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Abstract

Human activities, ’ch as mining, sewage discharge, fertilizeagesand dam construction for
electricityand flood controllhavesignificantly disturbed the biogeochemical cyclingmaftrients
such ascarbon, phosphorus, and nitrogen atmospheric,terrestria)] and aquatic systems.
Globally, regative effects of the excess inputs of nutrients have been obsefuweshinater and
saline surface water environmerféhosphorugP)is anessentiahutriert for primary production
and die to intensive anthropogenic activitisgsludingrapid agricultual intensification and urban
developmentexces$ hasbeen loaded into the ThanmRwer WatershedTRW), Ontario, Canada
for around45 years Waterquality in the TRW has beesignificantly affectedby inpus of P and
other nutrientsTheseeutrophicwaterscould have significardndchronicnegative effects on the
downstream and nearby aquatic environment, such as Lake St. Clair and Lakéisrtbesis
focuseson Fanshaw&eservoir locatedin the NorthernTRW, whereFanshawe Dam has been
built to control potentialflood eventsthat may damage theCity of London. However excess
nutrients coulédiccumulaten the reservoisedimentsnd slowly releasevera long periodposing
significant difficulties for water qualtmanagementDuring summertime bluegreen algae and
elevatedbacterial concentrationdhave beerfrequently observed by the Upper Thames River
Conservation Authority (UTRCA)-However, the existing éild data cannot explain tteeasonal
variation of thealgal bloomsor thelong-term scée interaction betweethe external loading of P
and internal loading of.H 0 provide a computational framework to analyse exidtield dataand
relateP availability in Fanshawe Reservoirgrternaland internaP loading | developed awo-
dimensional model for Fanshawe Reservasing the CEQUAL-W2 software. The model
combines hydrodynamjevater quality and sediment diagenesi®dules. The simulation results
imply a major role of internal P loading during the summer when the reservoir stratifies. Retention
of P mainly occurs during wintertime, while the reservoir is a sourcedofiRgsummertimeln

a scenario wherexternalP input b the reservoir is instantaneously reduced®ys the annual
downstream export of P from the reservoir only decreas@2%y because afontinuedinternal

P loading from the sediments. Due to the legacy P stored in the sediments, it would take on the
order of 2 years for P export from Fansha®eservoir to drop t86.3% of its current valudn
another biomasscenario, te sediment P loading hd®.1%larger effects on algal growth than

the external loading of P during summertinkerthermore, to provil feasible andast water



quality modelng applicatiors, aback propagatioartificial neural networKkBP-ANN) model was
successfutlevelopedand calibratedor the future modeling wosk
Keywords: Phosphorus cyclingetentionefficiency, waterquality andsediment model
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Chapter 1  Generalintroduction

1.1 Summary of Thesis Structure

This thesis has 5 chapters with suppgrtmaterials in the appendix. The first chapter is the
introduction of theesearch issues, research background, and research objectives. Chiagter 2 g
detailed informatiorabout theresearch area, which was studied in Chapter 3 and Chapter 4. In
Chapter 2, the CE-QUAL-W2 modeling governingequations,a schematic of the modeling
equations and itenaediscussed and listed for futureferenceA simple introduction othe BP-

ANN model is also provided in Chapter. 2n Chapter3, CEQUAL-W2 modeling method,
modeling results and scenarios were demonstrated and summarized. In ChapteANN BP
modeling step, modeling results were discus€dpter 4 is thérst step for the development of

the CEQUAL-W2 model and BFANN model. Chapter 5 washe conclusion and perspective
chapter. Detailed assumptions, research findings, and research perspectives were discussed in this

chapter.

1.2 The Biogeochemical Cycling of Phosphorus (P)

The cycling of P has four major components. Firstly, etdrestrial systems, phosphcehesaring
rocks may be weathered during the tectonic uplift event and other exposure corfgigans

1). In addition, the physical erosion, chemicakathering and biological metabolism could
generatanorganic Pand organid® to the sediment, groundwater, surface water sys(éigsre
1-1). The subsurface (groundwater) and surface (riverine, watershed and estuaries) thgstems
transportP into lakes and ocear(§igure 11). Finally, P sedimentatiofuriesparticulate, organic
and inorganid® into sediments anthis sediment P may be chronic released axjoaticsystems
underdifferent conditionsat the sediment water interfadeor exampleP maybe released from
the sediment of aquatic systemrsder reducing environme(filippelli, 2008; Jarvie et al., 2013;
Ruttenberg, 2014)

In lake and river systems, P and its chemical compoisittee dominat nutrientthat causes
eutrophication(Schindler, 1974;Schindler et al., 2008; Smitand Schindler, 2009) The
accumulation ofP in waterbog sediments isan importantsourcethat related to the retention
efficiency of P and tle legacy ofP. According toMaavara et al(2015, river damming plays an
important rolein the retention of globdP. The global modeling results in their study illustrated
that rearly 17% of the global rivdoading oftotal phosphorusould be reserveish damreservoir

until 2030.Although dam reservoirs could be P sink around the world, the retention capacity of

1



those reservoirs is not clearly, and intensive input of P may cause more algae blooms in the
downstream area. Meanwhildhetlegacy of P in revoir sediments may beconsesevere
challenge for theffectiveness omanagement strategidsor instance, the reduction of external

loading of P may not have timely reduction of P in the reservoirs and their downstream area.

In the oceanic systems, the cycling of P is controlled by floating maligaewhich influencethe
cycling of carbon andaitrogen. In general, dissolved phosphate is an important limiting nutrient
for biological productivity in marine systems and the concentration of dissolved phosphate is
highly related to the photosynthetic organisms and watefFaligpelli, 2008; Ruttenberg, 2014)
Ocean stfacewatertypically hasa very low concentration of dissolved phosphate because the
phytoplanktoruseup the P athey grow (Figure ). P concentratioalsoincreases with the water

age. For example, Atlantic Ocean has the youngest watenandP concentrationmearly 40%
smaller than the Indian and Pacific Ocedhilippelli, 2008; Paytanand McLaughlin, 2007;
Ruttenberg, 2014)

Precipitation

‘Biomass hv

Huaman activities:
mining, agricatture

+ Photosyuthetic P-uptake
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Sedimentation l Upwelling
, ekt ),

Sedimentation v, -4

(Partilater) ~--* S—)

¥ Bewthic returnp-flax
e

Figure 1-1. Major processes ¢ cycle in theerrestrial and aquatic systeihe ed areaepresents
the surface heat exchangdodified from Ruttenberg(2014 andVan Cappellen and Bhvara
(2016).
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Figure 1-2. Dissolved phosphatncentrations in three ocean bas(Adter Ruttenberg, 2014).

1.3 Global Human Perturbation and P cycling

The naturalP cycle is assumetb be atsteady state during the natural physical and chemical
cycling, however, human activities hasignificantlydisturbed the natural biogeochemical cycling

of P (Bennettet al., 2001; ElseandBennett, 2011)Human perturbatiosin the P cycle include

lots of ways, such as phosphate mineral extraction, food consumption and sewage production,
fertilizer application and livestock productigBennett et al., 2001; Filippelli, 2002, 2008;
Maavara et al., 2015; Yuan et al., 2018)



Figure 1-3. Schematic gaphs of the global P cycling processes with the stocks and fluxefoof P
a) the steady state of global P in the past grithd global P after human perturbatiof&he blue
arrows represent P fluxes in natural land and ocean systems and the orawgeepresent P
fluxes that created by human activitidde bold black texts indicate the fluxes between different
reservoirs The units of P fluxes and stocks are Tg P gnd Tg P) Modified fromYuan et al.,
(2018).

Rock extraction is the primary source of P and a total of 1.1x 102 Tg P in phosphate minerals has
been mined since P production technology was created and applied in in¢éhd K8405Ashley

et al., 2011)Due to the sharp increase of population size, the total P consumption that is related
to human activities has tripled since the 19@0ardell et al., 2009)9.9 Tg P yfl, Fsand R7in

4



Figure 13b ), and the sewage production is around+1082 Tg P y¥1 (Fwo in Figure 13b ). In
addition, P fertilizer use for crops has increased from 2.0 TglPtgr17.1+ 2.3 Tg P yt since

the 1940s, whereas the crop P uptake has only increased to 12.3 £ 0.3-Tg(R¥m=@nd k4 in

Figure 3b ) (Yuan et al., 2018)Livestock manure production and fertilizer application exceed
crop P needs, and this excess P may proWieut to manage, eventually becoming npaint
sources of P pollutiqAshley et al., 2011; Cordell et al., 200%he B2 flux in Figure 23 showed

the livestockannualP flux to aquatic systemis about 8.3 + 4.3 Tg P 3 (Yuan et al., 2018)

Most agricultural P and urban P are stored in and carried by river watersheich become
significant sources of nutrients for lakes and oceans. Although an increasing number of countries
have begun regulating P consumption through their policies, human activities still have significant
negative effects on global P cycRedurdant P habeen discharged and stored in aquatic systems
and now posea threat to water quaiit Previous studies have clearly demonstrated rivat
damming in watersheds could retain nutrients in the reserwelrish may subsequentlyposea

water qualty threat to downstream aquatic systefa. examplethe amount of nutrieatetained

in the dammed reservoingay increase in the decades to come and may bezohnenic nutrient
source pool for future release eve(iarvie et al., 2013; Maavara et al., 20M@aavara et al.,

2020)

1.4 Phosphorus Cycling and Pollution in Watersheds and Lakes

1.4.1 Thermal Stratification in Lakeand Reservoirs

Thermal Stratificationsignificantly influenceswater qualitythrough modifying the dissolved
oxygen and vertical water temperatuaed informs water management strategies in freshwater
systems, such as dammed reservoirs and (&keis 2008; Kirillin andShatwell, 2016; Nowlin et
al., 2004; Sgndergaard et al., 2Q@3fferent factors have several different effects on the thermal
stratification in the waterbody. For instance, the depth and shape of reservoirs aruhlake
important effects on the thermal stratificationsind/induced currents andir temperature are
major factors that may alter the stratificationtle shallowlakes and reservoirélci, 2008;
Kirillin andShatwell, 2016)The censity of the water is majlgraffected by temperature and cold
water is denser than warm watéinerefoe, water stratification mainly occurs in summer and
winter (Figure 14). Stratificationinfluences water qualitbecause it affectsutrient cycling and
nutrient retention or release in thattomsediments of the waterbodies in freshwater sys(&igs
2008; Kirillin and Shatwell, 2016; Nowlin et al., 2004pue to climate change and human

5



modification of the inflow and outflow in reservoirs, the duratibthe stratification in reservoirs

and the distribution of the substances could/yaar to yea(Elci, 2008; Kirillin and Shatwell,

2016) Thermal stratification may not happen in some reservoirs and lakes due to the depth, shape
(such as surface area) and other environmental cond{Borisam & Boyce, 1989; Kirillin &
Shatwell, 2016)

summer autumn wind

wind

metalimnion

QC epilimnion ‘
overturn \

spring wind winter wind

4 °C to bottom

little effective
circulation

Figure 1-4. Generakchematic of thermal stratification of lak@ritannica.com).

In the current study, Fanshawe Reservoir is a shallow resémveduthern Ontarigvhich has a
maximum deptlof 12.1m(NdrnbergandLazerte, 2005)in shallow reservoirsyaterstratification

is verysensitive to wind speed and wind direction, which can easily mix water and alter the water
temperature(Kirillin and Shatwell, 2016) However, pervious water quality studies and
observation data onlgstimatedhe sediment releasing in summer seaboough a mass balance
model,and did nofully illustrate te effects osedimenton P retention or releaprocesse
shallowstratifiedreservoirsat different seasofNurnbergandLazerte, 2015)Thee aremultiple
factorsthat influenceexternal and internal P loadingdammed reservoirs, and it gill not fully

clear whichis importantfor future watershed management.

1.4.2 Phosphorus Cycling and Pollutions
Eutrophication refers to the algal blooms and anoxic events caused by excess inputs of nutrients

in aquatic systemgSmith and Schindler, 2009)Understanding the P cycle in watersheds and



lakes plays an important role fimformingthewater quality improvementa our aquatic systems
(Correll, 1998; Filippelli, 2008; Goyette et al., 2018; Maavara et al., 2015; Ruttenberg, [2014)
general, the anthropogenic sources of nutrients can be divided into two parts. The first source is
the regulategboint sources which are related to the municipal and industrial itipatteould be
recorded The second source is the Aooint sources which are important aaic complexto

obsene and manage. For exampletensive agricultural areas are very commoimpry nor

point sourcegCarpenter, 2005)A lot of evidence indicates that these inputs of P can be
accumulated iraquatic systems, such as rivers, lakes aviemgperiod(Carpenter et al., 1998;
Carpenter, 2005; Jarvie et al., 2012, 2013; L. H. Kim et al., 2003; Maavara et al., 2015; A. Sharpley
et al., 2013)In general, particulatP couldoccur as Radsorbedo suspendedolids, and® could

be trappedby solid oxyhydroxides under oxidizing environment aRaould be released from
sediments into the water under the reducing conditjgassev et al., 2006; Orihel et al., 2017,
Ruttenberg, 2014Previous stugs havedemonstrate the estimated time scale for the retention

P in differentwater pools(Figure 15). The chronic release of P refers to impacts ofi | e gacy
P owhich maycause delays ireaching the water quality managemeyals(Jarvie et al., 2012;

Jarvie et al., 2013; Meals et al., 208barpley et al., 2013)

‘fin-channel
v =y
Sollhillslope = Riparian/fioodplain
(6.2:30 ¥ Dot Gl ~ (<T-1000%r)

e

Groundwatery,

e Lakes
(c.5-30 yr)

Figure 1-5. Residence time dP retention and recycling in different reservdidarvie et al.,
2013).

The main reason gdersistence ofhe legacy P is thavatersheds and their dammed reservoirs

retain nutrients in the watsediment system@&oyette et al., 2018; Maavara et al., 2015; Powers



et al., 2016)P retention carcreate auffer for the excess nutrietransport, initially delaying its
movement in aquatic systeniBowers et al., 2016)However, the threshold dhis buffer in
different watersheds igariable, complex and vulnerable to chanif¢he P retentionthreshold
valuein watershedss reacled andexces P is contirually inputted to the aquatic systems, the P
pollution could be acceleratgahdP sinks couldbecomeP sources, and these sources cpeldist
for decadegGoyette et al., 2IB; Jarvie et al., 20]1Jarvie et al.2013; Powers et al., 201&)ne
previous study illustratd thatthe threshold oP retentionin 23 watersheds North America is
very low and unreliable. The threshaldlueis between 0.08.7 t P kn? (Goyette et al., 2018
small valuewhencompaed with the inputs P by humarcivities. Therefore, retention of P and
its impact factos in watershedsdammed reservoisnd lakes become important research issues
for integraedwater qualiy management.

1.5 External and Internal Loading of Phosphorus

The accumulation of P watershedsdammed reservoiend lakesedimentss related to external

and internal loading of P. Here, the definition of external and internal loading is explained and
reviewed for better understandinfjithe current work. External and internal loadirigoare the

two main processes &ftransport aquatic systems. The external loading of P refers to the total
in the river or lake inflowsoming from outside source$hese types of P inputs asatively
easyto monitor and managdeecausave can diredy decrease P inputs our runoff.The internal
loading of Phas units ofmass per area per tina@dis definedas the gross benthiflux (Lgros9

and net interndP loading rate (ke) (Figurel-6). The time scale for gross bentRiflux is hours
to-days and it usually researched in core incubation (ssealk) (Orihel et al., 2017)
Additionally, net internalP loading rate has a larger scale (for example, reservoirs, lakes and
oceans etc.gnd an annual time scalehe current study focuses on neteirnal bading of Pthat

may significantly delaythe improvements of the originalatermanagement strategiédrihel et

al., 2017; Sgndergaard et al., 2Q08)cording to previous studies, internal loading of P allsiw

lakes is alsostrongly connectedo seasonalariations bioactivities and the turbidity of the
waterbody(Sgndergaard et al., 2008gndergaard et &013) Thereforejnternal loading of P is

a very complex process that s with time and the characteristics of the surrounding

environment, such as water and sediment temperature, segionesity, andsediment depttc.

Due to the accumulation of nutrients in watedshand lake sediments, the legacy of nutrients will

affect the water quality and remediation methods longterm scalg(Carpenter et al., 1998;
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Stephen R. Carpenter, 2005; Visieter et al., 2018) Furthermore, the efflux mechanisms of P
from sediments are related to md#ctors, such apH, water temperature (seasonal change),
redox reaction (the main factor is iron speciation and redox environment), external loading of P
and the bioactivitiegKatsev et al., 2006; Orihel et al., 201[f) the current study, thexternal P
loading andnternal P loadingwere simulatedusing theCE-QUAL-W2 model, which combirge
a sediment diagenesis moaath a hydrodynamiavaterquality model It may be used taéentify
long-term solutions for the water quality in the Fanshawe Reservoir and Thames River Watershed.

a Overlying Water

Water column above

the sediment-water
interface

Benthic Environment
Sediments and benthic
dwelling organisms

External P inputs

)

P outputs
(0)

Figure 1-6. Schematic of internal P loadin@) Gross benthiP flux (Lgross); (b) Net internal P
loading rate (key). Modified from Orihel et al.,(2017).



1.6 Research Objectives

The current study ared&anshawe Reservoirs affected by legacy ,Rvhich canlead toan
unpredictable releag# Pin the aquatic and sediment systems. According to Nurnberg and Lazerte
(2005,2015) the internal loading dhe Fanshawe Reservoir duritige summetime may have a

very high releasrateof P (range from24 to 56mg/né/d), andthey also argued trenual average

total phosphorus loading of upstream Fanshawe Reservoir is higher than the annual average total
phosphorus loading of downstream Fanshawe Resewoot Thesediment effects amétention
efficiency ofP inFanshae Reservoir during the whole year period is still not clElaese legacies

of P may become excess nutrients for algae in the resetvair. addi t i on, accordi
report, although nearly three decades pollution management has beeniaphéeghtershedthe

water quality in Fanshawe Reservoir tdl poor (NUrnbergand Lazerte, 20%; Nurnbergand

Lazerte, 2005)Therefore, more advancatbdelingand controlling methods should be considered

for evaluating and understanding the water qualitypath the aquatic andeservoirsediment

systems.

To have a more advanced undersiagaf the biogeochemical cycling of nutriensuch aghe
fate of P in Fanshawe Reservoir, the impact factors for internal and external laddh@nd
sedimenteffectson P seasonal variation and biomass accumulation, modeling methods have been

built for understanding the complex transport processes of nutrients (P) in the Fanshawe Reservoir.
The current research objectives can be describideiparts:

1. Previous studies illustrated that legacy P is an urgent issue for water quality management,
howe\er, the focus has not been on the retentb® in watershedsonsideration to their
hydrodynamic characteristico have comprehensive understanding of the fate of P in the
reservoir and reservoir sedimeathydrodynamic modewhich includesthe watelevel,
water flow and water temperature for the Fanshawe Resgewitlirbe builtto test and
predict the physical properties of Fanshawe Resersach as the variations of thermal
structure in Fanshawe Reservoir

2. After building the 2D hydrodynamic moel for Fanshawe Reservoihe water quality
model that focused orP, oxygen and biomassvill be developedinto previous
hydrodynamic modeb understand theiogeochemicgbrocesses of P in the water column.

Different scenarios will be addressed to examthe relationship between different
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constituents. For example, the effects of internal loading of P on the dissolved oxygen and
algal growth.

. Due to lowwinter temperaturgin Canadathere is often a bias in field measurements
towards warmer seasond.herefore, the ice events and seasonal variation of P
concentrationwill be simulated and analyzed througba2-D modelproduced in this study

to attempt to compensate for the lack of direct field measuremeraddition, during the
long-time scale (month& years) simulation, thiate of Pcan be identified in Fanshawe
Reservoirthrough this 2D model For example, the variation d&? concentratios in
different depths and locatiomill beestimated from the modeling resuli$ iese modeling
results maysupport future water quajfitanalysesn a variety ofspatial locatios in the
waterbody.

. To examinedetailedsediment Finformation such as the relationship between internal
loading and external loading, and P retention efficiency during different segmson,
sediment diagenesis model coegblvith the hydrodynamic and water quality modeill

be developednd appliednto current aidy for quantitative analysis of the relationship
between internal P loading and external P loadig0% reduction of external P loading

will be examined for testing the effects of the sediment P loading and feasibility of the
government regulatiofCanadaOntario Lake Erie Actin Plan 2018.

. Globally, watershed and reservoirs are affectedfdmtorsthat differ from location to
location including the temperature, wind, the size of dams and the sediment characteristics.
Water qualiy in these watersheds may bgerwhelmedby legacy nutrients or other
contaminants.To have easily feasible and predictable modeling applicdborother
dammed areahis 2D watersediment modeill be coupled with BP-ANN mode| which

is a type of data driving moderhe hybrid modeimay beapplied to other lakes or whole
watershedsvith similar issues, to simulate and predict the seasonal variation and spatial

distribution of nutrients and contaminamsalong period time

11



Chapter 2  Research Materials and Research Methods

2.1 Overview

The Fanshawe Resvoir study, whichnvolvesbuilding CE-QUAL-W?2 water quality modeind
BP-ANN model and implementing comprehenstepographical datehydrogeologicatlataand
meteorological datanto the current CEQUAL-W?2 andBP-ANN model, focuses on the seasonal
variation of the stratification in the lake (such as ice caxants temperature variations and
hydrodynamic effects), the impact factors of the exteamalinternal P loadingquch as water
temperaturgalgaleffects, sediments and other nutrients effentd, oxygen effects) agell as the
transport mechanisms of nutrients (P) in the whole aquatic sydtenthis chapter, the
characteristics aheresearch areand data sources are reviewed and discussed based on previous
report and studyTo provide easily accessible model for future usdesailed introduction of
researchmethodsand CEQUAL-W2 model isdescribed and demonstrated.

2.2 ResearchArea and Characteristics

The TRW is located in the most importam@ind intensiveagricultural area in southwestern
OntarigNUrnbergandLazerte, 2005)This watershed has thrparts The North Thames River,
the South Thames River anthe Thames River(Figure 2-1) (Nurnbergand Lazerte, 2015
NurnbergandLazerte 2005; Quinlan, 2013janshawdreservoir,which is createdy Fanshawe
Dam, is the last reservoir ithe downstream area of ti¢orth TRW. The latitude of Fanshawe
Reservoir is 43A030629606 and the | FgugRltAhde of
The latitude and longitude arguts forthe surface et exchange calculation (internal shave
solar calculation and shading calculations) in @ eQUAL-W2 2-D model (Cole and Wells,
2017).

There are two branches thbtw into the Fanshawe Reservoirhe nain branchhas the potential
to carry about 9% of the external loading off P to the Fanshawe Reservoir, and the other 5%
external loading of TRomes from either thesecondary brangiNye Creek or precipitation
(Nurnbergand Lazerte, 2005)The outflow of Fanshaw Reservoir is controlled by Fanshawe
Dam, for which, hydrogeological and meteorologicdata is available fronEnvironmentand

Climate Chang€anada.
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Figure 2-1. The overview map of (a) the Thames River Watershed and (b) Fanshawe Reservoir
(A is Fanshawe Reservoir, B is Wildwood Reservoir and C is Pittock ResdrediDiamonds
are the Water Survey of Canada (WSC) flow gauging stations, the purple circlestere w
samping locations (UW samples), ti@angetriangles are measuring sites.

13



The stellitemaps and contour data contain the depth and topographical information of Fanshawe
Reservoir(Figure2-2a)and modified in Google Earth Pro. The contour line data are obtained from
Bathymetry lines, Bathymetry index, and Bathymetry poirdsid InformationOntario(LIO).

There are several characteristics of Fanshawe Rese#vicin havebeendescribedy the UTRCA
(2005: The average volume of Fanshawe Reservoir is about 13.146 m’.Gnd the water
residence time ranges from 5 to 20 days during 1652004 : average wateesidence times
about 9.5 day3{able 21). The Fanshawe Reservoir bathymetry and sampling sites are show
Figure 2-2b. There are three outlets for Fanshawe ReserVbie first outletis the high flow
surface outlet and anothtvo outlets which have same elevatiorese the bottom outlet©One
bottom outlet isfor the hydroelectrical power generatiand another one is a low flow valve
(NurnbergandLazerte, 2005)Thus, the Fanshawe Reservoir can be a sink for the nutrients from
upstream as well as a source for the downstream area. In addition, the assessment of the water
guality suggestghat the water is eutrophic to hypereutropimd-anshawe Reserv@Mirnberg
andLazerte, 2005)Algal bloomsareobserved in thevaterbody during the summertime and fall
time, and the oxygen depletiooccur during the thermal stratification in the deep layer of
Fanshawe Reseriro(NurnbergandLazerte, 2005)However, the reason for the observation of
elevated total phosphorus (TP) concentrajdstooms of algagnd the relationship between the

P sinks andP source are still not clear in the Fanshawe Be®ir.
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Table 2-1. Long-term average hydrological data for Fanshawe 1L(AR&4- 2004).Data from
Nurnberg and Lazert¢€2005).

Parameter Values
Altitude at average pool (m above sea level) 262.4
Watershed area (Kin 1447.4
Surface area (kf 2.726
Maximum Depth(m) 12.1

Mean Depth (m) 4.82
Volume (1) 13.146 x 16
Outflow Volume (i per year) 560 x 16
Water Residence Time 9.5 days

2.3 Research Data and Data Sources

Field measurement dataere used fothe calibration and validation processesh& model The
bathymetry row data and the contour limeeobtained fronLIO. There are 8 contour lines with
depth information Table 22). The topagraphic data and depth informatievere used in the
developnent of the modeling bathymetry file.

Table 2-2. Contour lines with depth informatio(Land Information Ontario).
Contour line Number Depth(m)

1 0.9
15
3
4.6
6.1
7.6
9.1
10.7

0 N O 00 A WODN

The water inflow daily data, and climate data, such as temperature, wind speed and wind direction
and daily cloud information, were obtained from ECQCanadian Weather Environment
Canada n.d.;Water Level and Flow Environment Canadan.d.) The water outflow daily data

and water level data were obtained from UTREAnshawe Reservoir Water Levels | UTRCA:

Inspiring A Healthy Environment.d.) Additional water gality, water temperature, and sediment
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data were measured bymanda Niederkorn and Nady Kawhich obtained under the Thames
River Phosphorus speciation project funded under the Cdbatdaio Agreement through the
Ontario Ministry of Environment Conservat and Parks.

2.4 Research Methods

2.4.1 ModelingMethods

In the current research study, CRBJAL-W2 (Version 4.1), which is a finite differencg;D
laterally averaged hydrodynamic and water quality model, are applied in simulating the
hydrodynamic characteristicé theresearch are#he seasonal variatio$ different constituents
and the impact factors of nutrienf8i§ the main nutrient that simulated in the current model) at
different location in Fanshawe Reservoihe CE-QUAL-W2 modelis open source andas
designed by US Army Engineer Waterways Experiment Station and PortlandSitagesity. The
modelcanbe usd to predict hydrodynamic information for multiple waterbodies with different
branches, including water elevations, flow velocities aader temperature. In addition, GE
QUAL-W2 modelcan simulate over 100 constituents, such as nutci@mtentrationsbecteria,

and algae. The latest version of QEJAL-W2 combined these modules with sediment
diagenesis modé€lColeandWells, 2017) In addition, to have comprehensive understanding and
integratedfeasible applicatiomof CEEQUAL-W2 model, aBP-ANN model was developednd
coupled with CEQUAL-W2 modelin the currenFanshawestudy.

The magnitude oflegacyP in reservoirs is uncledut it is importantto know for future water
management. Previous water quality nmledevenot simulate and specifiedhe retention and
releasing effects akservoirbottom sedimentsn P regulationsThe current Fanshawe Reservoir
model aims to quantify the effects of sediment P, iagdntainsfour main parts: hydrodynamic

model, water quality modetediment diagenesis modgeid BRANN model

2.4.2 CE-QUAL-W2 Model
The governing equations of hydrodynamic model and water quality mode-@UZE.-W2 can

be summarized as the following several equat{@uée andWells, 2017)
(1) Momentum Equations

The momentum equationscluding longitudinal and vertical equatiorighelateral direction is

averaged:
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X-momentum (longitudinal):
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Z-momentum (vertical):
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where U is the horizontal velocifyn s?), W is the vertical velocitym s?), g is the gravitational
acceleratior{m s?), B is the channel widttm), t is the lateral average shear stressditection
(kg mts?), 1 is the y direction shear strelgg) m' s2), t is the z direction lateral average shear

stresgkg mit s?), 7 is the densitykg n®), P is the pressurend| is the channel slofradian)

Here, the Zmomentum equation can be simplified as:

aiijo Y o
4

The reason is the lateral direction is averaged and the longitudinal length scatdikrger than
the vertical length scale. Therefore, the W (vertical velocities) is much smaller than the U

(horizontal velocitiesand cancels out of the equati@@ole andWells, 2017)

(2) Continuity Equation:

To T
Where U & the horizontal velocitym s?), W is the vertical velocitym s'), B is the channel width
(m), q is the net lateral inflow per unit volume of dait) (Cole andWells, 2017)
(3) State Equation:
M QYR o M W

Wheremis thedensity(kg i), whichis a function otemperatureaf ), the concentration of total
dissolved solids%. ), and the concentration of inorganic suspenstdatls §60 ). Here, o

represents the density increment due to solids.
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The following relationship is applied in the motierepresent the water temperature and density
M WOFANT QR wpmmY drmnpmrn’Y pIrmpmrn’Y ppg pm’Y
T pTLY
where mis density(kg n®) and"Y is water temperature )(ColeandWells, 2017)
(4) Free surfaceEquation:
This equation is related to the water surface elevation:

" T e
—. —. YoQ
OToToo 0Qa nNnoQa

where— is water surfaceepth (m) h is the deptim), U is the horizontal velocitgm s?), B is the

channel width(m), q is the net lateral inflow per unit volume of qgit) (ColeandWells, 2017)

(5) Advection and Diffusion Equations:

” . ” ’ "’OT %0 ) T %0
T 6% YO 6% 907 T 00y v
6 T 1 a T 6 ra 1% 07°

Where U is the horizontal velocifyn st), W is the vertical velocitym s?), B is the channel width
(m), %ois the laterally averaged constituent concentraiignni®) O is the longitudinal
temperature and constituent dispersion coefficiamt s) ‘O is the vertical temperature and
constituent dispersion coefficie@? s) 1] is the lateral inflow ooutflow mass flow rate of
constituent per unit volum@ nm s) Y lateral averaged source and sink tégmi3 s1) (Cole

andWells, 2017)

Thesesix equations are the governing equations in tiisrBodel and the finite difference method

is used to solve the equations.
(6) Ice Formation:

In Fanshawe Reservoir, ice covering evememportant for understanding the seasonal variation
of P retentiorand release because of the low temperature season in the research area. During the
winter season, the internal loading of P cannot be observed due to the limitationcofrére

measured dathecause field measurement is not availablee ice cover is aomplex formation
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process which is related to auater surface heat exchange;\aater temperature, and absorption
of the solar radiatio(Figure 23). Here, the Fanshawe Reservoir model only applies a sample ice
cover modebased on the temperature andteorological datal' he following ice covering, water
quality and sediment diagenesis model equations are applied in the currefibstaderall ice
growth and melt (at the ie@ater interface) equation:is

p .Y Y

3~ 5 U QY Y

where— is the change of the thickness of iga), 7 is density of ice(kg m®), 0 is the latent
heat of fusion(J kg'), 0 is the thermal conductivity of icv m? 1), "Yis freezing point
temperature, ),”Y is the ice surface temperatufe,), 'Q is the coefficient of water to ice heat
exchange through the melt layéty m?  1)."Y is the water temperature in the uppermost layer
under the ice( ) (ColeandWells, 2017)

IceVolume=Existing IceVolume+ Change in ice thickness*DLX*B*0.917 if increasing ice thickness
IceVolume=Existing IceVolume+ (Change in ice thickness/Total ice thickness)* IceVolume*0.917 if decreasing ice thickness

Ice Thickness ICE

es \ £ |
V u
Ice melt water formation=
(Change in ice thickness/Total ice thickness)* IceVolume*0.917/DLT

Ice formation water loss=
(Change in ice thickness*DLX*B*0.917)/DLT

WATER

Figure 2-3. Schematic diagram of ice formation and the water balaviodified fromCole and
Wells, (2017).

(7) Genericconstituents and P Equations:
In the CEQUAL-W2 model, any number of generic constituents can be defiméte water
guality model for modeling the research issues (Figu#g The generic constituentse also

necessaryn order to develop the sedimahiagenesis model. For example, gaeelimen® isbuilt

for sediment diagenesis model in the current study.
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Figure 2-4. Schematic diagram of source asidk terms of generic constitusniModified from
Cole and Wells(2017).

The summary equation of the source and sink term of generic constituent can be described as:

[ v v -FF [ €, I 6 v
Y (V| U q F w— a0Op bQ'F —-—0 F F
M ()
O-order decay 1storder decay settling photodegradation gas transfer
whereq is the temperature rate multipli€e), T is the water tempature ( ), U i s t he

photodegradation parameter® J1), ‘Ois the radiation at surfa¢e/ m?), | is the light extinction
coefficient,(m?), bis the fraction of short wave solar absorbed on the suifase is the settling
velocity (m s?), 0 is the zero order decay coefficiefif m® s?), 0 is the first order decay
coefficient(s?), F is the generic constituent concentratigm®), F is thegas saturation in the
atmospherdg m3) 0 is the surface are@?), w is the surface volum@n®), andv is the

surface gas transfer coefficignt s?) (ColeandWells, 2017)

P is considered as the primary limiting nutriehphytoplankton biomass in the freshwater systems
(Cole andWells, 2017; Schindler, 1974; Schindler et al., 2008)CE-QUAL-W2 model, P is
assumed to be fully available as orlmosphatel{ U ). Fieldmeasuredata of dissolveceactive

phosphorus (DRPare closest to the form simulated in the ma@sle andWells, 2017)0 0
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sources and sinks terms showed in fige#e In this water quality model, the istder sediment

release and-0rder sediment release are simegaford O (Cole and Wells, 2037

IMacrophytes
F
ZAgae ZEpiphyton ¢ Sediment
J I Y
photosynthesis respiration ) LDOM
respiration
3| Phosphate decay [¢ RDOM
Zooplankton 'y —
anaerobic adsorption/
release settling
i «— RPOM
Sediments | | System Loss
<+— ICBOD

Figure 2-5. Schematic diagram of source and sink terms of phospb2teM is labile dissolved
organic matter, RDOM is refractory dissolved organic matter, LPOM is labile particulate organic
matter, RPOM is refractory particulate organic matter, CBOD is carbonaceous biochemical
oxygen demandModified fromAfter Cole andNells, (2017).

The summary equation of source and sink term of phosphate can be described as:

Y 0 0 1 B 0 b 1 B 0 R
algal net growth epiphyton net growth labile DOM decay
o 1 I B v 1 I B VR T O <
refractory DOM decay labile POM decay refractory POM decay
. . i g O
v Y g B VR B Y0 [O o
CBODdecay 1stordersedimentelease O-ordersediment release
B" B T B 6
- 0 Q0
~y B P B
inorganic solids adsorption macrophyte net growth
vl B

zooplankton respiration
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wherezUis the model cell thicknegm), & s the sediment surface ar@e’), V is cell volume,
(m®), 0 is the adsorption coefficiefin® g%), 0 and0 are growth rate and dark respiration rate
(unit is st (algal and epiphyton) , U , U , 0 , 0 , andv are decay rates
for different speciegs?),(LDOM and LPOM arefor labile dissolved and particulate organic
matter; RDOM and RPOM affer refractory dissolved and particulate organic mafter)s the
stoichiometric coefficient fodifferent P specie@lants and organismgj is the concentration for
different speciegg m®), 'Q s the fraction of macrophyte phosphorus uptake from sedirtients
);l is the temperature rate multiplier for organic matter dd€epy is the temperature rate
multiplier for CBOD decay-), " is the settling velocitym s?) (ColeandWells, 2017)

(8) Sediment Equations:

In the current studyhesediment diagenesis modehscoupled withthe hydrodynamic and water
quality model for understanding P retention and release processes in Fanshawe R&servoir.
original sedimentliagenesis modevlas built for the gas transfer and oil sand res¢Berigerand
Wells, 2014 ColeandWells, 2017; Prakash et al., 2015; Vandenberg et al., 20h8) update
version(version 4.1f CE-QUAL-W?2 includes the fate of(BergerandWells, 2014)

Figure 26 is the schematic diagram of sediment diagenesis modelofandFigure 27 is the

schematic diagram of sediment diagenesislel of iron species.
Sediment Heat Exchange:
O v Y 4

where’O is the rate of sediment and water heat exchgdgen?), 0 is the coefficient of
sediment and water heat exchar(y¢ m? 1), Y is the water temperature and is the

sediment temperatufe ) (Cole and Wells, 2017).

SedimentP concentratiofs related to organic matter, biomass, and redox reaction. lruthent
sediment model, Roncentrationsvere simulated byarticulate organic matt§POM) decay
processeshiomass sedimentation processes and sediment diagenesis processes. In the current
sediment diagenesis model, two layers are simufatesediment P specieBigure2-6 to Figure

2-8 illustrate the sediment diagenesis morkdults forP and iron.Phosphate in the sediment
diagenesis model exists in dissolved and particulate foFhesfirstmodeling layer(Layer 1)is

aerobic layer widh is assumetb beavery thin layer Therefore, the source and rate equation of
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phosphate in this layevasassumedo be 0. Another layeflLayer 2)is ananaerobic layethathas

a first orderrate equation ford O . Within the layer 1, phosphateill absorb to iron
oxyhydroxide.In layer 2, theclassi from 1 to 3 represent labile, refractory and slow refractory
particulate organic phosphor(ROP)The absorption and releasiegtentof phosphate from iron
oxyhydroxide are dependent on the dissdloxygen concentratiesm thewatersediment surface
(ColeandWells, 2017)

Sediment PhosphorusEquation:

" n " o 0w
(0] o o

Y - B - 5 —1 B

" n
o

LB v v 1 B ——8

where” is settling velocity(m s1),1 is the stoichiometric coefficient fd? (), A is the bottom
area(m?), V is the volume of computational ceiin®), K is decay rate and mortality tea(s

h,0 is the fraction of epiphyton that form particulate organic mdtje¢Cole and Wells,
2017)

Sediment Diagenesis Model

Layer 1 rate equation:

Layer 2 rate equation:

~

Y Q 5

where"Y s the rate of phosphate in layer 1 or layég 273 s?); 0 is the particulate organic

phosphorus class i mineralization régé), is the particulate organic phosphotesiperature

rate multiplier(-), 5 is thePOPclass i concentration, unit is gim
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Water layer above sediment

Diffusion

Partitioning
PO,+FeOOH <——> FeOOH=PO,

Particle

- . : Diffusion
Mixing Aerobic sediment layer

Partitioning
PO,+ FeOOH <> FeOOH=PO,

Diagenesis
POP —— PO,

Anaerobic sediment layer

Model Segment i

Figure 2-6. Schematic diagram of sediment diagenesis model of phosphadigied from After
Cole and Wells(2017).

Water Layer
Above Sediment

Sediment Layer 1

Diffusion y
. Diffusion
and Particle
Phosphate | Mixing
Diffusion and
Particle Mixing POP . . Phosphate
Diagenesis

Sediment Layer 2

Figure 2-7. Phosphate internal flux of sediment diagenesis model in layer 1 (aerobic layer) and
layer 2 (anaerobic layerModified fromCole and Wells(2017).
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Water layer above sediment
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Figure 2-8. Schematic diagram of sediment diagenesis model for Mawlified fromCole and
Wells, (2017).

Iron oxyhydroxide rate equation in water column:

i D B pm B o e 5
Iron oxyhydroxide rate equation in aerobic layer 1:
i QN B pm B
Iron oxyhydroxide rate equation in aerobic layer 1:
i Q 5
where’Q is the ferrous iron oxdidation rate in each lag), Q is the iron oxyhydroxide
reduction rate in each layés?); 0 is the half saturation constant for this reacigmT®), 'Q

is the dissolved fraction of fieyus iror{-); pH is the pH values in water column, layer 1, or layer
2 (ColeandWells, 2017)
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2.4.3 BP-ANN Model

In the current modeling study, a B¥NN model was developed and calibrated through CE
QUAL-W2 modeling results. The original code was developed in MATLAB software. The ANN
models have been widely implemented into different research area, such as-naioféll

forecasting, water temperature and water quality forecasting &e mi r el et al ., 20
Maier and Dandy, 2000; Omer Faruk, 2010; Singh et al., 2008 BRANN model has been
extensively and commonly used in theéaddriven modeling work§ Ki ki , 2ahdDa8ndy, Mai er

2000; Omer Faruk, 2010; Yang et al., 20IBhe current modeling woris the first time that
combine the CEQUAL-W2 modeling results with a BRNN model. The comination of these

two methods provides higéfficiency and reliable model for future prediction and application. For
example, the CEQUAL-W2 model need lots of parameters and measured data for simulating
biomass in different year. After calibrating BN model with validated CEQUAL-W2
modeling results, BANN model could forecast algal blooms only through changing the inflow
or climate data. It may not be an accurate or perfect way to obtain water quality information,

however, it would be a very fast way predict water quality information.

In the BRANN model, the modeling signal is feedforward and the modeling errors are back
propagation. The BRNN model adjusts the weight values and threshold vatlesighthe
comparison between the modeling results and input data until the errors of the whole network are
minimized(Demirel et al., 2009; Maier & Dandy, 2000; Yang et al., 20T8)e BRANN model

in the current Fanshawe Reservoir study used the sigmoid transfer functions which have been
developed in MATLAB software, and the Levenbéigrquardt BP method was appliedtas

training algorithm.The detailed schematic was discussed in Chapter 4 and the parameters was in

Appendix C.
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Chapter 3  Fanshawe Reservoir Water Quality Assessment and Prediction

3.1 Summary

In this chapter2-D water quality and sediment model was developed aptemented based on
our field data. Wdrodynamicphysical,and chemical modeling results, and modeling
applications were detailed demonstrated and discussed through different scemaraxeling
calibration and validation sections, tsiemulation resul well reproduced and predicted the
topographical and hydrodynamic characteristics, such as the variation of water tempemdture,
ice cover events etdhe DRP and TRoadinginformation of the Fanshawe Reservaiso well
captured through the current modeling resuiitgliagnostic scenariosdjssolved oxygen and
algal growth information were simulatedth different scenariosThe internal loading of P has
major effects on algal growth from late April to latep&anber. In the prognostic scenaritie
relationship between internBlloadingand external P loading was predicted and simulated.
Furthermore, in the modeling application scenariosctieentwater quality and sediment
model provided reliable algaBRP and TP simulation results for the waiatflow control

management.

3.2 Introduction

Eutrophication is an important global issue which has negative etfedibalaquaticsystems

and human livingconditions, including oxygen depletion, fish death, and degradation of surface
and ground water qualig€arpenter et al., 1998; Correll, 1998; Orihel et al., 20h& main
reason for eutrophicain is the excess loading of different nutrients, such as phosphorus (P) and
nitrogen (N).Understanding the P cycle in watersheds and lakes plays an important role for
informing the water quality improvemenits our aquatic system€orrell, 1998; Filippelli, 2008;
Goyette et al., 2018; Maavara et al., 2015; Ruttenberg, 2814} of evidence indicates that these
inputs of P can be accumulated aguatic systems, such as rivers, lakes oaefong
period Carpenter et al., 1998; Carpenter, 2005; Jarvie et al., 2012, 2013; L. H. Kim et al., 2003;
Maavara et al., 2015; A. Sharpley et al., 20B3¢vious studies have demonstrateddenic
release of P magause delays ireaching the water quality managemegaals(Jarvie et al., 2012;
Jarvie et al., 2013; Meals et al., 2010; Sharpley et al., 2013)

FanshawdReservoirs last big reservoir in the NorfihamesRiver Watershed TRW), Ontario,

CanadaThe TRW is an important source of nutrients for Lake St. Clair, and the Thames River is
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the largest Canadian tributary input of P for the western basin of LakéNEneberg and Lazerte,
2005; Nurnberg and Lazerte 2006; Nurnberg and Lazerte, 20@&hsive agriculture and other
human activitiedave led to the inputf@xcess nutrients into the TR{WurnbergandLazerte,
2005) Most of these inputs of nutrients come from 4pamt sources, which are difficult to
monitor and manage in the whole watershed, especially considering the nutrienbmetenti
capabilities of river and reservoir sedimenBuring the seasonabariation especially in
summertime and fall timehlue-green algae and elevatéa@cterial concentrationhave been
frequentlyobservedn Fanshawe Reservdiy the Upper Thames River @gervation Authority
(UTRCA) (Niurnberg &Lazerte, 2005NUrnberg and Lazert@006) However, the existing éid

data cannot explain tleeasonal variation oéservoiwater qualitythe longterm scalenteraction
betweerthe external loading of P and internal loading ofaRd the effectsf P retention on the
downstream ared herefore, thesystematic modelinghethodsvould be usefufor simulatingand
observingthesetypeswater systemmwith complex geologicalhydrogeological characters and
meteorological data, and wibntribute to the comprehensive understanding of the fate of P and
other nutrients in the Fanshawe Reservoir. The current modeling study is aided byQuACE

W2 model

3.3 Modeling Methods and Modeling Conditions

3.3.1 CE-QUAL-W2 Model

In the current research styy CEQUAL-W2 (Version 4.1), which is a finite difference[®
laterally averaged hydrodynamic and water quality model, are applied in simulating the
hydrodynamic characteristics of the research area, the seasonal variations of different
constituents anthe impact factors of nutrients (P is the main nutrient that simulated in the
current model) at different location in Fanshawe Reservoir. TRQ GEL-W2 model is open
source and was designed by US Army Engineer Waterways Experiment Station and Portland
Stae University. The model can be used to predict hydrodynamic information for multiple
waterbodies with different branches, including water elevations, flow velocities and water
temperature. In the newest version of-QHAL-W2 model, sediment diagenesis mtlhas
been coupled with original hydrodynamic and water quality m(ciale and Wells, 2017). The
sediment diagenesis model need user to modify the input file by themselves and some
assumptions were made into the current sediment model, such as the lageshs assumed to

be zero. In addition, GRUAL-W2 model can simulate over 100 constituents, such as nutrient
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concentrations, bacteria, and algae. Previous studies well demonstrated-@aiNCEN2

model has advantages on the modeling of narrow rivessrvoirs, and lak€€ole & Wells,

2017; Gelda et al., 2009; Kim et al., 2009). For exampleQCRAL-W2 model was

successfully implemented as DO and thermal stratification model in DeGray Reservoir(Martin,
1988); CEQUAL-W2 model was also well implemted to Lake Erie as nutrients loading and
zebra mussels testing tool (Boegman et al., 2001); The dam outflow elevation impacts on water
guality were also simulated and predicted through@EAL-W?2 model (Lindenschmidt et al.,
2019). However, these applimans of CEQUAL-W2 model did not consider or fully implement
sediment module into GRUAL-W2 model, and the complex relationship between water

column model and sediment model was not fully demonstrated. The current FaR&sameir

Study was implementeflediment Diagenesis Model into the current water quality model.

3.3.2 Research Data and Conditions

The current modeling study is supported through different data sources. To have a better
understanding on the modeling processes, data types were summarized{abhere are
several differentlatasources: Environment and Climate Change Canada (ECCC), Upper
Thames River Conservation Authority (UTRCA)l®ration values (C), antheasurement
values M). Calibration values were modified and verified from moadiglresults and
measurement datdMeasurement data werieltl measurement dathat provided byAmanda
Niederkorn and Nady Kad hemeasured data were measured once per two weekgegkly).
Field measurédata were used for the calibration and validation processes of the model. The
bathymetry row data and the contour lines were obtained faomdlinformationOntaria There
are 8 contour lines with depth informatidfigure3-1 blue linesandTable3-2 listed the depth
informationr). Thetopographic data and depth information were used in the development of the

modeling bathymetry file.

Table 3-1. Summary of data types.

Data Types Resolution  Units Maximum  Minimum Sources Comments
Air Temperature Hourly 32.3 -24.7 ECCC 20182019
Dewpoint

Hourly 25.9 -30 ECCC 20182019
Temperature
Wind Speed Hourly m/s 16.1 0 ECCC 20182019
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Cloud Hourly - 10 0 ECCC 20182019
Branchl Inflow Daily m®/s 608 1.01 ECCC 20182019
Branch2 Inflow Daily m®/s 33 0 ECCC 20182019
Branch Inflow
Bi-weekly 29.3 0 M
Temperature
DRP Bi-weekly  mgP/I 0.24 8E-04 M
DNRP Bi-weekly  mgP/I 0.06 0.003 C TDP-DRP
PRP Bi-weekly  mgP/I 0.43 0.002 C
_ TP-TDP

PNRP Bi-weekly  mgP/I 0.23 0.002 C
DO Bi-weekly  mg/l 16.5 6.2 M

mg/l dry Estimated small
Algae Bi-weekly weight 2.3 0.6 M input values and

Derived from

OM Chlorophyll adata

Dam Outflow Daily m®/s 496 0 UTRCA 20182019

The water inflow daily dateand ¢imate data, such as temperature, wind speed and wind
direction and daily cloud information, were obtained fie@CC(Canadian Weather
Environment Canadan.d.;Water Level and FlowEnvironment Canadan.d.) The water

outflow daily data and water level data were obtained from UTR&2Ashawe Reservoir Water
Levels | UTRCA: Inspiring A Healthy Environmemid.) Additional water quality, water
temperature, and sediment data were measuredriayda Niederkorn and Nady Kao.

Dissolved reactive phosphorus (DR#®)soluble reactive phosphorus (SRR directly

extracted froonmeasured datand converted the unit in mgPDissolved norreactive

phosphorus (DNRP) was calculated from total dissolved phosphorus (TDP) and DRP. Particulate
phosphorugPP) wadlivided into particulate reactive phosphorus (PRP) and particulate non
reactive phosphorus (PNRPPwerecalculated from total phosphorus (TP) and total dissolved
phosphorus (TDR)Previous study illustrated thgoavailable phosphorus in the total PRges
from 6% to 69%Petticrew & Gregor, 1982; A. N. Sharpley et al., 199d) input assumption
made in the current study for PRP and PNRRPaccounts for 50% of the P&nd PNRP

accounts for the rest of PP
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Before developing the pBical model of Fanshawe Reservoir through@BAL-W2 model, a
topographicatonceptual gridnodel was built tmbtaina better understand of the whole system.
Based on thgedogical andhydrogeologicatlata(contour lines and topographic dateym LIO,

the Fanshaw®eservoir bathymetry data wecellected and creatad the Quantum Geographic
Information System (QGIS).9%segmentsincludingfour boundary segmentaere applied in the
Fanshawdreservoir and each segmevds separated intt verticallayers(Table3-2). The first

top layer and bottom layer of each segmaneéboundary layes. The FanshawReservoir has two
branches which account fhreinflow in modeling processeBranch 1 is main inflow from North
Thames River, and bran@hs inflow from Wye Creek which has very small water flow compared
with the main inflow(Figure3-1). The black rectangles represent the segments, rotated to indicate
the direction of flow(Cole and Wells, 2017)rhe segment length and layer widthhieh were
created from QGIS, are listed in Appendix A. The rotation of the segments was applied as radian
in CE-QUAL-W2 model and are listed in Appendix
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Branch-1main
inflow direction

Branch-2 inflow
direction

Figure 3-1. Conceptual grid diagram of Fanshawe Reservoir (Measurement sites is S1 to S3;
Inflow has two branches, which indicated as red arrow; Dam outflow is located in the
downstream area, which represents as dark blue arrow; Blue contour lines representh the dept
information within the reservaoir).
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Table 3-2. Layer numbers and layer height in-GEJAL-W2 bathymetry file (Layer 1 and
Layer 19 are boundatgyer).

Layer Number Layer Height(m)
1 0.45
2 0.45
3 0.45
4 0.3
5 0.3
6 0.75
7 0.75
8 0.8
9 0.8
10 0.75
11 0.75
12 0.75
13 0.75
14 0.75
15 0.75
16 0.8
17 0.8
18 0.8
19 0.8
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3.3.3 Model Domain Discretization

CE-QUAL-W?2 is a twaedimensional model which need to convertthesured topographic

data to the rectangular grids in the maagfile as the firstmodeling process he physicabrid
model ofthe Fanshawe Reservoir was generated and calilitataebhimplementing the
bathymetry datacreatng thewater inflow, water temperature and te@ ologicalinitial and
boundary conditionsmodelingfiles, and creating the modeling control fitethe CE-QUAL-W2
model The topographical model results arerucial to the following modeling progress. For
example, topographicahodelingresults highly affect the volume tife waterbody whichhas
essentiakffects on the water residence time, water flow direction and hydrodynamic
characteristics iffranshawe Bservoir Thefollowing figures (Figure 32. a, b, c)demonstrated
thetop view, side viewand end view of the physicgtid modelng results§or Fanshawe
reservoir.Thel, 34, 35 and39 segments are boundary segmewtsich have zero widtrand the
lengths of these segments are saasthe connectivesegmentsln the physicagrid mode)
Segment 2 Segment 33 represent the main branch of Fanshawe Reservoir in the model.
Segment 36, segment 37, and Segment 38 belahg taranci2, which accounts for thevater
inflow from Wye Creek. Different segments have different segment lengths and,wititbls
obtained from thé&and Information Ontario Metadata Management tadedited withQGIS
(Appendix A) Layer 1 and.ayer19 are boundary layers which have Om as the layer hdigeét.
heights of layers in CIQUAL-W2 model are usually from 0.2m to 5m (Cole and Wells, 2017),
and the width of different layers are based on topographic data. In the current Fanshawe model,
variable heights were applied to layeii 2ayer 18 The rotation of each segment was based on
theaverage of thenflow directionof thewaterpathway(AppendixA). The water outflow
structures were developed in the segment 33 based on the Fanshawe Dam arfosnctii as
water outflowelevation andlaily dischargedata.The main inflom(Branch 1)enteedthe
waterbody from the Segment 2 and the minor inf(Branch 2)enteedthe waterbody from the
Segment 36The modeling volume dhewholewaterbodywas13,072,506 n¥. According to
Nurnberg and Lazerfes  s(20@56}itlye morphometriovolumeof Fanshawe Reservoir is about
13,146,000 n¥, which is obtained from the hypsographic database of UTRCA. This measured
volume was organized based on the observed data from year 1954 to year 2004. The volumetric
variables may differ from previous studies because of the measurement errors of the

hypsaraphic dataComparing lhe currentvaterbodymodeling volumewith the morphometric

35



volume, theabsolute errowas only0.56% Therefore, the physicgird model of Fanshawe
Reservoir well reproduced the volumetric characteristics and it is suitablefoaltbration of
the hydrodynamiand water temperatureodel.

Table 3-3. Modeling waterbody volume.

Name and Units Values Description
Hypsographic volume 13,146,000

ypsodrap y Differences:0.56%
Waterbody volume (@) 13,072506
Branch 1 volume (1) 12,735543 Modeling Results
Branch 1 volume () 336,963 Modeling Results
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SB1

Figure 3-2. Grid modeling results: Top view(a), End view(b), and Side view (c) of the Fanshawe
Reservoir(The yellow segment is the active segment for showing the side and end view, and
measurement site 1 is at segment 32, measuresibe@ is at segment 20, and measurement site
3 is at segment; 51 to S3 are the measurement sites, and the SB1 is the bottom measurement
stie).
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3.3.4 Modeling Calibration and Validation

Hydrodynamic and water temperature results play significant roles invéter quality and
sediment moddbecause the variations of waterflow, water residence time, and water temperature
have multiple effects on the transport of water constituents in the niadebtain more reliable
water quality modeling resultshe calibrationsand validationsof hydrodynamic model are
necessaryor building the water quality and sediment model in the Fanshawe Res&éh®i2018

flow data, meteorological data, and nutrients data were usedlibvatethe parameters in the
current modelThe20190observediata were used tmlidate thevater temperatur&®O, biomass,

and Pin the Fanshawe Reservoir modgias or average error, Mean Absolute Error (MA&)d

Root Mean Square ErrgRMSE) wereused in the assessment of modeling performanceserh
test method are commonly used in the evaluation between the modeling work and field data
(Afshar et al., 2011; Cole & Wells, 2017; J.Berger & Wells, 2008; Y. Kim et al., Zl¥hani et

al., 2017) The equations foBias,AME, and RMSE are:

B ® @)

0 Qi

YO YO

Where n is the number of observations or modeling resiilts; is the observed datay is
the modeling results. The high values of Bias, MAE, and RMSE illustrated the differences between
modeling results and measured data. When the Bias, MAE, and RMSE close to 0, it indicated that

the modeling results pexr€tly reproduce the field data.

The Fanshawe Reservoir simulation results were able to reasonably repfotloagng
characteristics in the Fanshawe Reservdie Water level (l§ure3-3), water residence time, and
water temperature {§ure 3-4 to Figure3-5) are well simulated and feasible for applying in other
scenariosTheBias, MAE and RMSE abriginalwater flow modeWere 7.65m, 7.68pand 8.25m,
respectivelywhich may be caused byultiple reasonsFor example, the inflow stage may have

some incorrect measured data, and the upstream inflow measured stage is 15Kromalay
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Fanshawe ReservoiExploring the water level is beyond the scope of the current study. T
current research goal was to iscon reservoir water qualifisuch as P and DO dynamics)
Therefore,the daily adjustment of water level was implemented into the water level nfiodel
promoting an accurate hydrodynamic sysemd minimizng the error that caused through water
budget After calculating the watedifference between observed data and modeling resiogs,
distributed tributary inflowsvere implemented into the model. The distributed tributary inflows,
which represent nepoint sources loading of wateme useful in acamting for missing flows for

the water budgdtColeandWells, 2017) Thedifferences between théheoretical modeling water

level resultsand measured data were less thanTBéBias MAE and RMSEare-0.04m 0.04m,

and 0.0/, respectivelyThe average modeling water residence time is about 10 days, consistent
with the longterm report data from Nirnberg ahda z e r t e Water tempardiyre data are
required for the water quality and sediment mdielause temperature has essential effediseon
chemical reaction and bioactivitieShe fate of biomass, water column nutrients, and sediment
nutrients is significantly affected by the variation in water temperature. The surface water
temperature simulation resultsasonably fithe variation ofthe observedvater temperature in
Fanshawe ReservaFigure3-4). The measured data were measumece every two weekand
obtained fronusing two methods: the first measured method is RBF6X®Rprofile data. Another
measured method is Y8iethod. These two measurement methods both measured the temperature
of water samples in the field. The vertical variables of profile(B&8R XR-620), such as vertical
temperature and vertical dissolved oxygen (DO) are more accurate than YSI measured data
because YSI measured water sample were pumped from the bottom reservoir, which may have
caused some errors in the final measurement reBoltenstance, the puped water may be heated

before themeasurement

The modeling results reasonabikroduced tle 20182019 surface water temperature in the
Fanshawe Reservoir. Some outliers occurred, such as the surface water tempe3afteardier
5 2018 which may be caused lbige limitationsin the CE-QUAL-W2 modelthe measurement
errors mentioned abovél heabsolute errorsf surface water temperaturange from @036  to
3.29 . The Bias of surface water temperatur®.’84 . The MAE and RMSE of surface water
temperature are 1.04 and 1.39 , respectivelyThe highest error i8.29 onJune 18 20109,
which may be caused llge assumptions in the GRUAL-W2 model For example, the cloud in

the meteorological dat@asassumed by the order of number from 1 to 10. The surface temperature
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may be not very accurate represented at thisTdagum up, Bhough there are some uncertainties

of the current modeling results, such as, the surface water temper&emeanber 52018 and

June 19 2019, the Bias, MAE and RMSE assessment of the current water temperature modeling
results illustrated thahesurface water temperature profiles of Fanshawe Reseveasvery well
reproducedThe simulation results also provided reliable and valid surface water tempédoature
following research objectives

Thermal stratification of Fanshawe Reservoir has Bggmt effects on the dynamic systems of

DO and bioactivities. To evaluate the water temperature in the whole reservoir at different depth,
The vertical water temperaturgvere also simulated and output for Fanshawe Reservoir during
2018 to 2019 modeling ge (Figure 35 and Figure &). The measured data are also measured
once every two weeks and some measured data are not available due to the weather limitations.
For example, the vertical water temperature is not available in the wintertime. The maskalitsy r
reasonably reproduced the vertical water temperdtur&anshawe Reservoir and was able to
estimate the vertical water temperature during different seasons in the Fanshawe R&éervoir.
differencesof vertical water temperaturange from3.0 to2.6 . The bias between observed

data and modeling results ranges fréhY to 2.0 . The MAE ranges from 0.1 t0 2.0 . The

RMSE ranges from 0.1 to 2.1 . There are still some errors displayed between modeling results
and measured data. The modelingulissunderestimated the vertical temperature on Apfil 10

2018 and April 18 2019 (Figure & and Figure &). The vertical water temperature on May'29

2018 (Day 149) is underestimated at the top of the water and overestimated from 2m to 6m. The
differences may be caused by the assumptions in the model and measurement errors. For example,
the WSC input file control the wind effects on the whole system. Wind induced current has
significant effects on the shallow reservoir. The low values in WSC file ummdgrestimate the
thermal stratification in the reservoir. The measured vertical water temperature may be also limited
by the measured errors. For exampieasured equipment has small oscillation at the measured
depth;The vertical water temperature ptefmay not accurately perpendicular to the bottom of

the reservoir, and the measured equipment may also influence by aquatic plants.
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Figure 3-3. Comparison of thetheoretical water surfaceelevation simulation results with
measured data in Fanshawe Reservoir from 2018 to. 2019
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Figure 3-4. Comparison of surface water temperature simulation results with measured data in
Fanshawe Reservoir
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To have a better view of the whole reservoir thermal structures, the seasonal spatial distributions
of water temperature were generated for Fanshawe Reservoir (FiguceRgure 38). Thermal
structures of Fanshawe Reservoir waisplayedwell from 2018 to 2019 in the current modeling
work : theFanshawe Reservaoivaswell mixed during spring and fall season; Stratifications of
Fanshawe Reservoir occurred during suntimey and lowtemperature water witininor
stratifications appeared in winter seasboe to the shallow depth of Fanshawe Reservodr, t
variation of thermal structures wintertime is very smallThe largest differences between
bottom water temperature and top water temperaigd.1 at 2018and1.3 at 2019.n
addition,the hydrodynamic and water temperature modeling reseitsnot onlyable to
simulated in the measured sites but &stended tdhe entire waterbody (Figufe7 and Figure
3-8).

In summary, the toggraphical, hydrodynamic, and water temperatureQLEAL-W2 modeling
results are highlgimilar with previous report data and measured da&asonabland feasible
water level vasproduced an@vasextended acrogbe whole Fanshawe Reservdieasonable
water temperature modeling resuliasreproduced and was able to predict the water
temperature in the whole reservoir systdimermal structures occurr@athe summertime
during 2018 to 2019 modeling year.imértime and these thermal structures wa&neulated for

all seasons.

42



Sitel Jan 19th 2018 Sitel Apr 10th 2018 Sitel May 29th 2018

Temperature(°C) Temperature(°C) Temperature(°C)
o 10 20 30 40 o 10 20 30 40 1] 10 20 30 40
o o 0
X
4 o %
y x
K
2 2 X 2
F x X
4 X
x X
k X
a ) 4 X 4
X
R £ % E
= = =
2 2 2 X 2
@ K @ @
(=1 [=] 6 % (=1
3 x o
8 8 x 8
1 X
X
10 10 x 10 ¢
= [Vleasured Data e Measured Data e Measured Data
X
X Modeling Results % Modeling Results X Modeling
Results
12 L L 12 L
Sitel Jul 10th 2018 Sitel Sep 18th 2018 Sitel Dec 8th 2018
Temperature(°C) Temperature(°C) Temperature(°C)
[ 10 20 30 a0 0 10 20 30 40 1 15 2 25 3
0] 0 0
2 r 2 x 2
N X
b
4 F 4 4
b
E E X E
= b = =
2 2 % a2
@ B% @ @
o | =3 Qg
X
b
X
A
8 » 8 8
10 + i 10t w0}
= Measured Data
= Measured Data
X Modeling Results —Modeling Results
12 L X Modeling Results 12 L oL

Figure 3-5.Vertical water temperature simulation results versus measured data in Fanshawe
Reservoir at 2018 year (Black lineeaneasured data; Red crosses are modeling results)
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Figure 3-6. Vertical water temperature simulation results versus measured data in Fanshawe
Reservoir aR019 yeaBlack lines are measured data; Red crosses are modeling results)
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Figure 3-7. Spatial distribution of water temperature for whole Fanshawe Reservoir in different
seasorat 2018(Segments -33 were plotted from Om to 6000m; Segments38&vere plotted
from 6300m7000m)
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Figure 3-8. Spatial distribution of water temperature for whole Fanshawe Reservoir in different
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from 6300m7000m)
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Monitoring cammed resenirs located in highatitude areais significanty reduced durindgow
temperatureseasonsFor example, wateguality samples are not easy to take the Fanshawe
Reservoirin the winter, and therefore water quality is hard to consistently monitdhexkfore,

the ice cover modahay help fill in these gaps, and lead rtwore accuratsediment and water
guality modeling resultsFurthermore, the water quality model with ice cover information can help
government monitor and regulate reservoirs during timeevtime, which can may improve the

effectiveness of water quality management.

An ice cover model was developed in the current@HEAL-W2 model. The modeling results
successful provided ice thickness of Fanshawe Reservoir during the modeling year (Figure 3). In
the 2018wintertime, there waS6 days that ice formed in the Fansha®eservoir. The maximum

ice thickness was 0.25m and the average ice thickness Was1.0n the 2019 wintertime, there
was87 days that ice formed in the Fanshawe Reservoir. The maximum ice thickn€&s28@as

and the average ice thicknesas0.09m. Dugo the weather limitation, measured data only have

5 points. The average error is 0.11m and the RMSE isrD.IBedifferencesmay be caused by

the modeling assumption and measured erféor instance, the meteorological data may not
accurate in the winteat low temperatur@and extreme weatheand the assumptions of the cloud
information may notccuratelydisplay the actual environment at that specific diayadditions,

the measured data were measured through rule. It may not uniform for the dilbeagidn.
However, the current ice cover model successful simulated the ice thickness during the wintertime.
It is first step for the ice cover model in the Fanshawe stidgummary, the current ice cover
model provided reasonable information the iceinformation in Fanshawe Reservoiturther

model calibration may be possible through the detailed measurement of ice thickness in the future.
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Figure 3-9. Ice cover thickness in Fanshawe Reservoir fah8 to 2019
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3.4 Results and Discussions

3.4.1 DO Dynamics and Scenarios

3.4.1.1 DO Dynamics

Inferior water qualiy and the observation of bliggeen algae in TRWave causegeople to pay

more attention to the water quality effects on the Great Lakes.wHber quality has been
significantly affected by the bloom of bhgreen algae. & instance harmful cyanobacterial
blooms (cHABSs) have significantly negative effects on water quality and management in lakes and
reservoirs becausgyanobacteria produce ayotoxingBecker et al., 2009; Carmichael & Boyer,
2016; Watson et al., 2008pxygen dynamics are important to determine the water quality in
Fanshawe Reservoif-or example, algae and other biomass can be affected by the DO
concentration in the water colunthroughphotosynthesis and respiratiom addition, the DO
concentration in the bottom water has significant effects on the sediment model because of
changingedox reactions. Therefore, the developmealibrationand validatiorof the DO model

are very important for detailed understanding of P transport and biomass growth in Fanshawe
Reservoir. In the current model, surface and bottom time series DO caiosistr andspatial

distributionof DO concentrations were simulated (Figur&(®o Figure3-13).

The modeling results well captured the trend of surface and bottom DO during 2018 and 2019
modeling yearThe surface DO time series modeling results andsomement data had

differences between theeasuredlata and the modeling results, which ranged f@2®8mg L*

to 0.77mg L and theBiaswas-0.21 mg L (Figure 310). The MAE and RMSE of surface DO
were 0.56ng L't and 0.81mg L, respectivelyThe negative bias value illustrated that the
modeling results overestimated the surface DO concentrations. The largest error date i§ June 19
2019.In the bottom DO time series modeling results, the differences betmeasured datand
modeling results rangkfrom -1.4mg L*to 9.2 mg L (Figure 311). The Bias was 1.83 mg1,

the MAE was 2.10ng L%, and the RMSE was 3.38g L. The positive value of Bias reflected

the modeling results underestimated the bottomcDxentrations. The largest error of bottom
DO was July 10 2019.Bottom DO measurkdata amountvaslimited by the field profile data.

The measured equipment was failed in some measuredTdeydifferences between modeling
results and measured datay be caused by measurement errors and the uncertainties of the
current modelFor instance, thBO measured data were not directly measured after the water

sampling Bottom DO measured equipment was not available and stdldenddeling
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assumptions foput biomass (algae) may not accuyatbdich may influence the surface and
bottom DO concentrations through photosynthdsisddition, the accuracy of water
temperature modeling results also has effects on the DO modeling besialtsse of the
bioactwities, the exchange between DO and atmosphére spatial distribution of DO strongly
suggests that anoxia develops in the deeper pats of Fanshawe Redeheogsummertime
(Figure 312 to Figure 313). The depletiorof DO in summertime 02019 was ma intensive
than the depletionf DO in summertime of 2018n the spring and winter time, D@aswell

mixed in thewhole Fanshawe Reservoir
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Figure 3-10. Surface DO simulation results witheasured data in Fanshawe Reserfrom
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Figure 3-12 Spatial distribution oDO for whole Fanshawe Reservair 2018in different
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3.4.1.2 DO Scenarios

To examine sediment and biomass effects on DO dynamics in Fanshawe Reservoir, two different
scenarios were applied in the @nt modeling studyThe current DO scenarios focused on the

DO depletion and provide discussion on the bottom DO concentration in Fanshawe Reservoir.
Further algal scenarios were simulated flux dynaniibe. first scenario wathe DO dynamics

without the #ects of biomass: Input algae was set as zero, and algal growth rate was also set as
zero.The bottom DO concentrations had big differences from May to September in the two
modeling yeargFigure 314). With the algal effects, depletion of DO happenediftate May to

late September. However, without the algal effects, bottom depletion of DO disappeared during
the modeling yearAt the beginning of the algal growth (early May 2018 and early May 2019),

the original DO concentration is higher than the-N@Algae because of the photosynthesis of

the algae group produced oxygen to the water column, however, the following enrichment and
death of algae in the reservoir caused the depletion of DO in the deeper part of the reservoir. The
largest DO difference was78 mg L during the summertiméccording toEPA regulation, all

fish will deadwhen the DO concentration belowr®y L. This DO scenarios revealed that algal
blooms play significant roles in the depletion of DO in reservoir systems. The second scenario
was the DO dynamics without the effects of sediment. In the current model, the sediment
provided P for the growth of algdf the sediment module is removed from the current modeling
study, DO concentration will increase 0.97 mégluring the modeling period. Although the

variation of DO concentrations existed in summertime and fall time, the depletion of DO did not

happerduring the summertime and fall time.

In summaryDO modeling study well reproduced and reasonable predict the DO distribution
during different year. The depletion of DO happened in the summertime of 2018 an®@019.
concentratioawerehighly controlled ly the biogeochemical processing of biomass and
sediment in bottom reservoir during the summertime and fall gink@anshawe Reservoir.
Sediment could provide more nutrients for the growth of algae. The enrichment and death of

algae caused the depletion® in the deeper part of Fanshawe Reservaoir.
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Figure 3-14. DO dynamics without algal effects.
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3.4.2 P DynamicsInternal Loadingand Scenarios

3.4.2.1 P Dynamics

The biomass of algae and other vegetation are significantly influenced by water temperature and
nutrient concentrations in the waterbody. Phosph@ubke primary limiting nutrient for the
biomass breeding in the lake systems (Schindler 1974, Schindler et al., Zh883easonal
variation of dissolved reactive phosphate (DRP) and total phosphorusvére)simulated and
analyzed in a water quality and sedint model described aboffeégure 316 to Figure 318). The

surface and bottom DRP and TP, and downstream DRP and TP modeling results were compared
with measured data from 2018 to 2019 year (Figuié ® Figure 318). According toAmanda
Niederkorn and Nady K@os f i enlthe sitd & (bedore the dam), there are 36 measured DRP
and TP for surface layer from 2018 to 2019, and 35 measured DRP and TP for bottom layer from
2018 to 2019The first measurement started on Januaf§; 2018 ad the last measurement was

on November &", 2019.

The modeling DRP and TP results captured most of the variatsurfaice and bottorDRP and

TP during2018 and 2019 modeling yedihe surface DRP results had some differences between
the modeling rests and measured data. The error ranged f©6v5mg L to 0.069mg L%, and

the Biaswas0.004mg L. TheMAE for modeling DRP and measured DRP Wa316 mg L.

The RMSEfor surface DRP was 0.024 mgtLThe surface TP results had differences between
modeling results and measured data which ranged-8d20mg Lto 025mg L. Thebiaswas
0.017 mg L't. TheMAE andRMSE for modeling DRP and measured DR&re 0.054 mg tt and
0.023mg L?, respectively Low DRP concentration during summertime reflected that algae and
biomass uptake the DRP as their growth nutridritse.modeling results overestimated the surface
DRP and TP in the February®@nd March ¥ 2019.0n June 19 2019 and August 282019,
modeling DRP and TP underestimated the concentrations in the resbnmittom layerthe
error of bottom DRP ranged fror.18 mg L to 0.11 mg [*. The Bias was0.015 mg L[X. The
MAE for modeling DRP and measured DRP was 0.038 rhgihe RMSEfor bottom DRP was
0.067 mg L. The error of bottom TP ranged fro®.39 mg L* to 0.23 mg LX. The Bias was
0.015 mg L. The MAE for TP was 0.068 mg*L. The RMSE for bottom DRP was 0.103 md,. L
Comparing the surface and bottom DRP and TP concentrations is important for further

understanding of the fate of P in the waterbody and veatgiment interface. The knowledge from
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long-term modeling results may inform government decisions to implemers ragulations on

the reservoir for water quality management.

The downstream P loading is important for downstream water quality management and further
understanding of the fate of (Pigure 318 to Figure 319). According to the current modeling
results and measured data, the pedsadingto downstreanusually happens during high flow
season, such as spring and fall. The highesdeling loading of DRP i3011 kgP day, and TP

is 7927 kgP day. The average differences for DRP and TP w&8e59kgP day and 67 kgP day

! Total TPloading to the downstream area was 241.2 tones. The average TP loading was 120.6t
year!(Figure 319). These values are similar with previous reggbitirnberg & Lazerte, 200%nd

Nady Kaobds wor k, whAcotdingitosthe suorént nppdelng ressiits, eetentipre t .
efficiency of P in Fanshawe Reservoir was calculated as 19.7% (FidQjeRrevious research
demonstrated that the worldwide TP retention in dammed reservoir is about 12% from 1970 to
2000 (Maavara et al., 2015Concentration- Discharge(CQ) relationship of DRP displayed
flatterning of the trendor outflow DRP (Figure 20). In general, it means the concentration of
DRP becomes less dependent on the disclaugdo the biogeochemical processing of P in the
reservoir(Godsey et al., 2009; Hunsaker & Johnson, 20B@) example, the internal P loading,

and algal uptake had significant effects on the DRP concentration in the reservoir.

In summary, surface DRP and TP modeling tsswkre able to reasonably captunest ofthe

DRP and TP concentration trends durfngm 2018 to 2019n the Fanshawe Reservoir. Water
temperature was observed to have notable effects on the variation of DRP and TP concentrations
because most of the gridwof biomass and other chemical reactions are temperature dependent.
DRP depletion occurred in the summertime because oéltfa® bloomsThe biogeochemical
processing of P in the reservoir make€QCelationship become more chemostabae to the
biomass and sediment effects during summertime, the variation of bottom DRP and TP
concentrations is more inconsistent than surface DRP and TP concentrations. The bottom DRP
and TP concentrations are also much higher than the surface DRP and TP concenftations.
current modeling results still have some uncertainties in the DRP and TP concentration results,
which may be caused by the limitations in the input modeling data and modeling coeffledents.

example, the assumptions of P species and biomass datpubfdata may cause differences
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between modeling results and measured @atenass did not have measured data,some algal
input data were estimated
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Figure 3-16. Comparison of surface DRP and TP simulation results with measured data in
Fanshawe Reservdirom 2018 to 2019.
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Figure 3-18 Downstream DRP and TP loading with measured data from 2018 to 2019.
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3.4.2.2 External Loading and Internal Loading

External loading and internal loading of P have extreme effects on the water quality in Fanshawe
Reservoir and downstream ecological systems. The bottom reservoir sedienegrtyis

important source/sink term foriRternalloading.Mostof previous resemir water qualitymodel

did notapplythe sedimentliagenesis model and quantitative analyze the effects of sediments on
P retention and release. Therefore, the quantitative description of irRdosdinghas essential
effects on water quali managemenP diment diagenesis modskre coupled with the
hydrodynamic model and water quality mottel providing reasonablenodeling result$or

internal and external P loadinguring the 2018 and 2019 modeling ye&e tontribution of

internal P loading and external P loading to the Fanshawe Reservoir was siranthted

compared with bottom DO concerticas (Figure 321). Thepercentage ahternal P bading

ranged from 0.0% to 86.7% The average internal P loading percent was 22.3% during the
modeling year. Thew@rage internal P loading percageswere42.3% and 39.76%auring the
summertime and fall timg 2018 and 2019, respectivelyternal P loading domined P

loading during the summertinadearly fall imeand hasninor effects on the high flow season
(springtimg. During the summertime, the decreasing of DO concentrasilowesysaccompanied

by increasing of the internal P loading. The reason is that increasimgmfalP loadingcould

cause the growth of algae group. The bioactivities causetefsietion of DO during the
summertimeThe differences between surface D&RI bottom DRP also displayed the effects

of internal P loading on the water column DRIRe average percentage difference between
surface DRP and bottom DRifas322% during the modeling year. The large differences
between surface and bottom DRP most often occurs during the sumnaartrearly fall time

due to thebioactivitiesand thermal stratification. Another reason for high DRP concentration in
the bottom layer is the sediment effects, for example, sediment releases more DRP during the

summertime because the high temperature and the deplefid iofthe bottom water column.

In summary, theontribution of internal P loading and external P loadiftfy DO variations
provided reliable retention and release modeling results for the Fanshawe Resbaevoir. T
simulation results imply a major roté internal P loading during the sumrtigre and early fall
time when the reservoir stratifies. Retention of P mainly occurs during wintertime, while the
reservoir is a source ofduringsummertimeThe annual sediment P releasing rate.fsng m2

day?. Previous studies of sediment releasing rate ranged from 0.5%dgyhto 21mg m?day
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! (Auer et al., 1993; L. H. Kim et al., 200Bjevious report for Fanshawe Reservoir gave

annual estimated rate as 8 mg day?, and the author also demonstrated the P sediment
releasing rate may vary from 24 mgohay? to 56mg m?day* in summertiméNirnberg &

Lazerte, 2005)The current model provided reasonable workhminternalP loading. It is a high
releasing rate for Fanshawe Reservoirs which means the contribution of internal P need to be

considered by water quality strategies.
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Figure 3-21.Contribution of internal P loading (red area) and exterrab®ing (grey area) with
bottom DO concentrations (blue lines) from 2018 to 2019

Bottom DRP
04 r — Surface DRP
ssas B DRP
035 h ottom
03 |

Concentration (mgP L)

Jan-18 Apr-18 Jun-18 Sep-18 Dec-18 Mar-19 Jun-19 Sep-19 Dec-19
Time
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2019.
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3.4.2.3 P Senarios

To have more comprehensive understanding on the sediment effects and P future management,
two different scenarios were implemented in the current modeling.Sthe first scenario was

40% reduction othe external P loading to the Fanshawe Reservoir. According to Ganada
Ontario Lake Erie Action Plan, a 40% reduction of P loading to western basin, central basin, and
nearshore areas was required. Here, theRiteading scenarios was aimed to study the-long

term sediment P effects on the reservoir water quality and downstream water quality.

Thecumulative downstream TP loadimgs simulatedby the current CEQUAL-W2 Fanshawe
model(Figure 323).In this scenariavhereP input to the reservoir is instantaneously reduced by
40%, thefirst yeardownstream export of P from the reservoir only decreas@2%y because of
internal P loading from the sediments. Due to the legacy P stored in the sediments, it would take
on the order oR2 years for P export from Fanshaw Reservoir to dra@6t& of its current

value. In addition, after decreasing P input @ rieservoir, the annual avergagrcentage of the
contribution ofinternalP loading alsaisplayeddecreaig trend during the longerm model

However, the contributions of internal P loading of the first two years (32.2% for the scenarios)
were higherhan the original contribution of internal P loading mentioned above (22.3% for

2018 and 2019 modeling year). The assumption of this scenario may cause this condition. This
scenaricassumed the upstream external Brtmediately reduce 40%. Howevéhng rediction of
external P loading may reduce every year by a small percentage. This assumption may cause the
high contribution of internal P loading at the beginning of the-kengn model After 22 years

for the reduction of external P loading, the annualayepercentage of the contribution of

internal P loading dropped to 13%. Comparing with the beginning time of the reduction of

external P loading. The contribution of internal P loading dropped about 20% after 22 years

In summary, there are still limitatns for the longerm P loading at the current modeling work.
For instance, the longerm sediment model was developed through three measured sediment
cores; The current sediment module in the@BAL-W?2 hassimpleinput items for P species

and not fully onsider the bioactivities in the sediment module. However, the current internal P
loading model provided reasonable model work for the relationship between the internal P

loading and external P loading
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Cumulative Downstream Loading of TP
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Figure 3-23. Longterm TP loading after the reduction of external P loading.
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Figure 3-24. Longterm contribution of internal P loading (red area) and external P loading (grey

area)
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Thesecond scenario wasitflow control scenario, which aims to control P loading by modifying
the dam outflowFandiawe Dam has three ousewhich control the outflow in the Fanshawe
Reservoir.Two outletsare located at the bottom of the dam (model elevatio2&2<gim). One

top outlet is at 262m. In this scenario, dautflow was assumed tanly come out through top
outflow or bottom outflow. The modeling results reasonably displayed the differences between
top outflow control and bottom outflow contr@igure 325 to Figure 26).

The simulation results well reflected the differenceBBP concentrations in the Fanshawe
Reservoir. In the surface layer, the annual average percentage of differeri2@® fmetween

top outflow scenario and bottom outflow scenavas2.1%.which means bottom outflow partly
modifies the waterbodRP concentrations in the surface layer and output rbé&tE to the
downstream area. In the bottom layer, the annual average percentage of differeD&d3 for
between top outflow scenarimé bottom outflow scenario & 2%, which means bottom outflow
has larger effects on the bottom lajdRP concentrations in the waterbody.

In summary, modifying the outflow water amount in different elevation would slightly change

the constituent conceiatiions during the wintertime, and the outflow control would partly

modify the constituent concentrations during the summertime and then change the constituents
loading to the downstream area. Top outflow scenario has larger TP mass in the waterbody than
the bottom outflow scenario. Tlaverage percentage of waterbody TP nif$srenceis 2. 7%

during the 2 modeling yeark the summertime, the waterbody TP madiffierenceis 8.1%

during the modeling year$he modeling results of outflow application scenario descripted that

the outflow may be controlled during the summertimpartly retain or release more nutrients.
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Surface Layer: Top outflow DRP VS Bottom outflow DRP
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Figure 3-25. Comparison of surfad@RP simulation results after managed outflow in Fanshawe
Reservoir

Bottom Layer: Top outflow DRP VS Bottom outflow DRP
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Figure 3-26. Comparison of bottorDRP simulation results after managed outflow in Fanshawe
Reservoir
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3.4.3 BiomassDynamics and Scenarios

3.4.3.1 Biomass Dynamics

To haveacomprehensive understanding of the current water quality mendalgaemodel was
developed for simulating algal concentrations, spatial distribution of algae, and algal growth.
CcHABs cause the depletion of the DO and the bad water quality in the reséBexker et al.,
2009; Carmichael & Boyer, 2016; Watson et al., 2008)e to the limitation of measured data
for algae default coefficients, such as algae growdte and mortality rate, werecommended
andimplemented in the curreatgal modglCole & Wells, 2017)The2018input upstream algae
data were estimated and calibrated from chloropdayi the profile data Due to the 2019
measured data did not have chloropfaylhformation, the input of 2019 algal data was estimated
from 2018 data.

The current algal moded the first step for modeling the algal group in Fanshawe Reservoir.
Although there are limited measd data and some estimated input modeling data, the algal
modeling scenarios provided useful and interesting simulation results for the relationship
between algal growth and internal and external P loadingording to the modeling results, the
algal bloomdhappened in thiate springtimesummertimeand early fall seasoffrigure3-27).
Theaveragelifference betweemput algal concentrati@with modeling results is 1.18 mg'L

The average percentaddferencesetweerninput algal concentratiegnand modeling reservoir

algal concentrations was 178% during Wieole modeling yeas, which means algae grew very
well through the uptake of the nutrients in the water colurhe. highest input value was 218y

L, however, thérighest algal concentration in reservoir wasrgiLt. According to the

modeling algal results, the algal growth had lag times comparing with the input data. There are
several reasons may cause this condition: The first reason is the variation oEvgerature

may delay the growth of algae in the reservoir; The second reason is the variation of the water
column DRP may also have significant effects on the growth of algakfféwts of Rvere
discussed in the following Algal Scenarios sect®paial distribution of algal concentration in

the whole reservoir providagasonable modeling algal concentration for the Fanshawe
Reservoir during the 2018 and 2019 yedgal blooms happened during the summertime of

2018 and 2019. Even in the early fathe of 2018, there was still visible algae in the reservoir,

especially before the dam area.
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Algal Concentration
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Figure 3-27. Algal concentratiorwith input algal datan the Fanshawe Reservoir from 2018 to
2019
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Figure 3-28. Spatial distribution oflgaefor whole Fanshawe Reservoir in different season at

2018 (Segments -33 were plotted from Om to 6000m; Segments38@vere plotted from

6300m7000m)
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Figure 3-29. Spatial distribution oflgaefor whole Fanshawe Reservoir in different season at
2019(Segments-33 were plotted from Om to 6000m; Segments38&vere plotted from
6300m7000m)
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3.4.3.2 Biomass Scenarios

To test effects of external and internal P loading on algal concentration and algal growth, two
different scenarios were irfgmented and compared with the original algal modeling
information.The first scenario was the effects of sediment on algal inform@tiorsediment P
loading: NoSedi)Thesecond scenario was the effects of reducing of external P on algal
information(ReP. Here, 40% reduction of external P loading was implemented into the model.
The reason for using 40% reduction of P was mentioned in above P subtitle.

The simulation results of algal concentration clearly displayed the differences among different
scenarig (Figure3-30). The reduction of external P loading has less effects than the sediment P
loadingon the algal growtim the modeling scenarios. The yearly average differences of original
algal concentrations with NSedi algal concentrations and ReP algal concentrations was 12.5%
and 5.44, respectivelyThese differences were larger frdumeto late Augusisummertimg,

the average differences ofiginal algal concentrations with N®edi algal concentrations and

ReP algal concentrations was 36.1% and%5r@spectivelyAccording to algal concentrations
simulation results, the sediment P loading have more positieeteff40.1% in summertime and
13.5% for two years average) on algal concentrations than the reduction of external P llnading.
addition, the fluxes of DRP for algal growth are another indicator for studying the effects of
sediment P loading and externdbBding on algal growttDRP fluxes for algal growth in

different scenarios have besimulated and plotted as monthly variations (FigiB4). During

these two modeling years, the highest difference between original group é8eddNgroup was
60.1% atAugust 2019. The highest difference between original group and ReP group was 23.9%
at May 2018. According to DRP fluxes simulation results, the sediment P loading have more
positive effects on algal growth than the reduction of external P loddiurgig summertime,

sediment P loading plays an important role for the algal blooms because the external P loading is

usually very low at this time period.

In summary, although the input upstream data were very small values, sharply growth of algae
occurred because the nutrients level, photosynthesis and high temperature in the summer and fall
season. In wintertime and early spring season, although nutriereadoaded in the reservaoir,

algae did not grow because of the low water temperature. Although there are limitations of the

current measured data, the current algal model reasonably and successfully simulated the growth
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processing of algae in the whoksservoir system. Scenarios revealed that the sediment P
loading has significant effects on algal growth than external P loading in the summertime. Algal
blooms management strategies may pay more attention on the sediment nutrients loading during

the summasaime.
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Figure 3-30. Algal Concentration after modifying sediment P loading and external P loading.
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Figure 3-31 DRP flux for algal growth in different scenari(®lue bars are original algal
growth DRP; Orange bars are algal growth without sediment P; Green lines are algal growth
with reduction of external P loading).
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Chapter 4  Model Application i Coupling with BP-ANN Model

4.1 Introduction and Research Method

In the current modeling study, a BfNN model was developed and calibrated through CE
QUAL-W2 modeling results. The original code was developed in MATLAB software. The ANN
models have been widely implemented into different research area, such as-naioféll

forecasting, water temperature and water quality forecasting &e mi r el et al ., 20
Maier and Dandy, 2000; Omer Faruk, 2010; Singh et al., 2008 BRANN model has been
extensively and commonly used in theéaddriven modeling work§ Ki ki , 2ahdDa8ndy, Mai er

2000; Omer Faruk, 2010; Yang et al., 20IBhe current modeling woris the first time that
combine the CEQUAL-W2 modeling results with a BRNN model. The comination of these

two methods provides higgfficiency and reliable model for future prediction and applicaton.
example, the CEQUAL-W2 model need lots of parameters and measured data for simulating
constituentsn different year. After calibrating BRNN model with validated CEQUAL-W2
modeling results, BANN model could forecasthese constituentsnly through changing the
inflow or climate data. It may not be an accurate or perfect way to obtain water quality information,

however, it would be a verfast way to predict water quality information.

In the current BFANN model, the model consists of a data input layer which includes the number
of the input data as the number of nodes, hidden layers which contains different nodes, and an
output layer (Fgure 4-1). In the BRANN model, the modeling signal is feedforward and the
modeling errors are back propagation. TheA¥N model adjusts the weight values and threshold
valuesthroughthe comparison between the modeling results and input data untiftine @frthe

whole network are minimize(Demirel et al., 2009; Maier & Dandy, 2000; Yang et al., 2018)

The BRANN model in the current Fanshawe Reservoir study used the sigmoid transfer functions
which have been developed in MATLAB software, and the Leverldamguardt BP method was
applied as the training algorithm. The following steps and equationsilabthe modeling

processes of BRNN model:

The first step is the organization and initialization of the input data and the network. Input data,
weight values (MY, Wi) and threshold values for hidden layers (a) and output layer (b) are
initialized. Thetraining parameters, such as the training performance goal, the learning rate, and

momentum constant etc., are set.
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The second step is the calculation and simulation of the hidden layers results (H) and output layer
results (O).

~

Q pltB M

Where X is the input data; w is the weight values; n is the node in the input layer; | is the node in
the hidden layers; a and b is the threshold values for hidgendad output layer; f is the hidden
layer transmission functions; O is the output results.

The third step is the calculation of the errors (e) between output results (O) and expected results

(Y) and the update of the weight values and threshold values.

~ ~
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where e is the errors; Y is the expected results; O is the output results; w is the weight values; a
and b are the threshold values for hidden layer and output faigethe coefficient for learning

rate, which is very small value.
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The fourth step is #1judgment of the degree of completion of the iteration. If the errors are
expected values, the iteration will stop; otherwise, the modeling signals are transmitted to the

second step.

Feed-Forward

Xq

Input Layer Hidden Layer Output Layer

Error Propagation

Figure 4-1. Schematic of BFANN model.

4.2 BP-ANN Modeling Resultsand Discussions

The current hydrodynamic and chemical moaetewell reproduced and predicted the
hydrodynamic and chemical propertiestod Fanshawe Reservoir in 2048d 2019The 2018
CE-QUAL-W2 modeling results were used as calibration data and thieNBPmodel were
validated by 2019 datahe prediction of futureonstituentsn watersheds and reservoirs is a
very complex progress. However, the limitasaf measurement data may not feasible for the
prediction of the current CRUAL-W2 model.A BP-ANN model was developed and coupled
with CEFQUAL-W2 modeling results for further understanding and applicatibhe BP-ANN
modeling results successful predicaiealthickness, DO concentrat®and algae

concentratioa

The DOconcentations weresimulated through the BRNN model(Figure 42). The input data
of DO in BRANN model wereelated to th€€E-QUAL-W2 DO modeling results CEUAL-
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W2 input conditionsThe DOBP-ANN modeling results well matched with GBEJAL-W2
modeling results. ThePetweenCE-QUAL-W2 modeling DO and BRANN modeling DOwas
0.967. In the current BFANN model,there are some em®in the beginning of 2019 modeling
results. These errors may be caused bydedficients that calibrated by 2018 ddfanore CE
QUAL-W2 modeling results can be astr calibration. These errors could minimized.

The algal concentrations were also calibrated and validated through the curi&RNNBRodel
(Figure 43). The BRANN algae modeling results capture most oftilead of algae 2019
The R between CEQUAL-W2 modeling algae and BRNN modeling algae was 895. The
2019 BRANN modeling results was overestimated #éhgal concentrations durirthe
summertime and early fall im&he BRANN modeling results has 28differencedn the algal
coneentrations for 2019 modeling results. This errors may be caused lsathgle size of the
calibration for the BFANN model and the DO errors may alsorbegnified in the algal

modeling results because the DO modeling results were input data for the @digdihgnresults.

In the ice thickness ANN modeling results, the ice thickness was dynamic related to time, water
inflow, water elevation, and metrological input files. The ice thickBEsAaNN modeling

resultswell reproduced the 2018 ice thickness aratched most of the ice thicknasth the
2019CE-QUAL-W2 modeling resultsThe R is 0.905

In summarythe current BFANN modelng work reasonably reproduced €RJAL-W2

modeling result in Fanshawe Reservoir. The inputs 6ABIR model only have upstream and
reservoirinformation of CEQUAL-W2 model. The dam outflow data and downstream P loading
information did not include in the BRNN model. However, the current BENN model
successfully captured the trend of @@Gnhcentrationsalgal concentrationgndice thicknessn

the reservoir and downstream. ThelRtween BPANN model and CEQUAL-W?2 results were
higher than @, which means the correlation was good and acceptable. The curr&MNNBP

model is the first step to combine the water quality modeling results with data driving results.

The BRANN model could be a prediction tools for future water quality applications.
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W2 DO versus ANN DO
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Figure 4-2. Comparison oDO simulation results witlBP-ANN modeling results in Fanshawe
Reservoirfrom 2018 to 2019.
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W2 Algae versus ANN Algae
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Figure 4-3. Comparison oflgaesimulation results witlBBP-ANN modeling results in Fanshawe
Reservoirfrom 2018 to 2019.
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Figure 4-4.Comparison of Ice cover simulation results with-BRN modeling results in
Fanshawe Reservoir
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