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Abstract: An original modeling framework for the assessment of climate variation and change impacts on the performance of a c
flood protection system has been developed for the city of Winnipeg in the Red River basin, Manitoba, Canada. The modeling fra
allows for the evaluation of different climate change scenarios generated by the global climate models. Temperature and precipi
used as the main factors affecting flood flow generation. The main contribution of the reported work is the use of a system d
modeling and simulation approach in the development of a system performance assessment model. The assessment-modeling
is based on flood flows, capacity of flood control structures, and failure flow levels at different locations in the basin. The results
study~shown only to illustrate the methodology! indicate that the capacity of the existing Red River flood protection system is suffic
to accommodate future climate variability and change.
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Changes in land use and concentration of greenhouse gases
atmosphere are thought to be two major anthropogenic cause
climate change and variation. An increase in global tempera
may affect the hydrologic cycle~Houghton et al. 1996! and influ-
ence water resources~Brent and Yu 1999!. This phenomenon has
been observed regionally through changes in rainfall by K
et al. ~1996! and river flow by Lettenmier et al.~1994!.

Changes in temperature and precipitation under climate va
tion have a serious impact on the hydrologic processes relate
the floods caused by snowmelt. Usual changes are observed i
shift of flood starting time and the magnitude of flood peak; the
fore serious consequences may be expected in the ability of
existing large-scale water resources systems to serve their f
tion ~Klemes 1985; Lewis 1989; Burn and Simonovic 1996!. The
Red and Assiniboine rivers in Manitoba, Canada, are two m
rivers flowing through the city of Winnipeg. Floods in both rive
basins often occur in the spring. The well-known causal para
eters producing floods in the region include~1! soil moisture at
freeze-up time~the previous autumn!; ~2! total winter precipita-
tion; ~3! rate of snowmelt;~4! spring rain amount; and~5! the
timing factor~Warkentin 1999!. Temperature and precipitation ar
the two major variables that affect the above five parameters.
annual distribution patterns of temperature and precipitation h
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significant influence on flood starting time, flood magnitude, a
the occurrence interval of floods.

To assess the performance of the complex flood protec
system under climate variability and change, taking into con
eration the way continuous atmospheric variations will influen
basin hydrology, requires modeling both the climatic factors~tem-
perature and precipitation! and the river flow. Under the leade
ship of the Intergovernmental Panel on Climate Change~IPCC!,
considerable progress has been made in developing h
resolution forecasts of temperature and precipitation using gen
circulation models~GCMs!. Use of GCM forecasts is of assis
tance in assessing possible impacts of climate change at th
gional level. Using available GCMs, a number of different c
mate change scenarios have been developed providing ye
monthly, and daily temperature and precipitation data for the n
100 years.

A large body of knowledge allows for the sophisticated mo
eling of hydrologic processes on the watershed scale. Many
isting models have been developed to analyze the hydrologic
cesses and to predict runoff. Integration of the climate cha
scenarios obtained by GCMs with hydrologic models that c
predict river flow on the watershed scale provides sufficient
formation that can be utilized by water resources managem
models ~Bicknell et al. 1997; Leavesley et al. 1983; Manle
1978; Kite et al. 1994; Ahmad and Simonovic 2000; Li and
monovic 2002! in order to assess the impact of climate change
the performance of existing water resources management in
structure.

This paper describes an original comprehensive methodo
and regional assessment model that can analyze the perform
of existing large-scale flood protection system for the city of W
nipeg under different climate change scenarios. The main ob
tive of the research was to develop a regional dynamic hydro
matologic assessment model~DYHAM !. More specific objectives
include ~1! development of a hydrologic model component
simulate river flow under historical and predicted conditions,
reported in Li and Simonovic~2002!; ~2! identification of the
magnitude and likelihood of floods under different climate chan
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scenarios;~3! development of a system dynamics model for
sessing the performance of flood control works; and~4! identifi-
cation of the statistical indices of the Winnipeg flood protect
system performance under different climate change scenario~Si-
monovic 2001.

This paper addresses a need for a ‘‘tailored’’ assessment m
odology ~and model! through ~1! description of specific charac
teristics of the basin and flood protection system;~2! development
of a climate change scenario generator;~3! development of an
original hydrologic model using system dynamics simulation;~4!
development of an assessment model using reliability, resilie
and vulnerability as the main indicators of system performa
and~5! integration of all components into the regional DYHAM
The developed assessment modeling framework is data inte
and can be easily adopted for the assessment of climate ch
and variability impacts in various regions, as well as for the
sessment of performance of different water resources system

The paper is organized to present the characteristics o
Winnipeg flood protection system in the next section, followed
a description of the assessment methodology and a limited s
the assessment results to illustrate the application of DYHA
ending with some concluding remarks.

Winnipeg City Flood Protection System

Situated in the geographic center of North America, the Red R
originates in Minnesota and flows north~one of the eight rivers in
the world that do so!. The Red River basin covers 116,500 km2, of
which nearly 103,600 km2 are in the United States. The basin
remarkably flat—the elevation at Wahpeton, North Dakota, is
m above sea level, and at Lake Winnipeg the elevation is 21
the basin is about 100 km across at its widest. When the co
tions are right and the river floods, nothing holds it back. Dur
major floods, the entire valley becomes the floodplain.

Assiniboine River is the main tributary of the Red River.
originates in middle northwest Saskatchewan and drains the
from the eastern part of Saskatchewan to the western pa
Manitoba. The Assiniboine River flows from northwest to sou
east and enters the Red River at the city of Winnipeg in Manit
The Assiniboine River basin covers 16,496 km2. Topographically,
the basin is gently to moderately undulating, with higher re
evident in the northeast portion, while climatologically it is co
tinental subhumid, characterized by long, cold winters and s
warm summers.

The Red River/Assiniboine basin floods regularly. Ea
records show several major floods in the 1800s, the most no
being those of 1826, 1852, and 1861. In the 20th century, m
floods occurred in 1950, 1966, 1979, 1996, and 1997. The
River basin has 25 subbasins, which have different topogra
soils, and drainage that result in different responses during fl
conditions. One common characteristic is the overland flow
ing the times of heavy runoff; water overflows small streams
spreads overland, returning to those streams or other waterco
downstream. Existing monitoring and forecasting systems do
track these flows well, leading to unanticipated flooding.

In Manitoba, almost 90% of the residents of the Red Riv
Assiniboine basin live in urban centers. Metropolitan Winnip
contains 670,000 people. Most of the flood management plan
in Manitoba was initiated after the 1950 flood, which was
turning point in the history of flooding and flood control in Man
toba’s portion of the Red River basin. Construction of the
evated boulevards~dikes! within the city of Winnipeg and asso
362 / JOURNAL OF WATER RESOURCES PLANNING AND MANAGEMEN
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ciated pumping stations was initiated in 1950. The current fl
control works for the city of Winnipeg~Fig. 1! consist of the Red
River Floodway, the Portage Diversion and Shellmouth Dam
the Assiniboine River, and the primary diking system within
city of Winnipeg.

Following the 1950 flood on the Red River, the Canadian
eral government and the province of Manitoba set up a f
finding commission to appraise the damages and make re
mendations. The commission recommended in 1958
construction of the Red River Floodway~completed in 1966!, the
Portage Diversion~completed in 1970!, and the Shellmouth Res
ervoir ~completed in 1972!. All the decisions regarding the capa
ity of current flood control works were based primarily on e
nomic efficiency, getting the largest return for the investm
Existing facilities effectively protected the city from the floods
last decades, but uncertainty still exists about their ability to
tect the city from floods under future climate change.

The KGS Group~2000! has reviewed the individual capaciti
of each of the major flood protection works and estimated
overall ultimate discharge capacities of the existing system~Table
1!. The values are~1! flow through Winnipeg downstream of th
confluence with the Assiniboine River, 2,010 m3/s ~71,000 cfs!;
~2! flow through the Red River Floodway, 2,067 m3/s ~73,000
cfs!, associated with a maximum upstream water level of 23
m ~774 ft!; ~3! maximum diverted flows of 708 m3/s ~25,000 cfs!
from the Assiniboine River at the Portage Diversion; and~4! a
reduction of 198 m3/s ~7,000 cfs! due to the Shellmouth Dam.

Fig. 1. Schematic presentation of Winnipeg City flood protect
system
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Table 1. Capacity of Winnipeg Flood Protection System@after IJC
~2000!; KGS ~2000!#

Item

Original
design
flows
~m3/s!

Flows
during

flood of
1997 ~m3/s!

Reliable
ultimate
capacity
~m3/s!

Reduction in Assiniboine flood
contribution due to Shellmouth Dam

198 113 198

Diverted flow at Portage diversion 708 337 708
Inflow to Winnipeg from Assiniboine

River and other local watersheds
178 23 170

Red River flow upstream of the Forks 2,002 2,237 1,841
Diversion at Red River Floodway 1,699 1,897 2,067
Diking system 2,180 2,260 2,010
Natural total flow capable of being

managed
4,786 4,616 4,983

Estimated probability of being
exceeded in 50 year period

27% 43% 37%
T © ASCE / SEPTEMBER/OCTOBER 2003
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On this basis, Winnipeg is reliably protected against a to
natural flow of 4,984 m3/s ~176,000 cfs! ~approximately a 1:110
year flood!, which is approximately 198 m3/s ~7,000 cfs! more
than the original design~Table 1!. This capacity requires a wate
level upstream of the Red River Floodway inlet approximate
0.91 m ~3 ft! above the state of nature for that flow magnitud
The capacity that would not require exceeding the state of na
water level at the Red River Floodway inlet would be appro
mately 4,757 m3/s ~168,000 cfs!. Protection against a flow greate
than 4,757 m3/s ~168,000 cfs!, or even 4,984 m3/s ~176,000 cfs!,
is possible if all aspects of the flood-fighting campaign were to
well. There is approximately a 37% chance that this reliable
pacity of the flood protection system in Winnipeg will be ex
ceeded at least once in the next 50 years.

Assessment Methodology

Assessment of climate variability and change impacts on the
formance of a large-scale flood protection system is conducte
three steps:~1! development of the climate change scenarios;~2!
modeling of the hydrologic processes; and~3! development and
application of the system performance assessment model. In
first step, temperature and precipitation data were generated
are used as input into the second step. The hydrologic mode
task generates river flows for assessing performance of the fl
protection system in the third step. A schematic presentation
the research framework is shown in Fig. 2.

Development of Climate Change Scenarios

The effect of climate variability and change, although gradual
having an increasing impact on the weather experienced
Canada~Zhang et al. 2001!. According to Environment Canada’
Climate Research Branch, Canada as a whole experienced ab
average temperatures in 2000. Since comparable nationw
records began in 1948, 2000 was the 7th warmest year, at 0
above normal, based on preliminary data. The warmest year
1998~2.5°C above normal!. On a regional scale, such as the Pra
ries where the Red River basin is, the climate variability a
change has definite impacts on areas such as crop produc
forestry, the energy sector, and the water resources sector, to n
a few. It is therefore crucial to be able to determine what clim
scenarios can be expected in the future.

Different techniques are used to predict climatic change,
cluding the paleoclimate analog, the recent climate analog,
general circulation models~GCMs!. The paleoclimate and recen
JOURNAL OF WATER RESOURCES PLANNI
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climate analog techniques reconstruct past climatic events us
records such as pollen deposits, tree rings, trapped gases in
cores, and historical rainfall and runoff data. The general circu
tion models are based on the fundamental conservation laws
mass, momentum, and energy, which describe the apportion
and transport of heat and moisture by the atmosphere and
oceans. GCMs provide a digital-analog way to predict climat
change.

These models of the climate system have been developed
used both to gain physical insight into major features of the b
havior of the climate system and to produce climate projectio
for a range of assumptions about emissions of carbon dioxide a
other greenhouse gases and to simulate the evolution of the at
sphere through time from some initial state. GCMs have the ab
ity to model the evolution of the atmosphere in response to ext
nal forcing mechanisms—for example, a doubling of carbo
dioxide. Although the GCMs use coarse discretization grids a
static boundary conditions, they provide the clearest picture
potential climatic change on the global scale.

Currently, the Data Distribution Center~DDC! of the IPCC
provides various GCM-related scenarios for impact assessme
^http://ipcc-ddc.cru.uea.ac.uk/&. To construct scenarios and gener
ate precipitation and temperature data, this assessment metho
ogy is based on the three climate change models: HadCM
^http://ipcc-ddc.cru.uea.ac.uk/dkrz/hadcm2Iindex.html&, which
was developed at the Hadley Center, Bracknell, U.K.; CGCM
^http://ipcc-ddc.cru.uea.ac.uk/dkrz/cccmaIindex.html&, which was
developed at the Canadian Center for Climate Modeling a
Analysis; and ECHAM4 ^http://ipcc-ddc.cru.uea.ac.uk/dkrz/
echam4Iindex.html&, which was developed in cooperation be
tween the Max-Planck-Institut fu¨r Meteorologie~MPI! and the
Deutsches Klimarechenzentrum~DKRZ! in Hamburg, Germany.
Three models are used to evaluate the reliability of the predictio
and to eliminate bias associated with data simulated from a sin
model.

Although a large number of variables are simulated by th
global circulation models~that is, soil moisture, evaporation,
wind speed!, this methodology focuses on two variables, temper
ture and precipitation, which are considered the major climat
logical variables affecting the hydrology/water resources sensit
ity of the region under consideration.

Two general scenarios are examined for effects on precipi
tion and temperature. Scenario 1~S1! assumes a 1% increase in
CO2 concentration, while Scenario 2~S2! assumes a 1% increase
in CO2 concentration plus sulphate aerosols. As a reference
control scenario with constant CO2 is used. The selected models
currently provide yearly and monthly temperature and precipit
tion data with different spatial resolutions~HadCM3—2.5 degrees
of latitude by 3.75 degrees of longitude; CGCM1—3.75 by 3.7
degrees; ECHAM4—2.8 by 2.8 degrees!. For the case study, the
HadCM3 model provides data for three grid points in the Re
River basin~located approximately at 45.5–50.5°N, 94–100.5°E!
and one grid point for the Assiniboine River basin~located at
approximately 51.0–52.1°N, 101.5–103.6°E!. CGCM1 provides
data for two grid points in the Red River basin~located at ap-
proximately 45.5–50.5°N, 94–100.5°E! and one grid point for
the Assiniboine River basin~located at approximately 51.0–
52.1°N, 101.5–103.6°E!. Since the Assiniboine River basin~ap-
proximately at 51.0–52.1°N, 101.5–103.6°E! is located between
two grid points of the ECHAM4 model, the average data from
two grid points is used. In the Red River basin~located at ap-
proximately 45.5–50.5°N, 94–100.5°E!, two grid points cover
the upstream area, and two grid points the downstream. The
NG AND MANAGEMENT © ASCE / SEPTEMBER/OCTOBER 2003 / 363
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Table 2. Selected GCMs and Scenarios for Assessment of Impa

Scenarios

Control
~without change

in CO2)

S1
~1% increase

in CO2)

S2
~1% increase inCO2

1sulfate aerosols!

Canadian model
~CGCM1!

X

British model
~HadCM3!

X X

German model
~ECHAM4!
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erage of each of the two grid points is used for the upstream
downstream areas.

Unfortunately, daily temperature and precipitation are
readily available for all scenarios; those that were available
daily data for the case study area are presented in Table 2. T
fore, only limited comparative analysis is possible to asses
choice of the GCM and its impact on the system performa
assessment. A simulation horizon of 100 years is used fo
models starting with 2000 and ending with 2099. Daily data
temperature and precipitation are used in all simulations
sented in this paper.

Hydrologic Modeling

In the region of interest, the temperature is presented as a
portant climate factor that influences snowpack accumulation
snowmelt as well as the soil and water physical states. The r
and flood generation from snowmelt follow a general patter
the temperature changes during the active snowmelt period.
winter period, precipitation is accumulated as the snowpack
to the low temperature, and the runoff contribution mostly co
from the groundwater and the subsurface soil storage due t
frozen surface soil. As the temperature reaches an active po
the early spring, the snow starts melting. Most of the snow
becomes overland flow due to the small canopy storage an
frozen surface soil.

As the temperature increases, the snowmelt generates
water, which rapidly increases the streamflow and gradually l
to flood flows. In the meantime, active temperature also grad
defrosts the soil, therefore increasing the infiltration rate and
surface soil storage capacity; as a result, the streamflow sta
decline. If the heavy rain occurs during the snowmelt period
streamflow will rise more rapidly and the peak magnitude wil
larger. As the accumulated snowpack melts, the streamflow g
ally returns to normal level. After the snowmelt period, m
streamflow contributions will come from the groundwater
soil storage. Fluctuations in the streamflow strongly depen
the rainfall magnitude. This pattern has been clearly observ
different locations along the Assiniboine and Red rivers in M
toba, Canada.

An original hydrologic model has been developed for the
pose of an assessment methodology that uses a system dyn
approach to explore hydrological processes in the geograph
cations where the main contribution to flooding comes from
snowmelt, Li and Simonovic~2002!. Temperature is identified a
a critical factor that affects watershed hydrological proces
Based on the dynamic processes of the hydrologic cycle occu
in a watershed, the feedback relationships linking the water
structure and climate factors for streamflow generation were
tified prior to development of a system dynamics model.
364 / JOURNAL OF WATER RESOURCES PLANNING AND MANAGEMEN
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model is used to simulate flood patterns generated by the snow-
melt under temperature change in the spring.

The model structure captures a vertical water balance using
five tanks representing snow, interception, surface, subsurface,
and groundwater storage. Calibration and verification results
show that the temperature change and the snowmelt play a key
role in flood generation~Simonovic 2001; Li and Simonovic
2002!. Results indicate that simulated values match observed data
very well; the model is capable of capturing the essential dynam-
ics of streamflow formation.

The original modeling contribution is provided by the use of a
system dynamics simulation approach that relies on understand-
ing complex interrelationships existing between different ele-
ments within a system~Forrester 1968; Sterman 2000!. This un-
derstanding is achieved by developing a model that can simulate
and quantify the behavior of the system. Simulation of the model
over time is considered essential to understanding the dynamics
of the system. In turn, understanding the system and its bound-
aries, identifying the key variables, representation of the physical
processes or variables through mathematical relationships, map-
ping the structure of the model, and simulating the model for
understanding its behavior are some of the major steps carried out
in the development of a system dynamics model. System dynam-
ics, a feedback-based methodology, is applied in the development
of the hydrologic model that represents dynamics of the hydro-
logic processes described above. System dynamics provides a
conceptual framework useful in the assembly of nonlinear differ-
ential equations with complex feedback; it recognizes that the
dynamic behavior of systems is controlled by the feedback loop
structure~Richardson 1991!. The positive feedback stimulates all
factors in a loop to increase or decrease, and the negative feed-
back loop tends to keep elements in equilibrium. The system dy-
namics approach helps in the identification of the sources of prob-
lem behavior and understanding of the feedback structure of the
system.

From the viewpoint of system dynamics, the dynamic behavior
of the hydrologic system is dominated by the feedback loop struc-
ture, which controls change in the system. As external and inter-
nal conditions vary, the contribution of each feedback loop may
change, and the dominance in controlling internal moisture dy-
namics may shift from one feedback loop to another. Hence an
integrated analysis of complex feedback relationships could be
helpful for a better understanding of the watershed hydrologic
dynamics.

Based on the hydrologic processes in surface-subsurface lay-
ers, a basic dynamic hypothesis to generate the hydrologic dy-
namics is developed~Fig. 3!. The basic dynamic hypothesis
shows that the feedback structure of the fundamental state vari-
ables is related to the hydrologic flow processes as well as exog-
enous factors. The strength of each hydrological flow process is
represented by a rate variable. By linking state variables to the
rate variables, feedback loops can be formed to control the hy-
drologic behavior. When rainfall or snowmelt water enters the
system, the hydrologic flow processes are regulated by those
feedback loops. For example, in the complex system shown in
Fig. 3, one negative feedback loop controls the canopy capacity
and water interception:

water interception1.canopy storage2. interception capacity

1.water interception (1)

The signs in the above loop description@Eq. ~1!#, 1 and 2,
represent the positive or negative relationships between the first
T © ASCE / SEPTEMBER/OCTOBER 2003
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Fig. 3. Basic dynamic hypothesis of watershed dynamics
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variable and the next one. The loop in Eq.~1! shows that water
interception by the canopy increases water in the canopy stor
which reduces the interception capacity and finally limits t
water interception rate. Interception capacity is dependent on
vegetation cover, which is subjected to active temperature ac
mulation during the active snowmelt period.

Mathematical formulation of the system dynamics hydrolog
model based on the vertical water balance and five tank repre
tation includes a set of five nonlinear differential equations d
scribing each storage in the system, for example, any precipita
falling as snowfall is accumulated in the snow storage. A critic
temperature is used to determine whether the measured or
cast precipitation is rainfall or snowfall. Snowmelt rate can
calculated by the degree-day factor~Li and Simonovic 2002!. On
the basis of the water balance, the snow storage change rate
be mathematically expressed as

dS1

dt
5Psc12hT (2)

where S1 represents the water in snow storage~cm!;
Ps5precipitation as snowfall~cm/day! identified by a critical
temperature;c15snow-water equivalent coefficient~cm snow/cm
precipitation!; h stands for the degree-day factor for snowm
~cm/°C/day!; andT5daily mean temperature~°C!.

The model was developed and implemented using
STELLA II development tool~HPS 1997!. This modeling tool
provides a user-friendly graphic interface and object-oriented p
gramming approach. The model is represented by differential
difference equations that can be solved within the tool with eit
Euler’s or the Runge-Kutta method.
JOURNAL OF WATER RESOURCES PLANNIN
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The input data set for the hydrologic model use includes
calibrated parameters, temperature, precipitation, and a set o
tial values for the state variables. The main output includes sim
lated ~and observed in calibration and verification stages! dis-
charge at different locations in the study area on both rive
However, every system dynamics model is capable of ea
showing temporal variations in all state variables. In the proc
of model calibration and verification, Li and Simonovic~2002!
quite often used moisture dynamics in the surface and subsur
soil storage together with the precipitation data.

Assessment of Flood Protection System Performance

The flood protection system for the city of Winnipeg is fair
complex ~Fig. 2!. The performance of this complex system
dependent on~1! the flow from the upper Assiniboine River into
the Shellmouth Reservoir;~2! the outflow from the Shellmouth
Reservoir;~3! the local inflow along the Assiniboine River be
tween the Shellmouth Reservoir and the Portage Diversion;~4!
the operation of the Portage Diversion;~5! the Red River flow
upstream from the floodway;~6! the floodway operation; and~7!
the total Red River flow in Winnipeg downstream from th
Assiniboine River.

The hydrologic model described above can predict the ri
flow at Shellmouth Reservoir on the Assiniboine River and
Emerson and Ste. Agathe on the Red River. Outflow from
Shellmouth Reservoir depends on the Shellmouth Reservoir
erating rules. The Portage Diversion and the floodway are a
controlled by the operating rules. Local inflow along the Assin
boine and Red rivers can be estimated using the available
~Ahmad and Simonovic 2000!. A regional system dynamics simu
lation model is developed at this stage to allow for the investi
tion of system behavior in response to the different clima
change scenarios. Three statistical indices—system reliab
vulnerability, and resiliency—are employed to assess the per
mance of the flood protection system under the different clima
conditions. The assessment simulation model contains two m
sectors:~1! the Shellmouth Reservoir operations sector, and~2!
the Red River flood protection system indices sector. Both sec
are integrated within the model for seamless simulation of
flood protection system performance.

Development of the regional assessment model using the
tem dynamics approach is an original contribution that provid
~1! an easy way to capture and represent the complexity of
regional flood protection system infrastructure and its operatio
~2! the flexibility for testing the impacts of different climat
change scenarios;~3! an interactive ability to check the sensitivit
of each operational decision;~4! an opportunity to easily evaluate
different adaptation strategies by modifying either the system
frastructure~addition of different structural or nonstructural floo
protection system improvements! or the system operational rule
~for example, different strategy for operating the Red Riv
Floodway!.

Effective operation and management of the Shellmouth Re
voir provides water for the needs of agriculture, industry, a
ecological systems. System analysis has been found to pla
important role in reservoir operation and management, and
tem analysis techniques have been widely applied for reser
operation and management in the last four decades. As a pro
ing alternative tool, system dynamics simulation is gaining pop
larity in water resources modeling and management. Exam
include global river basin planning~Palmer et al. 1993; Fletche
1998! and long-term water resources planning and policy analy
G AND MANAGEMENT © ASCE / SEPTEMBER/OCTOBER 2003 / 365
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~Simonovic et al. 1997; Simonovic and Fahmy 1999!.
A more recent study of the reservoir operation for flood ma

agement using a system dynamics approach was conducte
Ahmad and Simonovic~2000!. The assessment methodology pr
sented in this paper draws from the work of Ahmad an
Simonovic ~2000! and applies system dynamics to analyze t
internal system structure of the reservoir management decis
that relate the water inflow to the reservoir storage, water outfl
control, reservoir operating rules, and the extent of flooding u
stream and downstream from the dam. The potential to red
floods and damage through modification of spillways and alt
ations of operating rules are of essential importance in identify
appropriate adaptation strategies to climate variability a
change.

The simulation of reservoir performance~calculation of reser-
voir storage and release! depends on reservoir inflow, flooding
potential upstream and downstream from the dam, and dem
for water from the reservoir for different uses. The feedba
causal loop diagram that describes reservoir dynamics is show
Fig. 4. The control variable for reservoir operation is the wat
release rate, which is determined from the demand structure,
sired reservoir level, and upstream and downstream flooding c
ditions. Based on the mass balance equation, the reservoir sto
can be calculated using

dS

dt
5Qinf2Qout2LOSS (3)

whereSrepresents the reservoir storage;Qinf stands for the inflow
entering into the reservoir;Qout denotes the water discharg
through the conduit and the spillway; and LOSS denotes the to
losses through seepage and evaporation.

Upstream flooding is triggered by a combination of the strea
flow and current reservoir level and is represented in the mo
using the flooded area and duration of flooding conditions m
sured in days. Each of these factors is expressed as a functio
the reservoir inflow and reservoir level. The number of days
also calculated when the upstream area is flooded.

Downstream flooding is triggered by the reservoir operati
and local inflow. The individual flooded area and duration
flooding at selected locations between the dam and the final
posal points on the river are calculated from the reservoir outfl
and local inflow. The downstream flooded area is divided into fi
subareas~Fig. 2!. Rating curves are provided for each of them b
Manitoba Conservation. The total downstream flooded area
also calculated.

The Red River section of the simulation model includes c
culation of the water level and flooding along the river usin
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stage-discharge relationships available for different sections
the river. Flooding in this portion of the model is triggered by t
operation of the Red River Floodway. The current floodway
erating rules are incorporated in the model obtained by Manit
Conservation~IJC 2000!. Combined flow from both rivers is cal
culated within the city of Winnipeg as a consequence of co
bined operation of all main flood protection structures: the Sh
mouth Reservoir, the Portage Diversion, and the Red R
Floodway.

The assessment methodology presented in this paper uses
based criteria for evaluation of the flood protection system p
formance. Hashimoto et al.~1982! formulated three criteria for
evaluating the possible performance of water resource syst
reliability, resiliency, and vulnerability. Reliability is defined
after Hashimoto et al.~1982!, Moy et al. ~1986!, Burn et al.
~1991!, and Simonovic et al.~1992!, as the likelihood of system
failure; vulnerability is used to describe the severity of the failu
and resiliency measures how quickly the system recovers f
the failure state. These three criteria were adapted and modifie
this study for the assessment of performance of the Winnipeg
flood protection system.

Reliability is defined as the probability of a system being in
satisfactory state and is expressed as a ratio of the numbe
nonfailure time intervals to the total number of time intervals
the period under consideration:

a5
1

NS(
t51

NS

zt (4)

zt51 ;xtPS (5)

zt50 ;xtPF (6)

wherea5reliability; zt5state of the flood control system in th
time interval t; S5satisfactory state;F5failure state; andNS5
duration of the operating period.

Failure states are considered to be the time intervals du
which flow exceeds the channel capacity at different control
cations along the river. In the case of the Shellmouth Reserv
the failure state is determined on the basis of reservoir water l
and its relationship to the rule curve. For the purpose of sys
performance assessment, the yearly reliability and total reliab
~calculated over the simulation horizon of 100 years! are calcu-
lated.

Vulnerability measures the severity of failure. It is simply d
fined as the maximum difference between the reference and
culated values of a certain variable~river flow or reservoir water
elevation! and is calculated on a yearly basis as

by5H 0 if Vt<Vf

Max@Vt2Vf # else
(7)

whereby5notation for vulnerability;Vt5reference level of river
flow or reservoir water elevation at timet; and Vf5calculated
value of river flow or reservoir water elevation. If it is used as t
long-term indicator, vulnerability is defined as the mean norm
ized value of yearly vulnerability:

bm5
( f 51

NF by

NF
(8)

bn5
( f 51

NF by

Vf•NF
(9)
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Fig. 6. System dynamics simulation model interface
Fig. 5. Schematic diagram of DYHAM model
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where bm5mean vulnerability;f5counter of failure states;NF
5total number of failure states during the operating period; a
bn5normalized mean vulnerability.

Resiliency describes a system’s ability to bounce back fro
the failure state. It is evaluated in the assessment methodolog
a yearly basis. An original formulation for measuring resiliency
water resources systems was developed by Simonovic e
~1992!:

g5
1

S MD

NS DFN

(10)

where g5resiliency indicator;MD5maximum number of con-
secutive time intervals of failure state in a year;NS5number of
days in a year; andFN5number of failure state time intervals in
a year.

Integrated Regional Dynamic Hydroclimatologic
Assessment Model

The regional dynamic hydroclimatologic assessment mode
DYHAM—integrates three modules:~1! a climate change sce-
nario generator, based on different global circulation models;~2!
a hydrologic model; and~3! a flood protection system perfor-
mance assessment model. A schematic diagram of the DYH
model is shown in Fig. 5.

The GCM module is based on the fundamental conservat
laws of mass, momentum, and energy, which describe the ap
tioning and transport of heat and moisture by the atmosphere
ocean. It provides information to the climate change scenario g
erator in the form of daily temperature and precipitation. T
output of the scenario generator represents the input into the
tem dynamics hydrologic model, which bridges the gap betwe
global climate change information and regional data needed
assessment of the performance of a flood protection system
simulates streamflow and flood patterns generated by snowm
under different temperature regimes. Streamflow generated by
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hydrologic model is used as input into the system dynamics
sessment model, which includes two important sectors:~1! flood
protection system simulation~reservoir, diversion, and floodway!;
and~2! calculation of system performance indicators. DYHAM
fully implemented in the STELLA II programming environmen
using a system dynamics modeling approach.

DYHAM can be used in real-time and simulation mode. T
real-time mode uses observed temperature and precipitation
as inputs into the hydrologic model for streamflow simulation,
directly employs observed streamflow as input into the ass
ment process. Therefore, three components of DYHAM can
separately applied for different purposes. Flexibility of th
STELLA programming environment allows for easy use of t
model in different modes.

Fig. 6 illustrates one of the DYHAM interactive interface
developed for the analyses of the flood protection performanc
the Shellmouth Reservoir~Ahmad and Simonovic 2000!. The in-
terface architecture allows an exchange of information betw
the model user and the model. The graphical screen~with option
to look at multiple graphs under the visible screen in the figu!
and table on the right-hand side provide detailed output inform
tion on the extent of flooding, engagement of infrastructure, a
impacts of flooding. Adjustable ‘‘slider’’ buttons on the bottom o
the screen are used to provide the user input to the model an
the simulation run or runs. The user can select different inf
structure options~for example, engagement of the diversion
not; introduction of controlled spillway or not; and so on! and the
reservoir operational rules and then run the system for differ
flood scenarios provided from the combined use of the selec
climate change model or models and the hydrologic model.

Illustrative Flood Protection System Assessment
Results

To illustrate the assessment methodology presented in this pa
one set of results will be discussed. Detailed assessment o
Red River flood protection system is available in Simonov
~2001!.

Climate change model scenarios provide the basic input in
mation for the assessment process and the use of methodo
presented in this paper. Temperature variation data generate
various GCM models provide the input for the hydrologic com
G AND MANAGEMENT © ASCE / SEPTEMBER/OCTOBER 2003 / 367
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Fig. 7. Comparison of~a! average temperature and~b! annual
precipitation generated by HadCM3 and ECHAM4 models f
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if-
ponent of the assessment model. Fig. 7 compares av
monthly temperature and annual precipitation data generate
Scenario 1~described earlier! by the application of the U.K
~HadCM3! and German~ECHAM4! models for the upper Re
River basin. From this figure it is quite clear that different G
models did provide different estimates of the main hydrol
parameters for the region under consideration.

The hydrologic model provides a flow pattern that corresp
to a particular global change scenario input~set of temperatur
and precipitation data!. Fig. 8 illustrates the flow at Ste. Agat

Fig. 8. Red River flow at Ste. Agathe generated by HadCM3 m
for Scenario 1
368 / JOURNAL OF WATER RESOURCES PLANNING AND MANAGEMEN
e
r

~Red River! generated for Scenario 1 of HadCM3 and compar
to historical floods. The figure shows the first 50 years of sim
lation and indicates only one year with flood flow exceeding t
1997 flow.

Flow information generated by the hydrologic part of the a
sessment model is then used in detailed simulation of the fl
protection system performance to assess its reliability. Simula
analysis of flood starting time@Fig. 9~a!#, flood peak time@Fig.
9~b!#, and flood peak flow@Fig. 9~c!# is available for different
global change scenarios generated by different GCM models.
9 shows one set of results at Ste. Agathe~Red River!. From this
illustrative set of results it is possible to conclude that the clim
variability and change may cause an increase in annual disch
and shift ahead in flood starting time and peak occurrence tim
the Red River basin. The detailed study of the assessment re
expands on this conclusion.

Fig. 9. Comparison of~a! flood starting time;~b! flood peak time;
and ~c! flood peak flow generated by different GCM models for d
ferent climate change scenarios at Ste. Agathe~Red River!
T © ASCE / SEPTEMBER/OCTOBER 2003
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Table 3. Flood Protection System Reliability—ECHAM4 and CGCM1 Models

River and location

ECHAM4
S1

CGCM1
S2

Minimum Maximum Mean Minimum Maximum Mean

Assiniboine River
Shellmouth Reservoir 0.7972 0.9861 0.9754 0.7014 0.9836 0.
Channel capacity 0.8000 0.9944 0.9774 0.7479 0.9945 0.
Russell 0.8000 0.9917 0.9776 0.7507 0.9945 0.9
St. Lazare 0.8000 0.9944 0.9774 0.7479 0.9945 0.9
Miniota 0.9417 0.9806 0.9982 0.9151 0.9918 0.99
Griswold 0.9417 0.9806 0.9982 0.9151 0.9918 0.9
Brandon 0.9472 0.9917 0.9984 0.9178 0.9781 0.9
Holland 0.9472 0.9889 0.9984 0.9205 0.9753 0.9
Portage 0.9694 0.9806 0.9989 0.9205 0.9863 0.9

Red River
Ste. Agathe 0.8889 0.9944 0.9949 0.8795 0.9945 0.9
Winnipeg — — 1.0000 — — 1.0000
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tial impacts and developing adaptation strategies that may req
modification of the physical system structure and/or modificati
of flood protection system operating rules.

Two large components of the assessment methodology
system dynamics modeling and simulation. Both the hydrolog
model and the system performance assessment model be
from the system dynamics approach. The dynamic behaviors
the hydrologic system and the flood protection system are do
nated by the feedback loop structure, which controls change in
system. As external~input and boundary! and internal~system
structure! conditions vary, the contribution of each feedback loo
may change, and the dominance in controlling internal syst
dynamics may shift from one feedback loop to another. Hence,
integrated analysis of complex feedback relationships was help
in better understanding the watershed hydrologic dynamics a
dynamics of the flood protection system performance.

The main advantage of using system dynamics modeling a
simulation in the assessment methodology is expected to co
from the use of DYHAM in developing appropriate adaptatio
strategies for future flood protection system modifications a
revision of system operating rules. Currently both the syste
structure and operating policies are under revision~IJC 2000;
Simonovic and Carson 2001!. Serious consideration is given to
the possible capacity increase of the Red River Floodway and
introduction of another detention structure south of the city
Winnipeg.

After the flood of 1997 the process for revision of the Re
River Floodway operating rules was initiated to provide for
more equitable share of consequences between the city and
southern neighbors. Shellmouth Reservoir operation is also un
investigation to assess the benefits of building the spillway gat
the reservoir is currently operated with an ungated spillway stru
ture. Use of system dynamics and an object-oriented progra
ming environment provides for~1! easy modification of system
structure by the manipulation of system objects that will chan
the mathematical description of the system; and~2! easy introduc-
tion and evaluation of different operating rules, reservoir stora
targets, and/or operation of floodway gates.

The main weakness of the assessment methodology is in
use of GCM scenarios for the future climate. Proper assessm
of the flood protection system requires detailed~daily! data that
are not always available from GCMs. Spatial resolution of the
data can also be a problem for smaller watersheds. The first wr
Three measures of the effectiveness of the flood protectio
system used in this study include reliability, vulnerability, and
resiliency as defined earlier in the paper. For illustrative purpose
a presentation of the flood protection system reliability obtained
from the use of Scenario 1 in ECHAM4~German! and Scenario 2
in CGCM1 ~Canadian! models is provided in Table 3. Calculation
of the reliability index is done using Eqs.~4!, ~5!, and~6!. Illus-
trative results presented in Table 3 and confirmed in a much mo
detailed assessment analysis show that the flood protection sy
tem capacity for the city of Winnipeg is sufficient under low
reliability criteria as established by the International Joint Com
mission and shown in Table 1.

Concluding Remarks

Changes in temperature and precipitation under climate variatio
have serious impact on the hydrologic processes related to floo
that are caused by snowmelt. Usual changes are observed in
shift of flood starting time and the magnitude of flood peak.
Therefore, serious consequences may be expected in the ability
existing large-scale flood protection systems to serve their func
tion. An original methodology for assessment of impacts on th
large-scale flood protection system has been developed in th
study.

The main findings of this study include~1! the need for a
‘‘tailored’’ approach; and~2! use of system dynamic modeling
and simulation.

The tailored approach is an exclusive way for addressing th
specific characteristics of the system under consideration. Th
city of Winnipeg flood protection system is characterized by a
number of special features, including specific topography of th
two river basins. In addition, overland flooding is the main source
of potential flood damages; snowmelt and spring floods define th
hydrometeorological state of the system; and the existing floo
protection infrastructure is driven by the Shellmouth Reservoi
and Red River Floodway operating rules. The assessment me
odology, which is based on the integration of different climate
development scenarios, detailed modeling of hydrological pro
cesses in the region, and statistical indicators of system perfo
mance obtained through simulation, is designed to address a
specific features of the system under consideration. A scenari
based approach was found to be of value in understanding pote
AND MANAGEMENT © ASCE / SEPTEMBER/OCTOBER 2003 / 369
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is investigating an inverse approach that will not modify the
sessment methodology but will replace the input data source.
derstanding of the mechanisms and processes of climatic v
tion and change that lead to hydrologic hazards~flood events! is
expected to be improved using an inverse approach. The exis
guidelines and management practices in a river basin will be a
lyzed with respect to critical hydrologic exposures that may le
to the failure of a flood protection system. Vulnerable subregi
in a river basin will be identified together with the risk exposu
then the critical hydrologic exposures~flooding! will be trans-
formed into corresponding critical meteorological conditions~ex-
treme precipitation!. Local weather scenarios will then be stati
tically linked to the large-scale features investigated with
GCMs.

The proposed assessment methodology is not limited to
city of Winnipeg region or to the flood protection system analys
The methodology can be easily adopted for application in diff
ent geographical regions~which will require modifications to the
hydrologic model! and for addressing the performance of diffe
ent water resources systems~which will require modifications to
the system performance simulation model!. Use of the proposed
methodology and DYHAM in real time is another advantage
the proposed approach, as discussed earlier in the paper.

The original modeling framework~DYHAM ! for assessmen
of climate variation and change impacts on the performance
complex flood protection system has been tested using the
River basin as a case study. Only illustrative output results
included in this paper; they clearly show that the use of th
different GCMs results in different patterns of temperature a
precipitation in the Red River basin. Considerable research is
required to bring GCMs to the level of being of real value
predicting future hydrological conditions on the watershed sc

Despite the differences between the models and the scena
the application of DYHAM revealed with consensus that the
nual precipitation and annual streamflow volume in the Red R
basin might increase under future climate change scenarios. F
starting time and peak time might also shift earlier. The results
this study indicate that the capacity of the existing Red Ri
flood protection system is sufficient to accommodate future
mate variability and change if the low-reliability criteria shown
Table 2 are used. In the case of application of the high-reliab
criteria, future increase of flood protection capacity is warrant
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