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Abstract
Spatially distributed subsurface soil moisture dataset with suitable temporal scale are
needed for a better understanding of the mechanisms responsible for the recurrent
drought outbreaks over the Canadian Prairie. However, there are no soil moisture data at
depths exceeding a few centimeters over the Canadian Prairie sub-catchments thereby
placing enormous constraints on the feasibility of studies that require such information.
Hence, this thesis explores the use of a physically based, spatially distributed hydrologic
‘model in reproducing the patterns of the spatial and temporal distribution of soil moisture
over the drought-prone 13,000 km’ Upper Assiniboine River Basin (UARB) in the
Canadian Prairie. Prior to making any inferences on the spatial and temporal dynamics
of the simulated subsurface soil moisture over this large domain, a necessary requirement
was to validate the model’s simulated output of other hydrologic variables. These
validations were accomplished using observed measurements of streamflow, snow depth,
‘moisture storage change from geological weighing lysimeters and estimates of the total
water storage from the Gravity Recovery And Climate Experiment (GRACE) remote
sensing satellite system. After an assessment of the simulated outputs from the Variable
Infiltration Capacity (VIC) model, which were found to be of acceptable quality, this
thesis thereafter focused on assessing the spatial distribution of the subsurface soil
‘moisture over the large catchment. Therefore, in the first case study undertaken in this
thesis, it was demonstrated that with a structurally sound model (one equipped with
adequate land surface parameterization) such as the VIC model, it is possible to generate
soil moisture datasets at different spatial and temporal scales for use in areas such as the
Canadian Prairie and other geologically complex terrains where observed soil moisture

measurements are lacking.

Furthermore, retrieval of the temestrial moisture storage dataset from the Gravity
Recovery And Climate Experiment (GRACE) satellte remote sensing system is possible
when the catchment of interest is of large spatial scale. These dataset are of paramount
importance for the estimation of the total storage deficit index (TSDI), which enables the
characterization of a particular drought event from the perspective of the terrestrial
moisture storage over that catchment. Incidentally, the GRACE gravity signal over the




13000 km? Upper Assiniboine River Basin on the drought-prone Canadian Prairic is so
poor therefore making the computation of the total storage deficit index for this basin
infeasible. Consequently, the estimation of the terrestrial moisture storage from other

reliable sources becomes imperative in order o enable the computation of the TSDI over
this basin.

In the second case study undertaken in this thesis, simulation of the total moisture storage
over the Upper Assiniboine River Basin was accomplished utlizing the spatially-
distributed land surface model, VIC, which was then employed in the estimation of the
TSDI over this basin for subsequent characterization of the recent Prairie-wide drought.
Interestingly, the resulting temporal patterns in the computed TSDI from the land surface:
model reveal a strong resemblance with the same drought characterization undertaken
over the larger adjacent Saskatchewan River Basin, which was accomplished utlizing
temestrial moisture storage from the GRACE-based approach. In this second case study,
it has been shown that in the computation of the total storage deficit index over small-
ns that propagate extreme dryness
jons of the total water storage from a

scale catchments during anomalous climatic condi
through the terrestrial hydrologic systems, simul;

structurally sound model such as the VIC model could be resourceful for the computation
of the monthly total storage deficit index if no constraint s placed on the avlability of

accurate meteorological forcing.

Finally, understanding the memory in land surfuce processes, such as that in the
subsurface moisture storage has great implication for scasonal weather prediction over a
catchment. However, given that there are no physical observations of soil moisture at
depths of hydrological importance or measurements of the total ater storage, it is
infeasible to undertake studies on land-atmosphere interactions. In the last case study
undertaken in this thesis, effort s focused on estimating the memory in the simulated
deep soil moisture and total water storages over the 406,000 km’ Saskatchewan River
Basin (SRB) in the Canadian Prairies. Finally, given the similarity in the simulated deep
moisture storage anomaly and the model-based TSDI, it was inferred that the former

could serve. is large
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Chapter 1

Introduction

1.1 Background

Water availability in terms of its quantity and quality has myriad implications for the
existence of all fauna and flora irrespective of their natural habitats and humans, the most
advanced of all animal species, need water for multifarious purposes ranging from
domestic through industrial to agricultural uses. Water availability in most regions of the
globe is highly limited owing to frequent drought outbreaks, which spell harsh
consequences on people that live in these areas. Droughts are complex natural hazards
with multifarious definitions depending on the location and the usage to which water is
put 10 in a specific region, hence, it is not uncommon to see people speak of all kinds of
droughts from one location to the other. For instance, Manitoba Hydro, an electric energy
and natural gas company located in one of the Canadian Prairie Provinces (Manitoba)
could speak of drought from the point of view of insufficient water level needed to drive
its turbines to generate electriity for it customers; whereas within the same time frame,

majority of the residents of Saskatchewan, an adjacent Province to Manitoba, would

rather approach the definition of drought from the perspective of insufficient available
water required to support diverse forms of agricultural practices. Whatever definition is
chosen to characterize the onset of a drought condition in a region, the fact remains that

shortage of water poses a great deal of threat to nature, quality of lfe and the economy.



In comparison with other natural hazards such as flash floods, earthquakes and tsunami,
drought occurrences are considered as far lesser threats and thus attracts far less attention
in terms of govemment expenditures with respect to forecasting and prediction,
committed approach to its science as well as prevention and control. This is so because
drought develops very imperceptibly and remains unnoticeable for a very long time until
its impacts become very grave and widespread. This insidiousness of drought occurrence

makes it appear less threatening, less destructive and hence, many governments and non-

govemmental organizations globally have paid very litle or no attention to its study.
Droughts are recurring aspects of weather and climate extremes as are floods and
tomadoes, but they differ substantially since they have long durations and lack easily

dentified d i iada DRI, 2005).

the patter i i profile up to
a depth of a few centimeters over Canadian Prairie sub-catchments during drought
episodes and non-drought periods depends on the accurate simulation of the streamflow.
and other components of the water budget in this region. However, the Canadian Prairie

is characterized by recurrent droughts with widespread negative impacts spanning health

through economic to social implications. In accordance with the Canadian Science and
Environment bulletin (2003), drought occurrence remains the most expensive natural
disaster in Canada and the most recent drought (1999-2004) in this region cost over $5

billion dollars

respect to mitigating its impacts on the agricultural sector alone. Ina
review of natural hazards in Canada, it was observed that over 70% of the natural hazards

that occurred in Canada as a whole was concentrated on the Canadian Prairie sub-basins



‘and over 80% of these natural hazards are drought occurrences of varying severities and

intensities.

Given that the mitigation of the myriad negative impacts of drought on humans as well as
on flora and fauna can be extremely expensive, unfortunately il date, there s inexistence
of comprehensive water and energy budget studies on the Canadian Prairie to enhance
future predictability of drought. Szeto (2007). Drought studies over a region cannot be
adequately conducted without a closure on the water and energy budgets over such a
region. In light of this, the Canadian Drought Research Initiative network (Canada DRI)
was set up comprising scientists from various research backgrounds with the key

objective of understanding the physical characteristics and processes responsible for the

initiation, continuation and cessation of the recent Prairie-wide drought (Yirdaw et al,
2008). An agreement was thus reached by this group of scientists that a system of
sustained research was desirable in order to better contribute to future drought prediction

via a comprehensive and effective modeling of the watershed.

Morcover, reproduction of observed streamflow at a number of catchment outlets
corresponding to the Water Survey of Canada (WSC) streamflow gauge stations over the

Canadian Prairie. sub-catchments via deploying different watershed models can be a

daunting task. This is so because a greater proportion of these Prairie catchments are

jons of small isolated wetlands often

dominated and influenced by the presence of

referred to as sloughs and potholes which play sigificant role in dictating the patterns of

observed streamflow at the different basins® outlets. These sloughs have been found to




constitute over 14% of the Canadian Prairie landscape, (Price et al., 2005), thereby

constituting a source of enormous challenge when attempting to deploy catchment-scale

runoff generation pr

Additionally, the above-stated problems associated with the dominance of wetlands and
sloughs over Canadian Prairie sub-basins is compounded by the inexactness in

determining the spatial extent of the contributing and non-contributing areas to runoff

generation owing o the ever-changing nature of the wetlands” landscapes. The Canadian
Prairie wetland hydrologic condition have been observed to be strongly affected and
correlated with the effects of climate change as well as the changes in the land use in the
surrounding uplands. Melt water from snow are received by these isolated wetlands at the
end of the winter season in accordance with Winter (1989), and during the summer
season, the accumulated water in these wetlands gets depleted via evapotranspiration
from the open water surface as well as from the wetland vegetation (Hayashi et al., 1998a
and Millar, 1971). Hence, water input to these catchments in the form of precipitation is
mainly lost through evapotranspiration from the wetlands and does not eventually runoff
10 the rivers and streams as would be expected in most traditional watershed models. The
storage of runoff by sloughs and wetlands could be of hydrological advantage during
flood occurrence as they are crucial in slowing down discharge into stream and rivers,

thereby helping to reduce flood peaks (Pomeroy et al,, 2005).



1.2Thesis Objectives

In order to understand the dynamics of moisture storage processes over a large domain

that is characterized by incessant drought occurrence coupled with the challenges of

watershed modeling due to the topographic complexity arising from the effects of

wetlands storages, a number of different issues would need to be addressed. However,

this thesis aims to address the following important objectives as they relate to the

Canadian Prairie sub-catchments during anomalously dry periods as well as for normal

years.

Undertake a comprehensive water and energy budget studies of the Upper
Assiniboine and Saskatchewan River Basins pre-, intra- and post recent
Canadian Prairie-wide drought outbreak (1999 — 2004) employing the land
surface scheme, the Variable Infiltration Capacity (VIC)

Quantitatively assess the simulated total moisture storage change from a
physically-based, spatially distributed hydrologic model utlizing total water
storage change estimates from the Gravity Recovery And Climate Experiment
(GRACE) remote sensing system as well as total water storage change
estimates from the areally integrated geological weighing lysimeters

Estimate the Total Storage Deficit Index (TSDI; Yirdaw et al., 2008) from a
physically based, spatially distributed hydrologic model over the Upper
Assiniboine River Basin on the Canadian Prairie where the GRACE-derived

total moisture storage signal is poor. Additionally, to undertake an assessment



of the correlation if any between the model-derived TSDI with that computed
from the GRACE technique would be undertaken

« Employ relevant satistical techniques in the estimation of the inherent
memory in the simulated soil moisture store from a physically based,
spatially-distributed hydrologic model driven with observation-based forcing
over the 406,000k’ Saskatchewan River Basin

« Computation of the persistency in the simulated total water storage and
subsurface soil moisture simulated from a land surface model as well as those
in the atmospheric felds of precipitation, net radiation and evapotranspiration

to asce

the level of relationship that exists between these variables over
the study domain; and
* To quantitatively evaluate and inter-compare the memory in the computed

‘monthly terrestrial storage deficit index (TSDI; Yirdaw et al., 2008) from a

hydrological model and that estimated from the terrestrial moisture storage
retrieved from the Gravity Recovery And Climate Experiment (GRACE;

Tapley et al,, 2004) satellite remote sensing system

1.3 Motivation

The underlying motivation for this thesis stems from the complexity associated with
adequately deploying a watershed model to simulate the patterns of streamflow over the
Canadian Prairie, which is directly linked with the problem of quantifying the
contributing and non-contributing arcas to runoff generation over Canadian Prairie sub-

catchment. Given that the cost of mitigating the negative impacts of a drought outbreak



can be extremely high and especially, it can be much higher during periods of cconomic
recession as the world faces currently, it is of paramount importance to understand the
key processes responsible for the initiation, continuation and cessation of incessant
drought occurrence over the Canadian Prairie. A number of stakeholders ranging from
the government through to the insurance and power-generating companies as well as

farmers are all keen to know how dry or wet the subsequent year would look like to be

prepared to adapt

However, in order to fully understand the processes in the lower atmospheric boundary,
which might lead to anomalous dry conditions (precipitation deficit), there is a need to

understand the intricate processes taking place in the land surfuce system since there are

strong interactions existing between the land surface ind the spl
“The subsurfce soil moisture is one such hydrologic variable in the terrestrial system that

strongly influences the atmosphere. In recent times, the subsurface soil moisture in the

Canadian Prairie sub-catchments has been fthe principal

the Canadian Prairie incessant drought. Incidentally, given that there are no soil moisture
measurements at depths of interests in the Canadian Prairic sub-basins, it becomes almost
infeasible to undertake detailed land surface-atmosphere interaction studies in these
basins. In light of these issues and challenges, it becomes necessary to undertake a
rescarch that could help address some of these problems as well as provide important
dataset that could prove resourceful to other researchers working in the Canadian Prairie

10 address drought-related issues.



1.4 Thesis Hypothesis

It is hypothesized in this thesis that given the myriad constraints posed due to
unavailability of measured soil moisture data over the drought-prone Canadian Prairic
sub-catchments such as, in the Saskatchewan and Upper Assiniboine River Basin, it is
possible to overcome this challenge by relying on the simulated output of the soil water
content from a structurally-sound and physically-based hydrological model such as, the
Variable Infiltation Capacity (VIC) model. It is also hypothesized that the patterns in the
deep moisture store simulated from this land surface model can serve as an indicator of

extreme dryness over the Canadian Prairie sub-basins.

1.5 Contribution to Scientific Research
There are four main contributions to the hydrology of droughts arising from the research
completed in this thesis and these are;

o Successful deployment of a land surface model over Canadian Prairie sub-

catchments, which a ily dominated by loughs and potholes.

Inexistence of comprehensive water and energy budget studies to enhance future
predictability of drought occurrence on the Canadian Prairie has been a major
concemn to the community of researchers working in this region. Hence, one main
contribution of this research lies in the successful deployment of a land surface
‘model over the Canadian Pririe sub-catchments, which are heavily dominated by
sloughs and potholes. By carefully calibrating and validating the land surface

model over the Canadian Prairie sub-catchments, new and reliable moisture



storage dataset as well as other state variables with high spatial and temporal
resolutions are now made available to scientists working as part of the Canadian
Drought Research Initiative (Canada DRI) who are charged with the key
responsibility of ascertaining the dominant processes leading to the evolution,

f the recurrent Prairie-wide drough

Development of the Total Storage Deficit Index (TSDI) for Canadian Prairie

drought characterization and monitoring.

“This thesis has also pioneered the development of a new index referred to as the
total storage deficit index (TSDI) for the characterization and monitoring of
drought episode using simulation outputs from a hydrologic model for smaller-
and medium-size catchments in drought-prone regions. This is an important
accomplishment given that the dataset for the computation of the TSDI are
generally retrieved from the GRACE gravity measurements over very large
basins. However, GRACE signals are generally weak for smaller size catchments
owing to the large spatial scale associated with its coverage; therefore, in the
event of drought outbreaks over these catchments, it is impossible to compute the:
TSDI relying on the derived terrestrial moisture storage from GRACE. Under this
circumstance, it has been demonstrated in this thesis that such a problem can be
overcome by utlizing total moisture storage dataset derived from a structurally

sound land surface model.



© The use of GRACE-derived as well as geological lysimeter estimate of the total

moisture storage as additional validation data sources for the computed change in

total moisture storage simulated from the Variable Infitration Capacity (VIC)

model over Canadian Prairie sub-catchments.

Land surface models have had their interal parameters traditionally calibrated
and validated by adjusting them until the simulated hydrologic response, which is
usually the simulated streamflow, matches existing historical observed discharge
data. However, it has to be emphasized that accurately simulating a streamflow
record at a catchment's outlet does not necessarily indicate that the internal
parameters of the model have been carefully optimized or that the model
structures are robust enough to capture the relevant hydrologic processes over
such a catchment, It could simply mean that the evapotranspiration scheme within

the model for instance, may have performed poorly in accounting for the moisture

loss over such a catchment thereby giving rise (o accurate o near-aceurate
simulated streamflow record. A more holistic approach to assessing a model’s
performance would need to evaluate the model’s computation of the  total
moisture storage.  This research would be one of the first attempts in using
GRACE-derived as well as geological lysimeter estimate of the total moisture
storage as additional validation data sources for the computed change in total
moisture storage simulated from the Variable Infiltration Capacity (VIC) model

over the Canadian Prairie sub-catchments.




* Successful assessment of the deep moisture storage memory and its role s a slow

driver of Canadian Prairie drought.

By estimating inherent memories in the anomalies of the simulated subsurface
moisture storage as well as in other hydroclimatological variables over the
(Canadian Prairie sub-catchments, this thesis has further demonstrated that the
anomalies in the deep moisture store simulated from the VIC hydrologic model
can serve as a better predictor of the recurrent Canadian Prairie droughts than
does any of the atmospheric fields over this domain. This finding is significant in

that it is novel and it corroborates one of the underlying hypotheses of this thesis.

1.6 Atmospheric and Oceanic Indices for Drought Monitoring
Although, this thesis focuses mainly on using a physically-based hydrological model for
the reproduction of the temporal and spatial patters of the 1999-2004 Canadian Priries
hydrological drought from the perspecive of subsurface moisture storage, it is imperative
at this point to briefly discuss different Atmospheric and Oceanic patterns that may serve
a5 mechanisms for the frequent prairic drought. Most of the discussion in this section is
based essentially on the climatological assessment report developed by the Alberta
Department of Environment for the Canadian Prairie drought. An earlier study by Dey
and Chakravarty (1976) identified the presence of a mid-ropospheric ridge centered over
the Prarie Provinces, which culminates in extended dry spells and precipitation deficits

during the summer season. Similarly, Bonsal et al. (1999) extended this idea by



attempting 1o develop a causal relationship between the patiems of the sa surface
temperatures (SST) over the North Pacific and the extended dry spels over the Canadian
Prairics. In this later study, it was found that a certain configuration of the SST pattern-
anomalously cold water over an area between 140 and 160°W longitude and centered
around 30°N latitude in conjunction with anomalously warm water off the coast of
‘northern British Columbia are favorable for the development of a mid-tropospheric ridge
over the prairies. This ridge development was noted to result in extended dry spells and

drought during the summer season.

Moreover, the influence of large-scale atmospheric and oceanic flow patterns on the
Canadian Prairies’ weather and climate and specifically on the prairie grain yields which
have been documented in several studies (Handler, 1990; Gamett and Khandekar, 1992;
Garnett, 2002) have shown that, in general, EI Nino (La Nina) events in the equatorial
eastem Pacific are associated with drier (wetter) winter months immediately following
these events and wetter (drier) spring to summer months on the Canadian prairies. This
analysis has also led to a hypothesis, now generally accepted, that EI Nino and La Nina
play important roles in Canadian Prairies” agriculture. Also, it has equally been shown in
these carlier studies that rains and grain yields (com in the U.S. and wheat in Canada) are
higher during the summer following an El Nifo event whilst grain yields are

correspondingly lower in the summer following a La Nina event.

‘The North Atlantic Oscillation (NAO) has been extensively studied in a number of earlier

works (Hurrell, 1995; Hurrell and van Loon, 1997) and has been recognized as having a



significant impact on temperature and precipitation patterns over eastern Canada. This
impact s believed to extend occasionally into central Canada and easten prairies. From

several studies o assess the causes of droughts over the Canadian Prairic, it has now

become generally accepted that large-scale drought on the prairies of a long duration (a

few weeks to several months, or longer) is primarily caused by a certain SST distribution

i the equatorial Pacific and the central and eastern North P
drought has been linked 1o a cold phase of ENSO or a La Nina event in the central or
eastern equatorial Pacific. An assessment of a number of studies undertaken over North
America have identified weather patterns and anomalies over this region to associated
with the EI Nino and La Nina events. However, it has been stressed that every El Nino
and La Nina events s different from the previous ones and that these events can and do
produce different and often unpredictable impacts, depending on the interaction of these
events with existing atmospheric flow patterns. The weather patterns and anomalies
produced by a particular EI Nino event also depends on it strength and the way the event
develops over the central and easter North Pacific. The interaction of a given EI Nino
event with atmospheric flow patterns can often be analyzed by simply using
jons and. flow

representative indices of well-known large-scale atmospheric os
pattens. It is now recognized that these large-scale flow patterns play an important role

leading to dry and wet scasons over the Canadian Prairics.

The El Nino-Southern Oscillation is one of the best-known and analyzed large-scale flow
pattems. I accordance with Gan and Gobena (2006), the relationships between

hydroclimatic variabilty and large-scale climate anomalies such as ENSO could provide



predictive skills up to several months of lead time. The ENSO phenomenon s an inter-
‘annual source of climate variability with its origin in the tropical Pacific but its impact
extends into the mid-latitudes, particularly during its mature phase in winter (Horel and
Wallace, 1981). The ENSO index is a combination of the SST and SO (Southem
Oscillation) indices. As briefly stated above, it is now generally agreed that EI Nino (La
Nina) events are followed by warmer (colder) and drier (wetter) winter scasons and
possibly wetter (drier) summer season. From the areally averaged composite
standardized precipitation anomalies for southern Canada, it has been shown that
precipitation decreases (increases) significantly during winter months following an onset
of El Nino (La Nina) and has a small secondary increase (decrease) later during the

summer months.

“The Pacific North American (PNA) atmospheric flow pattern is a characteristic and
persistent pattemn that controls the weather and climate of North America, especially
during the winter season. The PNA index i defined in terms of 70-kpa height anomalies

and i i the mid- sheric atmospheric flow over the central

and easten North Pacific and North America. A positive value of the index suggests a

‘more meridional flow over the castern North Pacific and northwestern North America,

while a negative value suggests a more zonal flow. These different flow patterns can

result in weather and climate anomalies over the Canadian Prairies. The Pacific Decadal

Oscillation (PDO) and its associated index are derived using several oceanic indices over
different regions of the North Pacific. The PDO maybe viewed as an ENSO-like

oscillation exhibiting inter-decadal climate variability. The PDO index is derived as the



leading principal component of monthly SST anomalies of the North Pacific Ocean
poleward of 20°N. A positive monthly value of PDO means a warmer SST pattern in the

North Pacific while a negative value represents a colder SST pattern.

1.7 Earlier Modeling Efforts in the Canadian Prairie

A technical committee (Drainage and Flood Control Committee (DFCC report, 2000))

was it i ger

in the Canadian Prairie using a hydrologic model. This effort was geared towards
addressing issues bordering on the hydrologic impacts of agricultural drainage and land
clearing in the various sub-basins in the Prairie. The committee had envisaged such a
‘model to serve as a veritable tool, which would be maintained and applied to assist in the

‘The committee setup evaluated and examined 15 hydrologic models based on a number
of riteria as to which of the models would be most suitable in actualizing the afore-
stated objectives. Assessed candidate models include; Coupled Hydro-geomorphic Model
(CLAWS), Guelph All Weather Sequential Event Runoff Model (GAWSER),
TOPMODEL, Flood Forecasting System (WATFLOOD/SPL7), TR-20 - USS. Soil
Conservation Service Model, Hydrological Simulation Program - FORTRAN (HSPF),
Fourth generation model, Systéme Hydrologique Européen (MIKE SHE), Simple
Lumped Reservoir Parametric (SLURP), Minnesota Model for Depressional Watersheds
(MMDW), Hydrologic Modeling System (HMS) - Revised version of the U.S. Amy

Corps of Engineers HEC-1 and a few others.



At the onset, a number of criteria were spelt out s to which of the models was fo be
selected on the basis of the goals of the study as carler defined; such eriteia included

‘whether the model was semi-

istributed or fully distributed, the continuity of the model
which assesses if the model operates over several days o many months or even years as
required. Further criteria employed were based on how the model handles snowmelt
‘runoff computation and channel routing was equally considered. Choices were made on
the basis of which of the model would best be deployed in the light of the existing data
within the watersheds. The final selection was narrowed down to the National Water
Research Institute’s (NWRI) SLURP model. The NWRI model is the result of many
decades of hydrologic research and development based primarily out of the National

Hydrology Research Centre located in Saskatoon.

Notwithstanding that the Center’s location is in the Canadian Prairie for over 15 years, to
date there has been no successful application of the SLURP model to a large watershed
on the Prairie. However, it should be noted that none of the other hydrologic models has
been successfully applied on the Prairie examined by the Drainage and Flood Control
Committee (DFCC). Several upgrades were incorporated into the SLURP model (version

11) to better simulate hydrologic processes on the prairie. The three important upgrades

made were: modification to the winter evaporation and soil drainage routines, wind
redistribution of snow during the winter and infiltration of snowmelt into frozen soils.
‘This upgraded version of SLURP was subsequently referred to as PBS-SLURP (Pomeroy

etal, 1998).



‘The PBS-SLURP model was then run in two sclected periods; 1954 to 1957, and from
1993 to 1996, which are characterized by high flow years. The SLURP model requires
the division of a watershed into aggregated simulation areas (ASAS). Each ASA is then
subdivided into areas of different land covers. For each land cover area, the model carries
out a vertical water balance at a daily time-step. The earlier postulation was that any
difference in hydrologic response between these two periods would be attributable to
variation in land cover in combination with drainage development in the intervening four
decades and not to the prevailing hydrologic /metcorologie cycle. Hydrometric data in the
basin were scarce especially in the period prior to the mid-1950s in addition to the
difficulty associated with the acquisition of acrial photography on which to determine the

land cover.

In assessing the PBS-SLURP model performance i
yardsticks employed were the annual volume, spring peak flow magnitude, timing of
spring peak flow and r-squared values. The r-squared values were computed for each
station and each year using the difference between the daily recorded and
daily simulated flows over the entire calendar years. Moreover, the simulated
hydrographs were also examined visually for goodness of fit to the recorded daily flows
placing high emphasis on a good it during the spring runoff period rather than at other

times during the years.

Based on a thorough review of the results of each test for the individual stations, the
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