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ABSTRACT 

In recent years wave ray approaches to model coastal areas have given way to 2D 

spectrai models. Third generation spectral models allow the development of a wave 

spectrurn without any a priori limitations on spectral evoiution. One such spectral mode1 

is SWAN (Simulation of Waves in the Nearshore). This fînite depth model accounts for 

wind generated waves, whitecapping, bottom friction, refraction, depth induced breaking 

and shoding, but does not account for diffraction. 

The primary goal of this thesis is to detennine the suitabiiity of the SWAN model to 

predict significant wave height, peak period, and wave direction in the southem basin of 

Lake Winnipeg and Cedar Lake. A quasi nonstationary approach was developed to 

model storm events for Lake Winnipeg and Cedar Lake. Mode1 predictions were 

compared to data obtained from an array of waveriders (directionai and non-directional) 

deployed in the south basin of Lake Winnipeg in 1996. The array of wavender buoys 

allowed an opportunity to examine the temporal and spatial ability of the model to predict 

wave growth and decay in a relatively shallow lake. The quasi nonstationary method 

used in modeling the Lake Winnipeg wave climate with SWAN has produced reasonable 

results. Although there were some variation in predicted to measured spectra, modeled 

significant wave height were well reproduced within 6 to 15% of measured, peak penods 

within 0.5 seconds of measured and peak wave direction within 13" of measured. 

Cedar Lake which is the reservoir for the Grand Rapids generating station provided a 

second opportunity to test the SWAN model on a shallow lake. The lake has an average 

depth of 6 to 8 m with a maximum fetch of approximately 15 km which better matches 

the assumptions of the SWAN model. The depioyment of a single buoy at the east end of 

the lake allowed the possibility to measure a westerly storrn. Modeling of Cedar Lake 

produced better results than Lake Winnipeg because it's area is smaller so there is less 

spatial variation in wind speeck and directions. The SWAN modeling of Cedar Lake 

produced signifîcant wave heights within 4 to 9% of measured and peak periods within 

0.33 seconds of measured. 
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CHAPTER 1 Introduction 

1.1 Background 

An accurate description of a deep water or nearshore wave climate is fundamental to 

many aspects of ocean and coastal engineering; for example, the design of a drilling 

pladorm or breakwater, predicting dongshore currents or Lagrangian drift, or modeling 

sediment transport. However, it is not always cost effective or practical to deploy 

waverider equipment. Moreover, since long terni statistics are often required for 

structural design, the "short-term" deployment of a waverider buoy is of limited use. As 

a result, wave climates are ofien modeled using meteorological data 

Using a computer program called SWAN (Simulation of Waves Nearshore) developed by 

(Ris, 1997), two case studies were examined to evaluate the use of this mode1 on shallow 

to intemediate depth inland lakes. The two case studies in which wave and wind data 

were recorded were the south basin of Lake Winnipeg and Cedar Lake, both in Manitoba. 

Lake Winnipeg, which is iocated in southem Manitoba, is the 1 l b  largest fresh water iake 

(by surface area) in the world. The southem basin of Lake Winnipeg, which is quite 

shallow relative to its area (typically less than 10 m deep) and has very gentle nearshore 
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slopes, ie., on the order of 1:100. Lake Winnipeg also acts as a reservoir for the 

operation of Manitoba Hydro's hydroelectric generating stations on the Nelson river. 

As a first step to better understanding wind-wave drîven processes on Lake Winnipeg, a 

research program was established to collect the data necessary to verify and test a model 

to predict the wave climate. 

Cedar Lake is located at Grand Rapids and drains into the northwest end of lake 

Winnipeg. Cedar lake is a reservoir for Manitoba Hydro's Grand Rapids Generating 

station. This reservoir has an average depth of 6 to 8 m with a maximum fetch of 

approximately 15 km. 

As a first step to better understand wind-wave driven processes on Cedar Lake a wave 

monitoring program was established by Manitoba Hydro and Acres in 1996 and 

continued through 1997 and 1998. This monitoring program on Cedar Lake ailowed a 

second opportunity to evaiuate the performance of the SWAN model on a shailow lake. 

1.2 Objectives 

The primary goal of this thesis is to investigate and model wind-wave growth and decay 

on two shallow water lakes, viz., the southern basin of Lake Winnipeg and Cedar Lake. 

To this end the objectives of this research are as follows: 

to use directional and non-directional waverider buoy data dong  with over water 

meteorological data for Lake Winnipeg collected during the surnrner of 1996 and 

the fail of 1997 data for Cedar Lake to investigate the generation and decay of 

wind-waves on a relatively shallow lakes; 

to develop and veriQ a wave climate prediction model for the southem basin of 

Lake Winnipeg and Cedar Lake; and 

to use the calibrated SWAN model to determine the effects of lake level variation 

(due to wind setup) and wind direction on significant wave heights on Lake 

Winnipeg and Cedar Lake. 
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The remainder of this thesis is organized as follows. Chapter two presents a brief 

background of shallow water wave models and describes the SWAN mode1 which was 

used in modeling the two field cases. Chapter three discusses the field data and explains 

how these data were processed. The SWAN modeling and a cornparison of the results 

with obsewed data are presented in chapter four. Chapter five provides conclusions and 

offers recommendations for future work using SWAN. 



C-R 2 Background 

This chapter ficst presents background on the development of wind-wave modeling, 

providing some brief descriptions of current wave models. It then describes in greater 

detail the mode1 utilized for this thesis. 

2.1 Wind- Wave Modeling 

The development of wind generated waves in response to an offshore wind is a topic of 

considerable practical interest to physicists, oceanographers, and engineers. There have 

been many laboratory and field studies directed at elucidating the inception, growth, and 

evolution of waves in nsponse to wind forcing. This information has stimulated both the 

theoretical and empirical basis for wave modeling- 

The bulk of the research on wind-wave growth and development has focussed on deep 

water conditions. A detailed review of this work is outside the scope of this thesis; a 

number of books and seminal papers can be found in the literature. Most of the Canadian 

research effort in wind-wave processes has originated fiom CCIW (Canada Centre for 

InIand Waters) and BI0 (Bedford Institute of Oceanography). The CCIW work in Lake 

St. Clair (Donelan et al., 1992) is of particular interest, as Lake St. Clair is also a shdlow 

body of water (about 4 m) with a 40 km fetch subject to finite depth effects. 
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The need to model wind-waves in intermediate and shaliow water depths has led to a 

number of research focus groups. Data fiom these studies has led to the development of 

a number of wave clïmate models. These models unlike the traditional wave ray models, 

model the evolution of waves in ternis of a spectral energy balance on a regular grid or in 

the case of significant currents with the action balance equation. 

Wave models are described as na generation wave models based on their level of 

pararneterization of wave dissipation and wave-wave interaction- The first generation 

wave models developed in the 1970's did not take into account quadruplet-wave 

interactions explicitiy. As well the wave spectnim in these models is only allowed to 

develop assurning an upper limit of the Pierson-Moskowitz (1964) spectnim. It was later 

found by Hasselmann et al. (1973) that to fully describe the growing wind seas that the 

quadruplet-wave interactions needed to be properly accounted for. Second generation 

models anempted to remedy this by parameterking these interactions and by using the 

JONSWAP spectrum as an upper limit. Due to limitations of the second generation 

models inability to reproduce extreme conditions, third generation of models were 

developed where the spectrum is computed by integrating the spectral energy balance 

equation without any a priori restrictions on the spectrum (Ris, 1997). A brief 

description of some models follows. 

ADFAl - The Australian Defense Force Academy 1 is a second generation mode1 

developed by Young (1988). The model is based on the solution of the radiative transfer 

equation (Hasselmann, 1960; Sobey, 1986). The kinematics of wave propagation are 

described by ray theory. The atmosphenc input is based on the field measurements 

obtained by Snyder et al. (1981). The model includes the effects of: nonlinear 

interactions (Hasselmann and Hasselmann, 198 l), whitecap dissipation (Phiiiips, 1977; 

Kitaigorodskii et al., 1975), bottom fiction (Hasselmann and Collins, l968), and depth 

limited breaking (Chen and Wang, 1983). 
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WAM - The WAve Modeling model is a third generation ocean wave prediction model 

developed by the WAMDI (WAve Mode1 Development and Implementation) group 

(1988). The mode1 integrates the basic transport equation to describe the evolution of a 

two-dimensional ocean wave spectrum. The model incorporates the effects of wind 

input, nonlinear m s f e r .  whitecap dissipation, bottom dissipation. and refraction. 

HZSWA - The HIndcasting of waves in Shallow Water model was developed by 

Holthuijsen et al, (1989). This second generation model is based on a Eulerian 

presentation of the spectral action balance equation. The model assumes stationarity and 

removes time as an independent variable. The model includes the effects of wind input 

(Bouws et al., 1985) noniinear transfers (Günther et al., 1979), currents (wave blocking), 

bottom dissipation (Dingemans, 1983), shoaling, refraction, and wave breaking (Battjes 

and Janssen, 2979). The model may be used to predict wave heights up to and through 

the surf zone. 

WTNDWAVE - This second generation wave model for coastal wave prediction was 

developed by Ewing and Hague (1993). This model is based on the solution of the 

energy balance equation for waves in finite depth. The source function is given by the 

wind input (Snyder et al., 198 l), nonlinear interactions (Young, 1988), dissipation due to 

wave breaking (Kitaigorodskii et al., 1975) and bottom processes (Bouws and Komen, 

1983). 

SWAN - Simulating WAves in the Neanhore is a third generation model, the successor to 

HISWA (Holthuijsen et al., 1993). 

2.2 SWAN 

The SWAN model was chosen for this study because of it's potentid ability to model 

shallow water waves. As a third generation model the spectnim is computed by 

integrating the spectral energy balance equation without any a priori resûictions on the 
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spectrum. The model has the capability of modeling refiactive propagation, shoaling and 

shifting of the relative frequency due to space variations in depth and current. 

The following section presents the theory behind the SWAN model as  descnbed in Ris 

(1997) and from the SWAN manual (Ris et al., 1995)- The SWAN model is a discrete 

spectral model based on the action balance equation which, in Cartesian coordinates is 

given by (Hasselmann et al., 1973) 

where N= f ( cr, B, x, y, t ) is the action density as a hinction of the inuinsic frequenc y O ,  

direction 0, horizontal coordinates x and y ,  and time t (action density is equal to the 

energy density divided by the relative frequency). The first terni on the left-hand side of 

this equation represents the local rate of change of action density in time, the second and 

third terms represent propagation of action in geographical space with c, and c, 

equding the propagation velocities in space. The fourth term represents shifting of the 

relative frequency due to variations in depths and currents (with the propagation velocity 

c, in a space). The fifth term represents depth and current-induced refraction (with c, 

equaling propagation velocity in B space). The expressions for these propagation speeds 

are taken from linear wave theory. The S(a, 6) on the right hand side of the equation is 

the energy source term representing generation of waves by wind, dissipation and 

nonlinear wave-wave interactions. The energy source term is represented as 

where S, denotes the generation of wave energy by wind, S, is the dissipation of wave 

energy due to whitecapping, wave bottom interactions and breaking, Sm, is the nonlinear 

wave-wave interactions (triad and quaciruplet interactions). The physical processes of the 

generation of wave energy by wind, dissipation of wave energy and the nonlinear wave- 

wave interactions are described next. 
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The transfer of wind energy to the waves is described with the resonance mechanism of 

Phillips (1957) who considered wave growth that is linear in time due to resonant forcing 

of free surface waves by turbulent air pressure fluctuations and the feedback mechanism 

of Miles (1957) who considered growth that is exponential in tirne due to resonant 

interaction between the wave induced air pressure fluctuation and the free surface waves. 

The corresponding source term is described by the sum of the linear and exponential 

gr0 wth 

in which E ( a , B )  is the two-dimensional energy spectrum and A and B are coefficients 

which depend on wave frequency and direction and wind speed and direction. The A 

term describes linear growth is due to Cavaleri and Malmotte-Rizzoli (1981). Two 

options for the B term which describes exponential growth are available in the SWAN 

program. The first is due to Snyder et al. (198 1) rescaled by Komen et al. (1984) and the 

second is due to Janssen (1991). 

The wave energy dissipation is descnbed by whitecapping, bottom friction, and depth 

induced breaking. Whitecapping is prirnarily controlled by the steepness of the waves 

and is expressed as 

where r is a wave steepness dependent coefficient, and 5 and k represent the rnean 

frequency and mean wave number, respectively. The value of r depends on the wind 

input formulation that is used in SWAN, where the B term is due to either Snyder et al. 

(1 98 1) rescaled by Komen et al. (1984) or Janssen (199 1). 
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The Bottom fnction is expressed as 

in which C,,, is a bottom friction coefficient (Bertottï and Cavaleri, 1994). In the 

SWAN model there is the option of three different expressions for the Chnom term: the 

empirical model of JONSWAP (Hasselmann et al., 1973), the drag law turbulent friction 

model of Collins (1972) and the eddy-viscosity model of Madsen er al. (1988). 

Depth induced breaking in SWAN is described by the formulation of Eldeberky and 

Battjes (1996). The expression that is used in SWAN is 

where D,ol is the mean rate of randorn wave energy dissipation per unit horizontal area 

due to wave breaking according to Battjes and Janssen (1979) using a maximum wave to 

height ratio equal to 0.73. 

The nonlinear wave-wave interactions are the resonant sets of wave components that 

exchange energy and redistribute it within the spectrum. In deep and intermediate waters 

four-wave interactions (quadruplets) are important and in shallow water three-wave 

interactions (triads) h o m e  important. In deep water the quadruplet wave-wave 

interactions dominate the evolution of the specmim. The SWAN model computes the 

quadruplet interactions using the Discrete Interaction Approximation @IA) of 

Hasselmann et al. (1985). In very shailow water, triad wave-wave interactions are more 

important and are calcuiated using the Lumped Triad Approximation (LTA) of Eldeberky 

(1996). 
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Since preliminary runs using the nonstationary mode of SWAN tended to under estirnate 

the peaks of the storms for Lake Winnipeg the stationary mode in which the variable time 

is removed to make it more economically feasible was adapted. A quasi nonstationary 

approach was developed in which stationary mns were modeled in 1, 2, 3 and 6 hour 

averages of wind steps. This method worked well since the spatial scales k i n g  

investigated were not too large allowing the waves to travel through the grid in 

approximately one time step. 

The SWAN model uses a Finite Difference Methai to numencally integrate the action 

balance equation and is formulated in Cartesian coordinates, with a regular rectangular 

grid which is acceptable on a small spatial scaie. SWAN uses a fonvard marching 

technique, in which the computations progress line-by-line to propagate waves in 

geograph ical space. 

Implicit numerical schemes are chosen in the S W A N  model to propagate energy in 

geographical space. A first order upwind difference scheme is used because it is 

economical and suppresses spurïous oscillations. The fint two terms in equation 2.1 are 

approxirnated with the following fmt  order upwind schemes 

and 

in which i, and i' are grid counters in x and y - space. The state in a grid point is 

determined by the state in its up-wave discrete grid points, which makes the computation 

unconditionaiiy stable for al1 wave energy propagation directions. 
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This propagation step is carried out for each grid point in the computational domain. 

Each propagation over each of four 90" - quadrants is called a four sweep technique. It 

aiIows the wave energy from al1 directions to propagate over the entire geographical 

domain. Since the action density can shifi from one quadrant to another an iterative 

approach is taken. 

To terminate the iterative process the following cnteria were adopted for this thesis. The 

iteration is terminated when in more than 97% of the wet grid points the change in Hs 

(si-cant wave height) is less than 3% or 0.03 m and the change in Tdi  (absolute mean 

wave period) is less than 3% or 0.3 seconds. Since the accuracy of the wave buoys to 

which the modeled results were k i n g  compared is 5% these criteria should be accurate 

enough for this study. 

The modeling of currents was not taken into account in this thesis, therefore the 

propagation velocity ca is equal to zero in equation 2.1 and no action propagates through 

frequency space. 

In directional space to allow for large space steps. an implicit scheme is chosen. The 

fourth term in equation 2.1 is approximated with 

the coefficient v deterrnines the degree to which the scheme in directional space is first 

order up-wind or second order centrai. 
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To obtain the new action density in a grid point at each iteration the action balance 

equation is numericaily integrated by solving the foilowing set of linear equations for 

each sweep 

in which A is the known matrix, N is the unknown action densi ty vector and b is a vector 

with known values. In the absence of currents the Action density propagates though only 

x, y, and 8 space, therefore the matrix is a simple tri-diagonal band matrix which is 

inverted with a Thomas aigorithm (Abbot and Basco, 1989). 

To summarize, the SWAN model uses a Finite Diflerence Method to numericaily 

integrate the action balance equation. Implicit schemes in four-dimensional propagation 

space are used to ensure unconditionally stable wave propagation. In x,y  space a 

forward marching technique with a sequence of four 90" intervals sweeps are computed 

using a first order upwind scheme. In spectral space mixed upwind and centrai order 

schemes are used. For more information on the numericd aspects of the SWAN model 

consult the SWAN users Manual (Ris et al., 1997). 
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The two case studies examined in this thesis are the southem basin of Lake Winnipeg and 

Cedar Lake. This chapter first presents the Lake Winnipeg 1996 field experiment, 

describing the meteorological data and waverider data that was collected. Secondly it 

discusses the Grand Rapids 1997 field experiment, presenting the meteorological and 

waverider data collected. FinaUy the data collection process will be explained, describing 

how the wind and wave data was coliected and processed. 

3.1 Lake Winnipeg 1996 Field Experiment 

During the summer of 1996 the Lake Winnipeg shore processes program was undertaken 

in colIaboration with Drs. Forbes AGC (Atlantic Geoscience Centre), Thorleifsen GSC 

(Geological Survey of Canada), and Nielsen (MGSB) Manitoba Geological Services 

Branch. The wave modeling cornponent of this program involved the deployment of a 

north-south array of three waverider buoys in the southem basin of Lake Winnipeg seen 

in Figure 3.1. A north-south arrangement of waverider buoys was chosen because the 

strongest storm winds over Lake Winnipeg tend to originate from a northerly direction. 

The synoptic array of waveriders aiiow a comparison of predicted and observed wave 
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conditions, as well as examining wave growth (at least to the extent that the kquency 

response of the buoys aliow). 

3.1.1 MeteOrologid data 

Over water meteorological data (wind speed, direction and maximum gust, water and air 

temperature, and barometric pressure) were obtained from the Environment Canada buoy 

located at 50" 47' N and 96" 44' W, approximately 2 km fiom the northern nondirectional 

buoy (refer to Figure 3.1). The buoy recorded hourly almost continuously from June 24 

to M y  13 and July 22 to October 2, 1996. A maximum average wind speed reading of 

50.4 km/h bearing 140" occurred on September 5. Although over water wind data are 

preferred in the modeling of wind waves, the data from the weather buoy inevitably were 

not used in modeling due to the iength of the recording period. Environment Canada's 

Gimli and Victoria Beach stations recorded wind speed and direction for the period of 

June 12 (JD 164) to October 27 (JD 30 1) using U2A anemometers sampled on 2 minute 

intervals on the top of the hour. The Gimli station is located on the West side of the lake 

approximately 2.5 km inland at the airport. The Victoria Beach station is located on the 

east side of the lake on the pier at Victoria Beach. Data from these locations were used to 

examine the spatial variation of atrnospheric conditions. A maximum average wind 

speed of 61 km/h bearing 340° occurred at Victoria Beach on October 17 (JD 291) at 

2200 GMT and 50 kmlh bearing 340' at Gimli on October 17 at 2000 GMT. The 

meteorological data for Gimli, Victoria Beach and the meteorological buoy collected in 

the surnrner of 1996, by Environment Canada are presented in Figures 3.2-3.4. The 

graphs on the left side show wind direction in degrees plotted against Julian day. The 

graphs on the right side show wind speed in km/h plotted against Julian day. 

These meteorological data were anaiyzed to find days where wind speed readings in 

excess of 30 km/h and 40 km/h occurred. This analysis was primarily performed to 

identiw the most energetic days. The results of this analysis found that for the 

meteorological buoy 13 days had wind speed readings over 4C k d h  and 55 days had 

wind speeds over 30 For the Girnli station it was found that 9 days had wind 

speeds over 40 km/h and 41 days had wind speeds exceeding 30 k.xn/h. For the Victoria 
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Beach station it was found that 34 days had wind speeds readings that were in excess of 

40 k m h  and 65 days with reading exceeding 30 km/h. 

It can be seen in Figure 3.5 that a comparison of the probability of the direction between 

the weather stations was similar during the summer of 1996 with the highest probable 

wind direction king from the south. The probability seems higher for winds out of the 

east for Victoria Beach located on the east side of the lake and inversely higher for a West 

direction at Gimli on the west side of the lake. Figure 3.6 shows the average wind speeds 

for different directions during the summer and faii of 1996- It cm been seen that on 

average wind speeds are slightly higher for Victoria Beach compared to Gimii with the 

highest average wind speeds coming fiom the south and northwest. The weather buoy 

data is hard to compare directly with the other two stations since it was measured at a 

different elevation over water and for a different length of time. Figure 3.7 presents a 

comparison of wuid speeds between Gimli and Victoria Beach stations dunng Julian days 

260 to 262 and 290 to 293. It can be seen that the hourly wind speeds at Girnli are less 

than those at Victoria beach. A two hour delay c m  be seen between Girnli and Victoria 

beach as the storm switches directions and when it passes from West to east across the 

lake. A correction factor of 1.3 applied to the Gimli station appean to be an appropriate 

correction for overland effects as will be discussed further in section 3.2.1. 

3.1.2 Waverider data 

The north-south array of waverider buoys consisted of two nondirectional (0.7 m) 

Datawell Waveriders and one directional (0.9 m) Datawell WAREC. The northem 

nondirectional buoy was located at 50" 45' N and 96O 45' W, the southem buoy at 50" 3 1 ' 

8" N and 96" 45' W and the directional buoy at 50" 38' 4" N and 96" 45' W. The 

nondirectional buoys were deployed from June 13 to October 27, 1996, inclusive; several 

weeks of data are missing from the north buoy due to technical difficulties. The 

directional buoy was deployed September 13 to October 27, inclusive. Each buoy 

transmitted to a shore-based station located at Grand Beach where the signal was sarnpled 

and logged (almost continuously) for the entire deployment period. The nondirectional 

buoys were sarnpled at 5 Hz while the directionai buoy was sampled at 1.28 Hz. The 
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north buoy recorded at the top of every hour for 12 minutes, the south buoy recorded 

every 3 hours for 12 minutes and the directional buoy recorded at the top of the hour for 

30 minutes. 

Significant wave heights and peak periods were calculated and plotted for al1 the data for 

each of the three wavenders and are presented in Figures 3.8-3.10. The directional 

components were calculated for selected storms and are presented in chapter 4. A sample 

time series from the directionai buoy for the most energetic day, October 17 2300 GMT 

is shown in Figure 3.1 la The significant wave height and peak period measured by the 

directional buoy is 1.98 m and 5.46 s, respectively. Three coincident spectra, from each 

buoy, near the peak of the October 16 to 19 stom are shown in Figure 3.1 lb. The waves 

during the peak are traveling fiom north to south in line with the array of wave buoys, 

providing an opportunity to compare the wave growth from deep to shallower water. It 

can be seen that the variance density is similar between the three buoys, although the 

spectral peak is shif'ting to lower frequencies as the waves propagate to the south buoy. 

As well the spectrum shows an increase in long wave energy at the south buoy and 

decreased variance density at the peak. The significant wave heights at the three buoys 

are similar; 1.8, 1.75. and 1.8 m for the north, directional and south buoy, respectively. 

The spectra have an approximate rear face slope of 4.5 to -5 consistent with the 

theoretical expectations of -4 to -5 of Donelan et al., (1985) and Hasselmann et al., 

(1973). The north, directional and south buoys are each separated by L2.5 km. In 

intermediate water depths, the group velocity of 5.5 second waves yields a travel time 

between buoys of about 30 minutes. 

3.2 Grand Rapids 1997 Field Expriment 
In the fall of 1997 Manitoba Hydro, Acres International. and the University of 

Manitoba's Hydraulics Research and Testing Facility (HRTF) undertook a monitoring 

program to measure waves on Cedar Lake. the reservoir for Manitoba Hydro's Grand 

Rapids generating station. A nondirectional waverider was deployed ai the northeast end 

of the lake in order to examine the waves produced by the prevailing West winds over the 

15 km fetch seen in Figure 3.12a This monitoring program on Cedar Lake provides a 
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second opportunity to evaluate the performance of the SWAN model on a shallow water 

body. 

3.2.1 Meteoro1ogid data 

Meteoroiogical data were collected at the Grand Rapids generating station using a Young 

memorneter. The wind speed and direction was sampled at 1 Hz and averaged over 5 

minute blocks. The wind monitor was located approximately 7.5 m above the lake level 

requiring that wind speeds be corrected to 10 m height before they could be used for 

modeling. A description of how the wind speed was corrected is presented in section 

3.3.4 Estimation of Winds for Wave Prediction. 

The maximum average wind speed, recorded on October 13 (JD 286) 1600h, was 41.9 

km/h and bearing 296". The meteorological data for Cedar Lake collected during the 

summer of 1997, by Acres and the HRTF are presented in Figures 3.1 3. The graphs on 

the left side show wind direction in degrees plotted against Julian day, while the graphs 

on the right side show wind speed in km/h plotted against Julian day. 

The standard sampling strategy for Environment Canada's weather stations is to take the 

average 2 minute sample at the top of the hour to represent the average wind speed for 

that hour. Because of gusts and lulls in wind speed it was speculated that a 2 minute 

average at the top of the hour might not adequately represent the true average wind speed. 

The sampling scheme chosen for Cedar Lake allowed an investigation of how the 

sampling rate might effect the average wind speed recorded for an hour. The five minute 

average at the top of the hour was compared to the average wind speed for that hour for 

the Cedar Lake wind data. Although the correlation beniveen the 5 minute average and 

the 1 hour average was found to be 0.975, the maximum over estimation of average wind 

speed was 9.3 krn/h while the maximum underestimation was 11.2 km&. It would follow 

that a shorter sampling scheme such as the 2 minute averaging would have a similar. 

perhaps more pronounced effect on varïability of the average wind speed and directions. 

If 2 minute averaging is used to represent hourly wind data to model wave heights these 

differences may result in under or over estimations. 
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3.2.2 Waverider data 

Wave data was collected during the period of September 22 to November 5 1997, using a 

Datawell 0.7 m nondirectionai buoy. The buoy sarnpled at 2.56 Hz on the top of every 

hour for a 20 minute penod and was located approximately halfway between the island 

and the nonh dyke as seen in Figure 3.12a The computer and receiver were housed in the 

Grand Rapids generating station, approximately 5 km from the buoy. 

Significant wave heights and peak periods were calculated and plotted for al1 the data and 

are presented in Figure 3.14. A spectrum for the most energetic day, October 13 3:ûû am 

is shown in Figure 3-15. The significant wave height and peak penod for this time series 

is 0.73 m and 3.56 s, respectively. The rear face of the spectnim has quite a steep slope 

of approximately -5 or -6 compareci to theoretical expectations of 4 to -5 for deep water 

waves. 

3.3 Data Collection and Processing 
33.1 Non-directional Wave Buoy 

The non-directional (omnidirectional) waverider by Datawell shown king  deployed in 

Figure 3.16 is a particle following buoy. The buoy follows the movement of the free 

surface, and measures surface displacement by measunng the vertical acceleration of the 

buoy. The accelerometer is in cased in a sphere of fluid that allows a disk, which carries 

the accelerometer, to remain horizontal as s h o w  in Figure 3.17. The non-directional 

buoy's analogue circuits calculates heave (vertical displacement) of the buoy by 

perfonning a double integration on the measured vertical acceleration. The buoy 

cransrnits the time series to a computer, housed in a shore based station, by HF (27 MHz) 

FM signal. To remove any low frequency noise created by the double integration anti- 

drift filters are incorporated into the circuits in the buoy. (Tucker, 199 1) 

The time series from the non-directional waverïders were inspected for ciropouts and 

records containing wave heights less than 5 cm, the buoy's lower limit of resolution. The 

significant wave heights for the time series as shown in Figure 3.1 l a  were first calculated 

for each time series by averaging the highest 1/3 of the waves. The zero up crossing 
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method was used to calculate significant wave height. These two methods were later 

abandoned in favor of calculating the significant wave height of a time senes as the 

Hs40, where Hs equals the significant wave height and o is the standard deviation of the 

time series. This definition of significant height assumes that the wave heights of the 

time series foilow a Rayleigh distribution (SPM, 1984)- As seen in Figure 3.18 the wave 

heights of the buoys on Lake Winnipeg and Cedar Lake approximate a Rayleigh 

distribution. The directional buoy was found to have the best match with the Rayleigh 

distribution, likely because it's sampling length was longer than that of the other buoys. 

Calculating Hs by using four times the standard deviation was chosen because it was 

comparable with that calculated in the SWAN program. It is interesting to note that the 

three different methods used to caiculate the simcant wave heights resulted in slightly 

different values for Hs in the order of 5 to 10%. A spectral analysis of al1 the time series 

was preformed as  described in appendix A, to find the peak period Tp=l/ f, . Spectral 

band widths of 0.028, 0.01 1, 0.028, and 0.0 13 Hz were chosen for the north buoy, 

directional buoy, south buoy and Cedar Lake buoy, respectively. 

3.3.2 Directional Wave Buoy 

A directional wave buoy as the name implies measures the direction in which the waves 

travel. The directional Waverider by Datawell is aiso a particle-following buoy that 

foIlows the motion of the water it displaces. The directional buoy is similar to the 

omnidirectional buoy in that it rneasures heave and the heave was analyzed in the sarne 

fashion as that of the non-directional buoys in that the Hs, Tp and variance density 

spectrum were calculated for al1 the data. 

The time series acquired from the directional wave buoy contains north-south (pitch) and 

est-west components (roll) of displacement. It is convenient to filter these into 

frequency bands by Fourier transforms and then to consider how the wave energy in each 

of these bands is distributed according to its direction of travel. As described in Tucker 

(1991) the pitch and roll of the buoy hull dong two axes fixed in the buoy are measured 

relative to an inertia-stabilized platform. to which the vertical accelerometer is attached. 

A three-component fluxgate compas is fixed to the buoy to determine the direction of 
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magnetic north. A two axïs horizontal accelerometer is also fixed to the buoy huil dong 

the same axes; once again, using the pitch and roU angles and measured vertical 

acceleration, tme horizonta1 accelerations are calculated. These are then rotated about the 

vertical axis to give the N-S and E-W components of acceleration. Each channe1 is 

double integrated and high pass fdtered (to remove drift), using a moving average filter 

as described in appendix 4 of Tucker (1991) and transmitted by radio signal to a shore 

based computer. 

A Fast Fourier ûansform was preformed on the displacements of pitch, roll and heave to 

acquire the CO-spectra and quadrature-spectra The theory behind this analysis is given in 

Longuet-Higgins et al., (1963) and is described below. 

The directionai spectnim S( f ,O) is made up of the one dimensional spectrum S( f )  and 

G( f ,@) expresses how the energy of the frequency (f) is disbibuted by direction of 

travel 8 

w here 

A Fast Fourier transform is used to find the CO and quad components of the directional 

spectrum, i.e., 

QI, = k j S( f, 0) cos 6 dû 
O 
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C, indicates the cospectmm and Qj the quadrature spectrum, the subscript 1 denotes 

heave, 2 pitch, and 3 the roll. The CO and quadrature spectra of the heave, pitch and roll 

are directly related to the Fourier coefficients a, and 6, by 

of the spectrum S( f ,O), and in k t  

where k = , / ( C .  + C3,) / C,, is the wave number. 

We c m  therefore obtain from the motions of the buoy the first five Fourier coefficients of 

angular distribution of energy and thus the first five terms of the series. 

An approximation to the infinite series is the partial Fourier sum 

However, substituting a,, a,, bI , a, and 4 into equation 3.6 

where 

sin J(B - 8) 
= 1+2cos(û'-@)+2cos(û'-O) = 

sin (û' - 8) 
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The partial sum S, (f ,8) is the smoothed average of the actuai distribution of S( f ,8) by 

the weighting function (b - 8) . So an alternative approximation to S( f ,a) is 

which corresponds to the weighted average of S( f ,8) by a weighting function 

8 - C O S ~ ; ( ~ - O ) .  3 

The analysis of the directionai data in this thesis foiiowed that of Longuet-Higgins et al. 

(1963). The pirch-roll-heave time history data was processed to produce the CO and quad 

spectra by MEDS (Marine Environmental Data SeMce). As venfication. the resulting 

data were then compared to those calculated by the author. The CO and quad spectra were 

then processed by a Matlab routine using the above Longuet-Higgins theory to estimate 

the wave direction spectrum from the CO spectrai density matrix coefficients. The peak 

direction of the spectra were then found and compared to those calculated using the 

SWAN program. 

3.3.3 Wind Moaitor 

The R.M.Young wind monitor as seen in Figure 3.19 measures horizontal wind speed and 

direction. The propeller rotation produces an AC sine wave signal with frequency 

proportional to wind speed. This AC signal is induced in a stationary coi1 by a six pole 

magnet mounted on the propeller shaft. Three complete sine wave cycles are produced 

for each propeller revolution. 

The expression used to convert revolution to wind speed U is 

where M is a multiplier (to obtain miles/hour or d s ) ,  X number of pulses per second, 

and B is an offset. 
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The vane position is transmitted by a 10K ohm precision conductive plastic potentiorneter 

which requires a reguiated excitation voltage. With a constant voltage applied to the 

potentiometer, the output signal is an anaiog voltage directly proportional to azimuth 

angle of 360" (Campbell Scientific, 1996). The U2A anemometers used by Environment 

Canada at Gimii and Victoria Beach operate on a similar principle to that of the Young 

wind monitor. 

3.3.4 Estimation of Winds for Wave Prediction 

Like most moàels for wave prediction the SWAN mode1 requires over water wind speeds 

at a height of 10 m. A number of factors need to be considered in selection and use of 

winds for wave prediction; they are the height at which the wind is measured, stability 

correction and location effects. 

Victoria Beach and Girnli weather stations were both measured at a height of 10 m so no 

correction for height was needed. The stability correction is the correction of the wind 

speed to the air-water temperature difference. The use of this comction was considered, 

however, data for air and lake temperatures were limited. A factor of 1.1 in the absence 

of temperature data is suggested in the Shoreline Protection Manual (1984). This 

correction was not however applied because a study by Bishop et al. (1989) suggests that 

the correction should be ornitted; the use of the correction might therefore result in an 

overestimation of wave heights. 

Using land based weather stations that are more than 0.5 km from the lake requires a 

correction because of reduction of wind speeds due to surface roughness. Over water 

wind data is preferable to overland winds. however over water wind speeds are not 

always available. Overland wind data can be used with a correction if the data is the 

result of the same pressure gradient. A study on the Great Lakes by Resio and Vincent 

(1977) found relationships between ovewater and overland wind speeds required 

corrections up to 1.5. 
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Wind speeds at the Gimli airport 2.5 km inland from the lake were compared to those at 

the Victona Beach Station. It was found that on  average over the summer and fa11 of 

1996 that the wind speeds at Victona Beach were 1.3 times higher than measured at 

Gimli, The Girnli wind data was modeled with and without the correction of 1.3 to see 

how the modeled results compared. 

The Ceda. lake wind data was measured over the water at a height of 7.5 m, The wind 

data was adjusted to 10 m elevation magnitude so that the data could be used in the 

SWAN mode1 using the following approximation in the SPM (1984) 

where U(,, is the wind speed at 7.5 m elevation and z is the height in meters. 

As in the case of the Lake Winnipeg data no correction was made for air-water 

temperature difference. 

Selected storm data from the field cases described in this chapter were used in modeling 

waves on Lake Winnipeg and Cedar Lake. 
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Figure 3.2. Summary of Girnli wind direction (a-e) and wind speed (f-j). 
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Figure 3.3. Summary of Victoria Beach wind direction (a-e) and wind speed (f-j). 
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Figure 3.4. Surnmary of meteorological buoy wind direction (a<) and wind speed (d-f). 
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Figure 3.6. Probability of average wind speed measured at Gimli (a), Victoria Beach (b), 
and meteorologicd buoy (c). 
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Figure 3.7. Cornparison of Gimli (O), corrected Gimli by 1.3 (-) and Victoria Beach 
weather station (-). 



Figure 3.8. North buoy signincant wave heights and peak penods versus Julian day. The 
missing portion of the data are dus to wave buoy transmissiodreceiver problems. 
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Figure 3.9. Directional buoy significant wave heights and peak periods versus Julian day. 



Figure 3.10. South buoy significant wave heights and peak penods versus Juiian day. 
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Figure 3.11. Sample time series (a) fiom the directional buoy and spectra (b) from north 
buoy for Oct. 18/96 200 (O-), directional buoy for Oct. 18/96 230 (0) and fiom the 
south buoy for Oct. 18/96 300 (0). 
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Figure 3.12. Map of Cedar Lake forebay at Grand Rapids generating station (a) and 
photo of nondirectional wave buoy @). 
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Figure 3.13. Summary of Grand Rapids wind direction (a-b) and wind speed (c-d). 
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Figure 3.14. Grand Rapids signif~cant wave heights and peak penods versus Julian day. 
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Figure 3.15. Sample time senes (a) and spectra (b) fiom Cedar Lake buoy for Oct 13 
0300. 
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Figure 3.16. Deployment of nondirectional wave buoy on Lake Winnipeg. 
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Figure 3.17. Schematic of wave buoy. 
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Figure 3.18. Cumulative probability distribution for the Lake Winnipeg north (a), 
directional (b), and south (c) buoys Oct 18 0230, Oct 17 2300 and Oct 18 0000 1996, 
and Cech Lake buoy (d) Oct 13 O3ûû 1997, respectively, compared to a Rayleigh 
distribution. 
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Figure 3.19. Young anemometer deployed at Grand Rapids generating station. 
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CEIAPTER 4 Modeling 

The Generation 3 SWAN model version 30.75 as described in chapter two was used to 

model the south basin of Lake Winnipeg and Cedar Lake. The SWAN model with 

generations 1 and 2 was also considered, however, these were not investigated further as 

they significantly underestimated wave heights. This chapter first gives a description of 

the bathymetric data, wind data and boundary conditions that are required for this model. 

It then presents the results of the sensitivity of the modeled waves on Lake Winnipeg to 

the presence or absence of the ternis that make up the source term S(o,O) . Thirdly, the 

rnodeling of the three major stoms during the deployrnent on Lake Winnipeg dunng the 

1996 monitoring program will be compared to the field data To evaluate the effect of 

stonn surges on Lake Winnipeg, predicted wave heights for varying wind speeds and 

directions at different lake levels for Lake Winnipeg were examined. The results of the 

modeling of Cedar Lake with two storms from the 1997 monitoring program and the 

prediction of wave heights under different conditions are then discussed. 

4.1 Mode1 Input 

There are three main data requirements for the SWAN model, they are bathymetry, wind 

speed and direction, and initial boundary conditions. The bathymetry used for Lake 
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Winnipeg is s h o w  in figure 4.1. These data were entered using a GIS program by 

Matile of Manitoba Energy and Mines. The depths for Lake Winnipeg were entered from 

the Red River to Gu11 Harbour using a 1: 10,000 scale map (nwnber 625 1). A 59 km by 

107 km giid for SWAN was created from these data using a rectangular interpolation. 

The grid consisted of 1ûûû by 1000 ni spacing, which was chosen because of the 

computer resources available at the time. The bathymetry was checked and corrected for 

erroneous depths at some locations due to interpolation and key bed formations such as 

shoals and islands were added, if missïng. The depths on the 1:100,000 scale map of 

Lake Winnipeg are according to a water surface datum of 2163 m, For this snidy the 

water levels were adjusted to 218 m. The datum of the lake was adjusted in SWAN to 

see what effect wave setup and v w n g  the lake's elevations would have on wave height 

and period. 

The Cedar Lake bathymetry was entered from a 1 : 7 5 , 0  pre-impoundrnent map 

provided by Acres International. The location of the dykes around the lake were taken 

from the development plan by Acres International. The bathymetry used in SWAN for 

Cedar Lake is presented in Figure 4.2. The contours provided were ten foot intervals and 

were of the existing lay of the land before the Grand Rapids project. The grid is 22.25 

km by 14.75 km and is made up of 250 by 250 meter spacing. The lake elevation was 

assumed to be 256.64 m. The elevation at each grid point was taken to be the elevation at 

the closest contour line, consequently, the bathymetry data for Cedar Lake are not as 

refined or as accurate as that of Lake Winnipeg. 

The wind data for both Lake Winnipeg and Cedar Lake were entered assuming a uniform 

wind field was acting on the entire computational grid. This is an approximation given 

the spatial area k i n g  considered, especially for Lake Winnipeg. It has been shown in 

chapter two in the cornparison between the Gimli and Victoria Beach weather stations, 

that there can be a difference in wind speed from one side of the lake to the other as a 

storm system passes by or due to localized storm events. This will be seen in the results 

of modeling Lake Winnipeg with Victoria Beach, Gimli and the average of wind data 



from the two. Assuming a uniform wind field for Cedar Lake, which has a much smaller 

area, is a less tenuous assumption. 

There are two types of boundary conditions required by the SWAN program: the 

shoreline and open water boundaries. The shoreline and open water boundaries are fully 

absorbing (no reflections) for wave energy leaving the computational field. The boundary 

conditions at the up wind or deep water boundary in many studies, inciuding a recent 

study by Ris (1997), use either a wave buoy measurement or deep water modeled wave 

height or the energy spectrum as the open water boundary condition at the up wind end of 

the computational grid For both of the case studies exarnined in this thesis only the 

shoreline is given as a boundary condition. If SWAN is to be used as a wave prediction 

model for lakes where no buoy data is available it must be able to model waves without 

the help or use of open water boundary condition. 

The standard SWAN model defaults were used as described in Ris (1997). The SWAN 

computations are tednated when in more than 97% of the water covered grid points the 

change in significant wave height between two successive iterations is less than 0.03 m 

and the change in mean period is less than 0.3 seconds- 

As described in chapter two the right hand side of the action balance equation is made up 

of the sum of the wind input, wave dissipation and nonlinear wave-wave interactions. To 

find out how sensitive the SWAN model is to these source terms, and which friction 

model to use, the SWAN mode1 was run for a range of wind speeds 

(bearing of 34S0, a common wind direction for Lake Winnipeg in the fall) varying the 

source friction terms to investigate their effects. 
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The wave growth due to wind is modeled by linear and exponential components. The 

expression for linear growth is due to Cavaleri and Mdanotte-Riaoli (1981), while the 

exponential component can be optional chosen as either the expression of Komen or 

Janssen. The Komen option was run with al1 the source terms on and then run with each 

of the source tenns turned off, so that the effects of whitecapping, bottom friction, depth 

induced wave breaking, triad and quadruplet wave-wave interactions could be detennined 

at the buoy locations. Runs with the Janssen expression resulted in under prediction of 

significant wave heights on Lake Winnipeg and Cedar Lake compared to chat of Komen 

and of the measured data. This finding is sirniiar to those of Padilla-Hernandez et al. 

(1997) who found that running the SWAN with the Janssen setting also resulted in lower 

sipificant wave heights than that of the Komen setting or measured data. The Komen 

mode1 was therefore used in the prediction of significant wave heights in various 

directions and Lake elevations. No further cornparison between Komen and Janssen is 

prcsented at this time. 

The whitecapping dissipation source term represents the process by which wave energy is 

lost through deep-water wave breaking. It is primarily controlled by the steepness of the 

waves and is perhaps the least understood mechanism in deep water (Ris, 1997). The 

SWAN mode1 was run with Komen wind input option, with and without the 

whitecapping turned on. The results showed that without whitecapping the significant 

wave heights at al1 three buoys increased drarnatically. For a wind speed of 15 m/s the 

wave heights were 1.6 times larger than without the whitecapping source term. At wind 

speeds of 30 to 35 m/s the effect of removing the whitecapping was not as great, on the 

order of 1.1 to 1.2 times larger. The peak p e n d  as well as directional spreading 

increased with the removal of the whitecapping source term. This shows how important 

whitecapping is in the dissipation of wave energy in the modeling of deep to intermediate 

depth waves. 
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4.23 Bottom Friction 

Just as for wave growth due to wind there are also different options for bottom fnction in 

the SWAN model. Three different bottom options can be chosen JONSWAP, Collins, or  

Madsen. The JONSWAP fnction formulation with the Komen wind input was run and 

compared to that with the friction turned off. The results showed that without the friction 

being modeled, wave heights were 5 to 10 % higher. The difference was greatest at the 

south buoy showing that bottom fnction plays a larger role in shallower water than in 

deep. The use of different bottom friction formulations can have a significant effect on 

the energy balance (Padilla-Hemandez et d, 1997). A cornparison of the three different 

friction options at a wind speed of 35 m/s and direction of 345" showed that at the south 

buoy the significant wave heights varied between the models from 3.21 m (Collins), 

3-14 m (JONSWAP) to 3.00 m (Madsen). Later in this chapter the three different bottom 

friction formulations are compared in modeling a storm event on Lake Winnipeg. 

4.2.4 Wave Breaking 

When waves propagate from deep water to waters of finite depth, shoaling leads to an 

increase in wave height. If the wave height to water depth ratio becomes too large the 

waves start to break and wave energy is rapidly dissipated by depth-induced wave 

breaking (Ris, 1997). The model was run with and without the breaking source term and 

it was found that for wind speeds of 15 rn/s or even 30 m/s removing the breaking source 

term had little to no effect at the buoy locations. At 35 mls the waves becarne large 

enough at the south buoy where the depth is 9.7 rn that breaking started to occur. At this 

wind speed the waves are 1.1 times higher than with breaking. 

4.2.5 Nonlineau Wave Wave Interaction 

As described in chapter two, quadruplet wave-wave interactions occur in intermediate to 

deep water, therefore it was not surprising to find that removing the quadruplet source 

term resuked in decreased wave heights on the order of 1.1 to 1.2 tirnes. This shows that 

the quadruplet wave-wave interactions play a role in wave growth in the SWAN model. 



Chapter 4 Modehg 

The removal of triad interactions did not result in any change in wave height or period. 

This is likely due to the fact that triad interactions occur in shallow waters and since the 

buoys are located in deep to intermediate water depths removing triad interactions would 

not be expected to have any significant effect. 

To evaluate the performance of the SWAN mode1 in the two case studies considered 

herein the computations have k e n  staîisticall y analyzed, The computed significant wave 

height and peak period were compared with values measured at each buoy location. The 

correlation, root mean square error (RMS), and Scatter index (SI) were calculated for the 

significant wave height and peak period. The peak wave direction was evaluated with the 

mean absolute error. A visual cornparison between the modeled and measured spectral 

shape was performed for both the one and two dimensional spectra. 

The correlation is given by 

where 

The correlation was chosen to determine how well modeled values compared with 

measured. If large values in the modeled set are strongly associated with large values of 

the measured set the correlation would be positive and close to but Iess than unity. 
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The RMS error is given by 

where xi is the observed value at time i and yi is the value computed by SWAN at time 

i .  

The Scatter index is defined as the RMS error normdized with the mean of the observed 

values and is given by 

RMS SI =- x 

where F is the mean of the observed values. 

4.4 Modeüng of Lake Winnipeg 

A quasi nonstationary approach was adopted for the SWAN, in hindcasting three storm 

events selected from the 1996 monitoring program. Two hour averaged wind speeds and 

directions were used in stationary runs of SWAN to model the stonns. The storm 

selection, hindcast nsults, a hypothetical deep water case. and modeling of different wind 

speeds, directions, and lake elevations is presented in this section. 

4.4.1 Storm Selection 

Three storms from the 1996 Lake Winnipeg monitoring program were modeled using the 

SWAN model. The storms were chosen to follow the north-south arrangement of 

waverider buoys. The first storm that was modeled originated on Julian day 290. The 

wind began blowing from the southwest and then switched to the north, ending on IuIian 
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day 293 blowing from the west as can be seen in Figures 4.34.5 from the different 

weather stations. The storrn lasted three days and reached a maximum wind speed of 17 

rn/s from the north-northwest at its peak. The second storm, which is slightIy smaüer in 

magnitude (Figures 4.6-4.7), began, on Julian day 300 blowing lightly from the noah 

then switched to the east increasing in velocity, rotated back to the norfh continuing to 

increase while turning to the West and ending on Julian day 302. The third storm modeled 

occurred between Julian day 260 to Julian day 262. The wind began blowing from the 

south-southeast and oscillated between 4 to 7 mis (Figures 4.8-4.9). 

A comparison of peak conditions for storm 1 at the different buoy locations is shown in 

Table 4.1. The values of and W g  T~ were calculated to show where in Figure 4.10 

the peak of stonn 1 falls into this wave theory figure. Al1 three of the buoys on Lake 

Winnipeg were in transitional depth water and are significantly outside the range of 

Linear Theory and therefore provide a gooci test of the SWAN model. 

Table 4.1 Cornparison of peak conditions during s tom 1. 

I I Peak Conditions 1 
Measwement 

Lake Winnipeg north buoy 

Lake Winnipeg directional buoy 

(m) 

12.7 

Lake Winnipeg south buoy 

The three storms selected were modeled with SWAN in a quasi nonstationary approach 

using wind data averaged two hours before the wave measurement. Aithough other time 

increments between two and six how averages were examined to calibrate the model, the 

two hour time step produced the best correlation for storm 1 and therefore was used for 

12.5 

Cedar Lake buoy 

(m) 
1.87 

9.7 

1.98 

7 

(sec) 

5.54 

1.89 

5.46 

0.73 

0.042 

5.54 

0.0062 

0.043 

3 .56 

0.0068 

0.032 0.0063 

0.056 0.0059 
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storms 2 and 3. Simulations were preformeà using wuid data €rom the Victoria Beach, 

corrected wind data from Gimli and the average of the two stations with the Komen wind 

option and JONSWAP fiction. To find out how weU the SWAN model performs 

statisticai anaiyses of the measwed to modeled significant wave heights and peak periods 

were carried out as described in the model effectiveness section. The measured peak 

directions were cornpared to predicted for storm 1. One and two dimensional spectra 

were also visually compared for s tom 1. 

A cornparison of measured to predicted significant wave heights and peak periods for 

storm 1 are shown in Figures 4.1 14-13. The modeted results using Victoria Beach wind 

station, although show a reasonable cornparison of predicted H s  and Tp with measured, 

the effect of spatiai variation with time is evident. The predicted peak of the s tom is 

different from the measured by approximately 2 hours as can be seen in Figure 4.1 1. 

Modeling using the Gimli data corrected by 1.3 for land effects shows an improvement in 

Hs and Tp for the peak as seen in Figure 4.12. but overestimates the wave heights at 

approximately Iulian day 290.75, while wind speeds at Victoria Beach during this same 

time are less and produce a better match. This shows that the wind field is not as uniform 

over the entire grid as first assumed. An average of the corrected Gimli and Victoria 

Beach data was then used to mode1 storm 1. Figure 4.13 shows that using both the 

Victoria Beach and the corrected Gimli data, the match of Hs at Julian day 290.75 

improves, while still reproducing the peak significant wave height of the storm for d l  

three wave buoys. The peak periods are generally well reproduced, but appear to be 

underestimated for the peak of the storm for the south buoy. A step like shape to the 

peak period graphs is evident as a result of the ffequency band resolution from the 

spectral analysis. A contour plot of significant wave heights at the peak of s t o m  1 using 

the corrected Gimli data is shown in Figure 4.14. This plot shows how the wave heights 

are effected by depth as the waves travel fiom the deeper water in the north to the 

shallower water to the south. The maximum wave heights are reaiized in the area were 

the three buoys are located. 
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A cornparison of the statistical analysis of the three different wind inputs is shown in 

Table 4.2. Using Victoria Beach wind data produces a poorer correlation of predicted Hs 

and Tp with measured than when Gimli or  the average of the two stations are used for 

modeling. The corrected Gimii wind data produces significantly improved correlation as 

well as better RMS error and SI values than that for Victoria Beach. Combining the 

previous two wind data sets results in a small improvement in RMS error, SI and 

correlation for significant wave height, while producing slightly worse statisticai results 

for peak period. 

Table 4.2 Summary of statistical results for Lake Winnipeg storm 1. 

Wind Input 

Victoria Beach 

North buoy 

Directional buoy 

South buoy 

Girnli 

North buoy 

Directional buoy 

South buoy 

Girnli & Victoria Beach 

North buoy 

Directional buoy 

South buoy 

RMS 
e m r  

Correlation RMS 
error 

0.63 

0.70 

0.75 

0.4 1 

0.35 

0.47 

0.36 

0.42 

0.52 

Correlation 

To determine which wind input reproduced the peak of the stom better than an other, a 

statisticai analysis of Julian day 291 to 293 was performed and is presented in Table 4.3. 

The results show that the corrected Gimli wind input reproduced the significant wave 

height and peak period better during the peak of the s t o m  than the average of the Girnli 

and Victoria Beach wind inputs. 



Table 4 3  Cornparison of statistical results of storm 1 Julian day 291 to 293. 

Wind Input 

Girnli 

North buoy 

Directional buoy 

South buoy 

Girnii & Victoria Beach 

North buoy 

Directional buoy 

South buoy 

Correlation 1 CI 1 Correlation 

To investigate the effect of using the different friction options, three simulations of storm 

1 were preformed with the average of the corrected Gimli and Victoria Beach wind input 

with the three different options. The statistical results, which are presented in Table 4.4, 

show very Iinle difference in the correlation between measured and predicted for Hs 

between the cases. However the RMS error of Hs and Tp at the south buoy are slightly 

larger for the Madsen option and it was found that the significant wave heights were 

being under predicted. The Collins option produced similar results to the JONSWAP 

model although the correlation for Tp was slightly lower and the significant wave heights 

were slightly overestimated. Therefore the corrected Gimli and the average of Victoria 

Beach and corrected G i d i  wind inputs were used with the JONSWAP friction option to 

model stonns two and three. 



Chapter 4 Modeling 

Table 4.4 Summary of statistical results cornparing friction models for Lake Winnipeg 

storm 1 using an average of the Victoria Beach and Girnli wind input data. 

Friction Option 

JONSWAP 

North buoy 

Directionai buoy 

South buoy 

Madsen 

North buoy 

Directionai buo y 

South buoy 

Collins 

North buoy 

Directional buoy 

South buoy 

RMS 
error 

o. 15 

0-19 

O. 18 

O. 14 

O. 18 

0.2 1 

O. 16 

0.20 

O. 18 

Correlation RMS 
error 

Correlation 

0.93 

0.95 

0.94 

0.93 

0.95 

0-93 

0.92 

0.93 

0.92 

The results of modeling the second storm are presented in Figures 4.15-4.16, with the 

statistical results presented in Table 4.5. Figure 4.15 shows the bimodal peak of stonn 

two was reproduced quite well using the corrected Gimli data. The significant wave 

heights and peak penods compared favorably with those measured for the north and 

directional buoy. The south buoy wave heights and peak periods were underestimated, 

possibly caused by higher local wind speeds or different local wind direction. Modeling 

the storm with the average of the two weather stations (Figure 4.16) resulted once again 

in improved statistical results and a better match of significant wave heights at the south 

buoy even though the double peak of the stonn was not reproduced. However, the 

prediction of the peak period deteriorates. 



Chapter 4 Modeling 

Table 4.5 Summary of statistical results for Lake Winnipeg storm 2. 

- 

Wind Input 

Girnli 

North buoy 

Directional buoy 

South buoy 

Girnli & Victona Beach 

North buoy 

Directional buoy 

South buoy 

RMS 
error 

0.13 

O. 14 

O. 15 

0.09 

0.1 1 

0.17 

Correlation 
- 

RMS 
e m r  

The third storm unlike the first two, presented winds from the southeast. Figures 4.17- 

4.18 show the comparison between the measured and modeled significant wave heights 

and peak periods for the storm. It can be seen that the south buoy, and to some extent the 

directionai buoy, produce a reasonable match of Hs and Tp although underestimating the 

start of the storm. The north buoy underestimates the pealc and the timing is misrnatched. 

This may be due to the fact that this storm exhibits low variable wind speeds and that the 

presence of the storm may be more localized than storms 1 and 2 or that the Victona 

Beach station may require an overland correction for a southeast direction. A statistical 

comparison of measured to predicted significant wave heights and peak periods is 

presented in Table 4.6. The statistical results confirm the above visual comparison that 

the north buoy is not well reproduced. 
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Table 4.6 Summary of statistical results for Lake Winnipeg storm 3. 

Wind lnput RMS 
error 

G i d i  

North buoy O. 15 

Direc tional buoy 0.12 

South buoy 0.09 

Gimli & Victoria Beach 

North buoy O. 15 

Directional buoy 0.10 

South buoy 0.06 

Correlation RMS 
error 

Corretation 

A comparîson of the variance density spectra for al1 three wave buoys from storm 1 with 

the predicted spectra from the corrected Girnli simulations are shown in Figures 4-19- 

4.2 1. 

The cornparison of the spectra for the north buoy reveals that early in the storm seen in 

Figure 4.19 a-c the match between measured and modeled spectra is pwr. This is Iikely 

due to variable wind speed and direction over the lake (wind speeds were assumed 

uniform over the entire grid for modeling). Figure 4.19 d-h shows similar shape and peak 

frequency between the measured and predicted spectra The forward face of the spectra 

is well reproduced as well as the beginning of the rear face by the model. Differences 

between the measured and modeled spectra can be seen at the low frequency where the 

model is not taking into account the long wave component and at the high frequency 

where the model overestimates variance density, this overestimation was as also observed 

by Ris (1997). Figure 4.19 i-k show an overestimation of variance density, this is likety 

due to rapidly changing wind directions early in the storm. Figure 4.19 1-aa once again 



shows the spectra to match as the peak hquency inmases. M e r  the peak of the storm 

the spectra have a double slope rear face which is seen in both the measured and modeled 

seen in Figure 4.19 bb-hh and then retums to one dope again in Figure 4.19 ii. The 

modeled spectra for the north buoy for storm 1 match well excluding the low and high 

frequency ranges. 

A comparison of the directional buoy's spectrum to modeled for storm 1 shows similar 

finding to that of the north buoy. Like the noah buoy again the long wave energy is not 

modeled. The measured to modeled specfnun in Figure 4.20 a-c once again are poorly 

matched. This was likely due to wind variabiiity and directional change. Figure 4.20 d-f 

shows measured spectrum to match modeled very well. Figure 4.20 g-k show an 

overestimation of variance density by the mode1 Uely due to local wind speeds k i n g  

higher at the meteorological stations than over the entire lake. As the wind direction 

stabilizes out of the northwest as it approaches the peak of the storm, the spectra match 

nicely as can be seen in Figure 4.20 m-aa. The directional buoy d w s  not show the 

double sloped rear face of the north buoy as the storm subsides. This comparison of the 

spectrum of the directional buoy shows that the mode1 reproduces the measured spectm 

The cornparison of the south buoy's spectrum to modeled revealed sirnilar finding as the 

north and directional buoys. Figure 4-21 c shows a p w r  spectral match between 

measured and predicted as seen with both the north and directionai buoys. Figure 4.21 f 

shows a good match although slightly overestimating the variance density. Figures 4.2 1 i 

and 4.21 1 overestimate the variance density, likely due to local winds around the south 

buoy k i n g  lower than the meteorological stations. Figure 4.21 O once again shows a 

good match of measured of modeled spectrum. As the storm reaches it's peak, seen in 

Figure 4.2 1 u, x, and aa, the modeled and measured spectra match well, reproducing the 

forward, rear faces as well as the peak frequencies. Figure 4.21 dd and gg show that the 

spectmm at the end of the storm continue to match well. 
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These comparisons of measured to modeled spectrum for storm 1 has shown that the 

model generally have done a good job of reproducing the fonuard and rear faces and peak 

frequencies; however, the model does not reproduce the long wave components from O to 

o. 1 Hz. 

The peak wave directions of stom 1 were compared to the predicted for the corrected 

Gimli simulations and for the average of the two meteorological stations. Figures 4.22- 

4.23 show peak wave directions during storm 1 for the two wind cases. The d e l  

reproduces the peak of the storm reasonably well but has some trouble matching the peak 

direction early in the stom when the winds are Iight and shifting from the southwest to 

northwest. The corrected Gimli weather data produced a slightly better absolute mean 

difference of 13" compared to 16" for the average of the two stations. 

A cornparison of the measured directional spectrum from stom 1 with the predicted 

corrected Gimli weather data are shown in Figure 4.24. Comparing the spectrum earl y in 

the storm seen in Figure 4.24 a-f shows large variations in peak wave direction as well as 

variance density and spectral shape as previously seen in the cornparison of the 1D 

spectra. The model produces a poor match of the peak direction for light winds out of the 

southwest early in the stom with differences as large as 60"- This is likely due to the fact 

that the winds are light and variable and changing direction quickly. The use of only two 

hour time steps may have resulted in the over estimations of significant wave heights and 

incorrect peak wave directions early in the stom when the winds were light- When the 

winds shift from southwest to West the modeled and measured spectmm agree nicely as 

seen in Figure 4.24 g-p. As seen in Figure 4.24 y-m the peak wave directions for the 

majority of the higher wind speeds from out of the nocth and northwest are king well 

reproduced by the model. The measured spectra have a slightly wider directional spread 

than the modeled; this could be due to the fact the wave energy from one modeled time 

step is not transfemd to the next nsulting in a narrower directionai spread or that the 

method of estimating the rneasured directional spectrum is over estimating the directional 

spread. Near ihe peak of the stonn the predicted significant wave height is within 7% of 
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measured as seen in Figure 4.24 ww and xx. The peak wave direction is within 15" of 

the measured and the peak period is 5.5 seconds compared to 5.1 seconds. The spectral 

shape of both the measured and predicted spectra are very sirnilar. 

Overall the quasi nonstationary approach taken in the modeling of Lake Winnipeg with 

SWAN has produced reasonable results. Sorne variation in predicted to measured 

spectra, significant wave height and peak periods could be due to buoy accuracy, timing 

of rneasurements and sampling length of the buoys. Increasing the wind direction input 

to a resolution better than + 596, as well as increasing the sampling length may produce a 

better match of measured to modeled waves. The use of the nonstationary SWAN model, 

when it is fully debugged, with a grid of wind data may also improve the results for light 

variable winds with quickly varying wind directions. 

Although the results produced here were acceptable, the use of this model is pushing the 

lirnits of it's capabilities for Lake Winnipeg. The size of the area king  considered is 

quite large approximately 90 km by 35 km. Numencal diffusion in SWAN can occur for 

large propagation distances (Ris, 1997). 

4.43 Hypothetid Deep Water Case 

To investigate the effects that intermediate water depths have on wave growth a 

hypotheticd deep water bathymetric data set was developed for cornparison. In the 

hypothetical deep water case water depths were increased by 100 m from the original. A 

range of wind speeds from 2.5 to 35 m/s at 345" were simulated and compared against 

the original bathymetrk case. Figures 4.254.26 present the cornparison between 

significant wave height contours for both cases with 35 m/s wind. It is evident from 

these plots that significant wave height are reduced due to depth effects. Wave heights 

continue to increase from north to south in the hypothetical deep water case, while wave 

heights in the original case experience significantly less growth in the north and reduced 

heights as the waves travel south into shallower water. The hypothetical deep water 
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case has significant wave heights of 6.5 m compared to  4 m for the original case at the 

location of the directional buoy. At the south end of the basin the hypothetical case the 

significant wave height reaches 7 m while the original case experiences depth effects 

lirniting the wave height to 0.5 to 1 m. 

4.4.4 Wave Height Forecasting 

To investigate the model's behavior for different wind speeds, directions and lake levels a 

number of mns were prefonned- A range of wind speeds varying fiom 2.5 m/s to 35 m/s. 

with l S O  increments were modeled at three different lake elevations. The three lake 

elevations chosen were low and high water Ievels of 217 and 2 18 m as well as a vaiue of 

2 19 m chosen to reflect a 1 m storm surge above the hi& lake level. 

Signifîcant wave heights at the three buoy locations for a wind of 35 m/s and range of 

directions at an elevation of 218 m are presented in Figure 4.27. The direction found to 

produce the largest waves at al1 of the buoys is 15' (north-northeast) with significant 

wave heights of 3.65 3.75 and 3.25 m for the north, directional and south buoys, 

respectively. A cornparison of the signifcant wave heights at the three buoy locations 

with a wind of 35 mls fiom lSO are shown in Figure 4.28. The largest effect of varying 

lake elevation occurs at the south buoy because of it's shallower depth. For the south 

buoy an increase in water elevation from 2 17 m to 2 19 m produces an increase in 

significant wave height of 12% and an increase from 218 m to 219 m of 7%. The largest 

Hs occurs at the directional buoy location when a 35 mis wind out of the north-northeast 

coincides with a lake elevation of 219 m producing a Hs of 3.85 m. This may occur if a 

storm out of the north lasted long enough to produçe the storm surge needed to reach a 

Iake elevation of 2 19 m. 
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4.5 Modeling of Cedar Lake 

A quasi nonstationary approach was used with SWAN, in hindcasting two storm events 

selected from the 1997 monitoring program. Two hour averaged wind speeds and 

directions were used in stationary mns of SWAN to model the stonns. The storm 

selection, hindcasting results, and modeling of different wind speeds, directions and lake 

elevations are presented in this section. 

4.5.1 Storm Selection 

Two storms were chosen to be modeled from the 1997 Grand Rapids monitoring 

program. The first storm began on Julian day 285 blowing from the West and continued 

out of the west for the entire storm. The Storm lasted three days and the wind peaked at 

11.6 m/s as seen in Figure 4.29. The second storm started blowing from the south on 

Julian day 300 and tumed to the West as it increased in magnitude, reaching a peak of 

10.3 m/s, and lasted 1.5 days as s h o w  in Figure 4.30. 

Table 4.1 shows the peak conditions for stom 1 and values of d / g ~ 2  and W ~ T ~  caiculated 

to show where the peak of the s t o m  1 fits into various wave theories. The peak of storm 

1 on Cedar Lake although closer to the deep water boundary than Lake Winnipeg as can 

be seen in Figure 4.10. still falls into the transitional water depth where wave growth is 

effected by depth. 

A quasi nonstationary approach where two hour averaged wind speeds, one hour before 

and the hour of the wave measurement were used to model the selected storms on Cedar 

Lake. Figure 4.3 1 shows the results of measured and predicted significant wave heights 

and peak period for the two storms. The significant wave heights in both s t o m  are well 

reproduced within approximately 5% at the peak while the peak pend tends to be 

slightly under predicted by the model by about 0.5 seconds. Figure 4.32 presents a 



contour plot of significant wave heights from the peak of storm 1. It can be seen that 

wave heights are largest in the area close to where the wave buoy was located. An RMS 

error of 0.05 m for significant wave height is quite good given the buoys threshold for 

response is about 0.05 m. The second stonn shows one of the predicted values between 

Julian day 300.75 and 301 to be significanily higher than measured, thus increasing the 

RMS error fiom 0.05 to 0.09 m. This is likely due to a luIl in wind speed during the 2 

hour period that is not k ing represented by the average. This demonstrates how the 

variability of the wind speed during the 2 hour average and the length of the wave 

sampling can effect the comparison of predicted to measured wave heights. The peak 

penods are consistently slightly under predicted with an RMS error of 0.3 s and 0.21 s, 

respectively. More accuracy in mode1 termination or finer frequency bands in spectrai 

analysis may result in a better match. Subsequent runs with 1 hour time steps seen in 

Figure 4.33 show marginal improvement in RMS error and SI values for significant wave 

heights and peak periods as illustrated in Table 4.7, which surnrnarizes the statistical 

results for the 2 storms with the different time steps. 

Table 4.7 Summary of statistical results for Cedar Lake. 

A comparison of the variance density spectra for storm 1 can be seen in Figure 4.34. The 

predicted spectra show very similar spectral shape reproducing the steeper than 

theoretical rear face of the measured spectnirn; however slightiy under predicts the peak 

periods. This peak shifi rnay be due to the accuracy of the bathymeeic data, wind 

Cases 

Two hour 

Storm i 

Storm 2 

One hour 

Storm 1 

Storm 2 

Hs (ml TP (sec) 

Correlation 

0.96 

0.93 

0.94 

0.9 1 

RMS 
emr  

0.05 

0.09 

0.04 

0.08 

SI 

O. 10 

0.30 

0.08 

0.25 

Correlation 

0.86 

0.93 

0.89 

0.80 

RMS 
error 

0.30 

0.2 1 

0.25 

0.33 

SI 

O. 10 

0.08 

0.08 

0. 12 
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direction or location of the position of the wave buoy. The accuracy of the termination 

cnteria may also play a role in this under prediction. 

The SWAN mode1 performed well, reproducing the significant wave height with an RMS 

error between 0.04 and 0.09 m and aithough it slightly underestimates the peak period, 

the RMS errors are still quite reasonable between 0.2 1 and 0.33 seconds. 

43.3 Wave Heigbt Focecasüng 

To predict the significant wave heights for different wind speeds. directions and water 

levels a series of runs were preformed. A range of wind speeds from 2.5 m/s to 35 d s ,  

with 15" directional increments were imposed on three different lake elevations for Cedar 

lake. The three levels examined were 256.64 rn ASL and, 256.64 f 1 m. The one meter 

above was chosen to simulate a storm surge above of high water level. The results of 

these simulations are presented in figures 4.35 and 4.36. 

Significant wave heights for the buoy location are presented in Figure 4.35 for a range of 

wind directions, with a 35 d s  wind and lake elevation of 256.64 m. It can be seen that 

the maximum significant wave height produced at the buoy location occurs with a W e s t  

wind. The effects of lake level variation for a 35 m/s wind from the W e s t  can be seen in 

Figure 4.36. A one meter increase in lake elevation from 256.64 to 257.64 increases the 

significant wave height by 5%. While 1 m decrease in water level below the high level of 

256.64 m results in a 14% decrease in significant wave height. 
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Figure 4.1. Lake Winnipeg bathymetry for a lake elevation of 218 m. 
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Figure 4.2. Cedar Lake bathymetry for a lake elevation of 256.64 m. 
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Figure 4.3. Wind speed and direction measured at Gimli during stom 1 (ID 290-293) for 
the 1996 field program. 
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Figure 4.4. Wind speed and direction measured at Victoria Beach during storm 1 (JD 
290-293) for the 1996 field program. 
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Figure 45. Average wind speed and direction of Victoria Beach and Gimli weather 
stations during stom 1 (JD 290-293) for the 1996 field program. 
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Figure 4.6. WWind speed and direction measured at Gimli during storm 2 (JD 300.5- 
301.65) for the 1996 field program. 
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Figure 4.7. Average wind speed and direction of Victoria Beach and Gimli weather 
stations during storm 2 (JD 300.5-301.65) fot the 19% field program. 
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Figure 4.8. Whd speed aad direction measwed at Gimli during storm 3 (ID 260-262) for 
the 1996 field program. 
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Figure 4.9. Average wind speed and direction of Victoria Beach and Gimli weather 
stations during stom 3 (JD 260-262) for the 19% field program. 
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Figure 4.10. Location of peak conditions in wave theory plot, with Lake Winnipeg south 
buoy 1, duectional buoy 2, north buoy 3, and Cedar Lake buoy 4. 
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Julian day 

Figure 4.11. Cornparison of predicted significant wave heights ( O )  to measured ( - ) and 
predicted (O) to measured ( - ) peak periods using Victoria Beach wind data. The 
north buoy (a) & (b), directional buoy (c) & (d) and the south buoy (e) & (0, 
respectively, for storrn 1 .  
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Figure 4.12. Cornparison of predicted significant wave heights (O)  to measured ( - ) and 
predicted ( O )  to measured ( - ) peak periods using corrected Gimli wind data. The 
north buoy (a) Br (b), directional buoy (c) & (d) and the south buoy (e) & (0, 
respectively, for storm 1. 
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Figure 4.13. Cornparison of predicted significant wave heights ( O )  to measured ( - ) and 
predicted ( O )  to measured ( - ) peak periods using Victoria Beach and GhIi 
averaged wind. The north buoy (a) & (b), directional buoy (c) & (d) and the south 
buoy (e) & (f), respectively, for storm 1.  
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Figure 4.14. Contour plot of signif~cant wave heights for the peak of storm I. 
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Figure 4.15. Cornparison of predicted significant wave heights (O) to measured ( - ) and 
predicted ( O )  to measured ( - ) peak periods using corrected Girnli wind data. The 
north buoy (a) & (b), directional buoy (c) & (d) and the south buoy (e)  & (0, 
respectively, for storm 2. 
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Figure 4.16. Comparison of predicted significant wave heights (O ) to measured ( - ) and 
predicted (O) to measured ( - ) peak periods using the average of the Victoria Beach 
and corrected Gimli wind data The north buoy (a) & (b), directional buoy (c) & (d) 
and the south buoy (e) & (0, respectively, for storm 2. 
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Figure 4.17. Cornparison of predicted significant wave heights (O)  to measured ( - ) and 
predicted (O)  to measured ( - ) peak periods ushg corrected Gimli wind data. The 
north buoy (a) & (b), directional buoy (c) Br (d) and the south buoy (e) & (O, 
respectively, for storm 3. 
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Figure 4.18. Cornparison of predicted significant wave heights ( O )  to measured ( - ) and 
predicted ( O )  to measured ( - ) peak periods using Victoria Beach and Gimli 
averaged wind. The north buoy (a) & (b), directional buoy (c) & (d) and the south 
buoy (e) & (f), respectively, for Storm 3- 
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Figure 4.19. Comparison of predicted (-) using corrected Gimli wind data to measured 
( - ) spectra for stomi 1 for the north buoy. 
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Figure 4.20. Cornparison of predicted (-1 using corrected Girnli wind data to rneasured 
( - ) spectra for storm 1 for the directionai buoy. 
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Figure 4.21. Cornparison of predicted (-) using corrected Gimli wind data to measured 
( - ) spectra for storm 1 for the south buoy. 
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Jufian day 

Figure 4.22. Peak wave direction for the corrected Gimli wind data (a). measured.peak 
wave direction (A) and wind direction corrected Gimli ( - ). 

O a - -- 

290 290.5 291 291.5 292 292.5 293 

Julian day 

Figure 4.23. Peak wave direction for average of corrected Gimli and Victoria Beach 
weather stations (O), measured peak wave direction ( A )  and wind direction corrected 
Gimli ( - )- 
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Figure 4.24. Cornparison of measured directional spectra with predicted. 
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Figure 4.25. Contour plot of significant wave heights for hypothetical deep water lake 
same shape as Lake Winnipeg for a wind speed of 35 m/s. 



Cbapter 4 Modeing 

Figure 4.26. Contour plot of significant wave heights for a wind speed of 35 m/s. 
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Figure 4.27. Cornparison of significant wave height and peak period for the south buoy 
(--), directional buoy ( - ) and the north buoy (-) for a wind speed of 35 m.%. 



Chapter 4 Modeling 

15 20 25 

Wind apeed [mfs] 

15 20 25 

Wind qeed [mls] 

Wind med [mls] 

Figure 4.28. The effect of varying elevations, 2 17 m (-), 2 18 m ( - ) and 2 19 m (-) 
for the north (a), directional (b) and south buoy (c) for a wind speed of 35 d s .  
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Figure 4.29. Wind speed and direction for storm 1 on Cedar Lake. 
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Figure 4 3 .  Wind speed and direction for storm 2 on Cedar Lake. 
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Figure 4.31. Cornparison of predicted significant wave heights ( O )  to measured ( - ) and 
predicted (O) to measured ( - ) peak periods for stom 1 (a & b) and stonn 2 (c & d) 
modeled with 2 hour time steps. 
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Figure 4.32. Contour plot of significant wave heights for the peak of storm 1. 
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Figure 4.33. Comparison of predicted significant wave heights ( O )  to measured ( - ) and 
predicted (O) to measured ( - ) peak periods for storm 1 (a & b) and stonn 2 (c & d) 
modeled with 1 hour time steps. 
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Figure 4.34. Cornpaison of predicted (-1 to measured ( - ) spectra for storm 1 at Cedar 
Lake during 1997. 
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Figure 4.35. Cornparison of significant wave height and peak p e n d  for different wind 
directions. 
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Figure 4.36. The effect of varying lake elevation on significant wave height and peak 
period for 255.64 m (--), 256.64 m ( - ) and 257.64 m (-) on Cedar Lake. 



C-R s Surnmary & Conclusions 

The goal of this thesis was to investigate and model the growth of wind waves on two 

inland lakes in Manitoba, Lake Winnipeg and Cedar Lake. To this end the fo1lowing 

objectives were established; to use directional and non-directional waverider buoy data 

dong with over water meteorological data for Lake Winnipeg collected during the 

summer of 1996 and the fail of 1997 data for Cedar Lake to investigate the generation 

and decay of wind-waves on a relatively shallow lakes; to develop and veri@ a wave 

climate prediction model for the southem basin of Lake Winnipeg and Cedar Lake; and 

to use the calibrated SWAN model to determine the effects of lake level variation (due to 

wind setup) and wind direction on signifïcant wave heights on Lake Winnipeg and Cedar 

Lake. The computer program SWAN and measured wind data were used to model the 

wave climates for these two case studies. A quasi non-stationary approach was 

developed to model three Storm events for Lake Winnipeg and two stom events for 

Cedar Lake. The modeled results were compared to the field data of significant wave 

height, peak period, and spectral shape. Directional spectra and peak wave direction 

were also compared to data from a directional buoy on Lake Winnipeg. The model was 

used to estimate the significant wave heights and peak periods at various wind directions 

for a range of wind speeds. The effects of lake elevation on wave development was also 

compared to investigate the effects of stom surges and natural fluctuation. A sensitivity 



Chapter 5 Suuuuary & ConciPSiOIIS 

analysis of the SWAN model was canied out to see the effects that whitecapping, wave 

breaking, shoaling, triad and quadniplet interactions, and bottom fiction have on the 

developrnent of waves in SWAN. 

5.1 Field Data 

From an analysis of the meteorological data, the following conclusions can be drawn. 

i. A cornparison of the Gimli and Victoria Beach weather stations revealed that an 

overiand correction of 1.3, as deebed in the titerature, was necessary to convert to 

overwater wind speeds. 

ii. Five minute averages of wind speeds at the top of the hour were compared with 

sixty minute averages for Cedar Lake. The results revealed that the 5 min. averages 

could result in over and under estimations of average hourly wind speed by 10 

lunfhr. 

5.2 Lake Winnipeg 

A number of conclusions can be drawn from the modeling and wave analyses that were 

perforrned for the southen basin of Lake Winnipeg. 

The SWAN model in a quasi nonstationary approach can be appiied to the modeling 

of wind-waves on the Lake Winnipeg south basin, although care must be taken in 

the selection and correction of wind input data- 

Although the results produced hem were acceptable, the use of this model is pushing 

the Iimits of its capabilities for Lake Winnipeg. The size of the area king 

considered is quite large approximately 90 km by 35 km. Numerical difision in 

SWAN can occur for large propagation distances (Ris, 1997). 

Spatial variation plays a significant role in the selection of wind inputs for 

modeling. Only using one wind station to represent the entire wind field for Lake 

Winnipeg can result in either under or over estimation as well as temporal 

variability in wave height prediction. 
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iv. The calibration of the SWAN mode1 using storm 1 showed that the Komen wind 

option with Jonswap friction, with the wind input of the average of the two weather 

stations produced the best nsults. The RMS error and SI of signifiant wave height 

of the three buoys were found to be between 0.15 to 0.19 rn and 0.17 to 0.2, 

respectively. The peak pends were also well reproduced having an RMS error and 

SI for the three buoys between 0.36 to 0.53 s and 0.1 to 0.13, respectively. 

However, it was noted that the peak was better predicted using 1.3 times the Gimli 

wind data. 

v. The second storm, afso from the no&, produced acceptabie results using either the 

comected Gimli wind data or the average of the Victoria Beach and corrected Gimli 

wind data. 

vi. The third storm from out of the south did not perform as well as the storms from out 

of the north. The wind speeds were more variable and lower in velocity, and it is 

likely that this storm was more localized over the south end of the south basin. 

Since the weather stations are located dose to the middle of the south basin, small 

localized storms will not be modeled as well as storms that are present over the 

entire south basin of Lake Winnipeg. 

vii. The peak wave directions for storm 1 were best reproduced by the corrected Gimli 

wind data having an absolute mean ciifference of 1 3 O .  Large differences in direction 

were experienced as the wind direction changed from south West to north but the 

directions at the peak of the storm as the wind direction became more stable 

produced more acceptable results. A cornparison of the directional spectra showed 

that although the shape and peak are similar, the directional spectra produced from 

the mode1 were more narrow in directional spread. This is likely due to the quasi 

nonstationary approach taken, resulting in the direction spectra not k i n g  conserved 

or due to the method used to calculate the directional spectrum. Perhaps an 

altemate method of investigation of the wave direction such as the mean wave 

direction may produce a better match. 
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viii. 

ix. 

X. 

xi. 

The sensitivity analysis of the SWAN model showed that at the t h e  buoy 

Iocations, the contibutions to the developrnent of spectral growth on Lake Winnipeg 

are largely effected by quadruplet interactions and whitecapping. Friction and triad 

interaction were not as important at these depths, although they would become 

increasingly important as the water deptb decreases. 

A hypothetical case in which the lake was deepened to 100 m was compared to that 

of the existing lake depths to show the effects of depth on wave evolution. For the 

hypothetical case wave heights were larger and the waves continued to grow as they 

traveled from the north buoy to the south buoy. For the existing conditions the 

wave heights do not get as large at high wind speeds and wave heights increase 

from the north buoy to the directional buoy, but decrease as they approach the south 

buoy where depth effects start to dominate wave development. The significant 

wave height at the directional buoy for a wind speed of 35 mls from 345' was found 

to be 1.6 times larger than the existing conditions. The peak periods were also 

srnalier than those of the hypothetical deep water case. 

Modeling of wave heights for a range of different wind directions showed that the 

largest waves are produced out the northeast at 15". 

The impact of elevation changes on wave height (due to s t o m  surges or changes in 

lake level) were examined. The results showed that the combination of a high lake 

elevation accompanied by a s t o m  surge would produce wave heights 7% larger 

than if the lake elevation has no s t o m  surge and 12% larger than the minimum level 

of 217 m considered at the south buoy for a 15" 35 m/s wind. 

5.3 Cedar Lake 

A number of conclusions can be drawn from the modeling and wave analyses that were 

performed for Cedar Lake. 

i. The use of the SWAN mode1 in a quasi nonstationary mode appears more suited to 

Cedar Lake than Lake Winnipeg because it more closely fits model assumptions 

regarding lake size. The area of Cedar Lake is smailer so assuming the wind field is 
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constant over the area is more realistic and the traveL time of a wave group through 

the grid is l e s  than the time step. 

The SWAN Komen mode1 with the Jonswap friction option and one hour time steps 

produced the best combination of results of significant wave height and peak period. 

The significant wave height had an RMS error of 0.04 m and SI of 0.08 and an RMS 

error for the peak periocl was 0.25 s with a SI of 0.08 for storm 1, The significant 

wave height during the peak of the storm was reproduced within 5% of measured. 

The results of storm 2 were not as good. The prediction after the wind switches 

from southwest to W e s t  is overestimated by 20 cm. This one overestimation 

increases the RMS error and SI of the significant wave height from values similar to 

s tom 1 to an RMS error of 0.08 m and a SI of 0.25. 

The peak pends like those predicted for Lake Winnipeg were slightly under 

estimated. Although the spectral shape was well reproduced by SWAN it was 

shifted in frequency space. This may have been a result of the lack of resolution of 

the bathyrnetrïc data or  due to the accuracy of the location of the buoy. Unlike the 

buoys used on Lake Winnipeg, the buoy on Cedar Lake was not surveyed in using 

GPS . 

Modeling of wave heights from a range of different wind directions showed that the 

largest waves are produced from the West at 270". 

The impact that elevation changes (due to stonn surges) have on wave heights were 

exarnined. The results showed that the combination of a high lake elevation of 

256.64 m accompanied by a 1 m storm surge would produce wave heights 5% larger 

than the high lake level and 14% smaller if the lake is 1 m lower than the high level. 



Chapter 5 Smmary & Condiisions 

5.3 Future Work 

A number of ideas for hiture work for Lake Winnipeg, Cedar Lake and the use of the 

SWAN model were arrived at during the completion of this thesis. A few of these ideas 

are presented below. 

For Lake W i p e g :  

1. 

*. 

II. 

. . - 
111. 

iv. 

v. 

vi. 

vii. 

viii. 

ix. 

Measuring wave heights in a series of wave amays nearshore allowing the 

examination of the progression of waves from deep or intermediate water into 

shailow water to the shore. 

Use of the SWAN model to predict the measured data to investigate the effects of 

shoaling, breaking, triad, and whitecapping. 

Sarnpling rates and location of wind and wave measurements should be considered 

carefully before a measurement program is established. 

Model Lake Winnipeg using the nonstationary version of the SWAN model. 

Using the 1D SWAN version to model the lake setup due to current data as well as 

to estimate setup of larger events. 

Model the current or future data set utilizing a more cornplex grid input for wind 

data possibly derived from a climate model or a matrix of weather stations around 

the lake. 

Developrnent of a sediment transport model that incorporates the wave energy 

calculated in the SWAN or other wave model. 

Changes in elevation during a stonn event due to wind setup should be considered 

in modeling events with higher wind speeds. 

Remodel with increased grid and directionai resolution. 



Chapter 5 Summsry & ConcIusiom 

For Cedar Lake: 

i. Since the storm events measured during previous years do not exceed a 1:2 year 

r e m  period, continuing the current wave and runup measurement plan would 

provide larger storm events to model. 

ii. Use SWAN to investigate the effects of islands on wave heights; need to deploy 

buoys in different locations to calibrate. 

iii. Mode1 the current or future data sets with the nonstationary version of the SWAN 

mode[, 

Future uses of SWAN.. 

i. Modeling of waves on inland lakes and reservoirs that may have concern for erosion 

or for design of dykes or breakwaters. 

ii. Hindcasting or  forecasting of wave heights using the quasi nonstationary approach 

or the nonstationary m d e l  (currently experimental). 
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Appendix A spectral Analysis 

1.1 Spectral Anaiysis 

As presented in (Baryla, 1998) a time series can be thought of as a record that contains 

numerous monochromatic sine waves with various phases, frequencies, and amplitudes 

superimposed on top each other. In Figure A. 1 the fiequency content of the irregular 

time series is made up of the different frequencies contained in the six monochromatic 

sine waves. While it is quite easy to identify the frequencies of each basic wavetrain, the 

task of visually isolating the frequencies fkom the final wavetrain is very dificult. This is 

where spectral analysis is very usehil. Not only can it be used to determine the frequency 

content of a time series, it can help to isolate underling signals that are buned in noise. 

Spectral analysis techniques use the discrete Fourier transform to convert the data from 

the time domain to the frequency domain. The discrete Fourier transform is defmed as 



where f, is the digital time series data being transformed, Fk is the Fourier transfonn of 

the digital data also known as the complex. amplitude A( f ), N is the number of data 

points, and = 2KIN. The complex amplitudes are usually written in the form a + ib. 

The Fourier transform returns the same number of data points as the original time senes, 

however, the Iater half of the points are actually just a reflection of the first half. 

Consequently, only the first half of the points are unique (i-e., of interest). An altemate 

way of expressing the coefficients of a Fourier transfoan is to convert them into 

amplitudes (c's) and phases ( B  's) using the following relations 

where the ' indicate complex conjugation. Ploning the amplitude as a function frequency 

yields the amplitude spectrum of the time series. Similarly, plotting the phases as a 

function of frequency allows one to obtain the corresponding phase spectmm of the time 

series. Figure A.2 shows the amplitude and phase specuum of the irregular wave train 

shown in Figure A. 1. A more useful spectrum can be determined if the amplitudes are 

converted into a variance density (Pm) and plotted against frequency. The variance 

density is defined as 

where Ta is the length of the time senes. This spectrum is known as the variance spectral 

density or just the variance density. The variance spectral density represents the variance 

in signal strength as a function of frequency. A useful property of this spectrum is the 



variance in a given frequency band can be detennined by simply calculating the integral 

of the spectmm between the Frequency bands of interest. The integral over ail the 

frequencies in the variance spectral density is equal to the total variance of the original 

time series. 

If the variance spectral density is computed using the above procedure then each spectral 

estimate will have 2 degrees of fieedom (one real and one imaginary). The number of 

degrees of freedom in a spectmm is independent of the length of the time senes. in order 

to increase the statistical stability of the variance spectral density estimates, a block 

averaging process is usually employed. The idea here is to split the original time senes 

up into Nb smaller blocks. The variance spectral density is computed for each block and 

then al1 of the estimates are averaged together. This procedure has the effect of 

increasing the frequency bandwidth of each estimate and results in 2Nb degrees of 

freedom for each spectral estimate. In other words we are trading off frequency 

resolution for statistical confidence. 

In order to reduce the side-lobe interference or "spectrai leakage" a non-rectangular 

window is usually applied to each block before its variance spectral density is computed. 

The Blackman-Harris window is usually applied to wave data as it has the best leakage 

charactenstics. The use of a non-rectangular window has been found to lower the 

variance of each spectral estimate significantly. 



Figure A.1. An imgular wave train produced by superposition of size sinusoidal wave 
trains. Note that the scaling of the vertical axes are difierent. 



Appendix A Spectrai AMI ysis 

Amplitude Spectnim 

Phase Spectmm 

Figure A.2. Amplitude and phase spectnim of the irregular wavetrain from figure A. 1. 






