observed hydrographs for upper
Burntwood River for 1992 from SLURP and modified SLURP.
Dates are given as day/month/year.



improve the understanding of muskeg hydrology and better
model the unique hydrology of this cover. For example, the
exponentially decreasing hydraulic conductivity of muskeg
results in a nonlinear retention of soil water and unique
interflow characteristics. Lastly, ET models are very impor-
tant in water yield estimates because they determine total
basin losses. The various ET methods in the SLURP model
should be tested and compared to each other and compared
with field measurements such as those collected during the
BOREAS field studies to test for accuracy. This exercise
may determine that the SLURP model requires alternative
ET models for the region of interest.

Further understanding of the hydrological processes in this
watershed, and therefore the further development of models
like SLURP, would greatly benefit from intensive monitoring
programs that include the following: (i) year-round measure-
ments of precipitation within the basins; (ii) streamflow
gauges strategically located throughout the basin, including in
the headwaters; (iii) measurements of snow depth, density,
and cover; (iv) groundwater depth measurements in muskeg
and coniferous forests to assist in characterizing soil moisture
and aid in developing a better model for the muskeg cover;
(v) water level measurements in marshes and lakes to assist in
characterizing changes in storage and evaporation losses; and
(vi) measurements of organic layer thickness, silty clay layer
thickness, depth to bedrock, soil porosity, and hydraulic con-
ductivity to assist in defining model soil characteristics.

Conclusions

The approaches employed in this study to modify a large-
scale hydrological model for application to streamflow pre-
diction for reservoir operations in the high northern boreal
forest are relatively simple, yet these few and simple changes
led to significant changes in modelling performance. This
study therefore provides clues to the key processes that must
be modelled in similar applications. Incorporating the snow
ripening model delayed the snowmelt in nearly all years and
prevented the premature generation of snowmelt that was cre-
ated by the original SLURP model. Additionally, the snow
ripening that occurred during the fall months is also ac-
counted for and results in less snowmelt in the fall and a
larger snowpack in the following spring. The larger snowmelt
rates recommended in the literature could be used in the mod-
ified SLURP model and were increased by 30% to provide
optimum snowmelt characteristics. The higher snowmelt rates
caused a faster snowmelt, resulting in a shorter snowmelt pe-
riod, less sublimation, and more total snowmelt runoff vol-
ume. The slope of the hydrograph rising limb, time to peak,
and magnitude of the peak improved in most years.
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