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Abstract

Our traditional energgources are mainly nenenewable resources like coal and oil. These fuels,
when burned, have a negative impact on our environment duedse eiegreenhouse gases, drey/
are not replenishable. So, the world needs other sources of energy to preesmtcenmentalcrisis.

Green energy produced from sources like wind, solar, geothermal and hydro, etc., is renewable and
has much less impact on our environment.

In ourstudyy we f ocused on the potenti al i mpact of
thermal structure. We used COHERENS (a CouplgdrodynamicalEcological model for Regional
and Shelf Seas) numerical software for the simulations. Weeg applied in 1 and 3rdensions|In
bothcasesye used real wind speed and other meteorological data including atmospheric pressure, air
temperature, humidity and cloud cover to simulate possible temperature and current variations over
the icefree seasolin Lake Erie. We workd onErie, since thidake has the highest potential for
offshore wind turbine installation due to figoximity to population centres and its shalldepth.

In 1D mode, vertical profiles of temperature and water currents are driven by solar radiation and
surface fluxes derived from observed thheeirly meteorological data, coupled with vertical mixing
processes within the water column. Results are obtained for nine months of opfeeeficeater,

March toNovember2013, with different water depths of 126 and 60 m. The model was run twice.
In the second rurwe used a reduced wind speed associated with the potential effect of wind turbines.
Forinitial calculationswe used 2percentreduction as a representative value.

In 3D mode, we investigated tlwgculation and thermocline pattern for the months of May to

October,2005. As in the 1Dnode the model was run twice. The model is forced by solar radiation

plus momentum and heat fluxes (sensible and latent) at the surface deriveldditbmAmerican



Regional ReanalysigNARR) and CanadaCentre for Inland Waters(CCIW) data, plus initial
conditions and with tributary flows represented as current vectors at river mblo#i3etroit River
is the main inflow while outflow is via the Bgara River. With gecipitationandevaporation balanced
there was net zero accumulation of water in the basin. In the first run we explored water circulation
patterns and the thermal structure (including the thermocline), of the lake and in thersecorl
simulated theame parameters but sefth large wind farm with 432 offshore turbines located in the
shallow southern waters of thentral basin

We compared our first run COHERENS output with Bb#Princeton Ocean Model (POM), and
the Estuary and Lake Computer Mod@ELCOM) results, un by the National Oceanic and
Atmospheric Administration (NOAA) anithe CanadaCentrefor Inland Waters (CCIWEnvironment
Canada), respectivelzenerally,good agreement was achievedhwibheseruns, whichin turn had
compared satisfaorily with field measurements. Results from the second run are used to estimate the
potential impact of a large wind farm on the circulation and thermal structure in the areas of the lake

within and around the wind farm.
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Figure 6.51: Computed temperature mixéayer depth throughout in the presence (red) and absence
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(black)of a wind farm for station T12 in Lake Erie, M@&c t ober 2005ééééeééeé. eé

Figure 6.52: Computed temperature mix¢ayer depth throughout in the presence (red) and absence

(black) of a wind farm for station TO9 in Lake Erie, M@c t ober 2005 . ¢éééé. é é é168é9.

Figure 6.53: Computed temperature mix¢ayer depth throughout in the presence (red) and absence
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(black) of a wind farm for station TO8 in Lake Erie, M@c t ober 2005ééééééééee.

Figure 6.54: Computed temperature mix¢ayer depth throughout in the presence (red) and absence

(black) of a wind farm for centre of wake (CW) in Lake Erie, Mg t ober 2005¢éééeé. éée.
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CHAPTER ONE

INTRODUCTION

1.1Introduction

If we want to reduce our impact on the environment, using clean eisaagyood action. One of
the main sources of fAGreenhouseod gases is el ec
planet and economy as well as reducing the human and industry dependency on oil and fossil fuels.
Among the clean energgsourceswind power is a welproven and costffectivetechnology, which
we can rely on in producing electricity. There are many reasons that people choose to use wind energy
andthemostmpor t ant i s t. 8meothermeaspns arevas foldWESe A7)
1 Little to no global warming emissions
1 Improved public health and environmental quality
1 A vast andnexhaustibleenergy supply
1 Jobs and other economic benefits

There are two ways in generating electricity by wind energy: onshore and offEhere are some
advantages associated with offshore wind energyoandtudy focused on this aspedn the open

water surface, the surface roughness is low as there are no physical barriers such as mountains or trees



so air flows moe quickly and this leds tomore energy production. However only a small fraction of
the worl doés wind i ndus tdue/totheradditianal eostand tieerisk@ff f s h o
installing he huge wind turbines in wat€eFypically, offshore farms are located several kilometers
away from the coast, in wat#rat is up to 30 ndeep, and turbines tend to be larger and rnage a

special desigh o wi t hst and fAstr ess ,dndicg dcsumuldtioneurtherfthe g h wii
additional costs and difficulties of transmitting the power to the onshorengidtheoffshore section

less popular(The Canadian Atlas, 2017)

Lake Erie would be a suitable location for offshore wind farms. It has a good wind resource,
moderate dpth and high electricity demand nearby. The combination of shallow depth of Lake Erie
with its solid lake bottom and fresh water make it one ofriradliestlocations to the offshore wind
industry. The latter factor frees the project from dealing with corrosion or extra costs related to
safeguarding the hardware. A first phase of a wind offshore project (Lake Erie Energy Development
Corporation LEEDCO) has wrted. This is a pilot project consisting of six wind turbines on the

southern parts of theentral basin

1.2World Wind Energy

fAccordingto the Global Wind EnergZouncil (GWEC), by 2020, wind energy should provide
10 to 12percento f t h e wncity) eindinatingeup & d.5 billion tonnes of carbon emissions
every year. The Earthoés theoretical wterawhittsener g

which is approximately five time$e total global energy needThe Canadian Atla2017)

1.2.1World Offshore Wind Energy
Over 10 GW of global offshore wind capacity were fully usable by the end of 2015. Northern
Europe is the leader in this energy sebut despite significant potentiedpecially in the Great Lakes
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in North America,no commercial project is operated yet. There can be over 100 wind turbines in an
offshore wind farm. The offshore wind turbines generating capacity has grown to overad&/ll
reach 10 MW very sooriOntario.ca, 2017)

fiWhile some offshore farms areibg planned in the Great Lakes, the west coast of Canada and
the Atlantic coast of the United States, the North iSeahere thenost completed installatioraze
found ©ff the coasts of Denmark, Germamyndthe United Kingdom As of 2008, there were just
over 500 offshore turbines, representing about 1100 MW of generating capacity. 90 percent is
produced by Denmark. Horns Rev 1 and 2 are considefsgthe largest offshore wind farms, located
between 14 and 20 km from the stecoastof Denmark Jutland Peninko, (The Canadian Atlas,

2017)

1.3 Canada Wind Energy

More than 12,000 MW of wind energy were installed by 2015 in Canada and the vision for 2025
is estimatedo be 55000 MW, which is projectedtocreatt 2, 000 new A Gr @meen Col
Canadian Atlas, 2017)

Wind power is going to be the second largest renewable power source in Canada in 2017 according
to the government of Canaddigure 1.1) It produced 5 and 6 percent of the Canada's electiicity
2015and2017, respectivelyThe generating capacity of wind energy2017 is almost 18 times what

it wasin 2005.
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Figure 1.1: Energy Production in Canada by Resounc2015.[Natural Resources Canada, 2p17

Continuing the growth of wind energy in the recent years, the capacity has reached to 12,239
MW in 2017 (Figure 1.2),which is 6 percent of the country's electricity demand and is enough to
provide power for 3 million home. 341 MW of capacity (throughptojects) with an investment of
$800 million has been installed i n 2@ederated Cana
electricity. When the winds are strong enoudtere are 25wind farms operating from coast to coast.
Canada has continued igrowing wind energy trend in 2013till there are many opportunities to
strenghen the industrialeconomicdevelopmenin the Canadian wind energy sectig@ANWEA,

2017).
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1.4Ontario Electricity Demand Overview

Demand refers to the amount of electricity required in Ontario over a period ofTile. 1.1

showsan overview of Ontario electricity demand for year 192016.

1.4.1 Total Annual Ontario Energy Demand

Table 1.1:Total Annual Ontario Energy Demar{tESO, 2017]

Year Total (TWh) Increase Over Previous Year
2016 137 Opercent
2015 137 -2percent



2014 139.8 -0.64percent

2013 140.7 -0.42%ercent
2012 141.3 -0.14percent
2011 141.5 -0.350ercent
2010 142 2.2percent
2009 139 -6.1percent
2008 148 -2.3percent
2007 152 0.7percent
2006 151 -3.8percent
2005 157 2.3percent
2004 153 1.1percent
2003 152 -0.7percent
2002 153 4.1percent
2001 147 Opercent
2000 147 2.1percent
1999 144 2.9ercent
1998 140 1.4percent
1997 138 -

1.5 Wind Energy in Ontario

With 4,900MW of installed capacit¥ntario remains Canadi@ader in clean wind enerdyable
1.2),enough to supplgbout40 percent of the national and approximately 7.5 percent of the province's

electricity demandin 2017, an additional 119 MW was added to the total capacity produced by



Ontario. Reducing the greenhouse gas emission by 80 percent below its level inth@0Gtario's
long-term plan by 2050 CANWEA, 201'b).

Table 1.2 Wind by numbers in Ontariddecembef017). [CANWEA, 2017]

Number of installations 94

Number of wind turbines 2515
Total installed capacity (MW) 4900
Average turbine capacity (MW) 1.94

1510nt ari ob6s Offshore Windfarm Moratorium
Ontariowasplannedo be a | eader in renewable electrici:Ht
Energy Act. However, all offshore projects were canceled in 2011 and a moratorium proposed by the
provincial government. It claimed more investigations on science andrigdrom the American
projects need to be done. The invgations came into three reportavo were aboufprotecting fislo,
one about A ¢ o aHoweadr theegowgrnmeata ot fing these reports enough and
conductedwo new studies in January 2QIEhe studiesvere
ffiThe prediction of noise impadtsland-basedeports fronthe operation of offshore witdur bi ne s o
1 AiThe decommissioning of offshore wind turbines andillaryequipment at the end of their useful

|l ife without causing adverse effects to the s
The studies were expected to be completed in six to nine mouthkey are still in progreséThe
only outcome of the moratorium was chasingitivestors out of the provinog(Reevely, 2016)

AThe responsible choice is to keep the morat

al | the potenti al i mpacts ar e feno Mlirrgy wootednear st o0 0

statement(Fergison, 2016)



Sofar, one study conducted that it was doable and the impacts were likely to be insignificant,

however there are many unknowns dtibis section of wind project§Jones, 2017)

1.5.20ffshore Wind Plan in Ontario

No matter ifOntario wants the offshore wind projects or not, they are coming to the Great Lakes
tominimizet he countryos dexanprehensivceyrepaton dfdhae wend faom the
U.S. Department oEnergy and Department of the interior is calling for up to&3& of offshore
projects to be developed by ZDS his amount of emissiechr ee el ectri ci ty wil |l
demandfour times oveii at least when the wind blowswhich it does over opewatermore than a
third of the timeHowever |t is notjust a matter of developing wind capacity off the Atlantic or Pacific
coasts According to the reports, .8. side of the Great Lakesan generatabout 15 percent of the
developmentwhichis more than all the onshore wind installed in Canada tdtlagems there is a
love-hate behavior in this type of wind energy in Ontaflitamilton, 2016)

It is not too far from the days that Ontario wanted to become a leader in wind mmaN@th
America. In early 2008after studying the environmental risks, thieNatural Resource Ministdr
DonnaCarfield lifted a temporary ban on the Great Lakes offshore wind industry and declared Ontario
is openfor offshore wind busines#t that time all the economistbusinesspersonsighly skilled
workforces and engineers imagined tluisuld strengthenthe economy growth and industrial
opportunities in the province, so the projects started back to back on this side of the Greaithakes w
a short time. Starting with Lake Erie it was imagined that as Ontario has the boundary with four of five
Great Lakes, it can be the leader andctretreof the offshore wind industry and can grow sa tha
whole country can use itsnowledge and q@ducs. This decision was so bold and the province
government was so decisive that it launched the -fre@&ariff initiative for renewable energy in the

fall of 2009, and included the offshore program as well as onshore one. However, after only 18 months



of building and persuasioit re-imposed a moratorium on the offshore part in February .Z0idy
asserted they need to do more environmental sfudynt ar i o wi | | neghbdsorwi t h
research to ensure that any future proposed projects pfeeesivironment on both sides of the Great
Lakes o, meanteninistrygaidatohe timdToday, the offshore winfile in Ontario is a mess

The provincehasbeentakento courtby a developer who felt mistreatedhile another is seeking
damages through a trade triburgill after 6 years a$tudy,theykept the moratorium due to theck

of scientific informationon the potential impact ohé turbines on the Great Lakédeanwhile,on

the US. side the offshore wind projects are growiagd thefive-turbine Block Island Wind Farm off

the coast of Rhode Islamslbuoyed ands in progress This project is the first built in North America
waters and is gpected to be followed in 2018y theGreat Laks first: the Icbreaker Wind Farm in

Lake Eried, (Hamilton, 2016)

1.5.30ffshore Wind Plan in Lake Erie

fiOhio T based Lake Erie Energy Development Corporation (LEEDC@)developinga pilot
project, which will be composed of six 3.45 MWirbines installed about K8ometers off the shores
of Cleveland (Figure 1.3) In May, the U.S. Energy Department identified it as one of three U.S.
offshore projects to qualify for $40 million iiederal tinding supportLEEDCO is developindghe
$127 million Icebreaker project in a region with the potential to genér&/ of wind energy by

2020, (Ryan, 2016)
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Figure 1.3: Proposed Project Icebreaker LayfiLEEDCO, 2017]

The potential of electric generation in the U.S. side of the Great Lakes is estimated to be 4,223
GW. Lake Erie counts for 50 GW of this capacity. Thstfgix pilot wind turbines teshe possibility
of building larger wind farms in the lakét would generate 20.7 MW of electricity, enoutghpower
about 7000 homes, amebuld be the first industrial wind farm infeeshwatetake in North America
The estimated potential of the Lake Erie wind turbingsase than 1000 t hat 6 s why it
the Saudi Arabia of wind energy(Ifpress, 2016)

It is concluded that the U.8as not yet studied the environmental risk and is not aware of the past
Ontario's concerns including the impact on the water quality and marine antbhtsléves. Even the
department of energy says that there are still lots of unknowns about the offshore. The first generation
of the offshore projects in Lake Erie will reveal their impacts and the actual effects on biological

communities and addresses tlange of potential impacts that need to be monit@wgdthaving those
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data the fAexclusion zoneso where the offshore
determinedfiThe offshore wind market is booming globally. More tharGV8 were instded by the

end of 2015, with 2percentof that coming online by the end of year alonsgaading to Navigant
Research(Figure 14). Most of that development has taken place in the United Kingdom and
Germany, (Hill, 2016). It is suggested that Ontariokes the same leatny-doing approach in
collaboration with its southemmeighbor Thereforethat Ontario can install one or two small offshore
projects. This for sureould notrender the province@ @ e n  f o r Theuwstcomeawsll bedat least
helpingand improving the Ontario's understanding of offshore wind in the Great Lakes and may help

Ontario to open its doors later on the offshore wind business aastiiad opportunities(Hamilton,

2016)
4,000 25,000
= Early/Advanced Planning
3,500 - Under Construction
= Installed - 20,000
3,000 —— =—=Cumulative E
E 2,500 &
= - 15,000 _g
— -t
g 2,000 g
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< 1500 - 10,000 3
1,000 .
- 5,000
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Figure 1.4. Capacity ofwind projectsonline, underconstruction, and iplanning byyear,world

markets: 200€2020Q [Hill, 2016]
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1.5.4Future of Offshore Wind Energy and Projects in Ontario

The wind energy fight domain now covers Lake Ontara Erie.fiONn t a rMinstdy of the
Environment hasnot created a per mit applicatic
granting permits. The Ontario Minister of Natural Resoustesouncehere will be clarification of

the approval processes spamd acknowledge there me onfusionunder the current regire,

(May, 2017)
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Figure 1.5 Lake Erie[© Google, 2017]

fiLake Erie(Figure 1.5 is geologically the oldéf Saint Lawrence Great Lakd8olsengaand
Herdendorf, 1993)It is the smallest and shalloweshong them. It lies between 41° 21" N and 42°
50 N latitude and 78° 50" W to 80° 30" W longitude. The mean and max depths are 19 m and 64 m,

respectively and the area is,@57 knt. Lake Erie dividesinto three basinswestern centraland
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easternThewesternbasinis the shallowegfFigure 1.6)and its mean dép is 7.4 m, while theastern
basin with a mean depth of 24.4 isthe deepest (Bolsenga and Herdendorf, 1993

fiLake Erie is the eleventh largest lake in the world (by surface area), and the fourth largest of the
Great Lakes in surface area and the smallest by the vo@imee r cent of Lake Eri e
water comes via the Detroit River water and is composedabér froma | | the AUpper
Superior, Michigan and Huroh the Saint Clair River, Lake Saint Clair and numerous tribui@ries

(TheGreat Lakes Atlgsl995.
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Figure 1.6: Lake Erie bathymetry. Isobaths shown every 5 m.

fiLake Erie is relatively narrow and approximately parallel to the prevaddmghweswwi nd s o,

(Bolsenga an#ierdendorf, 1998 The lake water is constantly in motion, so the lake has a high mixing
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potential and as eesult the heating and cooling rate of water is very slow except for some diurnal
variations in thenearsurfacelayer. More than 9(@ercentof the Lake Erie is covered by ice most
winters. Minimum surface temperature usually oscur February (0.1 °C), but when water
temperature cools to 4 °C or less in January a fully mixed condition can be observed. Based on the
observations of Schertzer et ab8r) and presented in Bolsenga and Herdendorf (18&€fhermal
conditions remain from mifebruary to midApril. Stratification, based onsurfacebottom
temperature, usually begins in May and reachemximum in mieluly (central basihor mid-August
(easternbasir). The wate column generally becomes well mixed October or a little later in the
deepst sections. The shallow Wdsdsinis relativelywell mixedmost of the year.

In mostthermally stratifiedakes, the thermocline, a thin subsurface layer of rapid temperature
change(SeeAppendixA), is deeper near the shorelinertnear thecentreof the lake. Lake Erie,
however, has an inverted thermocline, which is deeffieshore than at the shorelinBeletsky et al.

(2013 first mapped this bowshaped thermocline during summer of 2005 with a large network of
temperature sensors. In 2005, and again in 2007, moored instruments that collected temperature
readings afl-m depth intervalsvere spread 30 t60 kmapart around theentral basirof the lake.
Supporting these point measurements, highsolution temperature profiles were collected with a
boattowed sensor. It was found that the 2 an3hick thermocline, which was the most pronounced

in late ’Iimmer, set up 8 m deeper offshore than at the coast. In addition to the anomalous thermocline
behavior it was found that the circulation tfie centrallake flows in a direction opposite of most
Northern Hemisphere lakes. Using circulationsses placedn the lake floora pronounced clockwise
(anticyclonic) circulationwas observed The unusual circulation and thermocline patterns are
attributedto anticyclonic winds that tend to blow over Lake Erie. Such anticyclonic winds would cause
the warm surface waters to converge inddetreof the lake, driving den the depth of the thermocline

and pushing up the free surface.
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filt was suggested thatdlilepressed thermocline squashed the cool region near the lake bed, where
many species hide from summer heat. The depressed thermocline could also be responsible for
amplifying deepwater summer hypoxia, reducing the oxygen availablakebottom plantsand

animal®, (American Geophysical Union, 2012)

1.6.1Lake Erie Mooring Locations and Bathymetry

42 BN

T

Windsor A ’
A

4Z2.2°N —

LATITUDE

41.8°N

41.4°N —

I I I I I I
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Figure 1.7: Lake Erie mooring locationsilfed circles: red (T08), blue (TO9%nd green (T12nade
temperature observations in 2005. NOAA (45005) Endironment Canada (45132 and 45142) buoy
locations are shown with rectangles. Tlodidred line showsur model transect. rRnsect is bounded
by 5 m isobathsA black star shows centre of wake (CWhorth side of the wind farnThefilled
purple triangt showsthe onshore WindsoAirport station andthe filled grey triangle showsthe

HHLO1 station.
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These locationgFigurel.7),are usedaterto provide examples of the difference between physical
properties of the lake in the presence amngkabe of darge wind farm Station T8, T9 and T12 are
used in the comparis@f case 1 (absence of a windrfg with case 2 (presence of a wind farm) plots.
Also, a point in the heart of the wake zameere the wind speed reduces by 60 percent of its original
valueis chosen and demonstrated by a black staeaseof wakeonthe north side of the wind farm
(CW). This point is used as a representativleténtreof wake zone behaviogtations 45005, 45132
and 45142arebuoys installed every summer aackselected to compare timodelledtempergure
with observations antb comparéhe NARR reanalyzed wd data used ithe model with buoy wind
data. The prple and grey triangles show the location oini¢or A and HHLO1meteorological
stations. V¢ used thsedata in our model when buoy 45005 datxenot availableThe solid red line
along the lake shows the cressction transect of length of 423.5 Kmowever in result presentations,
plots are restricted to 100 km to 400 km, as the main focustieedoationwherethewind turbines
are deployed in the central basinand where the thermocling significanti in the easterrbasin

Locations and water depths are given in Table 1.3.

Table 1.3 Summary of Station coordinates and depths.

Station Latitude (°N) Longitude (°W) Depth of Water (m)
45005 41.677 82.398 12.6
45132 42.460 81.220 20.0
45142 42.740 79.920 23.9
TO8 41.833 82.199 19.5
TO9 42.252 81.248 21.8
T12 42.581 79.914 53.9

16



Cw 41.600 82.040 16.9

Windsor A 42.280 82.960 -

HHLO1 41.400 82.540 -

1.7 Previous Work on Lake Erie Dynamics

Beletsky et al(2013 investigated the summer thermal structure and anticyctorgalation of
Lake Erie A threedimensional primitive equation numerical models applied to Lake Erie on a 2
km grid to study its summer circulation and thermal structure. Model results were cotaplarmeg
term observations of currents and temperaturgenia 2005 at several locatiomspstly in itscentral
basin They investigated the effect of wind stress dathymetry on the thermal structure and
circulation of Lake Erie.

Dupont et al(2012 investigatedhe hydrodynamic forecastingnvironment Canada developed
a coupled laketmospherdnydrologicalmodellingsystem for the Laurentian Great Lakes. Thidel
consists of the Canadian Regional Deterministic Prediction System (RDPS), which is based on the
Global Environmental Multiscale model (GEM), the MESH (Modelisation Environmental Swaface
Hydrology) surface and river routing model, and a hydrodynamodel based on the three
dimensional global ocean model Nucleus for Europdadelling of the Ocean (NEMO). The model
was run from 2004 to 2009 with atmospheric forcing from GEM and river forcing from the MESH
modellingsystem for the Great Lakes regiand compared with available avgations in selected
lakes.

Fujisaki et al.(2012, focused on the ice procesd hydrodynamic model that includes ice
processes and is optimized for parallel processing w&gyooed for Lake Erie in ader to study the
ice-water coupling processes in the lake. A htiadt from April 2003 to December 2004 with hourly

atmospheric forcing was conducted. The model reproduced the seasonal variation of ice cover, but the

17



development of ice extent in January and its decay in Msoaewhat preceded the observations.
Thermal structure of the lake was compared to both satddiiged observations and -gitu
measurements. The impacts of-wwater stress coupling and basal melting of ice were examined based
on numerical experiment¥he demonstrated model validity coldééd to further studies of iegater
processes in the lake, including interual variabn and impacts on ecosystems.

In 2010,Boyce et al. (2010) investigated thermal structure and circulation in the Great Lakes
Theyreviewedmore than a century of physical study of the Great Lakes.

Wang et al. 2010, simulated ice and water circulation in Lake Erie over a yearly cycle, a Great
Lakes Icecirculation Model (GLIM) was developed by applying a Coupleddcean Moeél (CIOM).
The hourly surface wind stress and thermodynamic forcing for input into the GLIM are derived from
meteorological measurements interpolated onto tken 2nodel gridpoints. The seasonal cycles for
ice concentration, thickness, velocity, and othariables are well reproduced in the 2003/04 ice
season. Satellite measurements of ice cover were used to validate GLIM. The seasonal cycle for lake
surface temperature was well reproduced in comparison to the satellite measurements. Additional
sensitiviy experiments further confirmed the important impacts of ice cover on lake water temperature
and water level variations. Furthermore, a period including an extreme cooling (due to a cold air
outbreak) and an extreme warming event in February 2004 wasredtoitest GLIM's response to
rapdly-changing synoptic forcing.

Schwab et al(2009, worked on the ecological aspects and investigated particle transport The
purpose of their work was to show how a hrglsolution numerical circulation model of Lake éri
can be used to gain insight into the spatial and temporal variability of phosphorus (and by inference,
other components of the lower food web) in the lake. The computer model simulated the detailed
spatial and temporal distribution of total phosphorusake Erie during 1994 based on tributary and

atmospheric loading, hydrodynamic transport, and bdependent net apparent settling. Results of
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the model simulations were presented in terms of maps of 1) annually averaged phosphorus
concentration, 2) tengpal variability of phosphorus concentration, and 3) relative contribution of
annual phosphorus load from specific tributaries. The model was also used to estimate the spatial
distribution of phosphorus variability and to produce maps of the relativaledian of individual
tributaries to the annual average concentration at each point in the lake.

The most significant effort was made as part of the NOAA ECOFORE (Ecological Forecasting)
program, studying the dynamics and ira@nual variability of hypoia in Lake Erie. The data for the
hydrodynamic model validation were colled as part of the USCanaddFYLE (International Field
Years on Lake Erigyrogram(Hawleyet al., 2006).

Leon et al(2005 found that oupled physicabiological numericamodels were useful tools for
understanding the relevant processes and the influence of biota and human activity on the ecological
conditions in the lakeSucha suite of models has been used to assess the impact of zebra mussels on
the nutrient cycling inthe lake. They presented the hydrodynamic part of a Lakeniogelling
exercise using the 3D ELCOM model. Validation runs were performed with 1994, 2001, 2002, and
2003 data. The validated model was then used to understand the flushing of the deépevirstiemal
wave dynamis, andthe residual circulation. The hydrodynamic results can be used as the drivers for
future simulations aimed at studying thé&efand transport of nutrients.

O6 Connor 99 haveapplied farlo@s hyodynamic models thake Erie. Theyworked
on twofactors The first was to describe how the Great Lakes Coastal Forecasting System (GLCFS)
couldbe usedo validate wind forecasts for the Great Lakes using observed and forecast water levels.
The second was to evaluate how well two versions (40 km and 29 km) of the numerical weather
prediction stepcoordinate Eta Model are able to forecast winds for tteatd_akes region, using the
GLCFS as a verification technique. A description was given of the GLCFS for Lake Erie. The

numerical Princeton Ocean Model (POM) wesed for lake circulationsThe observed winds were
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used to force the POM for Lake Erie foveeal periods in 1993 when water level surges were recorded.
Twin experiments were made with the GLCFS to determine: 1) how well it can predictcésit)d

water levels using observed winds as forcing, and 2) how well it can predict water levels using both
the 40 and 29km Eta Model forecast winds as forcing. Then they discussed the use of this forecast
validation technique for o#r coastal forecasting systems.

Bolsenga and Herdendorf (1998ublishedthen La ke Eri e and Laklee St C
Handbookis actually a good reference, intended for anyone who lives near the lakes or visits them for
recreation, and who has beyond average curiosity about their geological and natural history, shoreline
topography, weather patterns, water charactesisteef features, fish and bird life, wetlands, and
pollution status.

In the Schwab and Bennef1 987 investigationcurrents measured at 28 moorings in Lake Erie
during May througtOctober1979, were lowpass filtered to remove energy at diurnal, ineraad
higher frequencies. The current meter observations were interpolated to a regular grid over the lake. In
addition, a numerical, timdependent, barotropic, rigidl circulation model was run using winds
from six meteorological buoys on the lakeths forcing function. Twelve -Bay storm cases were
selected for detailed Lagrangian analysis. They also showed how numerical models and the objective
analysis techniqueould be usedto design more effective instrument deployment schemes for
measuring lake and ocean circidatpatterns.

In Simorts (1976 paper,fA numerical model of Lake Erie used to compute water transports
throughout the 1970 shipping season on the basis of con8mnwind observations from six shore
station®, avertically integrated model was used for gtlasinogeneous conditions, and a tlager
model was employed to simulate summer stratification. The computed water circulations were retained
for a study of thénorizontal distribution of various chemical parameters measured by regular ship

cruises on the lake during this period. Computed surface elevations were compared with observed
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water level data to verify the model calculations and to adjustiting stresscoefficient from month

to month. The results showed the feasibility of cuogsrational applications of a model of the present
type for computing the necessary water $gort information for ecosystemodelling and water
resources planning.

Because ofts size and geometry, tloentralbasinof Lake Erie is subject to periods in the late
summer when dissolved oxygen concentrations are low (hypoxia). The International Field Years for
Lake Erie (IFYLE) project of the Great Lakes Environmental Researchrasmiop (GLERL, a U.S.

National Oceanicand Atmospheric Administration (NOAA) laboratory), was established in 2005 in
response to this increase. This project was investigating the causes and consequences of hypoxia in the
lake. As part of the effort, scigsts from the United States and Canada conducted an extensive field
study in 2005 to gather more information on the duration and extent of the hypoxic zone and its effects
on the biota in théake, (Beletsky et al.2013)

The Michigan Great Lakes Wind Council developed a set of criteria to identify afgéshajan
Great Lakes that are fAmost 0 an devdiopneeatsntJune2000v or a |
They were looking for areas with water depth ofdbr less. They identified five wind resource areas
that are most appropriate for offshore wind energy: Southern Lake Michigan, Northern Lake Michigan,
centralLake SuperiorcentralLake Huron and Southern Lake HurdMichigan Great Lakes Wind
Council,2010)

In 2010,AWS Truewind on behalf of the New York State Energy Research and Development
Authority, (NYSERDA) prepared a studyrhe project assessed the feasibility of offshore wind
devel opment i n Né&Materamdidendified tie maja areatstidy associated with
development. The project approach consisted of a desktop investigation of parameters affecting the
feasibility of offshor e wilLakdsvaleesvTéd irvgstigationtreliedn Ne

on existing da sources describinthe statescoastal and offshore resources, the documented
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experiences of others with offshore development, and the characteristics of offshore wind energy
technology. The study was intended to assess the general feasibility of offshore wind energy
developnent in the vicinity of the Great Lakes coastline, addressing various physical, technical,
environmental, regulatory and commercial considerations. The assessment acknowledges some of the
Great Lakesd wunique <char act e elsewlere,csach aseldkaice v e
development in winter and construction vessel size limitati@\&/S Truewind, 2010).

In April 2005, Pryor et al. worked on the Michigan Renewable Energy Program (MREP) project
titled fAoffshore windaegndraky sdev dlhepmeantd itrhet t
the potential for offshore wind energy in Great Lakes

Our study addanother model and investigates a specific topiind farm impacts. COHERENS
also has potential for chemical and biologiocaddellingand this will be investigated further in the

future.
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CHAPTER TWO

DESCRIPTION OF THE NUMERICAL MODEL

Ful | det ai | s anbdeltingsey sCtOeHne RFEONYS sihal | ow wat erso V
ROYAL BELGIAN INSTITUTE OF NATURAL SCIENCES web site, including the manual

(http://odnature.naturalsciences.be/coherens/manitad COHERENS model is freely available and

is released under the fAiEuropean Union Public L
as a free source code for the scientific community following the GNU General Public License
principles and caibe considered as a tool for a better understanding of the physical and ecological
processes and for the prediction and monitoring of waste material in shelf seas, the coastal zone and
estuaries. o

In thischapterwe provide some of the model details, based mostly on the material in the COHERENS
manual. The material in this chapter is not our own, original work, but is included here, in a selected
and condensed form, for the convenience of the reader.

The reasondr using COHERENSi our simulation is that it iliable software, producing interesting
results. It has been used in the North Sea simulation by European researchers. From a personal,
practicalviewpoint,an earlier version of COHERENS was used preWoimsmy master project and

thesis (3D simulation of the thermal structure and hydrodynamics of Chabahar Bay, 2008).
Furthermore, our simulation results can be compared with other simulated results done by different
people such as Canadi@entrefor Inland Waters (using ELCOM model) and/or Beletsky et al., (using

POM model) as support for the performance of all three models.
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2.1 COHERENS (Coupled Hydrodynamical-Ecological model for Regional and

Shelfseg

This work focuses on quantifying the impact of wakes within and downwind of wind farms on
mixing, circulation and the thermal structurd.ake Erie.To run this simulation we us€&€OHERENS
numerical softwaresCOHERENS CoupledHydrodynamicalEcologicalmodel for Regioal and Shelf
seq is a threadimensionalhydrodynamic multpurpose model for coastal and shelf seas, which
resolves mesoscale to seasonal scale processes. The program has been developed by a multinationa
Europeargroup over the period df9901998. The first version was released in April 2000 and the
second version in 2006. Important advantages of the model are its msttutinreand flexiblity
because of the possibility to select different processes, specific scheme or differeot typmsg for
a particular application. The code has been written in FORTRAMKNd usesi-coordinate in the

vertical direction. The model equations aigccetized on an Arakawa-@rid, (Luyten 2012)

2.2 Model Description

Physical Model

Thecoordinate units can be either C-axistdieegtadan ( x
upwards along the verticaDur applicationused the vertical coordinaseich that the surface=z0
corresponds to the metakewater level. This gives
z= e(x, y(e¢t)ld,ort)z &t et he free surface (2.1)
z = Th(x,(&%) Gy at =thé&d bottom (2.2)
Wh er e dakeisisface dlegation and h the mean water depth so thadtdlevater depth H is
gi ven by Hdroursizelimited aseat he Eart hdés curvature i s n

frequency can beonsidered as uniform in spadeh ecoaidinate is defined by (Phillips, 1957)
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d=(z+h)/H= (z + )h) [/ (h + ¢ (2.3

Wher e 0 v ar atthebottora and/Eat the sOrfathe grid spacing in the vertical becomes

& = H el (2.9
Thespacingp f v edpoii mals @d aunidrmbubd can be mken as ithey uniform ornon
uniform in the verticalAdvantages are:

AMuch simpler boundary conditions at the surface and bottom

AA better resolution of surface and bottom layers

Different types of horizotal gridare available,

1: uniform rectangular (i.e. necurvilinear) grid. In the Cartesian case, the grid lines are equidistant
inthe XandY-di recti on, but -daxr gcdtiisaana)ncreay nditfhfeerX fr
case, the coordinate &8 are latituderad | ongi t ude ac iirrc | geesn e rbault. esea |
22nonuni form rectangular grid, with &x (x) and e
3: curvilinear (i.e. nowrectangular) grid. In thatase the gridspacingdepend on both horizontal

coordinates. Without loss of generality, the distance between two grid lines in curvilinear coordinates

can be set to 1.

2.3Basic Model Equations

There are three main assumptions used in the model:
1. The Boussinesq approximation whimeans that the density is constant except wbhapledwith
the Earthoés gravitational force.
2. Hydrostatic balance
3The horizont al component of t HExeeptferanonhydrosgticr ot at

water masses or near equaones).
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The equati ®ms mimaCartediahceordifiaBesconsist of the continuity equation, the
momentum equations and the equations of temperdttuverth noting thatmany of the COHERENS
equationgnvolve salinity but becausthe salinity of Lake Erie is set to zeroour applicatiorso the

salinity equations are not includéere

OQu/ Ox + Ov/ Oy + Ow/ Oz = 0 (2.5)

Ou/ 0t + u Ou/ Oxifve v @A /PFH MO Auwr/)@z (BOL O x() O/00Y )
Gy (2.6)

Ov/ Ot + u Ov/ Ox +#uv=0U0ONLdkr wf OFOX)zO6Z BOKOx) U
(07 @Qy) U 2.7)
Op/=0z 1 g (2.9

OT/ Ot + u (OT/OR)/ Szoky) £ OOL O ) OTH vOzQI GO)T / (Oax ) +
( O/ QO)T/ O ) (2.9

where (y v) are the horizontal coponents of the current, w theenical currentf the Caiolis
frequency gl vemerbey ®Rqgqsi h/ 43082 radians/ s, i s
pressurdpressure is defined as the pressure minus its homogeneous hydpastatie. P = p +og

(z & &), rélerenceatmospheric pressureeP(Ps) is 101325.0 pay t he @ awndormt vy, |
reference density, g the acceleration of gravity, Fy) the components of the astronomical tidal force,
grandtbe vertical t ur b u lje¢ha horizdnitaf fifictios fercsor, T paentfalf i c i
temperature, | the solar irradiance within the water column atitecspecific heat capacity te#ke

water at constant pressufieo remove the compressibilitgrm in the temperature equation T is the
potential temperature, defined as the temperature of a fluid parcel, rad\adxhticallyto a certain

level (usually near the surface).

Since the model does not allow for the formation of ice at the surfacentpertgure must stay above

the freezing point dikewater, i.eT »S U (2.10
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Whersee U 0.°CG/BSURNd S is salinitywhich is zero in our application¥he torizontal
diffusion coefficiensy = Cneex e + 0P (2.12)
And the scalar coefficiert = Cseex ey + D2 (2.12
Which Dt and » arethe horizomal tension and shearing strain
Dr= Ou/O®x% Oy (2.13)
Ds= Ou/ Oy + Ov/ Ox (2.14)
The coefficients & and G usually have the same value of the order of2L The model assumes
that Ahorizontal o diffusion of momentamdasend sc
considered as vertical diffugsio c o e f f i ciLeswat nsed.L @ tham boeizorstal mixing scheme
may produce an excessive diapycnal diffusion in the presence of lateral fronts. Complex schemes for
isopycnal mixing have been developed and applied to global avedals, butas COHERENSIs
primarily developed for coastal and regional seas, these schemes are not implemented in this model.
The absorption of solar irradiance within the water column is generally a function of solar wavelength
and the penetration depth of solar lightcording to Paulso& Simpson (1977),
I(X1, X2, Z) =Qraa(R €2/ &2 (1 "4’ PR) e (2.15)
Where R represents the fraction in the red end of the solar spectrum watesertsegrimarily in the
upper(I2) met ers of t he wat bluegrean lighparetrates tiarger depthss.c t i o n
The solar radiance incident on the surfac®ig. Since turbidity effects are not explicitly taken into
account by the phys,idassldepawdrethe optivabplopediastheowiaterR, o
masses,L{uyten 2012).

Solar radiation is absds bk@. Ovi'ts 0.86Mrd whichcasel u mn
inverse optical attenuatiodepths for absorption of longave andshortwave solar radiation,

respectively The nfrared fraction of irradiance abrbed athe lakesurface is 0.54.
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2.3.12D Mode Equations

In depthaveragednode it is assumed that the 3D current and@lsk8alar quantities are depth
independent, so w=0. There are additional 2D equations fatefhiirintegratedcurrent and surface
elevation. The reason is that the surface elevation appearing in the moneeptationscannotbe
determined from 3[@quation®nly and also the numerical solution of the 3D equations are constrained
by the CFL limit which poses a severe limit on the time step used in the nurdesacatization Mode

splitting techniqus, which wse smaller 2D time stepan resolve this problem, yten, 2012).

2.3.21D Mode Equations
In case of a water columapplication the horizontal grid reduces to one point so advection,
horizontal diffusionandhorizontal pressure gradient are negleetedthe verticakurrent is no longer

calculated, l(uyten, 2012).

2.4 Turbulence Schemes

The objective of a turbulence scheme igptwameterde the effects of turbulentnotions. It is
assumed that turbulence is fully developed and guasiequilibrium state. The main characteristics
can be described as follo\serziger, 2005; Kantha & Clayson, 2000a):
A T ®Wlimensional. In contrast to the mean flow, which may bedimtensionalturbulent motions
are fully threedimensional. This daition excludes the twalimensional turbulence of geophysical
flows onthemes@cale which isparameterded by ahorizontal mixing scheme.
A - Randomness. Tu4bhumledne moay . aurbliehtsatestarsingsfromt h a t
slight changes initial, boundary or forcingonditions become uncorrelated in time within shiare
intervals.Therefore the onlymeaningfulvay toanalyeturbulence ishrough its statistical properties.
A Broad spectrum. Tur bul e sdalesrimpace anditsne.s pan a | ar
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A Vorticity. I n cont r asharactemedby eavlensvorticitydlucthatidn® nt m
This explains why turbulence cée visualzedin laboratory experiments as a spectrum of eddies on
different spatial sdas On the largest scalesgdies extract energyom the mean flow, whereas on
the shortest (soalled Kolmogorovscales this energy is converted into heat by moledigaipation

The spatial scales of turbulence, which neethkeinto account irmodels for the ocean, shelf
seas or coastal areas, range fromtbA0* m andarenot resolved by the modekcept eventually for
the largest oneS urbulenceschemes need to blevelopedased upon the statistiqgalopertiesf the
turbulence spectrun®tarting point are the NaviStokes equationand the equations of continuity
and temperatur®espite the similarity with laminar flows, there are fundamental differdret@geen
turbulent and laminar diffusion
A For fully devaen damstadger thantheirlammaounerpartsby several orders
of magnitude.
A The turbulent di ffusi on coef fwhereas the molealare o f
coefficients for momentum, T isf theo r d e r kr,&gj D (10%, 107, 10% m?%s.
A Turbulence is initiated by pnatabmbhidaremts of
constant but depend on the mean flmoperties generating amdntrollingthose instabilities, i.e. the
currents h e air Qaddhe densitygrdi ent O) / Ox

The turbulence models, implemented @QOHERENS fall in three categories of increasing
complexity:
1. The simplest formulation is to set the diffusion coefficients to constant valizes & = canstant
wh e rc @ n @ areasetby the user. Despite its simplicity, it is recommended not to use this form.
Turbulenceausuallyoccurs in the surface and bottom boundary layers, which requires spatially varying

coefficients
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2. Empirical Algebraic Scheme Models using simplified empiricabr semiempirical (algebraic)
relationsnot derived from a turbulence closure theory.

3. RANS SchemeModels obtained from the Reynolds averaged N&aStekes (RANS) equations.
These models are physically meobustbut have a larger computational overhead.

The first option is not recommendezhd for thealgebraicschemesthere are two schemes of
either a Richardson numbaependent ditow dependent-inally, by choosing RANS s@me the user
can choos¢he kU a4 sthemeln the ki theory, all equations are writtaxplicitly as a function
of k and I, where | is the mixing length and can be calculated from either parabolic epayadmlic
law or Xing and Davis oBlakadarformulation.k is the turbulence kiematic energy (J/kg)btained

fromk =1/2 (6% + O+ 0 a n ds the dissipation rate W/kg, (Luyten 2012).

2.5Solar Radiation
The radiation entering at the top of the atmosphere is given by
Qs=QpearH( sish 2 (2.16)
Where Q = 1367.0 W/, i s t he ssothealtitudeobtimesstin@lavation angle)H the
Heaviside functiorfH(x) = 0for x <0 and = 1 otherwisendpcora correction term due to the elliptical
orbit of the earth. Taking account of absorption by the atmosphere, the direct solar radiation incident

on thelakesurface is given by

Quir = Q&Y (2.17)
Whereopticaldeptl) i s t he functsiindegreed sol ar altitude 9
Quit = ( ( JQsT Qaid\ 2 (218

Wherethe value of 0.09 for the water vapor and ozone absorptiefficient Ayis consideredQuit is

the diffuse skyadiation,which assumes thainehalf of the scattered radiation reachesldie
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surface, and the total radiation fl(Qcs) at thelakesurface under clear sky condition is the sum of
Quif andQuir. Theshort waveadiation flux at théake surface then finally takes the form

Qad=Qes( 1 T fc00.06120s ma) (1 T A (2.19
Wh e rseax 9 the solar altitude at noon. A constant value of 0.0fis8med for thelake surface

albedo(As), andfc is the fractional cloudover that needs to Iseipplied externally,Luyten 2012).

2.6 Water Surface Boundary Condition

Can be either Neumann or Dirichlet type.
2.6.1Currents:

The surface condition fdrorizontal currenfu, V), is obtained by specifying the surface stress as
a function of the wind components
(¢3t/hs)) Ou/ 08/ Os1) 8 aCadVi0(U1o, Vio) (2.20)
Where (Uo, V10) are the components of the wind vector at a reference height of 1Qaw, Wi +
VidY¥?i s t he wi®H2 kg/g the alr,dengity and &the surface drag coefficient. The
boundary condition for the transf oyr(lugeh20B.rti ca
2.6.2Temperature

The surface boundary condition for temperature can either be taken as a Dirichlet condition in
which case Tis specified directly at (or near) the surface or a Neumann condition in which case the
surface flux of temperature is given as
(dc/hg) (evOT/ Os) = Q (2.22)
Where Qis the downwards directed heat flux at the surfacecatite specific heat dbhke water at
constant pressure. The net total headofdllnanx i nt

solar contributions plus the radiative flQaq.

QnsoI: Qa + Qse"‘ QlW (222)
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Where Q. is the latent heat flux released by evaporati@gthe sensible hediux due to the turbulent
transport of temperature across thdaeinterfaceand Qw the net longwave radiation emitted at the
lake surface. Both @ and Qe are functions of aidensity and wind. Also, are function of specific
humidity andair temperaturgrespectivelyThe longwave radiation fluxerm is parameterised as
Qw =fsOrad(Ts+273.15§( 0. 39 .9 (01. 0i%)0e. 6 f (2.:3)
wherefs = 0.985 is the emissivity at thakes u r f a¢e 867 x I W m?K?isSt ef ands con:
fc the fractional cloud cover (between 0 and 1) artieevapour pressura hectoPascal

Heat flux is composed of two components, sensible and latent. Sensible heat flux is controlled by
temperature fluctuation correlations with velocity, and tearsurfaceis in part governed by
molecular thermaliffusion across a thiayer. The thicknes®f the viscous layer is inversely
dependent on:wover a longaverage, bubcally it depends on the local velocity shear along the phase
of propagating surface waves. Whenvesbreak, the viscous layer destrdiisis accelerating the heat
exchange. Théeat exchange caused by the difference of temperature between sea spray and the
ambient air provides an additional small contribution to the &eettangein particular during high
wind speed. The latent heat exchamgeernsby the rate of surface evajdion or condensation,
which in turn is dependent upon the humidity gradient. Similar to the sensible heat flux, there is
substantial heat exchange due to evaporation of sag dpring high wind event§Shortwavesolar
radiation substantiallglepends on the latitude of the lake and on the cloudiness, with the former
presenting a rather regular annual trend and the latter being important mainly at shewakes¢from

hourly to weekly)(Piccolroazet al, 2013)

2.7 Generalized U-coordinates

Il nstead of us icoogdinatenaenenalredvdei rttis acnaatlo gif di nat e can
byz = F(x, X2, S, t) (2.24)
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With (x1,x2) = (X, y) ,, )(leo,r )stieh are called orthogonal curvilinear coordinates. This means
geometrically that t he:isaocoostadintensactséhe cutve aloeg whitho n g
32 is constant orthogonally. And s = 0 at the bottom and s = 1 at the sAepees 2.1 and 2.2 so
thatF(x;, xe, 0, ,EQ,x= I ,h t) = ¢ (2.25)

Which means h angldepend on x 3, y (x2) and t.

ZT \/IUI\ surfaces=1

o) T

ttom s-o

Figure2.L gener al i zed vertical fAs0 coor ¢

3 s

Figure22: iz 0 weerrstu sc al isd coordinate

The vertical grid spacing now beconses = ( OF ka®s) @&s = h (2.26)
SongandHaidvogel (1994) related thecso o r d i n a-toerdinate by fetirgy
F = s H z(xgy xhs) H=04, &, 0) = F(X1, X2, 1) =0 (2.27)

Equation .26) isre-written asns= H +:/ Bs J(D# hH H) @) 1 4 OF)(2.29
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Where the approximation is made tha iH. The assumption is reasonable since thesdinate is

designedfor nonshallow areas with large bathymetric gradients, such as shelf breaks.- The s

coordinate, defined b2(2Z7) i s r e |l-eoordindtebyo t he
80 = (h8H) BXy, X2, S)é s + (X1, X2, S) (2.29
And @l éx lezH ®BF es (2.30)

Which means that the Swhtpidvogel scoordinate can be seen ageneralzed U-coordinate with
nonruniform spacingin the horizontal if FI ~ Dhe new coordinate should be defined so that it can
represent surfacand bottom layers in shallow as well as deep waters and can deal witlviheas
steep topography. Song & Haidvod&994) proposed the followingxpression for Hs):

FZ(x1, X2, S, t) =max{0,((hi he)/hy(C(s) ¥ 1 1 s) (2.31)
C)=[( 1 17 b) sisnihhk(bd[¢ ain hl )[ ]d/tash 0. )30dl] 5 ) ]

(2.32 where his a critical water depth below which thesordinate reduces to tliecoordinate and

b and d are tunabl e par alwyeakirgursfarmlylspaeedlevels,itei c a |

= (RWVN,k=1IN+land al cul ati ng the coleveleuwsipgd2/di ng gene

Figure 2.3: Distribution of vertical levels alongransect from Denmark to Norwaga)u ni f er m

coordinates(b) nonu n i f ecoordinales (goordinate)[Luyten,2012]
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Figure23compares the distributi on -spading with thes c a | |
coor di nat e-cooritmie lprevidds lare acalirate resolution in the shallow waters near the
Danish coast (left side of tiiegure2.3), the layer thickness 830 m in thedeepespartthatis clearly
insufficient. A(vertically) noru n i f egridwill Got resolve the problem since any improvement for
the deepest parts will deteriorate the solution in the ccagta$ whichhave very sallow depthsThe
s-coordinate has a much more accurate resolutear top and bottonm deep water as seen in the
Figure2.3on t he r i ght -aoordinate elemhkensar theawoastd) vehengis a critical
water depti(0.1 m),below whichthe€ oor di nat e +oodiatees t o t he @

Note that spherical ¢ oor d-curnvianeas coordinates witheesped n s i ¢
to Cartesian coordinates withfh R ¢ 0 s {F Ravheatte Rhs the mean radius of the Earth,rofi
as the radius of a sphere having the saoheéme as the Earth or 6371 kmn p r aic t@&ebmth se3
normalizedto 1, so that the metric coefficients h, now become the grispacingalong he curvilinear

coordinate lines, Luyten 2012).

2.8 Water Bottom Boundary Condition

A slip boundary condition is applied at the grid point nearest to the bottom for the current, which
takes the fornf ghs) (Qu /,Ow/ Os1) )8 ( U (2.33
Wh e r 8 b2 Bab (Up? + Vb2)”* (Ub, Vb) (2.39
Where the bottom currentsy( vi) are evaluatedt the grid point nearest to the bottom.
Ca= ( &z//z0))2 n (2.35
Wherez; is a reference height taken at the grihtreof the bottom cell. The value a§, which may
vary in the horizontal directiondepend®n thegeometryand composition of thiakebed.In analogy
with the surface condition, the bottom value of the vertical velocilyaed s z e r dhe bottone . ¥
boundary conditions for temperatusebtained by considering a zero flux normal to the lakebed:
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ar/hs( OT/ Os) = 0 (2.3
It is remarked that the neailowance of any heat exchange at the bottom interface may not be
realistic but is only imposed in the absence of a ugethmeterdation which takes account of a

bottom exchange (e.telease of geothermal energyuyten 2012).

2.9 Numerical Model

Conservative finite differences (equivateofinite volume techniques for the Cartesian mesh) are
usedto discretize the mathematical model in space. The grid chosen for horizontal discretization is the
welckk nown Arakawa ACO grid (Mesinger & Arakawa,
/elevation nodes to give a good representation of theatrgcavity waves and provides simple
representations of open and coastal boundaries. As discussed in previous sections the model equations
are solved on a rectangul ar o-ora acu rexdlidimeear (g
grid in the vetical, whereby varying surface and bottom boundaries are transformed into constant
s ur f ac e-soordindtd grovides for accurate representation of surface and bottom boundary
processes. It also results in an equal number of cells in each verticatolaten.

Two options are available to solve the hydrodynamic equations. The original implementation in
COHERENSused the modsplitting technique as in the model of Blumberg & Mellor (1987) to solve
the momentum equations. This method consists in sohiegdepthintegrated momentum and
continuity equations for the fAexternal o or bar
CourantFriedrichsLewy (CFL) stability criterion for grface gravity waves, and th® 3nomentum
and scalartransppr equati ons for the Ainternal 6 or fAbar c

Total Variation Diminishing (TVD) (Roe, 1986; Sweby, 1984), and upwind schemes are available
for the advection of momentum and scalars, to reduce the programming and compueddredd.

A TVD scheme(which is used in our simulatipnis implemented with the symmetrical operator
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splitting method for time integration and can be considered as a useful tool for the simulation of frontal
structures and areas with strong curggaidients. The upwind scheme, on the other hand, is only first
order accurate and thereéomore diffusive, and should lesedonly if CPU time is considered of

more importance than accurag¢ijuyten 2012).

2.10 Grid Nodes andl ndexing System

Figures 2.4 and 2.5 showhe horizontal layout of the-Grid domain as it appears in curvilinear
coor dii g.Ae@malzationi s appl i edse34. dor tohvaniencee ghe notations X
and Y will,am®e w»sed for 3
A -nBdes (empty circles): located at tremntres of the grid cells, used for 2D anb 3calar quantities
(elevations, water depths) and wind components.

A -niddes (horizontal bars): at thentres of the left (West) and right (East) cell faces, usedhiix-
components of vectors except the surface wind (transports -ohegath currents, bottom stress)

A -nédes (vertical bars): at tleentres of the lower (South) and upper (North) cell faces, used for the

Y -components of vectors except the surface Wirahsports, deptinean currents, bottom stress)

A uhdtdes (solid circles): at the corners of the grid cells, used for the horizontal coordinate arrays

which determine the geographical location of the.grid
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dummy land column
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} dummy land row

fie
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-

C—node quantities: scalars

— U-—node quantities: X—component of vectors

|  V-—mnode quantities: Y—component of vectors

® UV-node (corner) quantities (e.g. grid coordinates)

Figure 2.4: Layout of the (global) compational grid in the horizontalLuyten, 2012

Each horizont al grid cell h a sx-dieectionibetvekenxt andg e n e
nc (number of grid cellsinthe-di r ect i on) and yairectionrbetveern 1(addjnd ) [

(numberof grid cells in the ydirection).

Horizontal
UV(3Ej+1) V@Ej+1) UV E+1.j+1)
|
T
U@ 1 o -1 UG+1.p
@y
- I »
UVE)D VED UVGE+1.7)

Figure 2.5: Grid indexing in the horizontal plang.uyten, 2012]
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In theC-node,grid points withx-indexnc or y-index nr have to be declarad spurious dry cells.
This means in practice that, whereas the computational size of the domans, the physical size
Is (h¢-1) x (nrl). In analogy with the horizontal directions, a staggered grid is used in the vertical as
well. The water columis divided intanz layers. The layers, which in transformed vertical coordinates
have equal sizes, are illustratedFimgure (2.6). C-nodes are vertically located at thedst of each

layer.

Vertical

A sea surface
i W nz+1

W

W

W

W

W

o NN

W

seabed

Figure 2.6: Layout of the computational grid in the vertidauyten, 2012]

The vertical position of al3 model variable is determined by the vertiaa) ( i ndex ( Ak o)
varies between 1 ami for C-node.The gridindexing system for the fulll3 modeis shownin
Figure(2.7). The lower bound of all grid indices 1sthe upper boundary depends on the nodal type

and on whether it is taken along th@mputational or physical domaifLuyten, 2012).
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Figure 2.7: Grid indexng in threedimensional spac@.uyten, 2012]

2.11 Time Discretization

In case a modsplitting technique is used (Blumberg & Mellor, 1987), sepdiate steps are
takenforthe® fiexternal 0 barotropic equations (a&U) ai
2D ti me st epsmaleebbugh toaaisfytthe CoursmniedrichsLewy (CFL) criterion. The
3D time step is a multiple, M dJf (& ypi cal | y -20)fandtthe enodel is dntegrated f 1
forward in time for Nbaroclinic time steps (equal ta M; = Myt barotropic ime steps). From stability

analysis for Inearsurfacegravity waves
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&)  Qninkeh 2 Bnay ( (2.39
a  Gh/@h2 &ma) g Nj (2.40
Wh e r @in=aim (h, h) isthemi ni mum hori zont al othe reddcedgoasitg,i n g,
hmaxt he maxi mum water depth and &) a typi tagl val
the second condition is less constraining than the first one. A more stringent condition fdp the 3
mode, imposed by the explicit schemes for horizontal advection, is that the horizontal diratsetd
by a fluid element during the internal time stgpmust be smaller than the grid spacing, or
(uag/h, Vvh)etOo/1 (2.4))

All horizontal derivatives are evaluatexkplicitly while vertical diffusion is computed fully

implicitly and vertcal advection quasimplicitly, (Luyten 2012).

2.12 1D model Set up

A simulation is done which describes the evolution @filrd-driven surfacemixed-layer. This
simulation takesaccount the effects of wind and seasonal stratification. We have investigated the
formation of the thermocline during the summer in three different depthater. The model is forced
using realistic meteorological data. To limit CPU time on the firshdoaf computer run, the annual
cycle of thermal stratification simulation is performed with fti2 (water column) version of the
program so that adegon effects are ignored. Theitial state consists of a water column at rest with
a stable stratificatioin the vertical usig a constant density gradient. Thendity equation is derived
from the McDougall et al(2003) general equation of stat®.422.44) without considering the
pressure effects.

}J (S, T,p)=RES, T,p)/BS, T, p) (2.42

Pi=a+aT +aT?+ &l + &S + aST + aS™+ ap + apT? + apS + aop® + aup’T? (2.43)
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Po=1+0QT+ T2+ bsT3+ T4+ bsS + ST + ST+ beS 32+ S >? T2 + byop + bu1p?T?
+b1op®T (2.44)

Contrary to potential temperature (T) and salinity (S), the density is not obtained by an additional
transport equation but by means of an equation of state (EOS). The international EOS (Millero et al,
1980 relates the density to the three state vargableS and P, where S is considered 0 in fresh water,
(Jacket & McDougall, 1998). With a precision of 0.003 kiyine density is given by2(42 where R
andBdepend on T, S, |} ,attemarea@mpiricabparanieieieglectindy densityw o |
variations in the water column and atmospheric pressure, P can be approximated by
péiy g (z 1 6) (2.45)

The expansion coefficiefidor temperature is
br= (1 1/3) 4O @AQuP) « @P1)/ P (2.46)

TheRANS model with limiting conditions critical Richardson numbéris usedn our simulation
and advection is disablelhe RANS model desnot take the eddy viscositydiffusivity concept as
a prior asamption. It contairs unknown second and third ordeorrelations, whichneed to be
parametered The followingparameterizationare adopted:

9 Pressurestrain correlation.

1 Pressuréuoyancy gradient correlation.

9 Dissipation terms, the turbulence energy is dissipated isotopisaltg the laminar diffusion scales
are much smaller than the scales of the largesegdthe laminar terms can be neglected.

1 Pressure transport is neglected.

The expressions for the pressgtein and pressutguoyancy gradient areompiled from
different sources and presented in their most general form. Iruouwe usethe Hossein &Radi,

1982 (HR82) source. Different schemes are available fanttellingof the thirdorder correlations.
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They are based on the classification scheme introduced by Mellor & Yamanda (1974, 1982) and

Galperin et al. (1988).

I.Nonrequi | i bri3an met Md dk.vel

2Quastequi |l i brium or Al evel 2.50 met hodheprdvibusr Gal
schemeg x cept that P+G i sxcepténtthe one for@urbulentenergy. equat i o1
3.Equilibrium or Al eivieilbr2ioumetih.oed.. PA # uG |=-ellyui n
equation.

A P is a source term and equals the energy wi:t

spatial scales of the turbulence spectrum

A G i s dernhwhiclcanbeaysinkerm for stable stratification (Ri > 0) and a source term for
an unstable stratification (Ri < 0).

A 0 r e p rae sfeiscouslissipatian of turbulergnergy, whictoccurs at the smallest scales of
turbulence.

For the neutral surface dragefficient the Charnock (1955) relation is used@’s = a

Cais= (@ oflO)f n ( z (2.47)
Where zsis the surface roughness lengththe surface friction velocitylmd a = 0. 014 Ch
constantDirichlet conditionk = Pin/ Swo”, ~ Gw/= vaudl b = ad (2.48)

Su0(0.108, is the neutravalue of the momentum stability coefficient S

Where Gib= 2 24?=(Sok¥ U) (OU / Oz) = const an@49
Where | the mixing length is proportional to the distanced om t he fAwall 0 bounda
l=h= w=d @ (hp) +=zo+4 HG + z (250)

And zos a bottom roughness length is useddottomboundary condibn, and quasequilibium, k-U
scheme is used in turbulendgeference height is 10,meference density is 1000 kgineference

salinity is OPSU and reference temperature 3Gl The mean depth of water is set toetber 10m,
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25m or 60 m, andthe uniform bottomroughness length is 0.01 mh& emperature field is initiated

by field data gathered by Canadian Cerftye Inland Waters and is updated in tint@OHERENS
defines themixedlayer depth as the surface distance of the first grid point below the surface where
the current is lower than ompercentof its surface valueJniform surface drag coefficient, uniform

exchange coefficient for latent anehsible heat are set to 0.0013.

2.131D Mode Equations

The basic equations in the absence of advection aimbhtal diffusion are given by
Ou Itv=0t( O 4 Om) / (Oz) (2.51)
Oy Otfu= (O 4 ©Oz) /(®z) (2.52)
OTOE (Uyoc) OO 2 (OO (erOTOY)
where z is the vertical coordinate (increasing upwards and zerosatthef ace) , u t he <cu
d e n s i tryrtee wedicaBeddy coefficientsf=si n G i s the Coriolis fr
T the temperaturepthe specific heat dakewaterat constanpressure and I(z, t) solar irradiance
The eddycoefficients reduce to their molecular values in the absence of turbulence.

The initial and boundary conditions are given by

u = 0, 1T (gd/ ya (€ [/ Oz) = N (2.53)
s3r( Ou /| 20a& ] O L &z32=0= O (2.54)
Where N is the uniform, i ni t i al buoyan e wn refereneeqdersitysdgitionaln d |

assumptions are made:

A u = 0
A The eddy coefficients can be cast into the f
sr=f;( 3y #w=f(a¥t h (2.55)
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Wher e 3. () hitzis thehdepth of the turbulent laydfquatiors (2.51-2.54) are solved
numerically with the following parameteus;= 0.01m/s, Ny=0.01s'? (2.56

To remove the influence of initial conditions and adjustments, the analysis is restricted to the
running period so that the first few days results as awgptime for the model are ignoredboth 1D
and 3D casedHowever, most of our interest is in texof summer water temperature so spgtime
IS not a major concern. A number of output parameters are defined. Their intention is primarily to
compare the results with the results made by (Estuary and Lake Computer Model) ELCOM numerical
model used in ClBV, the Princeton Ocean Model (POM) numerical model useBdigtsky et al.
20137 who validated their restwith the observed data sétsand the observation and field
measurements madey Environment Canada and NOAAD mode enables us to compare the
influence of different formulations available in the program (turbulence, boundary conditions, optic,

equation of state, etc.)
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CHAPTER THREE

WIND TURBINE WAKE S

3.1 One-dimensional Momentum Theory and the Betz Limit
Determining the power from an ideal turbine ro@md the effect of the rotor operation on the
local wind field can be calculated and estimated by the sinif#é&z (1926) modelThe inear
momentum theory is the bagi§this model A control volume isassumed in the anaig so that the
control volume boundaries are the surface of a stream tube and twsectsss of the stream tube,
(Figure3.1). The flow is considered only across the ends of the streamAub@& ni f or m fiact ua
represents aitbine and creates a discontinuity in the pressure in the stubaoftair flowing through
it. The following assumptions are considered in this analystanwell, 2009)
1 homogenous, incompressibsteadystatefluid flow
1 no frictional drag
1 aninfinite number of blades
1 uniform thust over the disc or rotor area
1 a non rotating wake
1 the static pressure far upstream and far downstream of the rotor is equal to the undisturbed ambient

static pressure
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Figure 3.1 Actuator disc model of a wind turbine; U, mean air velocity; 1, 2, 3, and 4 indicate
locations [Manwell, 2009

If the conservation of linear meentum is applied to the contreblume,the net force on the
contents of the control volume can be fouhlatforce is equal and opposite to the thrust, T, which is
the force of the wind on the wind turbine. From the conservation of linear momentum for a one
dimensional, incompressible, tinmvariant flow, the thrust is equal and opposite to the rate of change
of momentuntlux of the air stream.
T=U( } AlUUs( } AU (3.2)
Where J} 1 s t he atsectiodatanes, iUis the air Relocitg, and theesubsaripissndicate
values at numbered cressctions irFigure3.l.For st eady 3it=at( 9.4, where (} Al
a is the mass flow rate. Therefoilez & (U1 - Ua) (3.2)

Because the thrust is considered positive the velocity behind the Watos less than the free
stream velocity, W No work is doneon either side of the turbine rotdy applying he Bernoulli
function in thecontrol volume on either side andthe steam tube downstream of the disc

p+ 1/12=py+U 1/22 } U (3.3)
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P+ 1/32=m+U 1/42 } U (3.4)

It is alsoassumed that the far upstream and favrigiream pressures are eqml= ps) and that the
velocity across thdisc remains the same {8 Uz). The thrust can also be expressed as the net sum
of the forces on each side of the actuator discA2 (p2 - p3) (3.5)

If one solves for (p- p3) using Egations (3.3) and (3.4) and substitutes that lfqoation (3.5), one
obtainsT = 12AU2%1 Y2 A (3.6)
Equating the thrust values frong&ations (3.2) and (3.6) and recognizing that the mass flow rate is
also} AU, one obtains b= (U1 + Us) / 2 (3.7)
Thus, the wind velocity at the rotplaneis theaverage of the upstream and downstream wind speeds.
If one defines the axial induction fact@;, as the fractional decrease in wind velocBgtween the

free stream and the rotor plane, then

a=(Ui-Uz) /U (3.8)
U2=Ui(1-4a) (3.9)
Us=U1(1-2a) (3.10)

Usais described as the induced veloa@tythe rotor, in whiclthe velocity of the wind at the rotor is a
combination of the free stream velocity and the induced wind velddity.wind speed behind the
rotor and the actual inductioadtor are inverdg related as the axial induction factoincreaseshe

wind speedlecreasedf a=1/2, the wind has slowed to zero velocity behind the rotor and the simple
theory is no longer applicabl&éhe power out, P, ithe product othe thrustand thevelocity at the

disc.

P = 1aAW2%1 Ys) B (3.11)
Substituting for Jand W from Equations (3.9) and (3.10) gives

P = 1U%2a(}-a)A (3.12)
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where the control volume area at the rotos, i& replaced by A, the rotor area, and the free stream
velocity Ui is replaced by UWind turbine rotor performance is usually characterized by its power
coefficient, .Cp= P /  [Uf] 4 Rofr)power /Fower in the wind (3.13)

The nondimensional power coefficient represents the fraction of thepowhe wind that is extracted
by the rotor. From Equation (3.12), the power coefficier@is: 4a (1 - a) 2 (3.14)

The maximum @is determined by taking the derivative of the power coeffigigqtiation 3.1%with
respect t@, and setting it equal to zero, yieldiag 1/3. ThuSCp, max= 16/27 = 0.5926 (3.15)
Whena = 1/3. For this case, the flow through the disc corresponds to a stream tube with an upstream
crosssectional area of 2/3 the disc area that expands to twice the disc area downstream. This result
indicates that if the wind speed at the rotor were 2/3eofrdrestream wind speed in an ideal designed
rotor then it would produce the maximum power according to the basic laws of pHycs
Equations (3.6), (3.9) and (3.10), the axial thrustonthe difciss  ( 1UP[2af1-3g)] A (3.16)
Similar to the power, the thrust on a wind turbine can be characterized bydimensional thrust
coefficientCr= T / [Uf]4ThrRs} forge / Bynamic force (3.17)
From Equation(3.16), the thrust coefficient for an ideal wind turbine is equahbt(l4 a). Cr has a
maximum of 1.0 whem = 0.5 and the downstream velocity is zero. At maximum power oudpsit (
1/3), G has a value of 8/9. A graph of the power and thrust coeffgientan ideal Betz turbine and
the nondimensionalized downstream wind speed are illustrat€thiure3.2. The Betz limit, G:max=
16/27, is the maximum theoretically possible rotor poweafficient. In practice, three effects lead to
a decrease in thmaximum achievable power coefficierfiManwell, 2009)

1 rotation of the wake behind the rotor

1 finite number of blades and associated tip losses

9 nonzero aerodynamic drag
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Figure 3.2: Operating parameters for a Betz turbine; U, velocity of undisturbed gigitivelocity

behind the rotor; & power coefficientCr, thrust coefficient. [Manwell, 2009]

3.2 Wind Turbine Wakes

As the wind energy industry growthewind turbine wakeopic becomes important as well.
Wind turbine wakes affedhosewind turbines thare in the shadows of the upstream wind turbine
wakes and the consequentreduced wind speedThis leads toless power production. Various
investigations have been done omavturbine wakesSome of the modelsclude Jensen, Ainslie,
Frandserand the Mosaic Tile modgl(GonzalezandLongatt 2011)

All of these models have om@mmonpurpose fAaccur ate assessment of
analytical models are generalgfmple their results are in reasonable agreement with available
observation datalthoughstability effects have not been considered explicitly sorfaeJensen model
(Figure 3.3, is the one we have initially used in our Bidde The Jensen model is dely used due

to its simplicityand low computational cosC(espoet al, 1999, and is based on the assumption of a
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wake with linearly expanding diameter and assumes & togi shape for #velocity deficit in the

wake.
A(l A (_3l )

+ Vo W |
= # L,
> - )
> » R

T

T

_—

_—

e

_—

_—

——

—>

e

—_—

e

_—

_—»

Figure 3.3. Wake behind a turbindensen modg¢Dffwind, 2016]
The wake diameter is given Dy =D (1 + 2ks) (3.18)

D is the diameter of the wind turbin&nd the velocity in the (fully deveped) wake by

u=Us[17 (17 (L7 CHYH /(1 +2k37 (3.19)
bothdepend on the relative distance behind the rotor, s = x/D and the D¢akg Constant (WDC)

k. As the velocity in the wake isonsideredcconstant for a given downstream distance, the velocity
profil e #sshacpeeldléed Jéemasten consi dered a constant
0.1). However, the suggested values foiskgenerally take to be 0.075 (Barthelmiet al, 2005)

which is adequate for land cases, butdifishoreuse a value of 0.04 (Barthelmiet al, 2010; Cleve

et al, 2009)or 0.05 Barthelmieet al, 2007) is recommendedt can easily be seen from &afion

(3.19 that just behind the rotor (s = 0) the velocity inwake is
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uo=Us( 1 7¥ C (3.20)
Where, G is the thrust coefficient of theitbine, x the downwind distance and 4 the incoming
wind velocity.Hence,due to itssimplifications the Jensen model requires that the thrust coefficient
of therotor is smaller than ongDouwe, 2007) The Jensen equation has been usedommercial
software such as WASP, WindPRO, WindSWindFarmerandOpenwind.Later, we noticed some
limitation in this model through more research, which forced us to switch to a maiemsy and
optimized wake mode(ChamorrcandPortéAgel, 2010) The limitations are:
1. Non-realistic assumption of the telmat distribution of the velocity deficit.
2. Despite model claim, the model can be derived by considering mass conservation alone without any
consideratiorof the balance of momentum, (BastarklzadPorté Agel, 2014).

A new analytical mdel for wind turbine wakeis able to capture a tier estimation for waken
this model conservation of mass and momentum is applied and a Gaussian distribution for the wind
velocity reduction in the wake zomeassumed. Bastankhah et(@D14) compared their results to the
wind-tunnel measurements and laiggdy (LES) simulation data @find turbine wakes. They found
good agreement with the experimental and LES data. This model predicts the extracted pewer mo
accur at gi$tye.normgalizedyelocity defiowhereppU i s t he di fference be
wind velocity (Wb) and the wake velocity (). By neglecting viscous and pressure terms in the
momentum equations and applying mass and momentum catisgrthe total force over the wind
turbine is determined. As T = (1/2Y £ o Bp? (3.21)
the normalized velocas=t }C(kef ifqirt/ G exgogme £3.28s U/
where C(x) represents the maximum normalized velocity deficit at downwind centre of the wake, r is
the radi al di stance from centre of wake and U
of incoming conditions, the velocity deficit in the turbine wake is assumed to have a Gaussian shape

and t hp=sC(xpekn (¥ 2)i (3.23)
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where O i s tatios of the Ganssiaike delodite deficit profile at each x. After some
substitutions anthtegrationstwo values for C(x) can be obtained and onlydhe, which predicts

the smaller value for the velocity deficit at larger downwind distanegdyyscally acceptable:

C(x) = 2 sqrt(1-Cr/ 8 (0)d)/ d (3.24)

By assuming the linear expansion of the wake and seareangingye end up with{Bastankhaland
PorteAgel, 2014)

aJ/Up = [17 (17 Cr/8(K'x / DM x)exd(-1/2(Kx / D 2)Hk)i z)/D)?+(y/DY}]  (3.29

Where y and z arspan wiseand vertical coordinates, respectively, ands the hub height. kis a

growth rate and measures lies 0.023 and 0.055. From different offshore expenrakm@sh value

of 0.03 is used in eunvastuedypf O/iP®. Aegdngasde D c

LargeEddySimulation(LES) datafowi nd t ur bi ne( Pffakwkser & B 05 2a f u

andcanbeexpressasth = (10)%¥)/7(11 2 (3.26
By applying G = 8/9 (at maximum power outputh equation8.25 , U has the value
TheJensenmd el 6s | i mitation is summarized as foll ov

1. Generally, he Jensen modgiredics thewake reasonablyell, but it underegtnates the maximum
wake in someegions with respect toES [Beletsky et al.2013) and experiments data. (\&tud Porté
Agel, 2011 and 2012)he reason for this problem canditributed tahe sole use of mass conservation
and assumption of a uniform velocity distribution in the wake.
2. It underestimatethe velocity deficit at hub height and overestinsédtaear the edge of the wake.
3. The effect of assuming a tdphat shape for the velocity deficit leads to an inherent error in power
prediction.

It worth noting that, wak®recovefasterwhenincreaing the ambient turbulence enhances mixing

processes, which rdsin faster wake recoveryBastankhatandPortéAgel, 2014)
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3.3 Selection of the Wind Project Location

In 2009, a éasibility study was completefbr the Great Lakes Wind Energy Task Force
(JuwiGmbH, 2009). The Feasibility study compared nine potential project areas with respect to
important siting criteriaincluding shipping channels, water depth, distance to possible onshore
interconnectionwind resources, environmental condition, interconnectionadfshore cablingetc

One of these locati@wasbeen selected for the first pleasf thelcebreakeproject,(LEEDCO, 2017)

3.4 Selection of the Proposed Turbine Layout

TheNational Renewable Energy Lab (NREL) conducted a wind turbine layout optimization study
to evaluate the energy output and performance on the variety of layouts. Important factors which played
a crucial ole in determining the layouteve net energy produech, turbine net capaty factor and
wake losseqLEEDCO, 2017)

By considering the potential turbine layout ahe location of thdcebreaker projecive have
decided to pubur very large wind farm turbines 24 rows andl18 columnswith the wind turbires
positioned so that theorth-south (ydirection) and easwest (xdirection) spacingbetween wind
turbines are 500 mé@ D) and 3000 m&18 D), respectively, where D is the wind turldmeotor
diameter of 164 mas shown ifFigure3.4.The first turbine in thesouthwestorner,is located at 41.51
N and 82.279 WTurbines are laid out within an area of 586%kifhe dpth ofthe water within the

wind farm zone ranges between 9.9 m and 19.2 nagechge 15.8 m.
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Figure 3.4: 432 wind turbindayout

Foroptimal performance, a distance of nedéhan two rotor diameteiill generally be expected
and the distance between three to ten rotor diameters is recommended depending on the individual
circumstance of the site. The required spacing will often berdkgmt on tl prevailing wind direction,
(Planning.gov, 2017)

The V1649.5 MW model windturbine that is used in our simulati@gthe most powerfugerially
producedwind turbine in the worldat the time ofwriting. The V164 plaiorm with a massive80-m
blade(Vestasoffshore, 2017has a rotor diametef 164m and hub height of 14®. The pevailing
wind direction onLake Erie is fromthe SW to NE, and the turbines are deployeshrthe shallow
southern shore dahe centralbasin The wind turbine layout and spacing &t according to this
optimizingstandard factorspsthat the horizontal spacing (a#iel to the direction of SWNE winds),
is six times greater than lateral distance (perpendicular to the direction of windjjrazaithe wake

effect.
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CHAPTER FOUR

ONE-DIMENSION LAKE ERIE 2013 SIMULATION

4.11D Setup

4.1.11D Input Data

NOAA hourly meteorological input, wind speed and direction, air temperature, relative humidity
and cloud coveragand dailyaveraged solar radiaticere shown in Figl.1 af. When buoy data
(45005buoy station)were notavailable we used the nearby HHLO1 and Windsom&teorological
stationdata, éee Figure 1.7)Hourly cloud coverage iBighly variable andi ninemonthtime series
plotquickly becomesa jumbled mess with too many lines, albernativelywe used the cloud coverage
histogramto illustrate the data us€Bigure 4.1 On the verticahxis,the frequency is presented and
on the horizontal axis the lower value of each interval to the lower value of the next interval is displayed
I interval values are betweerafd1i where 0 corresponds to a sunny clear sky anaXuthy cloudy
sky. Barsare extending from the lower value of each interval to the lower value of the next interval.
The cloud cover is important computing solar radiation flufEquation2.19.

Our program simulates DOY (Day Of Year) 92 to 365 in 2013. As illustratéjime4.1a wind
speed (in m/s) is highly variable kdes noexceed 17 m/s. Generally, in cold seasons stronger winds
are dominatevhile slower winds are observed in spring and summer. The observed wind thényie
average wind speed of 6 to 7 m/s in 2@1those @rticular locationsAir temperature increased from
April to July when it reaches a maximum of 30 °C, after this point, a decreasing trend starts and
continues to miedDecember. As historical data and previousestigations highlightthe dominah

wind direction issouthwestThis fact is confirmed bthe2013(DOY 92 to 365, wind rose However,
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this is not representative of the whalatasetind just onfirms theprevious studies and observations
on dominant wind direction apply to the simulatediqein our modelObservations show that our
region of study is aelativdy humid area with a mean humidity of p@rcent which is within the
expecedrange for neawater and coastal zon€Bhe incoming solar radiation is depictedadaily
total format for the sake of producing a cleaner graph and the fact that absence of the solar radiation
during night makes the graph illegibker temperature corresponds generatiyhe solar radiation so
their plots behave similarly. The daily solar radiation maximum is in July when it reaches to 30000
kJ/n?. Solar radiation reducesfterwardand has a minimum value of 5000 k3/im DecemberA
well-mixed, uniform water temperature of@ is set for the water colunom thefirst day of the run,
(DOY 90).
4.1.2 1D Model Water Depth Selection

Based on the bathymetry westaln canteakandieastgrnbasizst a |,
maximum depths are about 10, &&d 64 metes, respectively. Accordinglyypical deptls of 10, 25
and 60 m are used in our 1D model simulation. To better interpret and compare output profiles,
COHERENSappliest-coordinate rather than acpordinate. A fixed number of layers applies to
different water columns with different depths. In order to captgoodverticaldistribution50 vertical
layers are set. This gives a veal spatial resolution of 0.2, Q.&nd1.2 m, in 10, 25and60 m water
columns respectively Profile results are showby layer number rather than depth in meters. The

advantage ifor comparing the results related to various water column depths.

4.1.3 1D Initial Condition (Numeric)
Initial conditions assumed no current=u0, w = 0 (horizontal components of water current in x
andy-direction respectively), a welnixed water column at 4C afterice break up at midnight April

15t 10° J/kg is the background limitfor k (kinetic energy) although this value is not realistic for
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turbulence since turbulence is assun@de in quasequilibrium and will adjusitself rapidly to
changes in the forcing conditions caused by the cusherar and stratification he reason for adopting
this lower limit for k is toavoidunrealistically large eddy coefficierttsat could be&reated by rounding
errors.The model is forced using nine months of typicalfiee season meteorological hourly data for
2013 taken from National Oceanic and Atmosphadministration (NOAA) stations 45005 (a three
meter offshore buoy deployed in 12.6 m of water by the National Data Geotreweather station
(NDBC), located far offshore and from the Environment Canada, Windsor AFghire 1.7)since
the buoy is remaad during winter to prevent damage from ice bnoy measurements are available
during winter months. The cloud coverade) @ata from the Windsor A station are reported in

categorical form, so we converted theroimalues in a range of 0 to 1.
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Figure 4.1: Meteorological data used as input frdayof the year DOY 9€865. a) Hourly wnd speed
(adjusted to 10 m height), b) Hourly air temperature, c¢) Hourhdwlirection, d) Hotly relative

humidity, @ Hourly doud coveragef) Daily-total incoming solar radiatiorData are from NOAA
stations 45005 located at 41.677 N and 82\8¥dHHLO1 located at 41.4008, 82.540 W and from

Windsor A Ontario station at 42.280 N and 82.960 W. See text for details.

4.2 1D Model Results

4.21 Thermal Structure

Characteristics of the thermal cycletibé 1D model are illustrated iRigure4.2. The graphs show
nearsurface anshearbottomtemperatures for water columns of 10, 25 and 60 m degéveloping
in the presence and absencevaid turbinewake (wind speed reductigrof 25%. The resultshown

start onDOY 90 (March 31) wittwell-mixed, uniform temperature water columns at 4 °C. From April
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onwards we can see distinct differencegaheling on water depth. In all thregsesthe waer surface
temperature reachdass maximum in July and August (DOY 2@%0). Average watesurface
temperatures over this period with no wind farm wake reductions inspeelare approximately 25
and 21 °C for the 10 and 60 m water depths. With reduced mixing and heat transfer to the air in the
presence of wake reduction of wisdeedthey ircrease by about 1.2 °C. This highlights the role of
bathymetry in heat storage. The 10 m water column is the shallowest, so has the smallest volume and
by considering the equal amount of solar radiation falling on the water surface it acfanthe
highest summer temperature. It cools down and heats up at a faster rate while deeper water columns
retain their heat storage for a longer time. When our calculations end, @1be water columns
are wellmixed. Temperatures are higher (7.5 °C) in the 6@ater column than in the 10 m water
where surface and bottom temperatures are about 0.5 °C andréspéctively. The 25 m depth
calculation haspproximately the same D8& temperature (6.7 °C) as for the 60 m water column. We
can see fronfrigure4.2a that in the 10 m column, the bottom has approximately the same temperature
as the surface throughout the year whilewa#-mixedcharacter only occurs during the colder months
in the deeper cases. Although the surface temperature pattern is appelyxcm@patible in all cases,
there is a clear difference in the annual cycle in bottom temperature between the three cases. While
surface temperatures fall quickly after day 275 the bottom temperatures are still increasing until
December fothe 60 mcasewhen the surface temperatures have cooled sufficiently to overturn the
layers. The gradual heating of the bottom waters over the summer is partially turbulent transfer of heat
from above and partly heating by deeply penetrating solar radiation.

The generapattern of seasonal variations in surface and bottom waters show a similar pattern to
the 1979 survey measurements of Schertzer. €0887) which are reported also Bolsenga and
Herdendorf (1993). In the 1979 datamperature maxima, monykhveragd surface temperatures of

about 2123 °C were observed in July and August. ®adelled 2013, situation is similar for 25 and
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60 m water depths, while in 10 m water our temperatures appear somewhat warmer. In the shallow
westerrbasinSchertzer et ateport surface and bottom temperaturg® approximately the same. Our
model gives the same result. The olisdrbottom temperatures in tbentralandeasterrbasirs show
maxima in October and November respectively, but no observations are reporetemtar. Our
modelledmaxima occws over the DOY 25300 (Septembe®ctober) in 25 m water but in early
December in the 60 m water column simulation. Maximum observed bottom tgorpsrare 16 and
10 °C in thecentralandeasterrbasirs while ourmodelled25 and 60 m values are somewhat different
(22 and 8 °Crespectively) but there is considerable depth variation in the basins and also year to year
variation.

Beletsky et al(2013 compared their B3 POM model results for surface water temperature with
2005 water temperatures from thit@eoys one in each basin. Themodelledsummer temperatures
show less variation with water depth than ours and are higher than our mal%eand 60m water
columrs. The 2005 measurements show lower temperature maxima tHzeleteky et almodel but
are significantly warmer than the values reported for 1979 and warmer than our 1D model values. One
notable difference is in theearendtemperatures. Our 10 m modkeklose to th®eletsky et almodel
results but their simulations for buoys 45182r{tralbasin 22 m water depth) and 4514@aétern
basin 27 m water depth) have colder temperatures (near 3.5 °C) than our simulations (near 8 °C). Both
simulations have temperatures near 4 °C on Match

Overall we are satisfied that oD simulations produce realistic seasonal variations in water
temperatees and can be used to give an approximate indication of the impact of reduced wind speeds.
The computations with reduced surface wind speeds show essentially the same seasonal pattern except
that water temperatures reach higher values in spring and sumespecially in the deeper water

column calculations, where mgummer temperatures can be 5 °C higher. For the 25 andt&fes,
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they alsoaffectthe bottom temperatures in the opposite way. More heat remains in the upper layers

with less mixing and sumen and fall temperatures at the bottom are colder as a result.
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Figure 4.2: Nearsurfaceandnearbottomtemperatures throughout the open water sed€sdmodel
results for water depths of 10, 25 and 60 m, with measured meteorological input and wtreeR2b

wake reduction in wind speed.

4.2.2 Pycnocline andmixed-layer depth (MLD)

Although many limnology studies focus on the thermocline while oceanographers consider
pycnoclines because of the role of salinity, we use pycnoclines and density profiles in the determination
of themixedlayerdepth as density produces more stable results. This is necessary since in parts of the

year the water temperature may lie in thd 8C range where density increases while temperature
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increases. Note also th@OHERENSuses density in determining the sifieation of fluid layers for
eddy mixing purposes. We do however show temperature profiles in preference to density since these
are more familiar to most readers.

Bathymetry and meteorological influences on the vertical temperature distribution have been
identified as contributing factors in the development of pycnoclinenaredlayerdepth variations.
It is assumed that physical parameters like temperature or density are mixed and homogeneous to a
certain level from the surface down, which is callesitiixed-layer. In themodelledprofiles Figure
4.3b, c) the variation of T with depth below theell mixed-layeris often relatively smooth and the
pycnocline depth, defined as the depth of the maximurd ijuZ, can be somewhat deeper than the
depth over which the temperature and density are relatively uniform, although it will generally occur
just below the bottom of theixed-layer. In our determination of thenixed-layer depth we seek to
eliminate diurnal tarmocline effects in the top meter of the water column and to put a threshold density
difference within which we woulstill regard the column asell mixed A linear interpolation between
levels is then used to estimate the exact depth at which theediféecriterion is reached. We initially
took that difference as 0.0&ym3, roughly corresponding to a 0.2 °C temperature difference for
temperaturegear 11 °C, as suggestedByyer Montégut (2004) but it produced multiple variations
in mixed-layerdepth associated with diurnal or otlséorttermvariations. As aesult we choose 0.1
kgm (typically 1 °C) as our thresholixed-layer depths Figure4.4) are still noisy but partially
avoid the determination ahixedlayers above weak diurnal thermoclines when we are primarily
interested in the seasonal thermocline evolutibgure 4.5 illustrates this with computed, relatively
shallow, mixed-layer depths over a short, fivday period starting on DOY 19%igure 4.3 shows
temperature profiles at days 138, 230 and 290 for the three water depth cases, with and without the
wake effect wind speed reductions. Fréigure4.3a,it is clearthaton these thredays,the 10 m

water column is well mixed and no thermocline existee $ame inference can be drawn freigure
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4.2a where temperature differences between top and bottom of the column remain small throughout
the ninemonth calculation. On other days, typically with weak winds, we do see a weak thermocline
below a shallow, 2 m mixedlayer. Looking back atFigures 4.2b andc, we can see that the
temperature difference between top and bottom of the water column is much larger in deeper water,
develogs earlier, and persists long&his is reflected in the profiles &igures 4.3b andc, with strong
thermoclines at about 10 m depth in the 60 m column on day 230 compared to a weaker thermocline
at about the same depth in the 25 m deep water. BR@yhe 25 m water column is well mixed
while the thermocline remains in the B0Owater. In the cases with reduced wapedsthe surface
temperatures are higher and thixed-layers areshallower. As noted above we can use the predicted
potentialtemperatures to compute water density (from a high order polynomial fit excludisggres
effects to better represent stability) and estimatemhedlayer depth. If the surface and bottom
densities differ by less than im> we classify the whole column as well mixed in the plots shown
in Figure4.4. In the shallonl0 mwater depthcase weak thermoclines do develop and there are
shallowmixedlayers of depth 12 m until the surface layer starts to cool steadily around 8ay18
the 25 mcasethe mainmixedlayerstarts to develop around day 150 and has a depth of around 10 m
through much of the summer. After D@60,the mixing extends through the whole column much of
the time. Summemixedlayers in the 60 m depth water case are similar but the existencainée
layercontinues much longer (to DOY 330).

Differences between thaixedlayerdepths between the 1@@rcentand 75percentwind speed
simulations generally show shallowaixedlayerand longer persistence into the fall in the 25 and 60

m depth casewith lower winds.
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Figure 4.4: Computedmixed-layerdepths, based on water density for water depths of 10, 25 and 60

m, with measured meteorological input and with g@fcentwake reduction in wind speed.
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Figure 4.5. Computedmnixed-layerdepths during DOY 19200.

4.2.3 Water Currents
The overall, primarilywind-driven, circulation of Lake Erie'sentralbasinis anticyclonic as
noted in the discussion above. While we are only usibD enodel at present it is still of interest to
see what the model predicts in termsearsurfaceandnearbottom (hereafter surface and bottom)
currents and how these might vary as a result of reduced winds in wind farm wake areas.
Figure4.6a shows hourly plots of surface and bottom currents for water depths of 10, 25 and 60
m for two tenday blocks. Days 2010 are selected for summer and -3 for early winter. The
plots show that, for 25 and 60 m depth cases, summer surface curregrisaéee than winter ones.
For the 10 m depth case, where the water column is well mixed the summer and winter currents are

comparable, just depending on the wind stress. The bottom currents are generally weak and the bottom
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water is virtually stagnant imé summer days shown for 25 and 60 m depth water. In the early winter
casethere are weak bottom currents inrBSvater but none in 60 m watéys expected, all currents
are reduced when wind speeds are reduced Ipefnt Figure4.6b illustrates the @&se when wake
Is included, anthecaus®f slower winds, water currents are smaller. Currents are of order 0.5to 1 ms

1 on the surface and only 0 to 0.01hmear the bottom.
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Figure 4.6. Nearsurfaceandnearbottomhourly currents for sample 10 day blockB. model results
for water depths of 10, 25 and 60 m. a) with measured meteorological input and b) widreeas

wake reduction in wind speed.
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CHAPTER FIVE

THREE DIMENSION LAKE ERIE 2005

SIMULATION

5.13D Model Set p

5.1.1Forcing Functions and Model Initialization

We ran 3D simulatiofor years 2013 and 2005, with generally similar results. Only the results for
year 2005 are shown because of accessibility to the observations and other numericalsultslel re
Despite our best effortsve could not get access to the original Great L&kesronmental Research
Laboratory water current and temperature observations for either year. Alternatively, we decided to
compare our results with the results printed in a reliable paper presenting the work done by Beletsky
et al. in 2013. They comparedkir work with observations and it was a good source for us. Beletsky
et al. ran the 2005 simulation so we did the sameddition,our 2013 simulation results were
compared to ELCOM model ones used by CCIW group and, aparsfroma limitations in obtaing
initial condition data such as initial water temperature profilegaitpoint meteorological datthere
was satisfactory agreement.

The model is set to run from midnight Ap8il*, 2005 to midnight Octobe31% of the same year.
The barotropic time step is set to 15 seconds while the baroclinic one is considered twenty times
greater.The Lake Eriewateris forced bymomentum, heat fluxes at the surfaaed tributary flows
are represented as current vectors at river mouithesDetroit River is the main tributary whilghe

Niagara Rver is themain outflow path. The DetroitiiRer inflow was balanced by the Niagarav&
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outflow on a dailytimescale So that the lake has zgmmet) accumulation of water in the basin since
the seasonal cycle difie lake level is notmodelled,(evaporation and precipitation are assumed to
balarce each other in our studyllhe Detroit Rver dscharge provides th@aajor input of fresh water,
nutrients and sedimens. The drainage mouth is about 8 nade where it joins Lake Eriéfhe mean
river discharge is 5346 s with a relatively low seasonal variation of 608/snThe Niagar&iver is
about 1 kmwide at the pointvhereLake Erie joins it, located dhe north shore of theasterrbasin
and has amean river discharge of 5610%s Seasonal variation ithe Niagara Rver is more
pronounced and the difference between maximum and minimum water flihesegproximately
1800 ni/s, during MayNovember2005.River daily discharge obtaineddm Environment Canada,
CanadaCentrefor Inland Waters, (CCIW)Threehourly horizontal components of wind velocity,
atmospheric pressufat 1000 hPageopotential heightiair temperaturaelative humidity and cloud
coverareavailablefrom theNational Oceanic andtAosphere Administration (NOAA). Wind speeds
are adjustetb thereference height dfO0 metersThe lake isnitially at rest and the initidemperature
profile data are obtaed from CCIW and fronthe Great Lakes Environmental Research Laboratory
(GLERL), whichis part of NOAA. There are twensjatians that are distributed on Lake Eaied most

of them are located in theentral basinThe number of observations is fairlynited inthe eastern and
western bsirs. In this study, it is not a constraint as more focus is on teatral basin Some
temperature moorings have a string of thermistors spaced verégally ongo two meters from one
meter below the surface to thettom. While in somstationsthe available data was from late April
to mid-October, in the others it started in early summer. This constraint leftyiseastations out of
twenty. Figure5.1 shows the locationf those stations. May*¥1 2005 waschosenas the first day of
the simulation period based tme available data. Year 2005 is chosen for the model validation efforts
as extensive temperature and curraaaisurements were made in thleethat yearThe data from the

selected stations weresed to interpolate the temperature profile for eaott goint in our model
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domain. The rain constraint in temperatiprofile interpolation was using tsgma coordinate in the
vertical direction. This prevents us from simple interpotatod the water @mperature aspecific
vertical depthalong the whole lake domain. Alternatively, we had to interpolate the temperature in
each layer number located in the different wéteel with non-uniform depth varying from one grid
to another one. This problemaseliminated by addingiew FORTRAN code tothe model, which
interpolates in both vertical and horizond&ections

For theinterpolation/extrapolatiora bilinear method has been applied. Bilinear interpolation is
an extension of linear interpolation. $ assumed that we know the value of the unknown function F

at four points @= (X1,y1), Q1= (X1,¥2), Q21= (X2,y1), and Q2= (x2,y2) and to find the value of F at the

point (x,y).

FOx y) =((y2-y) (y2-yn)) FOGYL) + ((y-y2)/ (y2-yn)) FX.y2) (5.1)
where

F(X,y1)= ((x2-X)/(X2-X1)) F(Qu1) + ((*-X1)/(X2-X1)) F(Qz1) (5.2)
F(X,y2)= ((x2-X)/(x2-X1)) F(Q12) + ((x-X1)/(X2-X1)) F(Qz2) (5.3)

This method is applied to interpolate the water temperature for each grid point of the lake domain
in the horizontal direction from the observatiatsmultiple a&pths Then we ned to calculate the
water temperature data for the vertical grids in each layer (here 25Isigens). By dividing the water
depth of each grid point (column) by 25 and calculating the depth of each vertical layer and applying
the bilinear method oncagan, we were able to interpolate/extrapolate the water temperature of all

grid points in each sigma layer.
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Figure 5.1: Lake Erie mooring stations, 200&LERL, 2005]

Initial water temperature jgrovidedto the model at the very first time step to start the simulation
(run) with. This means, to start the run at midnight of April®@& need to know thwater temperature
both horizontally and vertically. After this very first tinséep,an external contuous atmospheric
forcing data file updates the run in each time step.

Fromthe data setinitial water column temperatws@ easterncentralandwesternbasirs vary
from 2.5°C 10 6.7°C, 4.7°C t0 5.5°C and 4.79C to 4.75°C, respectively from bottoto the surface
These measurements illustrate thatehsterrbasin(the deepest), has a stable stratification condition
on the first day ofun so that colder water lasting from winter remains near the bottom while surface
wates are warmer due to the meintense solar radiation. This trend weakens by moving westwards
and entering into the shallower waters so that in the shallowest beste() water is well mixed.

The simulation irthe case of no wake is initiated with thevind (wind velocity compoant in x
direction), vwind (wind velocity component in-direction), atmospheric pressure, air temperature,
relative humidity and cloud cover values of 2.9 m/s, 0.17 m/s, 98914.0%9 818868 °C, 0.6175 and

0.36, respectively. Apart from wind, soladiation Qrad) is another significant input.
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To show the model validation, stations 4500, 45132, 45142 and Windsor Airport stations are
selected to present the observed and input metrological data and compare the modeled surface water
temperature with adervation. As the simulated domain covers an area of 384 km by 172 km (along
the horizontal X and/ directions, respectivelyand weather condition may vawithin a relatively
wide domairso the observed and input values only belong to these specifts f&iations) and vary
in other grid points of the domain.

Figures 5.2 and 5.3 compare thenonthly-averagedlO-m winds over Lake Erie from May to
October2005 driven from GEM (scale of 5 m/s) and NARR (scal2 wi/s), respectively. GEM wind
velocitiesare generally stronger than NAAR by a factor of 2 approxima@ynparison of 2005
NARR data with buoy and Windsor airport observations are discussed later in chapter 5. On average
NARR wind, analyses are slightly high relative to Windsor airport arghsi low relative to buoy
data but not by a factor 2, (Figures 5i32.35).

Monthly-averaged wind velocitgoes noprovideaclear idea about theind speed in Lake Erie,
so instantaneousind velocity plotsof afew random dagfrom May to October 200at 5a.m. UTC
are displayed inigures5.4 to 59. Astheplots showtheinstantaneouwinds (plots of scale 10 m/s)
are strongecompared to the monthigveraged ones(plots of scale 2 m/s)October 1%, has the
strongest wds ofthe order of 10 m/and higherwhile May 5", has the slowest wils of the order of
a few ms. However as mentionatbove these days are seleataudomly and there &g nopreference
in selectingthese days and etonly purpose igo highlight the difference between the iastaneous

andthe monthlyaveragd wind velocity.
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5.1.2Model Horizontal Domain and Bathymetry

The bathymetry of Lake Erie has bessmpiled as a component alNOAA project to rescue
Great Lakes lake floor geological and geophysical datanaake it more accessible, (NOAA, 2017).
The athymetry data filavasobtained from CCIW and NOAAA horizontalspatial resolution of 2
km by 2km has been chosdor this run and the domain has 194 by 88 grid pointh@&x andy-
directiors, respectively. A spherical coordinate system is used so the latitude and longitude resolution
are0.0184069° an@.0240958°, respectively, and corresptmthe 2km i Cartesian resolution. The
domain stad southwesat 41.336\ and83.4741 Wandendsnortheastat42.919 Nand 78.8477 W.

As mentioned before, meteorologl data are obtained from NARRorth American Regional

Reanalysis gridises theNorthern Lambert Conformal Conic grid. The NARRodel data is output
onto a 349 by77 Lambert Conformal Conic grid. This has a resolution that is approximatkiy.32
The coverage area is shownAppendixC and Lake Erie in Figur6.10. By interpolation the82 km
i Lambert Conformal Conic grid data is converted tckand UTM (Universal Transverse Mercator)

latitude and longitude data format.
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Figure 5.10: NARR model data Lambert Conformal Conic gpints in Lake Erie
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In the vertical directionthe water columrs divided into 25 uiffiorm sigma layers. Based on this
division, westgcentral andeastbasirs have a maximum vertical resolution of 8% 24/25 and 64/25,
or about 0.41, 0.96and2.56 m, respectively. This distribution with depttanslates into about rh
verticalresolution in most of theentral basirffwhere the turbines aregleyed), and about B in the
deepest part of theasternbasin These vertical and horizontal resolutions aetected based on
previous model applicatienand the computational demandish@ ecological models in thake.

Because a @rid is used in the verticairection,the calculations are done in the centre of each
cell, so the surface and bottom layers are not located exactly on the surface and bottom of the lake.
They are essentially neaurface and nedottom layers, which are not Bxed depths as the model
usessigmacoordinatesTherefore the top grid depth varies slightly corresponding to the water depth

in each cell but wind mixing near the surface and zero heat flux at the bed will minimise the.impacts

5.23D Model Result

5.21 Wind Patterns and Water Hydrodynamics- Current Velocity and Circulation

Investigating the local thre#éimensional velocities for Lake Erie as a shallow lakenigortant
since the velocities in the lake vary greatly with horizontal position and depth. Thedeate of Lake
Erie is such that Coriolis force is important but the variation of Coriolis paramigtelatitude is not
significant Considering thewind-driven currents far away from the shoreline in large lakes, it is
assumed that there is a layetrstop and bottom whichis not in geostrophic balanddsually; it is
assumed that the thickness of this Ekman layer is small compared to the depth of(He=fgigeendix
B). However, in shallow lakes or shallow parts of a lake, geostrophic dynareio®t applicable, as
significant portions of the lake have a depth on the order or smaller than the Ekman layé&ridake

falls into the latter categorysendney1972.
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Lake Eriemonthly-averagedMay to October2005 current velocity plots are showwm Figures
5.11 to 5.16 Plots a and b illustratéepthaveragechorizontal velocities from the POM numerical
model using GEMmodelledwinds and spatially uniform wingdsespectivelyran by Beletskey et al.,
2013.They rantwo experimers. One by usinglte GEM winds and anothby running thenodel with
spatially uniform (lake average) winds while all other infpelids and model parameters were kept
unchangedo eliminate thevind vorticity. The velocity length scale for POM current plots is 10 cm/s.
Plots ¢ showthe correspondin€ OHERENSmModel results using NARRhodelledwinds with a
velocity length scale of 5 cm/®0OM model results areeported to ben good agreement with the
observed hydrodynamic and temperature of LEake Because weid nothaveaccesso the observed
current and temperatusatg COHERENScurrent and temperature plots are compared with POM

outputs.
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Figure 5.11: May depthaveraged currents (a) POM model using Gibdelledwinds, (b) POM

model using spatially uniform wind8¢letsky et al.2013) and (cCOHERENSmModel, 2005.
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Figure 5.12: June depttaveraged currents (a) POM model using Gibdelledwinds, (b) POM

model using spatially uniform wind8¢letsky et al.2013) and (cCOHERENSmModel, 2005.
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Figure 5.13: July depthaveraged currents (a) POM model using GiEbdelledwinds, (b) POM

model using spatially uniform wind8¢letsky et al.2013) and (cCOHERENSmodel, 2005.
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Figure 5.14: August depthaveraged currents (a) POM model using GEbdelledwinds, (b) POM

model using spatially uniform wind8¢letsky et al.2013) and (cCOHERENSmModel, 2005.

92



September September

-
s

420+

10 em/s 10 cm/s
— 4154 —
T T T T -
% % i 0 fo % ) i % )
a b

426N

42.2°N

LATITUDE

41.8°N

41.4°N

I T I I I I \ I
B5.0%W B2.0%W 21.0%W B0,0W 7307

LONGITUDE

C

Figure 5.15: September depthveraged currents (a) POM model using GiEbdelledwinds, (b)

POM model using spatially unifor winds Beletsky et al.2013)and (c)COHERENSmodel, 2005.
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Figure 5.16: October depttaveraged currents (a) POM model using GEbdelledwinds, (b) POM

model using spatially uniform wind8¢letsky etal.,2013) and (cCOHERENSmodel, 2005.
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The largescalemorthly and deptkaveragedirculation shows significant variability during the
simulated period (May t@ctober2005).In May (Figure5.11c), depthaveraged currents are weak and
of the order of only a few cm/s. However, there are s@ast currents otienorth and south shores of
thewesternbasin which aredriven by the water discharge tbfe Detroit River. There are two weak
anticyclont and cyclonic asymmetric gyres in the northeast and southwestadrttralbasinand a
stronger (about 2 cm/s) cyelic gyre in theeasterrbasin Thedifferencesn the main gyres aredirect
result of thadifferencean the bottom topographyBeletky et al.,2013)

In June Figure5.12c), the watermicks upspeed and particularly ithe shoreline region current
speedread 5 cm/s or more. The southern half of the lake is strongly affected by the southmdsst
which drive currents to the northeast. A cyclonic gyre takes the place of the two smaller gyres in the
centralbasinwhile a small anticycloie gyre forms on the boundary of theesternandcentralbasirs
near Peelésland. In Julyigure5.13c), the cyclonigyre in thecentralbasinweakens and splitghile
the anticyclonic gyre on the boundarytb& westernand centralbasirs retairs its strength During
August Figure 5.14c), a small anticyclonic gyre forms in the middle of tremtralbasinand the
anticyclonicgyre in the centralbasingets stronger. A large antiyclonic gyre forms in theentral
basinduring Septembe{gure5.15c), and reachdts maximum value during Octobéd¥iure5.16c).

In theeasterrbasin acyclonic circulationdevelops and speeds up during June to @cteb that
in October currerdpeed react20 cm/s. This cyclonic direction is in geostrophic balance wdkbnae
shapeahermocline.Generally,an anticyclonic circulation occupies the northern part ofdbetra
basinwhile a small cyclonigyreexist on the southwestern parts. The anticyclggre is largely due
to a narrow underwat ridge that extend®utheast(Beletsky et al.2013)

In the middle of theentralbasin currents are in general smaller than the shoreline currents. This
can be explained by the large subsurface retatercurrents, whictare inthe opposite direction to

the surface current, (not shown). Also, timain transport of wateis via both shorkne regions
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(northeastwards) while there asretuirn flow in thecentralregion. The southern shoreline flows are
essentially parallel to thénere in an easterly directiamtil October But, overall north shore currents
differ markedly from those in theentralregion of the lake. The flow is maingfong shore and of
higher velocitynearthe shorelines. Stratification, bottom topography, inertial acceleratifriction
are among the importanadtors in the boundary regionghe north part of thewesternbasinis
respongle for carrying morevater into thecentralbasin Water exits awathrough theNiagaraRiver
on the northeast part of the lake.

Comparing th&COHERENSresults Figures 5.11 to 5.16, ¢), (and ELCOM model, used at CCIW
-Luis et al., 2013 not shown with POM numerical model resultBigures 5.11 to 5.16, a), Beletsky
et al.,2013)- whichare in turn compared with observations and field measurerihei® is generally
fairly good a@greement betwee@OHERENS(and ELCOM) model results with the POM model.
However, in someasessome discrepancidgtween models were observed.

The centralbasinwater circulatiorpatterngproduced by POM were compared with observations
and the results showed the overall anticyclonic circulatiimile a cyclonic gyre in theasterrbasin
which is driven by the density gradield, seen, theentralbasinis almost shallow (less than 25
meters), so is under the effectthie prevailing wind vorticityThe easterrbasinobserved currestin
the deep parts were weakban the numerical model results (POSDHERENS andELCOM), a
possible explanation migltte strongemlactualanticyclonic windvorticity than in GEM and NARR
reanalyzed winds. Another factor can be the need for finer spatiflittesan the modelgsmaller
than 2 km) (Beletsky et al.2013)

An importantdifferencebetweenCOHERENSand POM results is the wind data used in the
models.Beletsky et al(2013), used a tkm resolution winds obtained from the original version of

the Global Environmentdlulti-scale(GEM) forecasimodel, which igun for operabnal forecasts in
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CanadaCOHERENSa nd EL COM mo d e | psimarilywased on 8lARR aecanalyzed data
with 32-km resolution.

Beletsky et al. 013 hadalsoused observed winds to drive the model but they found that for
Lake Erie the winds produced by a mesoscale atmospheric model were superior to observed winds in
reproducing both the observed thermocline shape and type of circulation pattercenttbiasin

Comparison omonthly-averagedsEM and NARRmodelledwinds Figures 5.2 and 5.8shows
that duringthe May to October period they were largely from west to east. But GEM winds were
stronger than NARR winds and also headlieaer and visible anticyclonic vorticity over theentral
basin Thiscan be caused by monthly averaging. Thisrobably the most imptant factorexplaining
why there are two cyclonic and anticyclonic gyres ind&etralbasinin COHERENS while there is
a dominant giarnticyclanic pattern in POM circulation results. As GEM winds are stronger and have
an anticyclonic vorticity, theympactwater currents more strongind are the dominant mechanism
governing theentralbasin With weaker and more cyclonic southwest twtheast NARR wind stress
vorticity decreaseahile baroclinic effectslominde and this explains why there are two weaker and
smaller gyres.

On the other handBeletsky et al(2013), confirms that anticyclonic circulation is not the sole and
dominant pattern in theentralbasinand in some years two cyclonic and anticyclonic ggresseen.

Al so, he mentions fir ecent hatusaleitha gheeavediwic@Ehwald e | s
et al.,2009; Fujisaki et al., 2012 and 201@®)relatively coarseesolution (36 km) atmosphennodel
winds (Bai et al., 2013produced quite flierent thermocline and circulation patterns ie tentral
basin Schwab et al. (2009) and Fuijisaki et al. (20dr&sented a twgyre circulation pattern, withn
anticyclonic gyre occupying roughly the north and eastern parts oktitealbasinwhile a cyclonic

gyre occupied the south and western parts. Circulatiesented by Bai et al. (201850 shows a two
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gyre pattern but the line separating the northern anticyckordcsouthern cyclonic gyres syparallel
to the longtudinal axes of the laké (Beletsky et al.2013)

One main reasofor the deficiency in the observed winds is that they are mostly medsi the
land-based stations arttle meteorological buoys are located rathkrse to the lakeshoreh&secan
miss important details irthe spatial wnd structure over the lakddinally, Beletsky et al.(2013,
confirms that the GEM winds produce an exaggeldowtshaped thermocline artculation pattern
in thecentralbasin sothe GEM modelanalysismnay needmprovement.

Figures 5.11b to 5.16b, showplots for the case where the POM model is dribgnspatially
uniform windsfor which the wind vorticity effect would beliminated.Beletsky et al.,(2013)
concluded thathe resultinghermocline retained its dome shape in ¢lasterrbasin Circulation in
theshallow parts of theasterrbasinswitched from anttyclonic to cyclonic duringheJune to August
period while the current and thermocline in the deeper pditl not change and onkurrent speed
increased.n thecentralbasn, circulation reversed and became mostly cyclonic. Another important
effect of eliminating anticyclonic vorticity in the wind field was an increased hypolimnion thickness
in thecentralbasinand an extension of the stratification period to October.

In the warm months of June to August, when the NARR winds were more uniform, there is a
better agreement betwe€®HERENSwater circulation resultand with the POM results. The reason
is the wind pattern. This uniformity deeases the effect @brticity, which consequently diminish the
anticyclonic effect in the water. However, September and Oc@DetERENSwater circulation plots
are in better agreemewith POM plotsandwith realistic winds(Figures 5.55a and 5.6a), and the
dominant anticyclonic circuteon prevailingin the centralbasinis more clearly observed. This can be
explain by the building upf vorticity in the stronger winds of the cooler months which makes the

COHERENSwind fields more comgtible withGEM and NARRmodels.
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5.22 Temperature

Air temperature solar radiationand wind stressare the main variable influencing the heat
balance of the lake water. A mutual interaction between watethaamosphere above determines
the water temperature which follows the air temperature behavior but with a time phas@ateqg.
temperature is crucial for lakiynamics. Temperature is the primary drivethaf vertical stratification,
and thus directly aécts vertical exchanges of mass, engaggmomentum within the water column.
Water temperature plays a key role in influencing the aquatic ecosystem of lakes, which usually adapts
to a specific range of physical and environmental conditions. Water tetupgem lakes is governed
by a complex heat budget. It is evident that any significant changes to water temgiedtlyaffects
the composition andchness of the ecosystef®iccolroazet al, 2013) This isonereason to use a
reliable numerical model to produce a reliable simulation.

Stratification affects the vertical water circulation. The static stability of a layer of warm water
floating on cool water restricts vertical circulatiduring periods ofow wind, a substantial portion
of the water colummaybestratified stably enougto virtually eliminate vertical turbulencéBoyce
et al, 1989) Prevailing meteorological conditions and bathymetry are principal among factors
governing thermoahe locationsand depth sthe thermoclinelepths vary from year to ye&@enerally
thermoclinefluctuations correspond tthe wind and the upper layers (hypolimnion) current speed

fluctuations.
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Figure 5.17: Depth-averagedvater temperature ikay 2005.
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Figure 5.18: Depthaveraged water temperatureJume2005.
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Figure 5.20: Depthaveraged water temperatureAngust2005.
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Figures 5.7 to 5.2 depict themonthlyaveragedand depthaveragednodelledtemperatureof
Lake Erie water from May toOctober2005.Most of water is almostvell mixedin May after winter
ends. Averag temperature decreases from1BB°C in thewesterrbasinto 4-5 °C to thesasterrbasin
As weexpect, shorelines and shallareas generally have higher temperature than the deeper parts.
The maximunsurfaceemperaturalifference in the lakeeaches to 15C. The horizontal temperature
differencewithin thewesterrnbasinreached 0 °C during May(Figure 517), while we observe a more
uniform depthaveraged water temperature in tleentralandeasterrbasirs, whichhave @eper waters.
Thesolar radiatorpenet rati on into the shall ower waters
morewhich leads to greater temperature gradiitveen shallow and deep paifftbe easterrbasin
has colder water carrying the low temperature from cold winter months. The lowest temperature of 4
5 °C are seen in the deest part of theentralandeasterrbasirs. In warm seasonraas of warmer
water expandWhile the deepest part of teasterrbasn has an average water temperature-8f°C,
the temperature rises aboveZ50n the western shorelines of the lake. The temperdiffeesnceis
still high in the lake but the average values are about7I°€ in thecentraland easterrbasirs and
22-25 °C for the shallowest basin of the lake.

In July (Figure 5.8), watersnear the westrn boundary of the lakeare about 30C on average.
Ignoring the deepest part of thasterrbasirs leaves theentralandeasterrbasirs with emperatures
of around20-23 °C. The a@epesteasternbasinwaters hae the coolest water at 41F °C. Water
temperature reaches to its maximum values in Augrigtre 520) and temperature exceeds 25°C in
the lake. However, temperatutéferencebetween the shallowest and deepest points of the lake keeps
its value of 20°C. Thaighestintra-basintemperaturalifferenceof 15°C occurs in the@asterrbasin
Water temperature starts to decrease after AUfugtire 5.4) and we can see a more umifolake
with an average temperature of-28°C, except in the deepest parts in gasterrbasinwith 16 °C

temperature in Septembéek.decayng trend inwater temperature continues during Octolfagire
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5.22), and temperature varies from-18 °C in the Wesbasinshorelines to 23C in the warmest parts

of thecentralandeasterrbasirs.

5.23 Thermocline

Figures 5.23to 5.28illustrate the temperatuoss section alonganseciacrosshe centraland
easterrbasirs. Thetransecis displayed inFigure 17 with a red line. However, theesternbasinis
eliminated in plot frames as it has iamperceptibleand norsignificant stratification in the simulated
period. Inearlyspring (Figures 5.2c and 5.4c), if initial surface temperature is less than 4s\@face
heating causes convectiveasturning over the eep parts oftte lake and the local incomingdt is
distributed through the water columns. Thefacetempergure rises more in the shallolaeline
zones, which causes a large horizontal temperature gradient particularly in the deepipeetstérn
basin In early May, the entire lake is almost well xeid and still cold at-% °C. In spring, heaing
intensfies and temperature increasagersistent temperatudéferencebetween the shallowestern
basinand the rest of the lake exists during the simulated period. As temperature increases, a weak
stratification forms during spring in theentral basin and in summer that mergesmto a thck
thermocline witha moderateverticaltemperature gradienthe thermoclinenoveshigherin the water
columnduring JulyAugust, Figures5.25¢, 5.2¢). By the end oAugust,stratification rapidly decays
in thecentralbasinwherenearbottomtemperatures are still increasingigure5.27c).

Thecentralbasinhas a weakowl-shapedhermocline, whiclbegins to form in June and matures
in August. The hermoclinedepresses ta lower depth in theeasterrbasinasthe surface water is
pustedalongby the southwest winds. However, the durable thermocline ireis¢errbasinis dome
shapedThe easterrbasinthermocline persistsver the summeand decays in September to October,

(Figures 5.2Z7c and 5.3c). In the early stage of stratification a fragile stability is very suspgble to
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strong wind impulsesn October, complete vertical mixing in responsaigh wind stress is observed
and the whole lake is fully mixedbut in theeasterrbasin stratification persists ithedeepest parts.

Thevariety of processes of heat exchange across the water layers and the thermal inertia of water
masses cause an overall temperature lag between the deepest parastetiieasinand the rest of
the lake Deepwatertemperature typically changes time scale much longer than tHeaiow water
or surface waterg&rom temperature plots, water temperature of the deepedbpamopresent strong
seasonal variationandsuggestshat heat exchange in the deep layers can be reasonably asswmed
in most situations.In light of results obtained from theepgth-averaged temperature analydise
deepest part of theasterrbasinkeeps a relatively low vaiide temperature of around -6 °C in
most of the simulated period, while the other parts ofatke experienchigh fluctuations from 1-B0
°C in lake temperaturd.hewesternbasin whichis also the shallowess the warmest Isn during
the simulated period. Wcan speculate that it keeps its high variability in temperature behavior during
theice-freeperiod and is the coolest basin during winter, whilegth&errbasinis the coolest among
the Lake Erie's basins in wammonths. Temperature plots also confirm this speculatihere the
model produced the result in the occurrence of warm altdpssiods.Near shoreareas experience
temperature increas@xceeding 15C in some months while the temperatdliferencein other
locationswas much lessThe deepeeasternbasinlags thecentralbasinin the heating season but
retainsits heat instorage for longer periods during the cooling phase.

The difference in temperature between the water surface and thmtaka can be substantial in
the summer months and varies siolerably over the lake basif@emperature decreases quite rapidly
in all portions of thdake in the period of OctobeFemperature values for the summere period
indicate that thevesternbasinhas the highest values. Thentralbasinshowed higher temperatures
generally in the west portion of the basin anddasterrbasinhas lower average temperatbexause

of its greater depthn thesummey stratification is firmly established in treentralandeasterrbasirs.
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The uppemixedlayerdepth of 10 meters in July is redudedapproximately 6 meters in August in
response to meteorological forcing. Maximum heat storage generally occursAugudt.Stronger
winds overLakeErie during the fall months generally contribute to deepening of the upper-mixed
layer. Thecentralbasinis isothermal and theasterrbasinrapidly approaches an isothermal condition.
The temperature distribution over the lake is related to the heat storage capacity of each basin. During
warm months when the thermocline is thick, the mixing processesiafiaed to the upper portion of
the thermoclineThe temperature of the epilimnion is warm in summer and cools in Wwilitele the
surface water temperature varies seasonally (monthly), the temperature of the bottom is almost
constant in theasterrbasn over the simulation period about 12C. Twice a year, inging and fal)
surface water reaches the bottom temperatures, and thus the thermal stratification Wadems.
these conditions and the presencef a sufficiently strong wind blowing at the surface the entire lake
can mix (excluding the deep partssiasterrbasir).

COHERENShermal structure resultsigures 5.3cto 5.2c) are compared to POM results using
GEM winds figures 5.ZBato 5.28a) andPOM results using uniform wind&igures 5.23b to 5.28b).
The bowl-shapedthermocline €entral basi) and domeshapedthermocline éasternbasir) are
produced by both models aagreewith observations. POM model stratification forms during May
and persigtto September, whi@OHERENSmodelledthermocline decayis earlySeptemberas the
water temperature inentralbasinis more uniform. The use dafifferent wind data resources with
differentresolution can explaifor this discrepancy. However, both models and observations predict
the strong stratification and thickhermocline during JubAugust, which are reprodued by

COHERENS
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Figure 5.23: May averaged (a) POM model using GEMdelledwinds, (b) POM model using

spatially uniform windsBeletsky et al.2013) and (cCOHERENSmModel temperatur@005.
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spatially uniform windsBeletsky et al.2013) and (cCOHERENSmModel temperatur005
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5.3 Model Validation

Figures 5.8, 5.3a and 5.3acompare the observed amibdelledtime-series wariation ofsurface
temperaturest sites 45005, 45132 and 45142, (Figure 1.7).

A visual inspection of thenodelledtemperature plots with observatiossowsthat while the
COHERENSmModel obtains theame pattern and structure, thedelledtemperature islightly lower
before DOY 230.Investigation of thavind time-series plotd-igures 5.2, 5.3 b and 5.3 b, reveals
that while the NARR reanalyzed winds used @OHERENSand the buoyobservedwinds are
comparale, the NARR adjustedwinds for station 45142 are slightly slowdnvestigation of their
temperature reveals thiie NARR air temperature is lower before DOY 230ykthis is the reason for
lower modelledtemperature as the model uses thdeampeature as aninput, whichaffects the a#
lake heat fluxes There isclose agreement between measurements randelled temperature
estimations which is further confnedin temperature plots afté&wugustwhen theobserved and NARR
air temperature are more consistefth observations.

Wind speed was observed at 4afmove water level all buoy stations and are adjusted to a
standardneasuremertieight of 10 m abovthe lake level to compare with NARR wind speed. This
height was chosen since this is an elevation sufficiently theawater surface to have a direct
relationship to processat the aiflake surface, but high enough to be above storm wave chests.
order to estimate the mean wind speed at 10 m hedggletd on that at 4 m, we used thgglbw formula
for the wind speed througW10= W4 [In (10/2) / In (4/20)] where Wiand Wipare the mean speeds at
4 and 10 m andozs the roughness length of 0.0004 (Wikipedia, 2018)To investigate the NARR
winds reliability,a comparison of NARR winds with an eshore station (Windsor A statiomlnds
observed at@m, are displayed in Figure S3whichconfirms theaccuracyof NARR winds. It worth
noting that NARR winds tracthe observationgery well but the mean winds difféy almost0.5 and

1 ms? at theWindsor A station and 45142 buoy.
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Figure 5.29: Time series water surface temperatateservation 8. COHERENS. (Statio#5005)
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Figure 5.33: NARR (red) versusdjusted to 10 m observati@olack) a) surface water temperature

and b) wind speed at meteorological buoy 45132, in 2005.
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Figure 5.34: NARR (red) versusdjusted to 10 m observati@olack) a) surface water temperature

and b) wind speed ateteorological buoy 45142, in 2005.
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Figure 5.35: NARR (red) versus observed (black) wind speed at Windsor A station, in 2005.
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CHAPTER SIX

COMPARING RESULTS WITH AND WITHOUT

A LARGE WIND FARM

6.1 Comparing Some Plots in the Presence andbsence of a Large Wind Rrm

In this section some physical parameters such as surface temperature and water currents are
compared in the presence and absence of a large wind farm. Developing a large wind facenitnghe
basinmostly impacts theentralbasin The results of a small wind farm consisting of 6 wind turbines
are illustrated in Appendix On order to capture a better spatial variability and plot resolutioly,
the centralbasinis depicted which isie main concern and focustbifs part.As surface temperature
and water current plots illustrate, the significant impact and substantial gsaattiemestricted to the
southwest part of theentralbasin Therefore the focus on quantifying the temperature and current
gradients is onhe southwest part of treentralbasin Details of the hypothetical wind farm are given

in section 3.4. Also given in chapter 3 are the details of wake wind speed reductions.

6.2Wind Field (In the Presence of a Large Wind &rm)

For May to October2005, wind farm impaston the wind field areshown inFigures 6.1 to 6.6
The dots illustrae the monthlyaveraged wind vectors in the preserof a 43Zurbine wind farm.
This location has beeselected to provide an example of the potential differences in wind and surface
layer water curnet velocities and temperaturesi t he absence (hereafter te

(hereafter termed ficase 20) of a | arge wind fa
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May vectoraveragedvind velocitiesare relatively weak compat@o other monthsKigure6.1).
However, it worthis noting hat the vecteaveraged wind velociteeare lower than the instantaneous
wind speed because vector averaging takes into account the direction astieathagnitude of the
wind speedSignificantwind speededuction ocars in thecentreof wake zonalisplayedby theblue
rectangle On the north boundary of tiveind farm zone the vectoraveragedvind blows fromthe
north while on the south boundahe mean wind is frorthe south Similarly, the winds on thevest
and east boundariese fromthewest anceast directions, respectively. Thénalis reducedvhen it
entersthe wind farmzoneand fallsto its minimum valueon the downwind sidef the zore. This
behavioris commonto all wind directions. It seemthe vectoraveragedwvind speeds reducedo
below 1 m/satthe centreof wake (CW)location From June to September, we also see downstream
wind deficiency and the wind speeeducedtypically 17 by percentof its original valuewithin the
wake zonenorth-east of the wind farnaveraged ovefl2000 kn? the area in downwind of turbines
where the wake redas to less than 2% from maximuwhile the maximum wind speed reduction is
approximately 60percentin the centre of wake (CW).October winds are strongest among the
simulated months arttle mean wind it theopposite directiomo that observed ithe summer winds.

It can be interpreted froffigure6.6that likethe warm months, theind reduction occurs downstream

of the wind farm Since wind velocity vectors are based on moréivgraged conditions over the lake,
they do not show features specific to any particular day or hour. Their utility lies in providing the
potential effect o themonthly-averagedurface temperature and current distributiortfesimulated
period over theentralbasin To get a better idea of the wind turbine wake effeféwaepisodes of
thecentralbasinwind pattern and related contours under the impathe wind farm are plotteldter

in Figures 6.44 to 6.47Also, a few plots of wind speed reduction (in percentage) in the presence of a

wind farm are shown in 6.48 to 6.50.
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6.3Wind Speed Contours

Monthly-aveiaged10m-wind speedm/s), (Figures 6.7 to 6.12 a and bgntourdbased on NARR
data, plus our imposed wind turbine wake reductitmrsboth casesi.e, with and without the wind
farm), are plotted for MayOctober 2005To get a better view of theind farmimpact themonthly-
avergedwind speed reduction in percentage are displayed in Figureto6712 cFrom thee plots,
we can conclude thduly and October have the lowest and highest wind speeds of lesstsiard
above 4 m/s, respectively. Generally, the averE@mwind speed is between8m/s in most parts of
the lake. Wind turbine hub height winds will bghertypically by a factor I100/z) / In (10/z) of
order 1.25.The centralbasingenerally experiencessightly higher (generally by less than 1 m/s)
wind peed compared to the other twassins which is probably dueits largersurface areand fetch
While wind speed increases in tbentralparts of tke lake, itis lower closer to the shores due to the
higher upstream surface roughnesses. When d fammn is placed in the lake and the NARR wind
field is modfied, this wind sped variability increasesignificantly near and within the windm.
However,away from the wid farm zoneas the wind turbine wake effect declines, there are only small
changes in the imposed wind speed. The behavior ohdmthly-averagedvind vector and speed are
different as x and y components of the wind may be chattelut in the averagingrocess. Sao
understandbetter the wind farm effects of the wind fields pthee lake scalar wind speecbntours are
displayed. As mentioned earlier and shown by thevind contourin case 2the 10mwind speed
reductioncan be of order 6fercentin thecentreof the wake zonédepending on the wind direction,

but the aerage reduction is about-1§ percent
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6.4Wind Rose atCentre of Wake (CW) When There Is NoWind Farm (Case 1)

Six-month and monthliINARR wind roses are displayed Figures 6.13 to 6.19 a andThere are
5 wind speed categories ranging from 1 to >8 m/s, also 16 wind dire@ioBdegreesectors) are
considered in plotting thevind rose. The frequencyaunts up to 25ercentin each sector bin.
Directions are those that the wind is comirggn. See section 1.6.1 for tleentreof wake location.

Figure 6.13aonfirms that the dominant direction of the wind over the Lake Erie during May to
October is SSW. About 9percentof time thewind speed is over 4 m/s. Donairt winds blow from
the SW. In May (Figure 6.14)About 91 percentof the ime winds are less than 4 miEgure 6.15
shows June dominant wind spe#®-4 m/sblows 59percentof the time N winds have a frequency
of 18 percentwhile WSW and SW ones each blow with a frequency opé&fentin the June wind
rose. In July (Figre 6.16, we observavinds ofless than 2 m/s blowingbout70 percentof the time.
In August Figure 6.1%he winds speed up but winds are less than 4on&0 percentof the time. In
September winds amdightly strongerand frequently blow from WSW, (Figure 6.18 The speed is
still comparable with August winds. October win&gure 6.19are the strongest and aboytércent
of times winds of above 6 m/s blow at this locatidowever the most common wirgdare less than 4
m/s about 7percenf the time, while for 2g¢ercentof the tine we observe winds of speed4n/s.

Winds in October are from the NNE and NE sectorpé@8entof the time.
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Figure 6.14: Twelve- houra) Wind rose b) Wind class fiaency distributioniMay 2005
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Figure 6.15: Twelve- houra) Wind rose b) Wind class fyaency distributionJune2005

140



" wWind speed [m/s)

e
Bc-B
Bi-6
2-4
COo-2
a
CW Wind Class Frequency Distribution, July 2005
100
90
80
70 694
60
50
40
30.6
» \ | | |
Calms 0.00 - 2.00 2.00 - 4.00 4.00 - 6.00 6.00 - 8.00 >=8.00

Wind Class (m/s)

b

Figure 6.16: Twelve- houra) Wind rose b) Wind class fyaency distributionJuly 2005
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Figure 6.18: Twelve- houra) Wind rose b) Wind class fygency distributionSeptembe2005
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Figure 6.19: Twelve-houra) Wind rose b) Wind class frequency distributi®atober2005
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6.5 central basin Surface Layer Water Temperature

The monthly-averageddistribution of thecentralbasinsurface layer water temperature in the
presence (case 2) of a wind farm with 432 wind turbines from May to October (DOY 121 to 304) are
illustrated inFigures 6.2® to 6.2%. The corresponding plots for the normal case when wind farm is
absent (case 1) earshown inFigures 6.2@ to 6.25. Figures 6.20c to 6.25c show the surface
temperature difference between case 1 arith2se curves clearly demonstrétie potential impacts
of the wind turbine wakeon the surface water.

Thecentreo f wa k e 6 s diffeeencpirethegptesemce (case 2) and absence (Qasktiie
wind farm from May to October is approximately 1.5 °C, 2.5 23 °C, 28 °C, 1.5 °C and 2C,
respectively. From thesealues we can conclude that wind turbines impact the surface layer
temperature the most during June and July and the tempetdterencedecreases afté&ugustwith

a minimum valuef 1°C in October. (tablé.1)

Table 6.1 Centreof the windfarm wakesurface layer water temperatyf€), May-October2005

Centreof the wind turbine wake surface layer water temperature(°C)

Month In the absence of a wind farm In the presence of a wind farm
May 9 10.5

June 17.5 20

July 23 24.3

August 25.7 28.5

September 22 23.5

October 18 19
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In May, the southwesshoreof the centralbasinhas awater surfaceaemperature of 40 °C in
case 1, Figure6.2(), while thecentralpart is about 2°C cooler with a temperature of°C5In the
presence of 432 wind turbinake southwesshore is strongly influenced so that warmer and more
variable temperature is see@ar the wind farmA maximum increase occurs in thentreof the wake
zone raising water temperature from°€ in case 1 to 10.5 °C in caseThewakeeffectdiminishes
gradually ast propagates dowmnd and far enough from theentreof the wake, temperatwsare
comparablavith valuesin case 1.

While the surface layer water temperature indéetreof wake area experiences an increase of a
few degreestherest of thecentralbasini out of thewind farmwake zond doesnot experience a
significant impact. Also, as illustrated in temperature ptoessurface temperatudifferencebetween
thetwo cases (case 1 andig@grease$rom May toAugust (except Julyand then decreases in August
onwards. The combination of an overall increase in the solar radiation and the wind speed reduction
entering the summer months accounts for this increase. Dilneggpoler months of September and
October wind speed increases while solar radiation decreases. Gengraiynd farm wakecauses
more reduction irstronger winds. Bcreased winds cause an increagemperature, while lesssolar
input heatdecreaseghe temperatureAt the sametime, water loses heat due to the -aiater
temperature gradient and stronger forwhe wates heat S o ,
budget deficiency anthe water gets cooler as a consequence and the tempetdtarenceof two
cases (case 1 and 2) decreaesune, there is 4C difference between thaid-lake and neathe
southshore with temperatures of 16 and 19C, respectively,Rigure6.21a). This difference can be
explained by the domamt role of @pth in determining temperature. During summer months, solar
radiation intensifies, so water temperature increases as a consequence of the combination of incoming
solar and raised atmospheric tesrgdure. Equal input heatcreases the shallower wateolumn

temperature more than the deegier oneThis ingeasan temperature becomes even more significant
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andacceleratewith weaker winds, sthetemperature rises even more in the wake zone as illustrated
in Figures 6.2® to 6.2%. This temperature aneasedecreasesioving away from theentreof the
wake, as the winthrm wakedeclines(inversly proportional to distance) and the wind speed retains
its original valuefar downwind. The rorth-west shore of theentralbasin(boundary of thevestern
andcentralbasirs), experiencegs minimal increase in théemperature, less tham30C as a result of
the wind farmby comparing the temperature contours in two caBeis areais occasionallylocated
in the wind farm downwind areand therelated wind turbinevake effectis very small.ln July, the
increasing trend ofhe temperaturaifferencecontinues and intensifies so the corresponding surface
layer water temperature reache403°C in case 2, frol23°C in case 1, which causes enfgerature
difference 0f1.3°C, (Figure6.22). Also, a few locations ithe easérnpart of thesouthwestshores
and north to south of theesternandcentralbasirs 6 s b gexperkace Igss than 1 °C increase in
temperatureThis shows thathe wake effectappliesto the midcentral basinon some occasions
depending on the wind directiohemperaturelifferencessignificantly increasen the vicinity of the
wind farm As illustrated in Figure 6.22b, thedifferencebetween the ambient and thentreof the
wind farmtemperaturegxceedsl.5 °C (22.8 °C and24.3 °C, respectiely) within the wake zone
Surface temperaturiacreasesn August (Figure 6.23h)As a result, differensan temperature and
variations decrease within tleentreand edgsof the wake zoneln Septembe(Figure 6.24b)the
centre of wake temperature reaches t83.5 °C, while the temperatur@around the edges is
approximately22.8 °C. More uniform water temperature is seen in Oct¢bajure 6.25b)and the
temperaturalifferencebetween the wake zomentre(CW) and edges is of magnitude of a fiamths
of degree

As discussed aboviie wind farm wakecan playan importantole inreducingthe wind speed.

As ambient temperature is warmer and the winds are weaker in Jdugust the weaker winds
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intensifythe increasing trend of temperature which leadshiglaer temperaturén cooler months of

September an@ctober less temperature ffierenceis seen betweetihetwo cases
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Figure 6.25: Octoberaveraged surface water temperaiure a) absence) presence of a wind farm

and c) the difference (deg 3005.

6.6 central basin Surface Layer Water Currents

Monthly-averagedMay-October) plots of the surface current velocitieth@southwesportion
of thecentralbasinin the absence (case 1) and presence (case 2) of a large windviidrd3 wind
turbines) are shown iRigures 6.26 to 6.31the velocity vectoscalein the figuress 5 cm/sFigure
6.26 (ab), compares the monthly mean surface current in May. In case 1]itderynet water
movement is observed in the westst direction along the southern shorell@G@HERENSalso
portrays more eastirected watemovementin the lower portion of the simulated ardaigure6.26a).
The sirface current is weakndranges between 0.1 to 2 @n/ery seldom rising above 1 cmFsgure
6.26b displays the corresponding currents when a wind farm is applied. While currents in Heastest

direction are aligned with thedominantwind direction the southwestearshore currents hava
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different patternMost surface currents are correlated higawind direction but in sonparts reverse
patterns are observegdresumablybecause drag is proportional ttee square of the wind speed, so
higher wind speeds have more impact on the water curmdetpitea southwestdominant wind
pattern,areasjust north of the wind farm experienciéhe opposite direction current pattern moving
towardsthe west Analysis showsnean velocitywalues aretwice and in some events triple as large a
those in case FEigure6.2@ portrays the surface water flowing wedbng thenorth boundry of the
wake area while theouthwesnearshore currents retain their eady direction. However, they ge
significantly strongr. The pesence of the wind farm accounts for the shift of the vectors to the west
in the wake area. It is clear Figure6.2@ that every time the current hits the wind farm boundaries,
it deflects by 90 degrees. It seems that the wind farm acts like a bawieiefiects currents on its
boundaries so that a cyclomwnthly-averagedirculation pattern forms withiand aroundhe wind
farm areaWhen wind blows on a wind farngenerally a wake zone forms downwind of the turbine
While biggermeancurrent vectos are seen on the wind farm boundaribecentreof wake has the
lowestmeancurrents FromFigure6.26o, southwesbf the pictured area tends to have a smyatlonic
circulation, and thecurrent divides into two opposite directions in therth portion Consistent
southwestwinds push water downwind as there is a strong correlation between surface water
movement and wind direction. Currents in tiath of the wind farmarein the opposite directioto
the wind (Figure 6.1) For moderate and wker winds, the west component domies as the east
component (which was generated by the wind stress) diminishes. So the resultant withientise
wind farmare in the order of-# cm/s in case 2 compalto the westwardurrents of the order of 0.1
0.2 cm/s, in case 1. Sotroducinga wind farmcan generate a small cyclonic g@eundthe wind
farm near thesouthwesshoreline.

In shallow parts o&lake withasloping bottom, a steady wind stress over the lake pushes surface

water downwind but whewind hits a barrier (hereg large windfarm), its gpeed decreases. In the
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centreof the wakearea thewind stressirops to a minimumso the dominant role of the wind stress

on the surface water is reducatd other factors like bathymetry (depth), water temperature and bottom
slope (topographyecome more significamm determining the flovdirection and magnitudén June
(Figure 6.27) surface current velocities are greater in magnitude compared pretvieus month.
Direction is more consistentw@rdsthe northeastNearthe souh-shore currents reach to-12 cm/s

(in theeasern partof the diagram)Figure6.27a, and the general directiontavards thenortheast. In

case 2Figure6.2, withinthe wake zoné the soutlwest of thecentralbasin asmall cyclonic gyre

is formed, and the ambient water current follows an@dionic pattern so that southward cureent

are seen in some pastheeasern portionof wind farm One explanation care the weaker currents

on thesouthwesside, appear ifigure6.27a, which are relatively weakeompared to the rest of the
lower portion of the region. This reveals that the west component of currents is a bit greater than the
east component, which makea small resultant vector to the east. Reduced wind stress in the wake
zone weakens the east components and this leads to greatdire@sd resultant vectors, in trenge

of 4-6 cm/s. As explained previously, agldition to thevind stress, the rotation of the earth, the shape
of the lakéfloor, densityand the shape of the coastlines are among the important factors that determine
the complex patterns of surface currents. AlthoaghCOHERENSsimulation portrays few small

gyres in somepart of the regiorduring the simlatedperiod currents follow the general wind pattern
(southwest to northeast) along the south shorelines in case 2Figore6.27, we can confirm that

the centreof thewind farmis wherethe smallest wat currents are foundVinds are weaker in July

as expected and generate smaller current veélignsre6.28a. Average currents are slower and have
more directional variation thalune hasHowever, the velcity field and surface currenstill flow
northeastwardThis time, near soutbhorecurrens, are weakecompare to the rest of the region
while the north shore hastronger currentslhe difference between the near sesitiore currents in

June and July can be dteethe slower winds in JulyF{gure6.99, which divide neashore currents
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into two opposite directions of east and west, as showfigare 6.28. This means west current
componentslominde the southwestinds on thewest side and makes a westward current pattern.
In case 2, a 9bng anticyclonigyrewith an average current of ) cm/sforms on the weside
of the centralbasin The surface current velocity closely follows vorticity in thimd. As southwest
wind stress decreasedbg current rotates antiycloniclly due to theCoriolis force and topography.
As well, the near soutkshore current speedip towardthe northeastAlthough the mid tcsoutrern
portion of thecentralbasinis impacted by the winthrm, the variation in the rest of the region is not
significantandcaitb e a s s uanendugrawayt of not be affectedo.
Comparing the surface current plots in Augésgure6.29a and bthe anticyclonic circulation
which gradually formed since May becomes mature and strasgeciallyin case 2 sincéhe wind
farm wake decreases tteuthwestwind stress. Decreased winds lose their power in carrying the
currert. So, theanti-cyclonic circulation in casébecomes a full antyclonic gyre in cas2 occupying
mostwesernparts of thecentralbasin The anticyclonic meancurrents in casg are in the range of
4-20 cm/s, while in cse 1, this value falls to-10 cm/s.Small currentsiear the soutshoreling are
replaced by theafatively strong (5 cm/s) nortlast currents. This circulation is in response to the thick
thermocline and the weakinds, whichlead to a shallow mixed layeAfter August, the mature anti
cyclonic gyre decay gradually and becomes weaker amelst components dominat&here is a
westwad flow along the wake zone near theuthportion of the affected zone. These currents ar
stronger and ihe range of 24 cmk (Figure 6.3(), relatively higher than that of the normal ones
illustrated inFigure6.30a. Strong north windelow duringOctober which changebe circulation
pattern and indusestronger currentéFigure 6.31a and b)rhewakeaffectedzone has the smallest
currents in theentre the same asn the previous montli®bservation As well, two small cyclonic
and anticyclonicgyresareproduced along the south shorelines. Because of the soutivwvals| the

wake zone formslose to thesouthboundaries of theentralbasin
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Figure 6.26 May-averaged surface water currémthe a)absence and) presence of a winthrm, 2005
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Figure 6.27:Juneaveraged surface water currémthe a)absence anb) presence of a wind farr2005
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